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Preface

A conference on Risk Assessment Issues for Sen-
sitive Human Populations was held in Dayton,
OH, 25-27 April 1995. The sponsors were Tri-
Service Toxicology, Wright-Patterson Air Force
Base; the Office of Research and Development,
U.S. Environmental Protection Agency; and the
Division of Toxicology, ATSDR. Coordination
of the conference was provided by ManTech
Environmental Technology, Inc., under the terms
of Contract No. F33615-90-C-0532 with the De-
partment of the Air Force.

This document has been reviewed by the Office
of Public Affairs and is approved for publication.
Agency report numbers assigned to this docu-
ment are AL/OE-TR-1996-XXXX, NMRI-96-
XXXX, and WRAIR-TR-96-XXXX. Request for
copies can be made by contacting the publisher,
Elsevier Science, Molenwerf 1 (Kamer 3.31), 1014
AG Amsterdam, The Netherlands or ManTech
Environmental, P.O. Box 31009, Dayton, OH
45437-0009.
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Introduction

Summary of the Conference on Risk Assessment Issues for
Sensitive Human Populations

John M. Frazier*?, David R. Mattie?, W. Bruce Peirano®

*Tri-Service Toxicology, Wright-Patterson Air Force Base, Dayton, Ohio, USA
bNational Center for Environmental Assessment, U.S. Environmental Protection Agency, Cincinnati, Ohio, USA

The Conference on Risk Assessment Issues for
Sensitive Human Populations was held on 25-
27 April 1995, at the Hope Hotel and Confer-
ence Center, Wright-Patterson Air Force Base,
Dayton, Ohio, USA. The overall theme of this
conference, risk assessment, has been the focus of
this annual conference series for several years,
including the 1993 conference on the Risk Assess-
ment Paradigm After Ten Years and the 1994
conference on Temporal Aspects in Risk Assess-
ment for Noncancer Endpoints. The purpose of
the 1995 conference was to present the latest
theories, concepts and experimental results in
three areas: (1) identification of sensitive popula-
tions to be taken into consideration by the risk
assessment process, (2) understanding of the
biological basis of individual differences and spe-
cies variability, and (3) techniques to incorporate
subpopulation sensitivities into hazard identi-
fication, quantitative dose-response relationships
and exposure characterization. Support for this
conference was provided by Tri-Service Toxicol-
ogy, Wright-Patterson Air Force Base, Dayton,
Ohio, the Office of Research and Development,
United States Environmental Protection Agency,

*Corresponding author.

Cincinnati, Ohio, and the Division of Toxicology,
Agency for Toxic Substance and Disease Regis-
try, Atlanta, Georgia, with the cooperation of the
Committee on Toxicology, National Research
Council. This unique combination of supporting
agencies created a forum for research scientists,
risk assessment practitioners and customers of
risk assessments to meet, communicate, and to-
gether review the major issues relating to the
emerging and difficult problem of providing ad-
equate safety margins for special subpopulations.

The conference was divided into five major
sessions: (1) Biological Variability in Risk Assess-
ment for Human Populations, (2) Multiple
Chemical Sensitivity: Clinical, Experimental and
Theoretical Considerations, (3) Responses of
Special Human Subpopulations to Toxicants, (4)
Occupational and Environmental Exposure Case
Studies, and (5) Incorporating Susceptibility into
Risk Assessment. In addition, there was a poster
session the first evening and a database/software
session the second evening.

The first session introduced the general con-
cepts of chemical sensitivity in human popula-
tions. The impact of biological variability in the
human population on the risk assessment process
was explored. Various factors, such as age, gen-
der, nutrition, genetics, socio-economic condi-

0300-483X/96/$15.00 © 1996 Elsevier Ireland Ltd. All rights reserved
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tions, and lifestyle choices, were identified and
their influence on biological variability discussed.

The second session was devoted to the issue of
multiple chemical sensitivity (MCS). The status
of MCS as a symptom, a syndrome or a patho-
logical mechanism is unresolved. The possibility
was explored that MCS is a catchall term for a
new class of pathologies. From the discussions, it
was apparent that we are in the observational
stage with respect to understanding MCS. How-
ever, a clinical database is being generated. Hu-
man studies were described involving double-
blind, placebo-controlled chemical challenges in
environmentally controlled hospital units and
human sensitization studies exploring time-
dependent sensitization. Animal models were also
presented that focused on induction of neural
sensitization and cholinergic supersensitivity.
These research efforts are leading the way to-
wards a clearer picture of the pathophysiological
and psychological conditions underlying this
controversial condition.

Various special population studies were dis-
cussed in the third session. Issues ranging from
personal choice factors, e.g. smoking and nutri-
tion, to socio-economic constraints, e.g. environ-
mental justice, were considered. Chemical specific
studies, including manganese, uranium and
methylmercury, illustrated special populations at
risk, particularly children. The interactions be-
tween chemical toxicity and nutrition were of
particular note.

The fourth session provided a forum for the
discussion of special populations in the occupa-
tional arena. The topic of occupational asthma
was highlighted in this session. In addition, the
exposure component of the risk assessment pro-
cess was explored in this session. Biomarkers for
exposure are an important component of new
strategies for population studies. This session
included a discussion of the military exposure
issues.

The final session focused on methods and
approaches for incorporating differential suscep-
tibility into the risk assessment process. Factors
contributing to susceptibility were reviewed in
the context of how these factors have been
taken into consideration historically. Examples

of chemicals for which information is available
on subpopulation susceptibilities were presented.
The unique susceptibility of the reproductive sys-
tem and the developing organism were discussed
along with genetic factors that may change or
modify susceptibility. This session highlighted the
importance of including these factors in the risk
assessment process to ensure adequate protection
for specific populations with increased sensitivity
to chemicals.

The organizers would like to thank all the
participants for a successful conference. The con-
ference session cochairs, Bob Sonawane, Jewell
Wilson, Claudia Miller, John Rossi III, Kathryn
Mahaffey, Rogene Henderson, David Reisman,
Patrick Callaghan, Carole Kimmel, Clay Miller,
Colleen Lovett and Nancy Bauer, should be
congratulated for bringing together a remarkable
collection of experts on this important topic.
Without the donation of the time and effort of
these individuals the conference would not have
been possible. A special thanks to Jim Stokes,
ManTech Environmental Technology, Inc., and
Sgt. Paul Bloomer, Tri-Service Toxicology, for
technical assistance. Their computer expertise
was a major factor contributing to the success of
the Database/Software session.

The preparation of this volume of peer-re-
viewed manuscripts required long hours of work
by many individuals. We would like to particu-
larly recognize those participants in the confer-
ence who contributed manuscripts for inclusion
in this volume. In these days of limited resources
it is particularly difficult to find time to prepare
written documentation of conference presenta-
tions and we appreciate the authors’ efforts.
The editors would like to recognize our col-
leagues who reviewed these manuscripts and
provided many critical comments that have im-
proved these proceedings. We thank them for
their efforts. However, to be perfectly honest, this
journal volume would not exist without the dedi-
cation of Shelia Brooks of ManTech Environ-
mental Technology, Inc. Her management of the
production logistics for these proceedings has
been invaluable and she deserves our most sin-
cere thanks.
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Human interindividual variability in susceptibility to toxic effects:
from annoying detail to a central determinant of risk

Dale Hattis

Marsh Institute Center for Technology, Environment and Development (CENTED), Clark University, 950 Muin Street, Worcester,
MA 01610, USA

Abstract

It is unusual to find variability issues as the central focus of a scientific conference. The discussion below first
suggests why variability has often been an “annoying detail” in both basic animal toxicology and the human testing
of new drugs. Then it gives some reasons why improved quantitative variability information is likely to be
important. Better definition of the sources and magnitude of variability in susceptibility in the human population
is a central issue for, (1) making more quantitative estimates of both cancer and non-cancer risks from occupational
and environmental exposures, and (2) designing protocols for the use of drugs that maximize benefits for the risks
incurred in a diverse patient population. Finally, it offers some suggestions about how better variability information
is to be obtained and/or extracted from existing information.

Keywords: Risk assessment; Risk management; Quantitative; Uncertainty

1. Introduction

This paper focuses on three questions:
o Why has interindividual variability often been an
‘annoying detail”? Part of the answer is in the
major way biologists have traditionally defined
what is an interesting or worthy problem for
scientific study. The focus has primarily been on

Invited paper presented at the EPA/ATSDR Workshop on
Susceptible Subgroups, Wright-Patterson Air Force Base,
Dayton, Ohio, April, 1995.

*Corresponding author, Tel.: 508 751 4603; Fax: 508 751
4600.

qualitatively establishing causal connections (e.g.
between specific toxicants and specific effects),
and this initial goal is hampered by within-group
variability. Further, the regulatory community
has not developed procedures to practically util-
ize quantitative variability information in arriv-
ing at social policy decisions. In part for
ideological reasons, some public health advocates
have tended to avoid the intricacies of quantitat-
ive risk assessment entirely and thus forgone the
opportunities to study the issue of how many
people might actually be harmed to various de-
grees by exposures above and below typical RfDs
by various amounts.

0300-483X/96/$15.00 ) 1996 Elsevier Ireland Ltd. All rights reserved
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e Why must we do better? Practical applications
are becoming increasingly important in many
subdisciplines of biology. As biological systems
are increasingly “engineered” (e.g. desired re-
sponses to powerful drugs and hormones), there
is an increasing need to answer questions that
begin “How much?” “How fast?” and “According
to what quantitative functional relationship?” in
addition to the basic qualitative causal pathway
questions (e.g. does this chemical cause this ef-
fect). Moreover, for the practical specialty of
human health risk assessment, the newer de-
mands of both the “right” and the “left” in the
political spectrum are posing questions that can
only be addressed with quantitative variability
information. From the “right” come demands for
greater accountability in the use of resources for
health protection. From the “left” there are de-
mands to more explicitly consider the welfare of
“unusual’ people.

o How can we do better? In part the answer here
is a familiar extension of the scientific method. It
is useful to break down the complex determi-
nants of variability in susceptibility to toxicants
in our diverse population, and study each in turn.
Some preliminary results of this kind of decom-
position will be presented. In addition there are
a number of conceptual and technical reforms in
the relevant scientific fields that will be helpful.

2. Why has variability often been an ““annoying
detail?”

The first priority of experimental toxicology
and pharmacology has been to establish basic
causal connections: does chemical X cause effect
Y? And if so, what is the best experimental or
clinical system for reproducibly demonstrating
the effect for further study?

In this context, variability in the subjects of
experimental or clinical study is an annoyance to
be rid of to the maximum extent feasible. The
more the variability, the larger the sample size
required to demonstrate differences between the
effects of experimental and control exposures at
an acceptable level of statistical confidence.

Variability is therefore deliberately restricted in
most animal experimental work by, (A) genetic
homogeneity, (B) use of only a single age class of
subjects (“young adults” usually), and often (C)
use of a single gender of animals. The groups of
animals usually have been subject to relatively
uniform environmental stimuli in their previous
lives, including (D) uniform and unchanging diet.
There also are strong efforts (which should not be
weakened) to (E) maintain healthy animal colo-
nies, as free of infections as possible. Of course
that exposes the animals to less than the diversity
of living conditions that you would expect in
wilder, outbred populations. And of course, there
are also (F) no deliberate neuroactive drug expo-
sures (e.g. narcotics, alcohol, tobacco, caffeine)
unless they are explicit subjects of experimental
study. To the extent that such exposures change
the baseline state of neurological function in an
appreciable portion of people, then people
necessarily are exposed to potential environment-
al neurotoxicants with a different and broader
distribution of functional reserve capacities for
doing different tasks than the experimental ani-
mals used for testing potentially neuroactive
agents.

There are similar pressures in the clinical inves-
tigation of new pharmaceuticals in people (Hat-
tis, 1994). Here the primary objective is to reject
the “null hypothesis” that the drug is completely
useless (at some prescribed level of statistical
confidence) at dose levels that do not immediate-
ly produce unacceptable toxicity. As a conse-
quence, there tends to be somewhat limited
investigation of the dose-response functions for
both beneficial and adverse effects, and the range
of types of patients studied is often limited by
stringent exclusion criteria relating to diagnosis,
complicating conditions, and sometimes gender.
There is thus only a limited opportunity to opti-
mize therapeutic protocols for diverse patient
populations during premarket screening. And
after drugs are admitted to the market, there are
only modest incentives for expensive further re-
search in the form of major clinical studies of the
variability in practical “compliance” with pre-
scribed drug use protocols, and the extent of
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pharmacokinetic and pharmacodynamic varia-
bility in normal clinical use.

A final difficulty is that there has not been
much of a “regulatory market” for improved
information on human variability in likely sus-
ceptibility to different kinds of toxicity from spe-
cific agents.

e For non-cancer agents, the primary mode
of analysis is still descended from the Lehman
and Fitzhugh (1954) “100-fold safety factor”
paper. Despite the modern adaptations in
terminology (e.g. to “uncertainty factors” rather
than “safety factors”), the addition of “modify-
ing factors,” the elaboration of RfCs in addi-
tion to RfDs, and the use of “benchmark dose”
procedures to interpret the animal data, there
is still no defined or obvious way to utilize
relevant quantitative information on the human
variability in either pharmacokinetics or phar-
macodynamics to modify RfDs, ADIs or other
regulatory levels. Without such procedures to
utilize these kinds of relevant information in
determining regulatory levels, neither the cor-
porate sponsors of new chemicals nor the
regulatory agencies themselves see much in-
centive to collect and analyze these data.

o Existing risk assessment procedures for car-
cinogens are intended to be “conservative” in the
uncertainty dimension — giving estimates that
are expected to be usually higher than true risks
for typical people. However these procedures do
not consider the likely variability in susceptibility
among individual people (National Research
Council, 1994). Moreover, although interin-
dividual variability in exposures is extensively
modeled in many risk assessment applications,
the risk distributions presented to decision-
makers and the public do not generally include
any spreading due to likely differences in individ-
ual human susceptibility to specific types of car-
cinogens due to differences in metabolism or
other factors. Creating such risk distributions
integrating variability in both exposure and sus-
ceptibility involves an additional step in analysis
and also will require decision makers to face
some additional complexity in understanding the
consequences of alternative policies.

3. Why must we do better?

The previous section tried to explain why
quantitative variability information has been
relatively neglected by both basic biological
scientists and the regulatory community. This
section argues that the natural developmental
trajectory of both biological science/technology
and regulatory policy will cause this to change.

3.1. New developments in toxicology and
epidemiology are likely to include richer
interactions between quantitative theory-building
and more sophisticated empirical observations

Quantification of variability is one part of the

more general development of a quantitative
orientation for toxicology and other biological
sciences (Hattis, 1993). Some examples of this
more general trend include:
(1) The use of measurements and models of
intermediate parameters to “break open the black
box” between exposures and disease. A variety of
“biological markers” are now being developed as
indicators of various processes along the sequence
from exposure to toxic chemicals and biological
effects of major concern (National Research Coun-
cil, 1989a,b). Appropriate use of these requires
attention to the issue of biological variability in
each step in the causal sequence (Schulte and
Mazzukelli, 1991; Schulte and Perera, 1993). And
in turn the use of biological markers opens up
possibilities to quantify variability for individual
stepsin a causal sequence (Hattis and Silver, 1993).
(2) The use of dynamic modeling approaches to
understand the rates at which different processes
happen, and the effects of various types of feed-
back controls in biological systems. This includes
physiologically-based pharmacokinetic modeling
(Ramsey and Andersen, 1984) (which is to be
preferred to the “classical” pharmacokinetic
modeling that is more derived from a curve-
fitting tradition). Such models will, among other
things, facilitate interpretation of the variability
of individual components of a complex system in
terms of the variability in overall susceptibility to
adverse effects (Bois et al., 1995).
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(3) Computer-based techniques (e.g. Monte
Carlo simulation and its variants) that simulate
the likely implications of multiple sources of
variability or uncertainty for the outcomes of a
causal process. No one can keep in his or her
head the combined effects of several sources of
variability. But these tools allow relatively
straightforward assessment of the implications of,
for example, the combined effects of variations in
drug taking behavior among patients, variations
in absorption, and variations in individual pa-
tient sensitivity, on the numbers of patients that
might be expected to develop beneficial and ad-
verse effects from a drug.

3.2. Practical use of biological findings requires
quantitative predictions of effects, not just
qualitative understanding of causal pathways

Like chemistry before it, biology is increasingly
giving rise to practical applications. And realizing
the greatest benefit from such applications in-
volves quantitative “engineering”-like questions.
With innovations in molecular biology and else-
where, we are rapidly enhancing our capability to
intervene at many levels of organization in bio-
logical systems. To intervene intelligently, we
need to know not only where the levers are, but
how hard to push or pull. Quantification of
interindividual variability in response is one part
of this larger need for the development of quan-
titative applied biology (Hattis, 1993).

For example, it is a wonderful achievement of
traditional qualitative biology to isolate the gene
for a hormone that could replace a biological
function that is too low in people with some
genetic disease. That gene can be used to produce
the hormone in appreciable quantities by trans-
ferring it to a convenient bacterium. But in order
to turn that hormone, produced in that way, into
a viable commercial product that will improve
people’s lives, several types of quantitative infor-
mation are needed:
® Dose response information. What are the rela-
tionships between the internal concentration of
the hormone, and its desirable and undesirable
effects? This in turn depends on a number of
critical features of the mechanisms of the hor-

mone’s action. How tightly does it bind to its
receptors on specific “target” cells? How many of
those receptors must be bound for how long to
trigger the relevant changes within those cells?
What are the resulting quantitative relationships
between the number and size of hormone doses
given during the course of a day, and the fre-
quency of beneficial and adverse responses?

e Practical manufacturing technology. The hor-
mone must be made in reasonable quantities in
sufficiently pure form to avoid allergic side-effects
at reasonable costs. What are the best bacteria in
which to manufacture the hormone, in order to
give a good yield of material that is easy to
purify?

o Procedures for use. Which patients should
receive how much of the hormone initially? How
should the hormone’s use by modified for indi-
vidual patients based on data that can be col-
lected on both early responses and concen-
trations of the hormone in blood? Individual
patients can be expected to differ, of course, in the
efficiency with which they absorb the hormone,
the rate at which they eliminate the hormone
from the body, and their sensitivity to the hor-
mone’s effects. Procedures for use must take these
differences into account to produce the greatest
benefit with the least risk for as many patients as
possible. This is done very imperfectly in the drug
development process at present, and after appro-
val, there are diminished incentives for additional
costly research (Hattis, 1994). However with
pharmaceutical purchases now done more on a
collective basis, the competitive environment may
increasingly favor use of drugs with more precise-
ly defined risk benefit tradeoffs for particular
types of people.

There are fascinating intellectual challenges in
addressing each of these types of problems. And
analogous issues are posed by other practical
applications of biological science in agriculture,
forestry and fisheries management, environment-
al and occupational health, etc. In the future I
believe that developing an appropriately struc-
tured equation to represent the quantitative fea-
tures of a key biological process will be just as
central to the advancement of biomedical
sciences as identification of the relationship be-
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tween a particular physical structure and a
physiological function.

3.3. Political demands from the “‘right”

The field of quantitative risk assessment in many
ways traces its origin to the mid-1970s reaction to
the environmental and occupational health protec-
tion laws passed in the early 1970s. President Ford
as part of his “Whip Inflation Now” (WIN)
program issued an executive order (No. 11821)
that major regulatory actions would need to be
accompanied by an “Inflation Impact Statement.”
In parallel with 1970 National Environmental
Policy Act requirement for Environmental Impact
Statements, this called for an assessment of the
likely economic costs of proposed regulations, and
an evaluation of whether these costs were justifi-
able in the light of the amounts of expected health
and environmental benefits. This was reinforced by
a Supreme Court decision in the benzene case
(Industrial Union Department vs. American Petro-
leum Institute, 1980) and similar requirements
have been imposed by all subsequent presidents.

Now on its face this was a fair question to be
posed to the health/environmental science com-
munity. What do you expect to achieve for the
societal efforts you wish to be expended in vari-
ous ways? The difficulty was that the health/
environmental scientists, both within regulatory
agencies and without, had no generally appli-
cable tools to produce even approximate quanti-
tative responses that could be juxtaposed with
the “quantitative” estimates of compliance costs
and other economic consequences that the engin-
eers and economists could produce.

Through the late 1970s and early 1980s federal
agencies developed standardized procedures for
making some relatively conservative point esti-
mates of carcinogenic risks based on the multi-
stage mechanistic theory of carcinogenesis
(Crump et al,, 1976, 1977; U.S. Environmental
Protection Agency, 1976, 1986; Interagency
Regulatory Liaison Group, 1979; Albert et al.,
1985). When combined with conservative pro-
cedures for estimating exposures, these ap-
proaches form a useful screening tool for
relatively rapid assessment of whether specific

exposures are likely to be of appreciable concern
under a “significant risk/de minimis risk” frame-
work for risk management policy making (Hutt,
1985; Travis et al.,, 1987; Rosenthal et al., 1990).

However, it has been noticed by economists
and other advocates of cost-benefit consider-
ations in regulatory decision-making that this is
not exactly what they had in mind for purposes
of regulatory impact analysis (Anon, 1990; Office
of Management and Budget, 1990). The inten-
tionally “conservative” procedures designed to
screen for potentially significant risks have been
labeled as “biased” — and the suggestion has
been made that massive misallocation of societal
resources has resulted.

The underlying controversy is not really over
numerical calculation techniques but over the
risk management criteria that the calculations are
intended to help implement (Hattis and Min-
kowitz, 1996). Most of the environmental health
and safety legislation was passed primarily to
address equity/fairness concerns, such as “It is
unfair for some people, by emitting pollutants
into the air, water, land, workplace, or food, to
surreptitiously and without informed consent im-
pose risks on other people.” This is not the same
as the welfare economics concern for the reduc-
tion in overall societal allocative efficiency trace-
able to “externalities.” A decision currently facing
the Congress as part of the risk assessment/man-
agement legislation proposed in the Republican
Contract with America is whether the health and
environmental protection mandates in regulatory
enabling acts will be superseded across the board
by a cost benefit decision rule. In any event,
either by voluntary executive action or manda-
tory legislation, it appears that estimation of
expected societal aggregate health benefits will
become more important in regulatory decision
making over the next few years.

What does this have to do with interindividual
variability? It happens that in most cases both
variability and uncertainty distributions are like-
ly to be skewed — with a long tail to the right, as
is illustrated for uncertainty in cancer potency
estimates for genetically acting agents in Fig. 1
(Hattis and Goble, 1991). In general, lognormal
distributions of this type are to be expected to be
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Fig. 1. Estimated likelihood distribution for cancer potencies
for genetically-acting carcinogens: (A) log plot, (B) linear plot.

produced when multiple variable or uncertain
factors tend to have multiplicative influences on
the ultimate parameter of interest (Hattis and
Burmaster, 1994). For example, the cancer risks
for different individual people may well depend
on the product of, (A) the concentration of a
substance in a specific environmental medium,
(B) individual rates of intake of that medium (e.g.
a particular food, drinking water, or air), (C)
individual rates of metabolic activation of the
substance to DNA reactive forms, and (D) the
inverse of the rates of metabolic detoxification,
systemic excretion and/or DNA repair.

For a skewed distribution such as that in Fig.
1, the appropriate summary statistic for input
into a cost benefit analysis is the arithmetic mean
or “expected value” — not either the peak
(mode) of the distribution or the 50th percentile
(Arrow and Lind, 1970). And in order to calcu-
late the mean, it is vital to know the extent of the
skewness (e.g. the geometric standard deviation,

B 5% Chance Wlat the true potency is over

for alognormal distribution). The counterintuitive
result of this is that if our previous tentative
estimates of the extent of variability and uncertain-
ty distributions are correct (Hattis et al., 1986;
Hattis and Goble, 1991; Hattisand Barlow, 1995),
appropriately calculated mean “expected value”
estimates of carcinogenic potency for genetically-
acting metabolically activated carcinogens may
not turn out to be very different in general from the
conventionally-assessed EPA 95% upper confi-
dence limit estimates (Hattis and Barlow, 1996). Of
course, in addition to this use in quantifying mean
risks, any equity-based analysis of the fairness of a
risk distribution for an exposed population means
facing a three dimensional risk characterization —
X level of risk, for the Yth percentile of the
population (where Y is the variability dimension),
with Z degree of confidence (where Z is the
uncertainty dimension) (Hattis and Burmaster,
1994; Hattis and Minkowitz, 1996).
Interindividual variability is of course even
more important for making quantitative esti-
mates of non-cancer risks. If quantitative estima-
tion of health benefits becomes necessary in order
to promulgate new health protection regulations
for traditional toxic effects mediated by individ-
ual threshold processes, then the human popula-
tion distribution of those thresholds becomes a
central determinant of the numbers of people
likely to be affected by any given exposure (Hat-
tis and Silver, 1994). Unfortunately, procedures
have not yet been developed to estimate mean
“expected values” for such risks in the face of the
major uncertainties in the extent of individual
variability for particular classic toxic risks.

3.4. Political demands from the “left”

Where the “right” is seeking to increase the
accountability of regulators to the goal of maxi-
mizing aggregate economic welfare, there are also
voices for increasingly detailed consideration of
individual risks from people who think they may
be in more jeopardy than usual. The existence of
a large amount of interindividual variability for a
particular risk can directly raise equity/fairness
concerns. This is particularly the case when there
is an association between relatively high expo-
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sures (and/or risks) and membership in otherwise
socially disadvantaged groups (Bullard and
Wright, 1993). For example:

o Inner-city African American children have been
observed to have much higher blood lead levels,
and possible associated risks of developmental
impairment, than the general population (Agency
for Toxic Substances and Disease Registry, 1993).
e Some ethnic groups (such as members of some
Native American tribes) have substantial numb-
ers of people who live by subsistence fishing, and
consume much larger amounts of fish than is
assumed in standard risk assessment formulae for
the general population (Peterson et al, 1994;
Columbia River Inter-Tribal Fish Commission,
1994).

e There is concern that unusual dietary patterns
and special susceptibility of children has been
inadequately reflected in current risk assessment
and management procedures (National Research
Council, 1993).

o In the drug field, there is increasing recognition
that historical exclusion of females and elderly
people from early phases of drug testing (Lai et
al., 1988) may cause ultimate recommendations
for use to be inadequately adapted to the needs
of a general population.

Regardless of how the numbers may come out
in specific cases, addressing these kinds of specific
concerns may be helpful in recognizing that all of
these “special” groups have a valued place in our
diverse society.

4. How can we do better?

Most of the implications for improvement are
implicit in the previous discussion. One import-
ant step is better communication and collabor-
ation between experimental biologists and
professionals from more mathematically-oriented
disciplines. It must become more respectable in
biology than it now is to ask “How much?”
“How fast?” types of questions, and to use bio-
logical data to test, refine and extend quantitative
models.

Several reforms are also needed in the current
practice of epidemiology. Epidemiologists must
become more willing than they now are to depart

from the most parsimonious “black box” models,
and include mechanistically relevant intermediate
parameters in their study designs. This makes
statistical analyses more complicated and more
hazardous in some ways, but it has the potential
to provide deeper causal insights that are poss-
ible in no other way.

And, in a more distressing vein, epidemiol-
ogists should join the rest of the scientific com-
munity in adopting the convention that once
analyses of a particular set of data are published,
the underlying data should become available to
other investigators for independent analysis. Per-
sonally I have been involved in three specific
cases (which will not be further detailed here)
where access has been denied to the individual
data underlying specific published studies which
could shed light on interindividual variability or
the causation of specific adverse effects. The
shared goal of science in seeking truth is fostered
by facilitating reproduction of results reported by
individual investigators, and the data are in many
cases impossible to regenerate independently.
Most epidemiological data is a record of individ-
ual human tragedies (there are relatively few
studies of the determinants of unusually good
health outcomes). Access to this private individ-
val information is granted to investigators in the
first place with the hope that the investigators
will work to prevent similar tragedies for others.
And the funds for the investigations generally
come from public sources. It is therefore unseem-
ly when those investigators later claim some sort
of property right in the resulting data that can be
used to prevent others from using it to shed
whatever dim light it can on important public
health questions.

Beyond this, there is a need to apply tradi-
tional scientific techniques to break down human
variability into causally relevant components
that are amenable to separate study. In earlier
work (Hattis and Silver, 1994; Hattis, 1996) indi-
vidual variability for quantal non-cancer effects
has been broken down into three basic catego-
ries:

e Uptake. Individual differences in the environ-
mental concentration needed to produce a given
intake of toxicant into the body, e.g. due to
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Table 1

Observed variability in specific parameters that could be related to susceptibility to carcinogenesis by selected genetically-acting

agents®

Activity subcategory

Number of non-

Geometric mean Geometric

Redundant Datasets Log(GSD) Standard error
Metabolic activation
P4501A1 and aryl hydrocarbon hydroxylase 5 0.327 1.237
P4502E1 and related activities 3 0.192 1.333
P4503A4 and related activities 5 0.222 1.027
Other oxidizing activities (probable P450) 6 0.308 1.148
Other activities potentially related to 3 0.180 1.080
metabolic activation
Detoxification
Glutathione transferases
(a) Nonspecific substrate (CDNB) 2 0.161 1.376
(b) GSTu (established polymorphism) 5 0.496 1.091
(c) Other GSTs 4 0.167 1.503
Phase II conjugation reactions 2 0.218 1.099
Superoxide dismutase (anti-oxidant) 1 0.173
Epoxide hydrolase 1 0.209
Acetylation (established polymorphism) 1 0.429
Decrease in mutagenic activity of various 3 0.169 1.277
direct-acting compounds for Salmonella
DN A repair
0°-Methylguanine methyltransferase 10 0.306 1.085
Uracil DNA glycosylase 3 0.526 1.262
Repair of benzo[a]pyrene DNA adducts 1 0.282
Unrepaired/misrepaired chromosome 5 0.172 1.241

damage or cell killing (radiation, etc.)

*From Hattis and Barlow, 1995, 1996.

differences in breathing rates, dietary habits, etc.
e Pharmacokinetic. Individual differences in the
amount of uptake needed to produce a particular
concentration-time product of active agent in the
blood or at the site of action, e.g. due to differen-
ces in metabolic activation or clearance.
o Response or pharmacodynamic. Individual dif-
ferences in the dose in the blood or at the active
site that produces a similar risk of response.

Each of these categories is expressed in an
inverted way (e.g. the dose needed to produce a
particular response, rather than the response per
unit of dose) in order to minimize definitional
difficulties arising from nonlinearities in different
steps of the causal process.

Finer mechanistic distinctions are also poss-
ible. For example, Table 1 shows a breakdown of

observed human variability in metabolic activa-
tion, detoxification, and DNA repair activities
mediated by specific classes of enzymes (Hattis
and Barlow, 1996). This table uses a simple
summary measure, the standard deviation of the
logyg of the parameter values {the Log(GSD)] to
characterize the variability for each data set. The
geometric means and standard errors of these
values are then given in the last two columns for
each type of enzyme. It should be stressed that
despite the use of a Log(GSD) to summarize
variability here, not all of the underlying distribu-
tions are well approximated by a lognormal
distribution. This is particularly evident in sev-
eral cases where an appreciable portion of the
variability is determined by known genetic poly-
morphisms.
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Clearly, a fuller understanding of interin-
dividual variability is well within the grasp of
current techniques for biological measurement.
There must be a concerted effort, however, to
develop approaches to analyze and practically
use such information to shed light on public
policy decisions.
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Kids are different: developmental variability in toxicology
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Abstract

Data on the impact of many environmental compounds to human health is often lacking, particularly when
considering the risk to the unborn and developing child. The stage of development of the individual at the time of
exposure to a toxicant has not always been considered. For example, a higher percentage of ingested lead is
absorbed from the gastrointestinal tract of infants than adults. Renal elimination also follows a developmental
pattern, being very limited during the newborn period, increasing during infancy and childhood, and declining
gradually after puberty. Genetic polymorphisms in metabolic enzyme activity add another dimension of variability.
Depending on the particular chemical, this may serve as a protective factor or increase susceptibility to toxic effects
(e.g. epoxide hydrolase and fetal hydantoin syndrome). Children also have distinctive behaviors and target organ
susceptibilities that warrant special consideration. The consequences of developmental changes are well-known in
medical practice, and many drug doses are modified based on age, liver, and renal function, and other factors that
may influence pharmacokinetic behavior of drugs. There is a sizable body of such information available, in part, in
the pediatric and clinical pharmacology and toxicology literature. The concept of the significance of developmental
stage is becoming increasingly important in toxicological risk assessment as well.

Keywords: Children; Unborn; Chemical exposure; Developmental stage; Toxicity; Risk assessment; Variability

1. Introduction
assessment needs to consider the biologic factors

The fetus, infant, and child are becoming an
increasingly important focus for exposure and
risk assessments in part because they are more
sensitive than adults to environmental con-
taminants, yet many data gaps exist. To be rea-
sonably protective of children’s health, risk

*Corresponding author.
!"Nationwide Health Plans, 200 E. Campus View Blvd., Suite
300, Worthington, OH 43235, USA.

of the fetus and the biologic, behavioral, and
social factors peculiar to infants and children. A
schematic of human interaction with various as-
pects of the environment is shown in Fig. 1. The
interactions between the individual and each
sphere change with the developmental stage of
the person— fetus, infant, toddler, and child. For
each of these developmental stages, there are
examples of how the spheres impact toxicologic
or pharmacologic susceptibility.

0300-483X/96/$15.00 © 1996 Elsevier Ireland Ltd. All rights reserved
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Fig. 1. Schematic representation of the physical, biological,
and social environmental factors that affect human develop-
ment. The interactions of the human being with each sphere
change with the developmental stage (age) of the individual.

2. Fetus

In terms of developmental toxicology, normal
fetal development depends largely on maternal
chemical exposure. The effects of various com-
pounds that cross the placental barrier on the
developing fetus are well documented; these ef-
fects are of growing concern within the scientific
community. In vivo animal studies, in vitro test-
ing systems, and physiologically based phar-
macokinetic models have been used to assess the
risk of exposure to a fetus. The fetus incurs
additional risk from chemical exposure due to
the increased susceptibility of fetal tissues. Fetal
tissues are targets for toxicity because the com-
ponent cells are proliferating, migrating, and dif-
ferentiating (Rodier, 1994). Rapidly dividing cells
provide an opportunity for toxic insults to cause
cells to make inaccurate copies of DNA, which
can lead to mutations and cancer. In addition,
protein is being synthesized rapidly, so errors in
this process or in RNA transcription may lead to
inadequate or dysfunctional protein substrates or
products. The result may be growth impairment
or developmental errors. Cells that are migrating
can be “misguided” or stopped by toxic insults,
with disastrous consequences. Abnormal neuro-
nal migration within the brain has been noted in
some cases of psychomotor retardation. Cells

undergoing differentiation can also be “redirec-
ted” or halted by a toxic insult. Some teratogens,
such as colchicine, appear to operate by this
mechanism. The last two processes either do not
occur or take place at a considerably reduced
pace in adults or fully formed tissues. Conse-
quently, mature tissues may be relatively resistant
to some toxic effects, whereas the fetal tissues
may be highly susceptible.

Examples of fetal exposure/risk scenarios in-
clude environmental tobacco smoke (ETS), lead
exposure, and methylmercury poisoning. The ef-
fects of environmental tobacco smoke (ETS) on
human health are well known. Benzo[a]pyrene is
one carcinogenic component of ETS (Lofroth,
1989); benzo[alpyrene is metabolized by the
P450 cytochrome enzyme system. More than 15
major phase I metabolites have been identified;
many of these are further metabolized by phase
IT enzymes (Smart, 1994). A number of the meta-
bolites are important in the carcinogenic process.
First, benzo[a]pyrene is metabolized by P450 to
an epoxide which is hydrated by epoxide hy-
drolase to form a dihydriol; this compound is
further metabolized to form the ultimate carcino-
gen, benzo[a]pyrene-7,8-diol-9,10-epoxide. This
complex is highly mutagenic in eukaryotic cells;
it binds readily to DNA forming DNA adducts.
The fetus has a relatively low activity of cytoch-
rome P450 (Phase I or oxidative enzymes) and
also conjugation or Phase Il enzymes (Reed and
Besunder, 1989). Consequently, the fetus depends
largely on maternal metabolic capabilities. The
level of enzymatic activity in this case can either
increase or decrease the cancer risk for the fetus
and young infant exposed to ETS components. If
enzymatic activity is decreased, benzo[a]pyrene
biotransformation to the ultimate carcinogenic
metabolite may not occur and cancer risk may be
decreased. If enzymatic activity is increased, com-
plete biotransformation of the parent compound
to carcinogenic metabolites might occur, increas-
ing cancer risk.

There are other examples of differences in fetal
toxic effects based on variations within the phase
I and phase II hepatic and other enzyme systems
relating to the concept of genetic ploymor-
phisms— the variability in the biotransformation
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of compounds that is due to the genetic makeup
of each individual. One such example is fetal
hydantoin (phenytoin) syndrome. Teratogenicity
has been associated with prenatal administration
of the anti-convulsant drug phenytoin; the
oxidative metabolites of the compound are ordi-
narily eliminated by the enzyme epoxide hy-
drolase (Buehler et al., 1990). Affected fetuses or
children lack this enzyme, based on their inherit-
ed genetic pattern. This explains why some but
not every mother who takes phenytoin for seiz-
ures during pregnancy may have an affected
newborn (Buehler et al., 1990).

Lead (Pb) easily crosses the placental barrier
and accumulates in fetal tissue (Dietrich, 1991).
Intrauterine exposure to elevated Pb levels has
been associated with decreased gestational ma-
turity, low birth weight, and increased incidence
of minor congenital anomalies. Evidence exists
that the effect of gestational exposure to Pb
extends into the postnatal period to include de-
creased growth in infancy and early deficits in
neurologic and neurobehavioral status (Dietrich,
1991). An animal study using nonhuman pri-
mates suggests that the effects of prenatal and
early postnatal exposure to low-to-moderate Pb
levels persists and become greater over time in
the absence of subsequent exposure (Gilbert and
Rice, 1987).

Neurotoxicity is a particularly important age-
related vulnerability, because the window of sus-
ceptibility begins with fetal development and ex-
tends through childhood. The brain continues to
grow postnatally, with new cells added during the
one to two years after birth. Mylenation of axons
occurs well into the second, and perhaps third
year after birth. Cognitive development continues
well into adolescence. Methylmercury poisoning
is a dramatic well-documented example of neuro-
toxicity. The dumping of methylmercury into
Minamata Bay, Japan, led to the recognition of
this environmental teratogen— the second such
instance in which environmental contamination
produced teratogenic effects (follow-up of atomic
bomb survivors led to the recognition of ionizing
radiation effects). The disastrous epidemic of
methylmercury poisoning in Iraq provided for
additional study of fetal and infant exposures

(Bakir et al., 1973). Methylmercury is highly lipid
soluble and easily passes through the placenta.
Migrating cells in the fetal brain are sensitive to
methylmercury, which either arrests or disrupts
neuronal migration (Choi et al., 1978). The result
of fetal exposure was a newborn who appeared
normal, but whose development was not. Blind-
ness, deafness, seizures, and psychomotor retar-
dation were seen in children exposed prenatally
to methylmercury (Bakir et al, 1973). Affected
brains showed cerebral atrophy and a disrupted
pattern of nerve cell bodies, particularly in the
cerebellum. Adult brains did not show the same
effects. Differential fetal toxicity was also demon-
strated when mildly symptomatic or asympto-
matic mothers had severely affected babies. In
some cases, additional methylmercury exposure
occurred through breast milk (Amin-Zaki et al,
1974). In this case, fetal and infant biological
susceptibility, combined with environmental and
social factors, resulted in devastating, irreversible
toxicity.

3. Newborn and early infancy

At this stage of development, the environment
again is largely determined by the mother. Breast
feeding may continue and can result in exposures
to compounds excreted into breast milk, such as
lead and PCBs. If the mother or those around her
smoke tobacco products, the baby may be ex-
posed to ETS through inhalation. A less familiar
exposure route is through dermal absorption.
Many agents can be absorbed through the skin;
newborns and infants are more susceptible to
dermally absorbed compounds than are adults
because of a less fully developed barrier function.
Two notable incidents that demonstrate in-
creased dermal vulnerability are described below.
The first occurred in the 1940s, resulting in sev-
eral hospital epidemics of methemoglobinemia.
Washcloths and diapers used in these nurseries
were stamped with an aniline dye. None of the
workers who stamped or handled the materials
developed toxicity, but enough dye was absorbed
through the babies’ skin causing the methemo-
globinemia which turned them blue (Graubarth
et al., 1945). Handwashing and the use of protec-
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tive clothing as well as skin characteristics most
likely resulted in an insufficient dose and dur-
ation of exposure in the adult workers. The
infants were also more susceptible to the dye
because fetal hemoglobin which is present until
about six months of age is unable to reduce
oxidized hemoglobin as efficiently as adult hemo-
globin (Ross, 1963). In the 1970s, an estimated
7000—10000 babies in Argentina were exposed to
phenylmercury, used as a diaper rinse by a com-
mercial laundry (Gotelli et al., 1985). This misuse
of the fungicide was discovered when two infants
were evaluated for acrodynia, an unusual syn-
drome that may result from both mercury toxic-
ity and hypersensitivity.

4. Infant and toddler

For older infants and toddlers (approximately
six to twenty-four months of age), the environ-
ment may be extended beyond the home for
longer periods. Oral exploration and locomotion
are beginning. Both physiologic and social char-
acteristics can contribute to increased susceptibil-
ity at these ages in several ways. Infant lungs
have a large absorptive surface area and respire
more air than adults because of higher breathing
and metabolic rates, thus a larger dose of an
airborne toxicant may be absorbed by the infant.
Secondly, infant diets are qualitatively and quan-
titatively different from adults. Cultural tradi-
tions and preferences can also influence dietary
offerings to young children which may be an
important consideration when calculating a safe
daily intake of pesticide or other residues on
foods.

At this developmental stage, metabolism and
excretion may undergo dramatic changes. These
processes are reduced or slowed in the fetal and
newborn periods, then increase during the first
year. By age 8-10, metabolism and excretion
reach peak efficiency, and then decline to adult
levels around the time of puberty. In pediatrics,
the practical impact of these developmental
changes is that some drugs have to be dosed less
often and in smaller amounts during the newborn
period. Premature infants often require smaller
and less frequent drug dosages during the new-

born period. Toddlers may need relatively large
doses per body weight (kilograms) or more fre-
quent dose intervals than adults (Kacew and
Lock, 1989). These same principles most likely
extend to chemical exposure.

A child who developed mercury poisoning
from latex paint exemplifies some special devel-
opmental vulnerabilities of this age (Agocs et al.,
1990). The toddler lived in a house heavily
painted with latex paint containing excessive
amounts of phenylmercuric acetate as a fungi-
cide. Exposure occurred via inhalation of the
off-gassed mercury. No other family members
were affected, although all had increased urinary
mercury excretion as evidence of exposure. Fac-
tors that may have increased the child’s exposure
include the following: .

Opportunity: the child spent more time inside
the house, especially as he became ill.

Breathing zone: the young child’s lower breath-
ing zone may have led to greater mercury expo-
sure, since mercury vapor is heavier than air.

Physiologic factor: the child may have inhaled
a greater dose because of higher respiratory and
metabolic rates. Younger children also appear to
have an increased susceptibility to mercury toxic-
ity. In this case, the child had acrodynia, which is
virtually unreported in adults.

5. Child

By the age of two years most young children
have developed sufficient independence and curi-
osity to actively explore their environment. Lead
poisoning is an example of how this can be a
hazard and also illustrates several factors affect-
ing susceptibility at this age. Hand-to-mouth
behavior explains most cases of childhood lead
poisoning, either by ingestion of leaded dust
which clings to the hands or objects put into the
mouth, or by eating leaded dirt or paint chips. At
this age, non-food objects often go into the
mouth as a way of exploring the environment.
Mouthing behavior may also be related to the
psychological makeup of a child. For example,
children with autism or severe behavior disorders
may have extreme and abnormal mouthing, pos-
sibly due to a desire for self-stimulation.
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The age-related impairments and question of
reversibility of lead neurotoxicity in young
children are particularly intriguing. Lead effects
may depend on the developmental stage or age of
the child when exposure occurs. In a small study
of children for whom the timing of their lead
poisoning could be determined, Shaheen (1984)
provided evidence that the timing of exposure
determined the nature of the impairments. Spe-
cifically, lead poisoning during the second year of
life tended to impact the language skills which
develop during this time. Children who were lead
poisoned at an older age showed impairments in
abstract spatial skills, such as designs with
blocks.

Evidence suggests several physiologic or bio-
chemical mechanisms for increased susceptibility
of young children to lead neurotoxicity. Three of
these mechanisms are summarized below:

(1) Brain growth in early childhood includes
arborization or branching of neuronal dendrites.
This in turn influences the number of synapses
available to neurons. In infant animals, lead is
known to reduce the number of dendrites per
neuron (Bessler and Goldstein, 1991).

(2) Young children are more susceptible to devel-
oping acute lead encephalopathy than adults.
This may result from physiologic differences in
the brain at these ages. Lead appears to alter
brain capillary cell function, allowing fluid influx
leading to cerebral edema (Goldstein et al., 1974).
There may be a higher threshold for this effect in
adults.

(3) Lead may interfere with or mimic calcium to
activate the intracellular messenger, protein
kinase C, an enzyme that seems to participate in
brain capillary cell differentiation (Simons, 1993).
Activation of this enzyme results in its relocation
from cell cytosol to the cell membrane. In imma-
ture animals, the enzyme is found in the cytosol,
seemingly inactive. In adults, it is bound to the
cell membrane in an active form.

These and other studies of the mechanisms of
toxicity raise a question of whether lead neuro-
toxicity is reversible. Clinically, this is an impor-
tant question because once lead poisoning has
occurred chelation therapy may not be effective.
Preliminary evidence in children older than one

year suggests that decreased blood lead levels are
associated with improved developmental test re-
sults in some domains (Ruff et al., 1993).

6. Conclusion

When considering the risk of chemical expo-
sure to the unborn and developing child, toxicol-
ogists need to consider the developmental stage
at which exposure occurs. This may be a deter-
mining factor of both the risk for toxicity and
how the exposure may manifest itself later in life.
Several examples have been described that illus-
trate how physical, biological, and behavioral
factors contribute to a unique toxicological sus-
ceptibility of developing children. Lead poisoning
is a well-researched example of how environ-
mental changes (Fig. 1) during development or
aging influence the risk and toxicity of exposures
throughout a person’s life. Children are not small
adults. Behavioral and physiologic differences,
and how these interact with the physical or social
environment may result in age-related toxi-
cologic susceptibility.
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Abstract

Complementary sources of information are analyzed to characterize the early-life cancer risk from inhaling vinyl
chloride. A study of partial-lifetime exposures suggests that the lifetime cancer risk depends on age at exposure, with
higher lifetime risks attributable to exposures at younger ages. Studies of newborn animal exposures further
demonstrate that a brief exposure in newborns can, by the end of life, induce a higher incidence of tumors compared
to long-term exposure occurring later in life, including tumor types not induced by exposure later in life. An
empirical, quantitative approach is used to model early-life sensitivity to inhaled vinyl chloride, supplementing
conventional approaches for estimating the increased cancer risk from lifetime exposure. A single estimate is not
presumed to apply to the entire population; instead, the new approach makes distinctions about the cancer risks
for different population segments. This assessment shows one way such information might be analyzed, presented,
and used to assess actual exposure situations.

Keywords: Vinyl chloride; Early-life sensitivity; Cancer risk; Exposure; Risk assessment

1. Introduction a lack of studies providing information about
) potentially sensitive subpopulations as well as a

Cancer risk assessments are generally conduc- lack of methods for assessing differential risks.
ted and applied to a whole population; differen- Vinyl chloride, however, is an example where
tial risk assessments for individual subpopu- several innovative laboratory studies provide in-
lations are usually not available. This stems from formation about a sensitive period occurring

early in life. These studies can be analyzed to
*Corresponding author. more fully characterize the potential for increased
'The views expressed in this paper are those of the authors early-life risks

and do not necessarily reflect the views or policies of the U.S. S 1 finf . be b h
Environmental Protection Agency. The U.S. Government has everal sources of information can be brought

the right to retain a nonexclusive royalty-free license in and together to characterize the human cancer risk
to any copyright covering this article. from inhaling vinyl chloride. Epidemiologic stu-
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dies of workers exposed to vinyl chloride show an
increased incidence of angiosarcomas; laboratory
studies have induced similar tumors following
long-term exposure in three animal species. A
study of partial-lifetime exposures in these animal
species suggests that the lifetime risk of cancer
depends on the age at exposure, with higher
lifetime risks attributable to exposures at younger
ages. Studies of newborn animal exposures fur-
ther demonstrate that a brief exposure in new-
borns can, by the end of life, induce a higher
incidence of tumors compared to long-term expo-
sure occurring later in life, including tumor types
not induced by exposure later in life.

2. Studies analyzed

ATSDR (1988) cites several reports demon-
strating a causal association between occupa-

tional viny! chloride exposure and various forms
of cancer. Most convincing is the association
with liver angiosarcoma, a rare form of cancer.
Cancer assessments by IARC (1987) and US
EPA (1991) found the human evidence sufficient,
leading to an overall characterization of vinyl
chloride as a known human carcinogen. Studies
using laboratory rats, mice, and hamsters con-
firm the human observations; in particular, liver
angiosarcomas were induced in all species. This
uncommon demonstration of site concordance
makes extrapolation of the animal results to
humans especially credible.

In addition to these studies that led to the
identification of vinyl chloride as a known hu-
man carcinogen, several studies with novel ex-
perimental designs provide evidence that early
life can be a sensitive period for exposure. Drew
et al. (1983) studied the effect of age and duration
of vinyl chloride exposure on cancer incidence.
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Fig. 1. Effect of duration and age at exposure on angiosarcoma incidence (from Drew et al.,, 1983).
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Groups of female Fischer-344 rats, golden Syrian
hamsters, B6C3F1 mice, and CD-1 Swiss mice
inhaled vinyl chloride at 100 ppm for durations
of 6, 12, 18, or 24 months beginning 0, 6, 12, or
18 months into the exposure period. (Prior to
exposure, animals were 5-6 weeks old when
received at the testing laboratory, then they were
observed and weighed for 3 weeks.) Vinyl chlor-
ide caused angiosarcomas and mammary gland
carcinomas in all four strains; in addition, there
were hepatocellular carcinomas in rats, stomach
adenomas and skin carcinomas in hamsters, and
lung carcinomas in CD-1 Swiss mice. In general,
cancer incidence increased with duration of expo-
sure and decreased the later the age at first
exposure. For example, Fig. 1 shows angiosar-
coma incidence in each group of rats plotted
against exposure duration; incidence increases

with duration, and for the same duration inci-
dence is higher for groups exposed earlier.
Maltoni et al. (1981) investigated the existence
of dose-rate effects as part of a comprehensive
vinyl chloride study. Groups of male and female
Sprague-Dawley rats inhaled 6000 or 10000
ppm vinyl chloride for 100 h under different
exposure schedules, three schedules beginning at
13 weeks of age and one schedule beginning at 1
day of age (4 h a day, 5 days a week, for 5 weeks).
Fig. 2 shows that angiosarcoma incidence in-
creased sharply in rats exposed from 1 day of age.
Fig. 3 compares this angiosarcoma incidence (in
the rats exposed for 5 weeks beginning at 1 day
of age) to that of rats exposed for 52 weeks
beginning at 13 weeks of age; the angiosarcoma
incidence for rats exposed for 5 weeks as new-
borns is higher than that for rats exposed for 52
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Fig. 2. Effect of age at exposure on angiosarcomas induced by 100-h exposures (from Maltoni et al., 1981, experiments BT10 and
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Fig. 3. Comparison of newborn and later-life exposure on angiosarcoma incidence (from Maltoni et al, 1981, experiments BTt

and BT14).

weeks after maturity. Further, hepatoma inci-
dence, virtually nonexistent in rats exposed for 52
weeks after maturity, approaches 50% in rats
exposed for 5 weeks as newborns.

Laib et al. (1985) studied the effect of age on
induction by vinyl chloride of hepatic adenosine-
Y'-triphosphatase (ATPase)-deficient enzyme-al-
tered foci, a putative precursor of hepatocellular
carcinoma. Groups of newborn male and female
Wistar rats inhaled 2000 ppm vinyl chloride for
different periods of time; their livers were evalu-
ated at 4 months. The investigators concluded
that “the induction of pre-neoplastic hepatocellu-
lar lesions in rats by vinyl chloride is restricted to
a well-defined period (approximately day 7 to 21)
in the early lifetime of the animals.” They at-
tributed the lack of response in the first 5 days to
the lack of hepatocellular proliferation and the

low rate of vinyl chloride metabolism at this
stage of development.

Further mechanistic investigations into the ef-
fect of age on vinyl chloride-induced DNA ad-
ducts has been studied by Fedtke et al. (1990).

3. Results

An empirical, quantitative approach is used to
model early-life sensitivity to inhaled vinyl chlor-
ide, supplementing conventional approaches for
estimating the increased cancer risk from lifetime
exposure. A single estimate is not presumed to
apply to the entire population at risk; instead, the
new approach makes distinctions about the can-
cer risks for different population segments.

Fig. 1, where cancer incidence is higher for
groups exposed earlier, suggests cancer incidence
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might be modeled as a function of remaining
lifetime. Cogliano and Parker (1992) analyzed
the results of Drew et al. (1983) with an empirical
model that approximates cancer risk as a bilinear
function of dose and some power of remaining
life. That is, let

T be the lifespan, so T — t is the remaining life at
age t, and
k be the exponent associated with remaining life.

Then for a dose d received at age t, the incre-
mental cancer risk is assumed proportional to
d(T — .

Under this model, the effectiveness of each
increment of dose depends on both the dose level
d and the age at exposure t. The incremental
cancer risk would increase as either the dose d
increases or the age at exposure t decreases.
To evaluate the effectiveness of a particular expo-

sure schedule, each increment of exposure can
be weighted by the proportionality function
d(T — t)* and summed accordingly; for example,
if dosing is constant between ages 4 and B, then
the age-weighted exposure for the period of dos-
ing is proportional to

B
df (T —nFdt
A

For full life exposure (between ages 0 and T), the
age-weighted exposure is proportional to

d JT (T — o) dt
0

Expressed as a fraction of full-life exposure, the
effectiveness of dosing between ages 4 and B is,
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Fig. 4. Data from Fig. 1 replotted to show angiosarcoma incidence as a function of age-weighted exposure (k = 1) (from Drew et

al., 1983).
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therefore,

JB(T~t)"dt/r(T—t)"dt
A V]

Cogliano and Parker (1992) provide a table
showing, for a given duration B — A, how
age-weighted exposure increases as the age at
first exposure A decreases or as k increases above
0. Using age-weighted exposure for k = 1 instead
of simple duration of exposure, Fig. 4 shows the
results from Drew et al. (1983) that were plotted
in Fig. 1. In Fig. 4, groups exposed earlier in life
are shifted to the right, reflecting a higher age-
weighted exposure, while groups exposed later
are shifted left. The result resembles a more
distinct dose-response curve, suggesting age-
weighted exposure is useful in explaining the
observed cancer incidences. Thus risk estimates
are a function of exposure concentration, expo-
sure duration, and age at exposure. Cancer risks
from chronic exposure can be apportioned to
different ages, with higher risks for exposure
occurring at earlier ages.

These results suggest the potential for vinyl
chloride to cause cancer is greatest for newborn
exposure. Only the Maltoni et al. (1981) study
provides direct information about this sensitive
stage of development. Cogliano (1989, 1990) de-
veloped risk estimates from the results of Maltoni
et al. (1981). The essential features of this analysis

Table 1
Risk-based action levels for vinyl chloride

are, (a) the exposure periods in the early-life
studies (weeks 1-5 for Maltoni et al. (1981), days
7-21 for Laib et al. (1985)) do not overlap those
of the chronic studies (where exposure begins
after 2—3 months), (b) the cancer risk from early-
life exposure is roughly equal that from full-life
exposure beginning after maturity, and (c) be-
cause the effects of early-life exposure are differ-
ent from those of full-life exposure, early-life
exposures are treated differently from exposures
later in life. Thus, the risk of cancer from vinyl
chloride is composed of two parts: a risk from
chronic exposure occurring mostly after matur-
ity, and a risk of similar size attributable to
short-term, early-life exposure. This effectively
doubles the vinyl chloride risk estimate that is
derived from chronic studies. The estimate for
chronic exposure can be apportioned throughout
life according to a declining age-weighting curve
described by Cogliano and Parker (1992), while
a further risk would be incurred if exposure
occurred early in life.

These assessments were considered by the U.S.
and California Environmental Protection Agen-
cies to guide their responses to indoor inhaled
vinyl chloride in a housing development adjacent
to a mixed-use landfill designated as a Superfund
site. For cancer risks, a target risk range of 1 in
1000000 to 1 in 10000 was used to determine
whether action was taken at the site. Although
there is no direct evidence of increased human
sensitivity to vinyl chloride-induced carcino-

Indoor air

action level Response Risk criterion

< 0.2 ppb No immediate action Potential cancer risks from lifetime exposure
and from 4-year childhood exposure
within target risk range

0.2-1 ppb Interim (30-day) remediation Potential lifetime cancer risk from 4-year
childhood exposure is at upper end of target
risk range

1-25 ppb Immediate (12-day) remediation Potential lifetime cancer risk from 4-year childhood
exposure exceeds target risk range

25+ ppb Immediate relocation offered Potential risk of male reproductive toxicity

from subchronic exposure
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genicity with exposure during childhood or ado-
lescence, the animal evidence of such an age-
dependent sensitivity was considered to be suffi-
cient to warrant public health concern for young
children potentially exposed to vinyl chloride.
Therefore, cancer risks to young children became
the risk focus for development of action levels at
low vinyl chloride levels (Hiatt et al, 1994).
Noncancer toxicity was also considered; at high
exposures a reference dose for male reproductive
toxicity could be exceeded (Hiatt et al., 1994).
The risk-based action levels are described in
Table 1.

4. Discussion

This analysis shows how several innovative
study designs can provide information about
early-life sensitivity that can be used in risk
assessment. The lifetime cancer studies of Drew et
al. (1983) and Maltoni et al. (1981), by including
some animals with only early-life exposure, pro-
vide empirical evidence of enhanced sensitivity.
The mechanistic studies of Laib et al. (1985)
confirm the empirical evidence of early-life sensi-
tivity. The consistent observation of angiosar-
comas in lifetime animal and human occu-
pational studies adds to the credibility of the
results. By drawing on these different sources of
information, confidence is enhanced in the risk
assessment’s conclusions.

Besides showing how these innovative study
designs can be used in risk assessment, this analy-
sis has implications for the interpretation of epi-
demiologic studies. Adults may not be the most
sensitive population, and hence occupational stu-
dies, the predominant study in cancer epidemiol-
ogy, may not identify hazards to children or
other potentially sensitive subpopulations. Quan-
titative risk estimates based on workers may not
be health-conservative for other populations.
Management decisions based on worker studies
may, thus, not afford the degree of protection
anticipated.

There are also implications for study design.
Valuable information can be provided by more
investigations of the effects of timing of exposure,

effects in immature animals, and epidemiologic
studies outside occupational settings. The Mal-
toni et al. (1981) study design can provide empiri-
cal information to identify a potential for early-
life sensitivity, and Laib et al. (1985) study shows
how mechanistic research can confirm these em-
pirical observations.

Perhaps the most pressing research need, how-
ever, is identifying other substances that affect
sensitive stages of development. Screening studies
need not be prohibitively expensive: the Maltoni
et al. (1981) study demonstrates a protocol that
can indicate whether newborns are especially
susceptible. Valuable information can be gained
from a group of animals exposed immediately
after birth for a short time. This assessment has
shown one way that such information can be
analyzed and presented. With this or a similar
approach, risk assessments can better identify
susceptible individuals most at risk.
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Efficient tissue repair underlies the resiliency of postnatally
developing rats to chlordecone + CCl, hepatotoxicity
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Abstract

It is often assumed that at a younger age populations are at higher risk of toxic effects from exposure to toxic
chemicals. Recent studies have demonstrated that neonate and postnatally developing rats are resilient to a wide
variety of structurally and mechanistically dissimilar hepatotoxicants such as galactosamine, acetaminophen, allyl
alcohol, and CCl,. Most interestingly, young rats survive exposure to the lethal combination of chlordecone (CD)
+ CCl, known to cause 100% mortality in adult male and female rats. In a study where postnatally developing
(20- and 45-day), and adult (60-day) male Sprague Dawley rats were used, administration of CCl, (100 pl/kg, i.p.)
alone resulted in transient liver injury regardless of age as indicated by plasma alanine transaminase (ALT), sorbitol
dehydrogenase (SDH) levels and histopathological lesions. In CD-pretreated rats, CCl,-induced toxicity progressed
with time culminating in 25 and 100% mortality by 72 h after CCl, in 45- and 60-day rats, respectively, in contrast
to regression of CCl,-induced toxicity and 0% mortality in 20-day rats. [?’H]thymidine (*H-T) incorporation and
protiferating cell nuclear antigen (PCNA) studies revealed an association between delayed and diminished DNA
synthesis, unrestrained progression of liver injury, and animal death. Time-course studies revealed that the loss of
resiliency in the two higher age groups might be due to inability to repair the injured liver rather than due to
infliction of higher injury. Intervention of cell division in 45-day CD rats by colchicine (CLC, 1 mg/kg, i.p.) 30 h
after CCl, challenge increased mortality from 25 to 85%, confirming the importance of stimulated tissue repair in
animal survival. In contrast, efficient and substantial DNA synthesis observed in 20-day rats allows them to limit
further progression of liver injury, thereby leading to full recovery of this age group with 0% mortality. Examination
of growth factors and proto-oncogene expression revealed a 3- and 3.5-fold increase in transforming growth factor-o
(TGF-0) and H-ras mRNA expressions, respectively, coinciding with maximal hepatocyte DNA synthesis in 20-day
normal diet (ND) rats, as opposed to only 2- and 2.5-fold increases observed in 60-day ND rats, respectively.
Increased expression of c-fos (10-fold) in 20-day rats occurred 1 h after CCl, compared to less than a 2-fold increase
in 60-day rats. These findings suggest that prompt stimulation of tissue repair permits efficient recovery from injury
during early postnatal development of rats.

Keywords: Age-related toxicity; Chlordecone; Carbon tetrachloride; Cell division; Tissue repair; Resiliency

Abbreviations: ALT, alanine transaminase; CD, Chlordecone (Kepone/reg/); CLC, colchicine; ND, normal diet; PCNA,
proliferating cell nuclear antigen; SDH, sorbital dehydrogenase; TGF-«, transforming growth factor-alpha; TGF-p, transforming
growth factor-beta.
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1. Introduction

Age is an important consideration in ident-
ifying susceptible population for risk from expo-
sure to chemicals. A greater understanding of the
mechanisms underlying the influence of age on
the susceptibility to chemical injury is critical in
dealing with hepatotoxicity in newborn, young,
adults, and elderly. Depending on the chemical,
dose, or type of disease, early studies showed that
hepatic injury and disease can either increase or
decrease with age (Black et al, 1975). Recent
studies have demonstrated that neonates and
young rats are resilient to a number of hepa-
totoxicants such as CCl, (Dawkins, 1963; Cagen
and Klaassen, 1979; Rikans, 1989; Cai and
Mehendale, 1993; Dalu et al., 1995a), allyl alco-
hol (Rikans, 1989), galactosamine (Abdul-Hus-
sain and Mehendale, 1992), and acetaminophen
(Green et al, 1984). Most interestingly, young
rats survive exposure to lethal combination of
individually nontoxic doses of chlordecone (CD)
+ CCl, (Cai and Mehendale, 1993; Dalu et al.,
1995a), known to cause fulminant hepatic failure
(Soni and Mehendale, 1993) and 100% mortality
in adult rats (Klingensmith and Mehendale,
1982; Agarwal and Mehendale, 1983; Soni and
Mehendale, 1993).

The mechanism of cellular damage caused by
CCl, has been well established. The compound is
bioactivated by cytochrome P-450-mediated re-
actions to "CCl, free radicals (Slater, 1966; 1987;
Recknagel and Glende, 1973; Sipes et al.,, 1974;
Mehendale, 1989a,b; 1990), which is further con-
verted to a peroxy radical, CCl,0", (Connor et
al.,, 1986; Mehendale 1989b). There is evidence for
covalent binding of CCl, upon bioactivation
(Slater, 1966, 1987; Sipes et al., 1974; Recknagel
and Glende, 1973; Mehendale, 1989a,b; 1990).
The free radicals ‘CCl; and CCl,0O’, readily react
with polyunsaturated fatty acids of the endoplas-
mic reticulum and other hepatocellular mem-
branes to initiate the formation of organic lipid
peroxides. In the presence of cellular O,, these
organic peroxy radicals in turn can react with
other polyunsaturated fatty acids to perpetuate a
series of self-propagating chain reactions, known
as “propagation of lipid peroxidation” (Reck-

nagel and Glende, 1973). Rats receiving a low
dose of CCl, alone exhibit very limited liver
injury as evidenced by histopathological observa-
tions at 6 h after the administration of CCl,. This
injury is progressive up to 12 h, followed by
recovery by 24 h (Kodavanti et al., 1989a,b; 1992;
Mehendale, 1990). Substantial experimental data
suggest that stimulation of hepatocellular regen-
eration and tissue repair mechanisms play a
critical role in the recovery from the limited toxic
injury inflicted by a low dose of CCl, (Mehen-
dale, 1990; Kodavanti et al., 1992; Chanda and
Mehendale, 1995). Dietary exposure to CD (10
ppm in diet for 15 days) is known to potentiate
hepatotoxicity and lethality of a low dose of CCl,
(100 pl/kg) in male (Klingensmith and Mehen-
dale, 1982) and female (Agarwal and Mehendale,
1983) adult rats. Studies have revealed that the
CD + CCl, combination inhibits CCl,-induced
liver cell division and tissue repair, thereby per-
mitting progression of injury leading to hepatic
failure and death (Curtis and Mehendale, 1980;
Klingensmith and Mehendale, 1982; Agarwal and
Mehendale, 1983; Lockard et al, 1983a,b;
Kodavanti et al., 1989a,b; Mehendale, 1994).

Experimental data suggest that newborns are
less sensitive to a number of chemicals like CCl,
whose toxicity depend upon metabolic activation
to a toxic species (Dawkins, 1963; Cagen and
Klaassen, 1979). In these studies, age-related dif-
ferences in cytochrome P-450 levels was offered
as a mechanism for lower sensitivity of newborns
to CCl, toxicity. In contrast to the above studies,
Cai and Mehendale (1993) reported that pos-
tnatally developing rats were resilient to the
lethal combination of CD + CCl,. This resil-
iency is related neither to differences in cyto-
chrome P-450 levels nor to bioactivation-
dayependent mechanisms, but is due to enhanced
plasticity in hepatocellular regeneration and effi-
cient tissue repair mechanisms in the younger
animals (Dalu et al., 1995a).

Recent studies were conducted to investigate
the mechanisms underlying the lack of sensitivity
to CD + CCl, hepatotoxicity and lethality dur-
ing early postnatal development (Dalu et al,
1995a). These studies indicated that both ongo-
ing (growth-related) and toxicant-stimulated tis-
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sue repair were responsible for this marked resil-
iency. Ongoing cell division is associated with
growth of the liver related to animal growth
during early postnatal development. Because
transforming growth factor-a (TGF-a) (Fausto
and Mead, 1989; Michalopoulos, 1990) and pro-
to-oncogenes (Rollins and Stiles, 1988; Fausto
and Mead, 1989) are closely related to cell divi-
sion (and tissue repair), the role of TGF-a and
proto-oncogenes in the resiliency of early pos-
tnatally developing rats were also investigated.
We report here that marked ability of growing
livers during early postnatal development to in-
duce compensatory tissue repair enables the rats
to restrain toxic injury and restore liver function,
leading to recovery from injury. In contrast,
quiescence of adult liver hepatocytes leads to
unrestrained progression of liver injury, render-
ing the adults to be highly susceptible to pro-
gressive hepatotoxic injury.

2. Age-related differences in chemical-induced
hepatic injury and lethality

2.1. Ongoing liver growth during early postnatal
development

Growth rates were determined for 1, 5, 10, 20,
35, 45, 60, 80, and 100 days male Sprague—Daw-
ley rats. The changes in liver and body weights in
these rats follow the familiar exponential type
curves which start to level off around 45 days
after birth (Fig. 1). Newborn and young develop-
ing rats have actively growing livers (ongoing
liver growth), therefore liver growth during pos-
tnatal development is linear up to 45 days after
birth (Fig. 1). Hence, if liver growth is a factor
one would expect to see a phase-out of resiliency
around 45-day of age. The ability to replace dead
or dying cells would be decreased with age, and
as a consequence, chemical-induced liver injury
should be expected to progress in an unrestrained
manner. These observations indicate that growth
rates during postnatal development are steep and
linear up to 45 days as evidenced by the increase
in liver and total body weight of these rats. The
growth rate leveled off after 45 days. These find-
ings impact age-related studies and interpreta-
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Fig. 1. Growth rate in male Sprague—Dawley rats. Growth
rates of liver and total body weight were measured in 1, 5,
10, 20, 35, 45, 60, 80, and 100 day rats. Values are means
4+ S.E.M. of 4 rats. *Denotes that liver and body weight were

significantly different from the previous age (P < 0.05). '

tions of susceptibilities of younger age popula-
tions to toxic chemicals.

2.2. Lethality

The mortality induced by a single nontoxic
dose of CCl, (100 ul/kg, i.p.) in 20-, 45-, and
60-day-old rats maintained on either ND or 10
ppm CD diet was observed and recorded for 14

Table 1
CCl,-induced lethality by 72 h in rats maintained on either
normal diet or on chlordecone diet*

Age Number of rats

(days) Diet (n) % Lethality

20 Normal 10 0
Chlordecone 20 0

45 Normal 10 0
Chlordecone 20 25

60 Normal 10 0
Chlordecone 20 100

*Male Sprague-Dawley rats were maintained on either nor-
mal or 10 ppm chlordecone diet for 15 days. On day 16, a
single dose of CCl, (100 ul/kg, i.p.) was administered in corn
oil to all rats. The animals were observed twice daily for 14
days and cumulative mortality was recorded. No death occur-
red after 72 h.
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Table 2
Effects of colchicine antimitosis on the lethality of chlor-
decone + CCl, combination treatment in 45 day old rats®

Number
of rats
Group  Treatments (n) % Lethality
I ND + CCl, 10 0
11 ND + CCl, + CLC 10 0
III CD + CCl, 20 25
v CD + CCl, + CLC 20 85

*Thirty-day old male Sprague—Dawley rats were maintained
on either normal (ND) or 10 ppm chlordecone (CD) diet for
15 days. On day 16 (45 days old), a single dose of CCl, (100
ul/kg, i.p) was administered in corn oil to all rats. Rats
maintained on ND received colchicine (CLC, 1 mg/kg, i.p.) 6
h after administration of CCl,, whereas those maintained on
CD received CLC 30 h after CCl,. The animals were observed
twice daily for 14 days. All deaths occurred within 96 h after
administration of CCl,.

days. The data in Table 1 summarize percent
mortality within 72 h after administration of
CCl,. Mortality did not occur in any rats given
ND + CCl, combination. In CD-pretreated rats,
25 and 100% mortality occurred within 72 h in
45- and 60-day-old rats, respectively. In contrast,
no mortality was evident in 20-day-old rats re-
gardless of pretreatment. Antimitotic interven-
tion with colchicine 30 h after CCl, injection to
45-day-old CD rats further increased CCl,-in-
duced lethality to 85% (Table 2), indicating that
cell division is critical for survival through recov-
ery from liver injury.

2.3. Biochemical studies

Hepatic microsomal cytochrome P-450 levels
were increased as a function of age (Fig. 2). In 2-
and 5-day rats, cytochrome P-450 was signifi-
cantly lower in comparison to the older age
groups. CD pretreatment increased cytochrome
P-450. In 20-day CD rats, cytochrome P-450
reached plateau level and significantly higher
than the control rats. In control (normal diet,
ND) rats, cytochrome P-450 reached plateau
level at 35 days after birth (Cai and Mehendale,
1993), indicating that any differences in cytoch-
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Fig. 2. Hepatic microsomal cytochrome P-450 levels (Cyt
P-450) in rats at various ages maintained either on normal
diet (ND) or 10 ppm chlordecone (CD) diet for 15 days. Two
or three livers were pooled for a single measurement in 2-, or
5-day-old rats. *Denotes significant difference from 20-day-
old rats and older rats with the same dietary protocol.
**Significant differences between ND and CD 20-day-old
rats. Values are means + S.E.M. of 4 rats (P < 0.05). Adapted
with permission from Cai and Mehendale (1993).

rome P-450 levels are not responsible for the
resiliency of younger rats to hepatotoxicants.

Pretreatment with CD resulted in a significant
increase in the proportion of administered
14CCl, expired as '*CO, compared to the ND
rats (Fig. 3A). Bioactivation of '*CCl, in 35-day-
old CD-treated rats was significantly greater than
in 45- and 60-day-old rats as indicated by a
greater proportion of the administered '“CClI,
expired as '*CO,. In vivo metabolism of *CCl,
revealed that about 80% of the administered
1*CCl, was expired as unmetabolized parent
compound within 6 h regardless of age (Fig. 3B).
Sixty-day rats are highly susceptible to CD +
CCl, lethality whereas none of the 35-day-old
pups die from CD + CCl, treatment suggesting
that differences in bioactivation of CCl, are un-
likely to be the mechanism (Cai and Mehendale,
1993).

Hepatotoxicity of CCl, was assessed by
measuring plasma alanine transaminase (ALT)
and sorbitol dehydrogenase (SDH) levels during
a time course after the injection of CCl,. It is
evident from the ALT data (Fig. 4) that regard-
less of age, CCl, treatment resulted in marginal
elevation of ALT levels in rats maintained on
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Fig. 3. Measurements of '*CO, (A) and '*CCl, (B) expiration
during 6 h at hourly intervals after the administration of
14CCl, to 35-, 45-, and 60-day-old rats maintained either on
normal diet (ND) or 10 ppm chlordecone (CD) diet for 15
days. Values are means + S.E.M. of 4 rats. *Denotes signifi-
cant difference compared to all age and treatment groups.
*Significantly higher values compared to ND rats of the same
age (P <005). Adapted with permission from Cai and
Mehendale (1993).

ND. Rats of all age groups promptly recovered
from this injury. In contrast, hepatotoxicity was
dramatically amplified in rats maintained on CD
diet. Significant elevations of plasma enzymes
were observed as early as 6 h after the adminis-
tration of CCl,. In all age groups, plasma ALT
levels peaked between 36 and 48 h after the
administration of CCl, (Fig. 4). In 60-day-old
CD-pretreated rats, plasma enzyme eclevations
progressed with time until 100% mortality occur-
red by 72 h. In 45-day-old rats mortality (25%)
was observed beginning at 48 h and later time
points after CCl, administration. As expected,
20-day-old rats receiving CD + CCI, did not
experience any mortality. After reaching a peak
between 36 and 48 h after CCl,, the plasma
enzymes returned to the background level by 72
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Fig. 4. Plasma alanine transaminase (ALT) concentration
during a time-course of 96 h after CCl, (100 ui/kg, ip.) or
corn oil (CO) administration to 20-, 45-, and 60-day-old rats
maintained on either normal (ND) or 10 ppm chlordecone
(CD) diet for 15 days. Values are means + S.E.M. of 4 rats.
*Denotes significant increase in ALT level as compared with
the control of same time point. **Significantly higher ALT
level than in 20-day-old CD + CCl, rats. ***Significantly
higher ALT level as compared with that in 20- and 45-day-old
CD + CCl, rats (P < 0.05). Adapted with permission from
Dalu et al. (1995a).

h, indicating a rapid recovery from CCl,-inflicted
liver injury. Measurement of plasma SDH levels
exhibited similar trend as that seen for plasma
ALT (data not shown, see Dalu et al.,, 1995a).

2.4. Age-related differences in hepatic enzymes
There were quantitative differences in plasma
enzymes and bilirubin levels among the three age
groups, even though actual liver injury as exam-
ined under a microscope was very similar among
the age groups (Dalu et al,, 1995a). These dif-
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Fig. 5. Hepatic ALT (A) and SDH (B) levels in 5-, 20-, 35-,
45-, and 60-day-old normal male S-D rats expressed per g of
liver. Values are means + S.EM. of 4 rats. *Significantly
higher levels of hepatic ALT and SDH levels compared to the
5- and 20-day-old rats. *Significantly higher ALT and SDH
levels compared to the 35-day-old rats (P < 0.05).

ferences could be due to: (1) lesser hepatic con-
tents of ALT and SDH in postnatally developing
rats than in adult livers; (2) less leakage of the
hepatic ALT and SDH in to the blood stream of
postnatally developing rats upon toxic liver in-
jury. Measurement of hepatic ALT and SDH in
5, 20, 35, 45, and 60 day normal male Sprague—
Dawley rats revealed that 20-day-old rats have
less of each hepatic enzyme compared to that in
adult rats. Hepatic ALT and SDH contents in-
creased as a function of age and started to level
off at 45 days after birth. The results of the study
revealed that 20-day-old rats have about 20% of
hepatic ALT and SDH in comparison to 60-day-
old young adult rats (Fig. 5A, B). Therefore,
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lower levels of plasma enzymes in 20-day-old CD
rats receiving hepatotoxicants does not mean less
injury compared to that seen in adult rats. In
20-day-old rats, lower plasma enzymes simply
indicates less availability of hepatic enzymes to
leak into the blood stream upon toxic liver in-
jury, rather than indicating lower injury in this
age group.

3. Hepatocellular regeneration and tissue repair

3.1. In vivo incorporation of [>H Jthymidine
(*H-T) into hepatic nuclear DNA

*H-T incorporation was measured as an index
of S-phase activity of hepatotoxicity. In control
rats (0 h time point not treated with CCl,), there
were no significant differences in the incorpor-
ation of *H-T among the three age groups. Like-
wise, CD-treatment had no significant influence
on the incorporation of 3H-T among the three
age groups. However, the baseline values in 20-
day-old rats were significantly higher than those
in older age groups (Fig. 6). Regardless of pret-
reatment, 20-day-old rats exhibited a higher rate
of *H-T incorporation than the older age groups.
The wave of significantly increased *H-T incor-
poration began as early as 24 h and continued
through 72 h after the administration of CCl, in
20-day-old rats. In contrast, in the older rats this
response was delayed and diminished. In 45- and
60-day-old ND + CCl, rats, *H-T incorporation
increased between 12 and 36 h after CCl, treat-
ment and then returned to the base-line, whereas
CD + CCl,-treated rats exhibited slower and
diminished *H-T incorporation, the maximum
incorporation being between 48 and 72 h after
CCl, treatment for 45-day-old rats and 48 h for
60-day-old rats (Fig. 6). The 75% survival in 45-
day-old CD rats is presumably due to a very
strong response in tissue repair activity particu-
larly between 48 and 72 h after the administra-
tion of CCl,. The delayed and diminished *H-T
incorporation in adult rats (60-day-old) is a re-
flection of the suppressed S-phase stimulation
and tissue repair, presumably leading to a loss of
restrain on the progression of liver injury culmi-
nating in 100% mortality.
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Fig. 6. [*H]thymidine incorporation into hepatic nuclear
DNA during a time course after CCl, (100 ul/kg, i.p.) admin-
istration to 20-, 45-, and 60-day-old rats maintained on either
normal (ND) or 10 ppm chlordecone (CD) diet for 15 days.
Values are means + S.E.M. of 4 rats. *Denotes significantly
higher value as compared with the respective control group
(0 h time point). *Significantly higher value as compared with
ND + CCl, rats at the corresponding time period. 'Signifi-
cantly higher value as compared with corresponding pretreat-
ment in 60-day-old CD + CCl, rats (P < 0.05). Adapted with
permission from Dalu et al. (1995a).

3.2. Proliferating cell nuclear antigen (PCNA)
study

PCNA immunohistochemical staining pro-
cedure was used to confirm the *H-T incorpor-
ation study. This technique makes it possible to
identify cells in different phases of the cell cycle
(Figs. 7-9). The results of PCNA study were
concordant with the hepatocellular proliferative
activity assessed by *H-T incorporation study.
Normally, most cells in the liver are in the resting
or quiescent (Gy) phase and a relatively small

number of cells (4—6%) are in other phases. In
older control rats (45- and 60-day-old), almost all
the cells were quiescent (Figs. 8A,B; 9A,B),
whereas in 20-day-old rats, relatively greater
number of cells were in G, and S-phase of the cell
cycle (Fig. 7A, B) regardless of pretreatment,
indicative of ongoing liver growth.

After the administration of CCl, (100 pl/kg),
hepatocytes progressed to G, S, G,, or M phase
of cell cycle by 24 h after CCl,. A maximum
number of cells were seen in S-phase between 36
and 48 h after CCl, by this method regardiess of
pretreatment (Fig. 7E, F), consistent with the
peak of H-T incorporation during the same time
points (Fig. 6). Population of cells in G, and M
phase also increased during the same time frame
(Fig. 7E, F). By 96 h, the proliferative activity
returned close to the background level in both
ND + CCl, and CD + CCl, treatment groups.

In contrast to CCl,-induced hepatocyte prolif-
erative activity in 20-day-old rats, this activity
was delayed and diminished in 45- and 60-day-
old rats. In 45-day-old ND rats a maximum
number of cells were seen in G, and S-phase 36
h after CCl, (Fig. 8E), whereas in CD-treated
rats this did not occur till 72 h after CCl, (Fig.
8F). Although a significant number of cells prog-
ressed to S, G, and M phase in 60-day-old CD
rats at 48 h after CCl, (Fig. 9D), the overall
number of divided cells were insufficient to re-
place the progressively increasing number of
dead cells, thereby leading to 100% mortality by
72 h. These findings demonstrate that liver injury
progresses if timely tissue repair is not stimulated,
suggesting the dynamic relationship between pro-
gression of injury and the opposing tissue repair
response.

4. Molecular signals of cell division and tissue
repair

Substantial experimental data indicate that
hepatocellular regeneration is subject to regula-
tion by growth factors such as transforming
growth factors-o (TGF-a) and TGF-§ (Fausto
and Mead, 1989; Armendariz-Borunda et al.,
1990; Michalopoulos, 1990). One other event
thought to be essential for tissue regeneration is
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Fig. 7. Proliferating cell nuclear antigen (PCNA) immunohistochemical analyses in 20-day-old rats. (A) Control for ND. (B)
Control for CD. (C) and (D) Time at which significant population of cells progressed to S-phase (24 h) for ND + CCl, and CD
+ CCl, groups, respectively. (E) and (F) Time at which maximum number of cells were seen in S, G,, and M phase (48 h) for
ND + CCl, and CD + CCl, groups, respectively. G, cells with no staining; G, cells with light brown nuclear staining; S, cells
with deep brown nuclear staining; G,, cells with or without speckled nuclear staining and brown cytoplasmic staining; and M,
cells with diffused cytoplasmic staining and with deep blue chromosomal staining.

activation of specific early (c-fos) and late (H-ras)
proto-oncogenes, which are known to influence
the division competency of surrounding cells
through “cell priming” (Rollins and Stiles, 1988;
Fausto and Mead, 1989). Expressions of TGF-a
as well as early (c-fos) and late (H-ras) proto-
oncogenes have been shown to be increased in
age- and time-dependent manner after the ad-
ministration of a low dose of CCl, (Dalu et al.,

1995b). The timing of the TGF-a mRNA express-
ion coincided with the major wave of CCl,-in-
duced DNA synthesis. It could be suggested that
the efficient hepatocellular regenerative and tis-
sue repair activities in 20-day-old rats is due to
higher levels of TGF-a as well as differences in
the expressions of early and late proto-oncogenes
stimulated by CCl,. Therefore, the possibility
that the age-related differences observed in CCl,
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Fig. 8. Proliferating cell nuclear antigen (PCNA) immunohistochemical analyses in 45-day-old rats. (A) Control for ND. (B)
Control for CD. (C) and (D) Time at which significant population of cells progressed to S-phase for ND + CCl, (12 h) and CD
+ CCl, (36 h) groups, respectively. (E) and (F) Time at which maximum number of cells were seen in S, G,, and M phase for
ND + CCl, (36 h) and CD + CCl, (72 h) groups, respectively. Identification of the cells is as described under Fig. 7.

hepatotoxicity potentiated by CD are due to
differences in the expressions of early proto-on-
cogenes needs to be further investigated. In addi-
tion to ongoing cell division, our findings also
suggest that quicker and comparatively higher
cell division occurs during early postnatal devel-
opment upon challenge by a toxicant. This may
be due to either quicker stimulation of TGF-a
expression, or inhibition of TGF-f expression,
upon toxicant challenge. The role of TGF-q,
TGF-f, and the early proto-oncogenes in age-

related hepatocellular regeneration will be of
continued research interest and worthy of further
investigation.

5. Summary and conclusions

It is well known that rats during postnatal
development are resilient to a wide variety of
structurally and mechanistically dissimilar hepa-
totoxicants (Dawkins, 1963; Cagen and Klaassen,
1979; Green et al., 1984; Rikans, 1989; Abdul-
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Fig. 9. Proliferating cell nuclear antigen (PCNA) immunohistochemical analyses in 60-day-old rats. (A) Control for ND. (B)
Control for CD. (C) and (D) Time at which significant population of cells progressed to S-phase for ND + CCl, (12 h) and CD
+ CCl, (24 h) groups, respectively. (E) and (F) Time at which maximum number of cells were seen in S, G,, and M phase for
ND + CCl, (24 h) and CD + CCl, (48 h) groups, respectively. Identification of the cells is as described under Fig. 7.

Hussain and Mehendale, 1992; Cai and Mehen-
dale, 1993; Dalu et al., 1995a). Studies by Daw-
kins (1963) and Cagen and Klaassen (1979)
indicate that newborns are resilient to the toxic
effect of CCl,. In the same studies, 4-, 7-, 10-, 14-,
and 21-day-old rats were reported to be as sensi-
tive as adult rats when high doses are used (1-2
ml/kg). It is known that cell division and tissue
repair mechanisms are inhibited at high doses of
toxic chemicals leading to progression of injury
(Kodavanti et al.; 1989b; Rao and Mehendale,
1991; Rao et al, 1994; Mangipudy et al, 1995).

Studies by Cai and Mehendale (1993) indicate
that younger rats are resilient not only to CCl,
lethality, but also to the lethal combination of
CD + CCl, known to cause 100% mortality in
adult rats (Kligensmith and Mehendale, 1982;
Agarwal and Mehendale, 1983; Soni and Mehen-
dale, 1993).

At least two major mechanisms might explain
the age-related differences in CCl,-induced hepa-
totoxicity and lethality. One possible mechanism
is the lower cytochrome P-450 in the younger
rats giving rise to the lower bioactivation of CCl,
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and correspondingly lower lipid peroxidation
compared to that in the adult rats. Furthermore,
the resiliency of CD + CCl, treated younger rats
might be due to lower cytochrome P-450 induc-
tion by CD compared to that in the adult rats,
leading to proportionally lower bioactivation of
CCl, to form the free radicals required for the
initiation of liver injury. However, although 35-,
45-, and 60-day-old rats have comparable cytoch-
rome P-450 levels (Fig. 2), the 35-day-old CD
rats do not experience CCl,-induced lethality as
45- and 60-day-old CD rats (Cai and Mehendale,
1993). Furthermore, in vivo metabolism of CCl,
(Fig. 3A, B) in terms of '*CO, production de-
rived from '#CCl, and '*CCl, metabolites bound
to hepatic tissue were not significantly different
between 35-, 45-, and 60-day-old CD rats. There-
fore, differences in cytochrome P-450 levels or
bioactivation-dependent mechanisms do not pro-
vide adequate explanation for the resiliency of
rats during postnatal development to CCl, or to
CD + CCl, hepatotoxicity and lethality (Cai
and Mehendale, 1993).

The second possible mechanism that may ex-
plain the resiliency of younger rats to CD +
CCl, hepatotoxicity and lethality is the ongoing
liver growth and toxicant-stimulated tissue repair
mechanisms upon toxic liver injury. The overall
findings indicate that the resiliency observed in
the younger rats is associated more with ongoing
liver growth and additional stimulation of hepa-
tocellular regeneration and tissue repair mechan-
isms.

Upon exposure to a single low dose of CCl,
(100 ul/kg), transient liver injury occurs regard-
less of age between 6 and 36 h as evidenced by
elevation of plasma ALT (Figs. 4) and supported
by histopathology (Dalu et al,, 1995a). During
this period of injury ongoing as well as stimu-
lated hepatocellular proliferation and tissue re-
pair activities were evident until' 48 h as
evidenced by *H-T incorporation data (Fig. 6)
and PCNA study (Figs. 7-9). This response was
much stronger in 20-day rats in comparison to
that observed in 45- and 60-day-old rats. Conse-
quently, progression of tissue injury in 20-day-
old rats was restrained, leading to full recovery.
In CD rats, CCl,-induced hepatotoxicity (Fig. 4)

and lethality (Table 1) were highly amplified by
25 and 100% in 45- and 60-day-old rats, respect-
ively. No hepatocellular regenerative and tissue
repair activity was evident in 60-day-old CD rats
until 48 h. S-phase stimulation observed at 48 h
in 60-day CD rats (Figs. 6 and 9F) was too little
and too late to restrain the progression of liver
injury. Consequently, unrestrained progression of
liver injury led to liver failure and 100% mortal-
ity in 60-day-old rats (Soni and Mehendale, 1993;
Dalu et al, 1995a). Despite similar liver injury,
20- and 45-day-old rats differ in that this injury
becomes progressive in 45-day-old rats, leading
to 25% mortality, whereas 20-day-old rats escape
death entirely. In 45-day CD rats, hepatocellular
regeneration and tissue repair increased signifi-
cantly between 36 and 72 h after the administra-
tion of CCl,, as revealed by *H-T incorporation
and PCNA studies. In contrast to the effect in 45-
and 60-day-old CD-rats, CD treatment did not
affect ongoing liver growth or CCl,-stimulated
hepatocellular regeneration and tissue repair in
20-day-old rats. In 20-day-old rats, significant
hepatocellular regeneration and tissue repair
were evident in both treatment groups (ND +
CCl, and CD + CCl,) at 24 h, continuing
through injection of CCl,, as indicated by *H-T
incorporation and PCNA studies (Figs. 6 and 7).
At 48 h after the administration of CCl,, a large
number of cells in 20-day-old rats progress to G,
and M phase regardless of pretreatment (Fig.
7E,F). These findings suggest that the presence or
absence of ongoing liver growth and additional
prompt stimulation of hepatocellular regener-
ation and tissue repair play a critical role in
regression or progression of injury, respectively
(Dalu et al., 1995a).

The extent of CCl,-induced liver injury in all
CD-treated rats was comparable regardless of
age. The timely and substantial S-phase stimula-
tion and cell replication throughout the injury
phase played a key role in full and speedy recov-
ery of 20-day-old rats. Therefore, ongoing liver
growth and differences in the promptness of the
hepatocellular regenerative response may be of
pivotal importance in explaining the age-related
differences in hepatotoxicity. Altogether, the find-
ings indicate that age-related differences in CD-
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Fig. 10. Areas under the curves (AUC) for CCl,-induced
tissue injury (A) and tissue repair (B) during a time course of
0-96 h after CCl, (100 ul/kg, i.p.) administration to 20-, 45-,
and 60-day-old rats maintained on either normal (ND) or 10
ppm chlordecone (CD) diet for 15 days. Liver injury (Panel
A) was assessed by measuring plasma ALT activity (Units/)
and liver tissue repair (Panel B) was assessed by measuring
stimulation of S-phase synthesis (*H-T incorporation in
counts/min/mg DNA) during 0 to 96 h time course. Areas
under the two respective curves were calculated using BASIC
statistical program and plotted for each age group. It should
be noted that while AUC simplifies the overall estimations, it
takes away any temporal (e.g. early onset or delay) relation-
ships.

potentiated CCl, hepatotoxicity and lethality are
associated with the balance between two oppo-
site biological events occurring simultaneously.
CCl,-induced liver injury and tissue repair (Fig.
10), as demonstrated by areas under the curves
(AUC) for ALT and *H-T incorporation, respect-
ively, illustrate this point. For example, the AUC
for CCl,-induced liver injury in 20-day-old CD-
rats is one-tenth of that observed in 45- and 60-
day-old rats (Fig. 10A). The AUC for tissue
repair induced by CCl, in 20-day-old CD-rats is
about 5-fold higher than that observed in 60-day-
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Fig. 11. Effects of age on the duration of liver tissue growth
and renewal. Time required for completion of S-phase DNA
synthesis and for completion of cell cycle in 1-, 21-, 35-, and
56-day-old rats. In younger rats, both DNA synthesis and cell
cycle take about half the time in contrast to duration ob-
served in adult (56-day) rats. Adapted with permission from
Altman and Dittmer (1972).

old CD-rats (Fig. 10B). The AUC for tissue
repair in 45-day-old rats is similar to that cal-
culated for 20-day-old rats, correlating with the
75% survival of 45-day-old CD rats receiving
CCl,.

Why are rats so efficient in tissue repair during
early postnatal development? One reason is the
much higher efficiency of DNA synthesis, as
illustrated by the shorter duration required for
S-phase and the cell cycle (Altman and Dittmer,
1972). In younger rats (21-day), both DNA syn-
thesis and the cell cycle completion require about
half the time as long as in 56-day rats (Fig. 11).
Therefore, the efficiency in tissue repair in pos-
tnatally developing rat livers appears to be re-
sponsible for timely and substantial tissue repair
response, allowing the regression of liver injury
inflicted by CCl,.

In summary, the findings of the present study

indicate that postnatally developing rats are re-

silient to the hepatotoxic and lethal effects of CD
+ CCl, combination. This remarkable resiliency
appears to be related to ongoing liver growth and
the ability to stimulate additional cell division
and tissue repair promptly. The findings of the
current study provide significant insight in
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understanding the mechanisms in control of cell
division stimulated during toxic injury. Addi-
tional insights into the mechanisms regulating
the quiescence of adult liver cells and plasticity of
growing livers are likely to open up new avenues
of therapy, drug development, and refined assess-
ment of age-related risk to public health from
exposure to toxic chemicals.

These findings are of particular interest in risk
assessment. A significant flaw in the current risk
assessment procedures is the sole reliance on the
mechanisms responsible for infliction or initi-
ation of injury (stage I) in projecting the outcome
of that injury over time. Substantial evidence is
now available to suggest that often injury is
initiated, whether that injury progresses or re-
gresses depends vastly on the biological mechan-
isms including the dynamics of cell birth and cell
death (Mehendale, 1991, 1994, 1995; Rao et al,,
1994; Chanda and Mehendale, 1995; Mangipudy
et al., 1995). Including appropriate measures of
mechanisms responsible for initiating cell death
as well as increases of the compensatory biologi-
cal mechanisms of cell birth that bear a continu-
ous dynamic relationship with cell death by
opposing the progression of tissue injury should
be included to fine-tune risk assessment pro-
cedures. Recent studies in which dose-response
relationships have been studied for injury and
tissue repair as opposing, but simultaneous dy-
namic responses have yielded promising results
(Rao et al.,, 1994; Mangipudy et al, 1995). Be-
cause age-related susceptibility to toxic chemicals
may also be a function of the degree and prompt-
ness with which tissue repair is stimulated (Ab-
dul-Hussain and Mehendale, 1991, 1992; Cai and
Mehendale, 1993; Dalu et al., 1995a,b), risk as-
sessment paradigms which include dynamic mea-
sures of cell death and cell birth are likely to
address the age-related susceptibility issues as
well.
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Phenotypic variation in xenobiotic metabolism and adverse
environmental response: focus on sulfur-dependent detoxification
pathways ’
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Abstract

Proper bodily response to environmental toxicants presumably requires proper function of the xenobiotic
(foreign chemical) detoxification pathways. Links between phenotypic variations in xenobiotic metabolism and
adverse environmental response have long been sought. Metabolism of the drug S-carboxymethyl-L-cysteine
(SCMC) is polymorphous in the population, having a bimodal distribution of metabolites, 2.5% of the general
population are thought to be nonmetabolizers. The researchers developing this data feel this implies a polymor-
phism in sulfoxidation of the amino acid cysteine to sulfate. While this interpretation is somewhat controversial,
these metabolic differences reflected may have significant effects. Additionally, a significant number of individuals
with environmental intolerance or chronic disease have impaired sulfation of phenolic xenobiotics. This impairment
is demonstrated with the probe drug acetaminophen and is presumably due to starvation of the sulfotransferases
for sulfate substrate. Reduced metabolism of SCMC has been found with increased frequency in individuals with
several degenerative neurological and immunological conditions and drug intolerances, including Alzheimer’s
disease, Parkinson’s disease, motor neuron disease, rheumnatoid arthritis, and delayed food sensitivity. Impaired
sulfation has been found in many of these conditions, and preliminary data suggests that it may be important in
multiple chemical sensitivities and diet responsive autism. In addition, impaired sulfation may be relevant to
intolerance of phenol, tyramine, and phenylic food constituents, and it may be a factor in the success of the Feingold
diet. These studies indicate the need for the development of genetic and functional tests of xenobiotic metabolism
as tools for further research in epidemiology and risk assessment.

Keywords: Xenobiotic metabolism; Sulfur-dependent detoxification pathways; Risk assessment; Sulfoxidation;
Sulfation; Idiopathic environmental intolerance

1. Genetic polymorphisms in xenobiotic genetics of environmental susceptibility, works

metabolism and environmental susceptibility

Sensitive human subpopulations have been
considered in a number of meetings and publica-
tions over the past two decades. These include
works on susceptibility to medical and environ-
mental exposures, works on ecogenetics— the

on pharmacogenetics —the genetics of drug me-
tabolism, works on psychopharmacogenetics —
the relationship of genetics to psychopharmacol-
ogy, works on a specific polymorphism, and
works on biomarkers — the methods used to test
for toxic exposure, susceptibility, and effect (Elef-
theriou, 1975; Mendlewicz, 1975; Vogel et al,
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1978; Ciba Foundation, 1980; Calabrese, 1984;
Omenn and Gelboin, 1984; Weber, 1987; Wood-
head et al, 1988; Bartsch et al, 1992; Kalow,
1992; Price-Evans, 1993; Woods and Sever, 1993;
IBC USA Conferences Inc., 1995). Organizations
involved in this research include the Ciba Foun-
dation, Cold Spring Harbor Laboratory, Brook-
haven National Laboratory, National Institute of
Environmental Health Sciences (NIEHS), and
Battelle Pacific Northwest Laboratories.

The journals Xenobiotica and Pharmaco-
genetics are also concerned with the subject of
sensitive human populations. In 1992, NIEHS
established an Environmental Health Sciences
Center devoted to this topic, the Center for
Environmental Genetics (CEG) of the University
of Cincinnati Medical Center, under the direction
of D.W. Nebert (National Institute for Environ-
mental Health Sciences, 1994; University of Cin-
cinnati, 1995). The subject of sensitive human
subpopulations is becoming of increasing interest
to industry, government, and the military.

Proper bodily response to environmental toxi-
cants presumably requires proper function of the
xenobiotic (foreign chemical) detoxification path-
ways. Of those factors contributing to variability
in human response to toxicants, it can be ex-
pected that genetic and acquired variations in the
metabolism and excretion of xenobiotics consti-
tute major influences.

This paper focuses on variations in the metab-
olism of sulfur compounds seen in some members
of the population, which may produce or reflect
disturbances in several xenobiotic detoxification
pathways, in addition to possibly having direct
toxic effects. Specifically, the metabolism of the
drug S-carboxymethyl-L-cysteine (SCMC) is
polymorphous in the population, having a bi-
modal population distribution of metabolism rate;
in addition, about 2.5% of the general population
are thought to be nonmetabolizers—a group
about which this paper is particularly concerned.
The researchers developing this data interpret it as
implying a polymorphism in the sulfoxidation of
the amino acid cysteine to sulfate, which may lead
to elevated thiols and reduced sulfate levels.

Sulfation is a detoxification pathway for phen-
olics which is dependent upon a depletable

supply of sulfate substrate, presumably produced
by the sulfoxidation of cysteine. Impaired sulfa-
tion, for whatever reason, can be expected to
increase  susceptibility to a number of
xenobiotics, in addition to altering the metab-
olism of some endogenous mediators and bio-
components such as steroids, catecholamine
neurotransmitters, and bile acids. Reduced me-
tabolism of SCMC and impaired sulfation ap-
pear with increased frequency in clinical studies
of those with several forms of disease or adverse
environmental response.

2. Introduction to xenobiotic metabolism

The basics of xenobiotic metabolism are re-
viewed in “Casarett & Doull’s Toxicology: The
Basic Science of Poisons” (Sipes and Gandolfi,
1986).

While most water soluble compounds that are
not usually of normal xenobiotic metabolic im-
portance are readily absorbed from the digestive
tract and excreted via the kidneys in urine, fat
soluble xenobiotics are typically absorbed from
the digestive tract, are oxidized to intermediates
that may be highly reactive, are conjugated to
increase solubility, and are then excreted either
by the kidneys in urine, or by the liver in bile
back into the digestive tract.

Specifically, while most polar water soluble
compounds for which there is no specific renal
conservation mechanism are readily excreted in
urine, elimination of renally conserved, nonpolar
fat soluble compounds tends to be more trouble-
some to the body, requiring metabolism for elim-
ination (Table 1). “Phase I” activation reactions
typically activate such nonpolar xenobiotics to
make them more reactive, for instance, by oxida-
tion by the cytochrome P450 family of enzymes.
“Phase II” conjugation reactions take com-
pounds with an active functional group, includ-
ing compounds activated in Phase 1 reactions,
and add an endogenous substrate to that group
to make the compounds more soluble and/or
reduce their toxicity. Phase I conjugates include
glucuronic acid, sulfate, glutathione, acetyl,
glycine, and methyl groups. Some have included
as a classification “Phase III” elimination path-
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Table 1

Some important human xenobiotic detoxification pathways (after Sipes and Gandolphi, 1986)

Pathway (enzyme or conjugate)

Typical xenobiotic substrates

(1) Phase I “activation” reactions
(e.g., of nonpolar “fat soluble” compounds)
Cytochrome P450 family

(2) Phase I “conjugation” reactions
(e.g., of active functional groups)
Glucuronic acid
Sulfate

Glutathione and cysteine
Acetate
Glycine
Methyl

(3) Phase III “elimination” pathways
Renal excretion
Biliary excretion

Sebaceous excretion
Lactation

C, N, or S oxidation/hydroxylation of aromatic and
aliphatic hydrocarbons

Hydroxyl, carboxyl, and amine groups
Phenolics (aromatic hydroxyl groups),
catecholamines, and steroids
Aromatics, metal ions

Amines (including many sulfa drugs)
Aromatic acids

Aliphatic thiols, hydrogen sulfide

Polar, low molecular weight

Polar, intermediate molecular weight (note that some
conjugates may be deconjugated and reabsorbed

via enteroheptatic recirculation)

Nonpolar

Many

ways, to take into account the dynamics of elim-
ination. With the biliary excretion of glucuron-
ides, this may involve a process of deconjugation
within the digestive tract and subsequent reab-
sorption known as enterohepatic recirculation.
Not all xenobiotic metabolism reactions ulti-
mately reduce toxicity. Some may activate
procarcinogens, for instance, the Phase I cytoch-
rome P450 oxidation of benzo[a]pyrene, a poly-
cyclic aromatic combustion product, and the
Phase 11 N-acetylation of benzidine, an aromatic
diamine structurally related to the aniline dyes.
A number of xenobiotic metabolism pathways
are known to be polymorphous in humans
(Table 2). An example of a well-known genetic
polymorphism in xenobiotic metabolism is the
N-acetylation of amines, required to allow
amines otherwise renally conserved to be ex-
creted (see Weber, 1987). N-acetylation varies
roughly a factor of 3 between fast and slow
acetylators, with a population range of about
ten-fold. Approximately 50% of American Cau-
casians and Blacks are fast acetylators, and 50%
slow, while Japanese are 90% fast (see Karim et

al, 1981; Weber and Hein, 1985; McKusick,
1988). The N-acetylation polymorphism was rel-
evant to the occupational risks of bladder cancer
from exposure to the aniline dyes during the
1800s, and the pharmacokinetics of the early
sulfonamide antibiotics developed in the 1950s.
It may also be relevant to more modern occu-
pational hazards, given the use of aromatic
diamines as epoxy hardeners in advanced com-
posite materials, such as used by the aerospace
industry (Larson and Scheide, 1989; Kantz, 1989;
Schwartz, 1989).

The study of genetic polymorphisms in
xenobiotic metabolism, however, is still young.
Calabrese (1984) reviewed approximately 50 con-
ditions involving susceptibility to environmental
agents and concluded that, while there are excel-
lent theoretical foundations for ecogenetics, only
one condition had a demonstrated causal history
of enhancing one’s susceptibility to industrial
pollutants: glucose-6-phosphate dehydrogenase
(G6PD) deficiency resulting in hemolytic anemia
under oxidant stress conditions (such as exposure
to TNT or naphthalene).
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Selected genetic polymorphisms in xenobiotic metabolism (after Calabrese, 1984; Waring and Emery, 1993)

Pathway

Example and revelance

Frequency

Genetics Reference

Cytochrome P450

Type 11-D6 hydroxylation of

2-10% of population

Chromosome 22 at Calabrese, 1984;

debrisoquine and more than (depending on ethnic CYP2D6 McKusick, 1988
N-Acetylation of Drugs: isoniazid, dapsone, and 50% fast/50% slow in Enzymes Weber and Hein
hydrazine and many sulfonamides; Carcionogens:  U.S. Caucasian and polymorphus 1985, Weber
arylamines benzidine and many aniline dyes Black population; 90% 1987

fast/10% slow in Japanese

Glucuronidation  Relevant to the detoxification of Gilbert’s syndrome in Genetic component Calabrese 1984

PCBs and a conjugation pathway  approx. 6% of U.S.

for bilibubin, the most common population

detoxification pathway; deficient in

infants and Gilbert’s syndrome
Sulfation Steroids and phenolics (aromatic TS-PST (PST-P): TS-PST (PST-P): Calabrese 1984

hydroxyl groups) including many

catecholamine neurotransmitters .80 low

TL-PST (PST-M):
allele frequency .08 high, Function dependent on
0.92 low

and their analogs, acts as a first
pass barrier to the absorption of
many dietary phenolics

Methylation Thiols and hydrogen sulfide;
thiopurine methyltransferase
(TPMT) (methylates aromatic thiols
such as thiopurines) and aliphatic
methyltransferase (ATMT)
(methylates aliphatic thiols such as

D-penicillamine)

allele frequency .20 high, 81% heritable

Healfield et al.
TL-PST (PST-M) 1990
77% heritable

sulfate from the

sulfoxidation of cysteine

Both are believed to Waring and
be polymorphous Emery 1993

and under genetic
control

3. Introduction to basic human sulfur metabolism

Most sulfur is absorbed by the body in organic
form as sulfur amino acids containing thiol
(R—SH), thioether (R—S—R), or disulfide
(R—S—S—R) groups (Fig. 1, Table 3). These
are for the most part eventually oxidized and
excreted as inorganic sulfate (SO,?~) (Rosenberg
and Scriver, 1974; Cooper, 1983; Griffith, 1987).
Only a small amount of dietary sulfate is absorb-
ed (Florin et al., 1991). This lack of absorption is
thought to be due to the tendency of inorganic
sulfates to form strong acids and insoluble salts.
The sulfoxidation of the amino acid cysteine by
the enzyme cysteine dioxygenase is thus thought
to be a gateway step in sulfur metabolism, be-
tween the absorption of organic thiols and the
excretion of inorganic sulfate (Rosenberg and
Scriver, 1974). However, an alternative pathway

involving 3-mercaptopyruvate is important in
metabolizing some sulfur compounds such as
D-cysteine (Cooper, 1983). It has been suggested
that hepatic glutathione levels may reflect the
metabolic pool of sulfur amino acids (e.g. thiols),
while urinary taurine excretion may reflect their
catabolism (to sulfates (Hosokawa et al., 1988).
The enzyme cysteine dioxygenase oxidizes cys-
teine to cysteine sulfinic acid, which may be
metabolized to either taurine, or to sulfate and
pyruvate. Cysteine dioxygenase is an iron-con-
taining enzyme located in liver cytosol
(Yamaguchi et al, 1978; Waring et al., 1986;
Yamaguchi and Hosokawa, 1987; Mitchell and
Waring, 1989b). Cysteine dioxygenase activity is
diurnal, with maximum activity during daytime
(Waring and Emery, 1993). The human and Nor-
way rat liver cDNA have been isolated and
characterized (Hosokawa et al., 1990; McCann et
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Table 3

Sulfur compounds of physiological and pharmaceutical interest

1. Physiological sulfur compounds: amino acids, intermediates, and metabolites

1.1. Thiols, thioethers, and disulfides
Methionine

Homocysteine

Cystathionine

Cysteine

Cystine

Glutathione

Cysteamine

Cystamine

3-Mercapto pyruvate

1.2. Sulfinates, sulfonates, sulfite, and sulfate
Cysteine sulfinic acid

Hypotaurine

Taurine

B-Sulfinyl pyruvate

Sulfite SO,
Sulfate SO,

NH,—CH(COOH)—CH,—CH,—S$—~—CH,
NH,—CH(COOH)—CH,—CH,—SH
NH,—CH(COOH)—CH,—CH,—S—CH,—CH(COOH)—NH,
NH,—CH(COOH)—CH,—SH
NH,—CH(COOH)—CH,—S—S—CH,—CH(COOH)—NH,
Glutamyl-cysteinyl-glycine tripeptide

NH,—CH,—CH,—SH
NH,—CH,—CH,—$—S$—CH,—CH,—NH,
COOH—C(=0)—CH,—SH

NH,—CH(COOH)—CH,—SO,H
NH,—CH,—CH,—SO,H
NH,—CH,—CH,—SO,H
COOH—C(=0)—CH,—SO,H

2. Pharmacological sulfur compounds: cysteine analogs and analog metabolites

2.1. Cysteine analogs
S-Carboxymethyl-L-cysteine (SCMC)
Carboxymethylthio-L-cysteine (CMTC)
D-Penicillamine

Sodium aurothiomalate

2.2. Cysteine analog metabolites
Thioglycolic acid
Thiodiglycolic acid

NH,—CH(COOH)—CH,—S—CH,—COOH
NH,—CH(COOH)—CH,—S$—$—CH,—COOH
NH,—CH(COOH)—C(CH,),—SH
CH,(Na*COO~)—CH(Na*COO~)—S—Au

COOH—CH,—SH
COOH—CH,—S—CH,—COOH

al,, 1994). In rat studies, hepatic cysteine diox-
ygenase activity is regulated by dietary protein
content and the intake of dietary sulfur amino
acids; and it may be induced by injection of
cysteine or methionine in the presence of cor-
ticosteriods. (Hosokawa et al., 1988). Cysteine
may also be oxidized by a NAD-dependent en-
zyme of lesser capacity that exists in other tissues,
including the brain (Yamaguchi et al, 1978,
1985). Brain cysteine dioxygenase is deficient in
the globus pallidus in Hallervorden-Spatz disease
(Perry et al., 1985).

There are two notable exceptions in human
metabolism to the general rule of organic
(nonoxidized) sulfur absorption and inorganic
(oxidized) sulfur excretion. The first exception is
the excretion of thiol (SH) conjugates of

xenobiotics. The thiol amino acids cysteine and
glutathione may combine with xenobiotics (e.g.
aromatics) to form thioethers, which are then
typically excreted as N-acetyl-cysteinyl deriva-
tives in urine or bile. The second exception is the
absorption of the beta amino acid taurine, a
sulfonic (SO, ™) acid.

4. Polymorphism in metabolism of
S-carboxymethyl-L-cysteine (SCMC) in man

The metabolism of the mucolytic drug S-car-
boxymethyl-L-cysteine (SCMC) has been studied
in man. Its metabolism varies in the population
significantly, and this variation is believed to
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Fig. 1. Major human sulfur metabolism and sulfur dependent xenobiotic detoxification pathways.

reflect a genetic polymorphism (Mitchell and
Waring, 1978, 1989a; Turnbull et al., 1978; War-
ing, 1978, 1980; Waring and Mitchell, 1982; War-
ing et al., 1982, 1983; Mitchell et al., 1984, 1986;
Haley et al., 1985).

Under the standard protocol, a dose of SCMC
is given at 0800 h and urine is collected for the
following 8 h, after which the metabolites are
evaluated by descending paper chromatography.
This method is used because it avoids sample
degradation, which may occur with some other
methods. A number, which has been named the
“Sulfoxidation Index” (SI), is calculated by divid-
ing the “nonsulfoxide” SCMC metabolites by the
“sulfoxide” SCMC metabolites collected in the
0-8-h urine sample.

Initial data (n = 200) indicates that the ‘Sul-
foxidation Index’ is bimodal in the population,

with an additional peak of nonmetabolizers. In-
itial estimates suggest that there are about 65%
good metabolizers (SI < 6), 32.5% poor metab-
olizers (6 < SI <80), and about 2.5% non-
metabolizers (SI > 80) in the general population
(Mitchell and Waring 1989a; Steventon et al.,
1990a).

These researchers believe that this variation in
SCMC metabolism implies a polymorphism in
the sulfoxidation of the amino acid cysteine to
inorganic sulfate by the enzyme cysteine diox-
ygenase. Impaired sulfoxidation of cysteine is
hypothesized to lead to an excess of cysteine and
thiol compounds and a deficiency of sulfate in the
body, with consequent metabolic effects (Fig. 2).
Further, an elevated cysteine:sulfate ratio has
been found to correlate with reduced SCMC
metabolism in a number of studies.
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There has been, however, some controversy
about this interpretation. The validity of the test
for measuring SCMC metabolism, and its inter-
pretation, have both been questioned. The length
of the test, the potential for interfering dietary
sulfur compounds, and the possible effects of
bacterial metabolism all may be confounding
factors (El Fatih et al,, 1989; Kupfer and Idle,
1990; Meese et al.,, 1990; Staffeldt et al., 1990;
Waring and Mitchell, 1990; Brockmoller et al,,
1991; Hofman et al., 1991; Meese et al, 1991;
Gregory et al, 1992; Waring et al, 1992). In
addition, admittedly, the extent to which the
variation in SCMC metabolism may extend to
the sulfoxidation of cysteine and the bulk of
sulfur metabolism is not known (Mitchell and
Waring, 1989a). However, it is argued that the
usual SCMC test protocol adequately reflects the
clinically relevant cysteine-to-sulfate ratio.

There has also been some controversy regard-
ing the cysteine-to-sulfate ratio, given the reactiv-
ity of cysteine, and the difficulty of storing and
measuring it in its free form (Perry et al., 1991a,b;
Steventon et al., 1991a). If a sample is not com-
pletely deproteinized before freezing, or if an
amino acid analyzer is used for analysis (as is
commonly done for other amino acids), the reac-
tive thiol cysteine forms stable disulfide dimers
such as cystine, so that it is no longer distinguish-
able from the background of normally occurring
dimers.

The most pointed attack on this interpretation,
however, is a study suggesting that the “sulfox-
ide” spot identified as SCMC sulfoxide in SCMC
studies using descending paper chromatography
is not SCMC sulfoxide, but rather carboxy-
methylthio-L-cysteine (CMTC), which is thought
to be produced not by sulfoxidation, but rather
by a transsulfuration process (Gregory et al.,
1993). It is additionally argued that, because of
the intense color produced by the latter com-
pound in the test system, a small amount of
CMTC was mistakenly believed to be the major
metabolite. Further investigations seeking to di-
rectly evaluate the rate of sulfoxidation of cys-
teine will need to use a different probe drug if this
study is valid.

This is not to say that there is not a polymor-

phism of metabolic importance operant in
SCMC metabolism, or that the previously devel-
oped SCMC data may not indirectly correlate
with an elevated cysteine-to-sulfate ratio of clini-
cal significance. Such an indirect link might
hypothetically occur because of correlation be-
tween elevated cysteine:sulfate ratios and de-
creased formation of CTMC for whatever reason.
It would seem, rather, that the question of the
specific metabolic interpretation of the existing
SCMC data is still open for discussion, and that
further studies should include measurement of
the clinically significant cysteine-to-sulfate ratio.
Overall, however, the evidence for a polymor-
phism in SCMC metabolism, as reviewed by
Mitchell et al. (1992), is fairly impressive. The
evidence that the SCMC test protocol specifically
probes the cysteine dioxygenase metabolic path-
way of liver cytosol, and that this pathway com-
pletely reflects both the catabolism of thiols and
production of sulfate in the body, is somewhat
less so, in part because of the limited extent of
current knowledge regarding mammalian sulfur
metabolism in general.,, Liver transplant studies
do, however, suggest that SCMC metabolism is
primarily controlled by the liver (Olomu et al,,
1988). It may be that reduced SCMC metabolism
under the standard test protocol should be con-
sidered a biomarker rather than a direct probe.
More research in this area would clarify and
resolve some of these issues and improve the
interpretation of the existing studies. It is notable
that research on SCMC metabolism has been
limited in the United States to some extent, in
part because the sale of the drug SCMC has not
been approved (although it is sold as an over-the-
counter mucolytic in Europe) — perhaps in part
because of its polymorphous metabolism.

5. Sulfation of phenolic xenobiotics in man

Sulfation is a limited-capacity xenobiotic con-
jugation pathway that is present in many tissues,
but, importantly, it acts as a first-pass barrier to
the absorption of dietary phenolics in the intesti-
nal mucosa. By contrast, glucuronidation is a
high-capacity conjugation pathway in liver, kid-
ney, and the gastrointestinal tract.
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The sulfate conjugation of phenolics (aromatic
hydroxyl groups) is an important pathway for
the detoxification of catecholamine neurotran-
smitters, steroids, bile acids, and many phenolic
and aromatic drugs and xenobiotics (Roth and
Rivett, 1982; Levy, 1986; Weinshilboum, 1986;
Zou et al,, 1990; Rogers et al.,, 1991). Dopamine,
epinephrine, progesterone, and DHEA are some
of the endogenous mediators that may be sul-
fated.

The sulfotransferase enzymes are usually clas-
sified for convenience by their substrate, e.g.
phenols, monoamines, or steroids. Their action
tends to be somewhat nonspecific, and a substra-
te may be metabolized by more than one enzyme,
while most research typically characterizes action
with respect to only a single substrate (Roth and
Rivett, 1982). Two general phenol sulfotran-
sferase (PST) enzymes exist in all tissues studied,
a thermostable enzyme, also known as TS PST
or PST-P, which acts primarily on simple phen-
ols, and a thermoliable enzyme, also known as
TL PST or PST-M, which acts primarily on
catecholic or phenolic monoamines such as
dopamine and tyramine (Weinshilboum, 1992).
Both forms may be measured in platelets, both
forms are polymorphous in the human popula-
tion, and both may use acetaminophen as a
substrate (Emery, 1993). Platelet activity of the
two forms do not correlate with each other, but
platelet TS PST activity correlates with that in
other tissues, though not TL PST (Weinshil-
boum, 1992). From family studies, TS PST is
thought to be 81% heritable with allele frequen-
cies of 0.20 high activity and 0.80 low activity,
while TL PST (PST-M) is thought to be 77%
heritable with allele frequencies of 0.08 high and
0.92 low (Weinshilboum, 1992).

The sulfation of phenolics is dependent upon a
depletable supply of inorganic sulfate, which is
believed to be produced predominantly by the
sulfoxidation of cysteine. Serum levels of sulfate
are maintained by nonlinear renal conserva-
tion (Levy, 1986). Inorganic sulfate must be ac-
tivated to 3'-phosphoadenosine-5'-phosphosul-
fate (PAPS), the active sulfate donor, by using
two molecules of adenosine triphosphate (ATP).
As an example of limited capacity of the sulfation

pathway: the bioavailability of acetaminophen is
90% at doses greater than 1 g, but 63% at doses
less than 0.5 g because of presystemic metab-
olism, implying that high therapeutic doses are
more available because they saturate first-pass
conjugation pathways (Boobis et al., 1992). Rais-
ing the dose of acetaminophen from 5 mg/kg to
20 mg/kg reduces the fraction sulfated (Davies et
al,, 1994a), and an adult dose of acetaminophen
greater than 750 mg may saturate the sulfation
pathway (Bradley et al, 1991). Thus, it seems
likely that impaired sulfation of phenolics most
often involves starvation of the sulfotransferase
enzymes for activated sulfate substrate, which, in
turn, presumably reflects a lack of sulfate due to
an imbalance between the rate of sulfoxidation of
cysteine and the total metabolic demand for and
renal clearance of inorganic sulfate.

First-pass sulfation of phenolic food constitu-
ents and bacterial fermentation products (e.g.
from protein) within the gastrointestinal mucosa
is an important factor in the control of dietary
xenobiotics, as glucuronidation is negligible in
intestinal mucosa (Ramakrishna et al, 1991).
Without first-pass sulfation in the gut, phenolic
xenobiotics must be detoxified on the first liver
pass; otherwise, they will enter systemic circula-
tion. When sulfation is impaired, conjugation of
phenolic xenobiotics with glucuronic acid (a
metabolite of glucose) can make up for some but
not all of the loss in capacity (Levy, 1986).
However, a shift from sulfation towards glu-
curonidation may prolong conjugate half-life in
the body somewhat, because of the enterohepatic
recirculation of glucuronides back through the
digestive tract (Steventon et al., 1990a).

Human studies have demonstrated functional
impairments in sulfation capacity in some indi-
viduals. The test procedure typically uses the
analgesic acetaminophen as a probe drug, which
is detoxified by sulfation and glucuronidation.
(Additionally, up to 10% of the dose can be
oxidized by the cytochrome P450IIE1 and
P450IA2 pathways to form the reactive meta-
bolite N-acetyl-benzoquinoneimine, NABQI,
which must be detoxified by hepatic glutathione
conjugation; acetaminophen overdose can de-
plete hepatic glutathione levels and result in
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Table 4

Populations with reduced metabolism of SCMC, impaired sulfation, and/or an elevated cysteine-to-sulfate ratio

Condition of population group

Reduced sulfoxidation

Elevated
Cys:SO,2~

Reduced sulfation

1. Neurological
Alzheimer’s disease (AD)
(Steventon et al., 1990a; Heafield et al., 1990)
Parkinson’s disease (PD)
(Steventon et al., 1989; Heafield et al., 1990;
Williams et al., 1991)
Motor neuron disease (MND)
(Steventon et al.,, 1988; Heafield et al., 1990;
Pean et al,, 1994; see also ALS controversy Perry et al.,
1991a; Steventon et al., 1991a)
Autism
(Waring and Ngong, 1993; O’Reilly and Waring, 1993)

2. Immunological
Systemic lupus erythematosus (SLE)
(Gordon et al., 1992)
Primary biliary cirrhosis (PBC)
(Olomu et al., 1988; Elias and Waring, 1989;
Davies et al.,, 1994)
Rheumatoid arthritis (RA)
(Emery et al., 1992a,b; Bradley et al., 1991, 1994)

3. Xenobiotic associated
Chlorpromazine jaundice
(Watson et al.,, 1988)
D-penicillamine toxicity in RA
(Emery et al., 1984; Madhok et al., 1990)
Sodium aurothiomalate toxicity in RA
(Ayesh et al., 1987; Madhok et al., 1987)

4. Environmental intolerance

Non-IgE (delayed) food sensitivity
(Scadding et al., 1988)

Multiple chemical sensitivities
(Monro 1994)

X

Pending publication

hepatic injury and liver failure (Boobis et al.,
1992). The choice of acetaminophen as a probe
drug is a decision that is presumably influenced
by its approved over-the-counter sale, wide-
spread availability, presumed safe use in tradi-
tional “sensitive subpopulations” such as
children and pregnancy, and ready acceptance by
ethics review panels.

Pregnancy, which results in elevated levels of
estrogens, and estrogen-containing birth control
pills both reduce the sulfate:glucuronide ratio of
acetaminophen (Davies et al., 1994b). Sulfation is

decreased on the pill, though not significantly,
while glucuronidation is increased even more.
Postpartum brings a rebound in sulfation while
glucuronidation is still high. Platelet PST levels
(using phenol as a substrate) are decreased dur-
ing pregnancy, are increased postpartum, and are
increased nonsignificantly on the pill. (The renal
clearance rate of acetaminophen in females tak-
ing oral contraceptives is 30% higher than those
not, in significant part because of increased
glucuronidation (Boobis et al., 1992)). Impaired
sulfation of estrogens and monohydroxy bile
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Fig. 2. Potential influence of reduced sulfoxidation of cysteine upon xenobiotic metabolism.

acids by steroid sulfotransferases has been hy-
pothesized to be a factor in the intrahepatic
cholestasis of pregnancy (Davies et al., 1994b).

Further studies of individuals with impaired
sulfation would seem profitable, in order to fur-
ther consider factors such as the sulfoxidation of
cysteine, renal clearance of sulfate, PST activity,
effect of steroid levels, and other relevant factors.
Some have suggested, for instance, that an energy
metabolism defect may be relevant in ulcerative
colitis (Ramakrishna et al., 1991).

6. Studies on SCMC metabolism and sulfation in
neurological disease

While a direct link between reduced SCMC
metabolism and impaired sulfoxidation of cystine
may not be proven, a close association with an
elevated cysteine-to-sulfate ratio is seen in many

studies. Any impairment in the sulfoxidation of
cysteine can be expected to alter the balance of
xenobiotic metabolism (Fig. 2). It seems likely
that thiol conjugation of xenobiotics by cysteine
and glutathione would be enhanced, while a lack
of available inorganic sulfate would reduce the
sulfation of phenolics, though the latter may be
compensated for somewhat by a shift in the
sulfate:glucuronide ratio towards glucuronides.

Metabolism of SCMC and sulfation of acet-
aminophen have been studied in Parkinson’s
disease (PD), Alzheimer’s disease (AD), and
motor neuron disease (MND) (Table 4). These
studies focused on, (1) people who are non-
metabolizers of SCMC, defined to be those with
a SI > 80, and (2) those with reduced sulfation
of acetaminophen, defined as either excreting 5%
or less of the dose as the sulfate conjugate, or
having a dose sulfate:glucuronide excretion ratio
of less than 1.5.
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SCMC nonmetabolizers included 35.3%
(n = 68) of those with PD, compared with 2.5%
of the general population and 4.9% of hospital
controls. Greater than 5% of the acetaminophen
dose was recovered as the sulfate in 29.6%
(n = 27) of those with PD, compared to 83.9% of
the control population (n=35). A sulfate:
glucuronide ratio exceeded 1.5 in only 37%
(n = 27) of those with PD, compared to 70.5%
(n = 50) of the control population (Steventon et
al. 1989, 1990a,b; Williams et al., 1991).

SCMC nonmetabolizers included 62.5%
(n = 16) of those with AD, while more than 5%
of the acetaminophen dose was recovered as the
sulfate in only 41.7% (n=12), with a sul-
fate:glucuronide ratio exceeding 1.5 in only 8.3%
(n = 12) of this group (Steventon et al., 1990a).

SCMC nonmetabolizers included 46.9%
(n = 49) of those with MND, while over 5% of
the acetaminophen dose was recovered as the
sulfate in only 33% (n=15) of this group
(Steventon et al., 1988; Pean et al., 1994).

In a separate study, the cysteine:sulfate ratio in
PD, AD, and MND patients was found to be
increased about a factor of 5 over control
(n = 14-21) subjects (Heafield et al., 1990; see
Perry et al., 1991b regarding order-of-magnitude
scale errors in the figures of this paper).

No difference was found in cytochrome P450
hydroxylation of debrisoquine when measured.
Red blood cell (RBC) aliphatic thiomethyltran-
sferase (ATMT) activity, a pathway for the de-
toxification of hydrogen sulfide (which may be
produced by intestinal bacteria) and aliphatic
thiol compounds (including to some extent cys-
teine) was measured; this ATMT activity was
found high in MND subjects, but low in AD and
PD subjects, suggesting that it may protect the
nervous system against thiols (Waring et al.,
1989; Steventon et al., 1990a; Waring and Emery
1993). Platelet monoamine oxidase B (MAQO-B)
was found to be increased in PD subjects when
measured by using phenylethamine as a substra-
te, but decreased when dopamine was used as a
substrate, which suggests a possible structural
polymorphism of the enzyme in PD (Steventon et
al,, 1990b; Williams et al., 1991).

7. Studies on SCMC metabolism and sulfation
in immunological disease, drug reaction,
environmental intolerance, and other conditions

Metabolism of SCMC, sulfation of acet-
aminophen, and/or cysteine:sulfate ratios have
been studied in systemic lupus erythematosus
(SLE), primary biliary cirrhosis (PBC), and rheu-
matoid arthritis (RA). SCMC nonmetabolizers
included 60% (n = 35) of those with SLE com-
pared to 4% (n = 47) of controls; and the cys-
teine:sulfate ratio was 362 (n = 28) versus 65
(n = 30) for the controls (Gordon et al., 1992).
There was no significant difference in ATMT
activity. Reduced SCMC metabolism (SI > 18)
was seen in 84% (n =44) of those with PBC
compared to 24% (n = 66) of those with liver
disease, 22% (n = 50) of hospital controls, and
23% (n = 200) of normals (Olomu et al., 1988;
Elias and Waring, 1989; Scharschmidt and Lake,
1989). Cysteine:sulfate ratios were 0.448 (n = 34)
in PBC, 0.394 (n = 26) in the liver disease group,
and 1.650 (n = 33) in hospital controls, compared
to 0.095 (n = 40) in normal controls (Davies et
al,, 1994a). Reduced SCMC metabolism was seen
in RA (“median SI = 34”, n = 114), though it did
not predict disease activity level (Emery et al.,
1992b). An average sulfate:glucuronide ratio of
2.1 (n = 83) was seen in RA, compared to 5.6
(n=46) in normal controls and 53 (n=49)
hospital controls (Bradley et al., 1991). The cys-
teine:sulfate ratio seen in RA was 446 (n = 33)
compared to 70 (n = 33) for normal controls, and
synovial fluid sulfate was also reduced in RA (202
nm) compared to non-RA controls (1041 nm),
being roughly twice the plasma levels (Bradley et
al,, 1994). Reduced SCMC metabolism predicts
the development of radiological erosions follow-
ing the diagnosis of early symmetrical arthritis,
with a relative risk of 2.5 (Emery et al., 1992a).

Poor SCMC metabolism (SI > 6) was seen in
100% of 12 patients with chlorpromazine jaun-
dice (Watson et al., 1988). Reduced metabolism
of SCMC is associated with increased adverse
reactions to the thiol drug D-penicillamine in the
treatment of RA (3.9 times higher rate for poor
metabolizers (SI > 6); 7.5 times for SI > 10); and
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given the prevalence of impaired sulfoxidation in
RA, this may explain the increased level of ad-
verse effects seen when this drug was used for RA
compared to its use in Wilson’s disease or cysti-
nuria (Emery et al,, 1984; Waring and Mitchell,
1988; Madhok et al,, 1990). Similar results have
been found with the thiol drug sodium aur-
othiomalate (used in “gold” treatments), which is
also used in the treatment of RA, where 81%
(n = 37) of those showing toxicity were poor
metabolizers (SI > 6) compared to 32% (n = 28)
of those not, for a relative risk ratio of 9 (Ayesh
et al., 1987; Madhok et al., 1987).

Reduced metabolism of SCMC was found in
delayed (non-IgE) food sensitivity (48.6%,
n="74; SI > 40 cutoff), a study that included
individuals with arthralgia, asthma, migraine,
irritable bowel syndrome, perennial rhinitis,
urticaria, hay fever, and eczema (Scadding et al,,
1988). Reduced first-pass sulfation of acet-
aminophen in the gut has been found in individ-
uals with both active and quiescent ulcerative
colitis, though not Crohn’s disease (Ramakrishna
et al.,, 1991). Reduced metabolism of SCMC and
impaired sulfation are being studied in multiple
chemical sensitivities (MCS) by Monro (1994) in
Britain.

Reduced metabolism of SCMC, impaired sul-
fation, and an elevated cysteine:sulfate ratio are
currently being found in autistic children whose
symptoms are exacerbated by diet by Waring
and co-workers, who are working with parent
groups in both Britain and the United States
(O’Reilly and Waring, 1993; Waring and Ngong
1993).

Reduced metabolism of SCMC has been found
in a pottery worker whose fingerprints produced
black specks on clay pottery when it was fired
(Harris et al., 1986). No correlation with SCMC
metabolism capacity was found in a study of
those with odorous urine following asparagus
ingestion (Mitchell et al., 1987). Little correlation
was found in those with toxic side-effects from
the sulfa drug sulphasalazine when used in the
treatment of RA, though interestingly, sulpha-
salazine treatment in RA does elevate plasma
thiols, which may have a protective antioxidant
effect (Marabani et al., 1987; Pullar et al., 1987).

8. Discussion. Interpretation of research on
reduced SCMC metabolism and impaired
sulfation: deductions, limitations of research,
potential mechanisms of susceptibility,
applicability to other populations, and potential
therapies

8.1. Preliminary deductions regarding the effect of
reduced SCMC metabolism and impdired sulfation

The reduced metabolism of SCMC, impaired
sulfation, and elevated cysteine:sulfate ratio seen
in many individuals with Parkinson’s, Al-
zheimer’s, and motor neuron disease suggest that
in a significant subpopulation these conditions
may be either produced or exacerbated by meta-
bolic imbalances having neurological effects,
whether due to direct toxicity or to impaired
metabolism of toxic xenobiotics. Such mechan-
isms might possibly include the effects of elevated
thiols, for example, on neurotransmitters or
receptors, or impaired sulfation of neurotoxic
xenobiotics. Some have speculated that the find-
ing of elevated ATMT in MND patients raises
the possibility that ATMT may protect the cen-
tral nervous system from damage by thiols (War-
ing et al., 1989).

Preliminary findings of a similar nature in
many individuals with autism suggests that, in
extreme cases, these imbalances may affect the
metabolism of endogenous neurotransmitters.
Sulfation is an important detoxification pathway
for monoamines and their metabolites, and hu-
man brain neurons contain phenol sulfotran-
sferase enzymes (Roth and Rivett, 1982; Zou,
1990).

The reduced SCMC metabolism and elevated
cysteine:sulfate ratio seen in many individuals
with systemic lupus erythematosus, primary bili-
ary cirrhosis, and rheumatoid arthritis suggest
that in a subpopulation these conditions may be
either produced or exacerbated by metabolic
imbalances having immunotoxic effects, whether
due to direct toxicity or to impaired metabolism
of toxic xenobiotics. Such mechanisms might
possibly include the effects of elevated thiols, for
example, on protein synthesis required for tissue
repair, or impaired sulfation of phenolic im-
munotoxins.




S.A. McFadden] Toxicology 111 (1996) 43-65 55

The reduced SCMC metabolism seen in many
individuals with chlorpromazine jaundice, as well
as toxicity to the thiol drugs D-penicillamine and
sodium aurothiomalate used in RA, suggests that
these imbalances may reflect an inability of the
liver in these individuals to detoxify certain thiol-
containing xenobiotics.

Research showing impaired sulfation in ulcer-
ative colitis, ongoing research in showing im-
paired sulfation in multiple chemical sensitivities,
and prior research showing reduced metabolism
of SCMC in non-IgE (delayed) food sensitivity
suggests that, as a minimum, impaired sulfation
of ingested phenolics and phenolic food constitu-
ents may be a significant factor in the health
problems of individuals complaining of intoler-
ance of foods and environmental chemicals.

8.2. Limitations of research

Several limitations must be noted in the re-
search in this area to date.
(1) The significance of reduced SCMC metab-
olism is not clear, as the hypothesis that it
directly probes cysteine dioxygenase sulfoxida-
tion capacity, and thus is directly associated with
an elevated cysteine to sulfate ratio, has been
questioned (Gregory et al,, 1992, 1993; Waring et
al, 1992). A new probe drug may be needed to
evaluate sulfoxidation status.
(2) The correlation between disease and reduced
SCMC metabolism and impaired sulfation in
these conditions is not absolute; typically 30-
60% of these groups are nonmetabolizers of
SCMC, compared to about 2.5% of controls, and
about 60-90% are impaired sulfaters, versus 20—
30% of controls.
(3) The condition of reduced SCMC metabolism
or impaired sulfation in an individual does not
necessarily imply that an individual will develop
a debilitating disease. Exposure to a xenobiotic
toxicant may be requisite for the development of
many of the degenerative diseases discussed.
(4) Little research has been done on the influence
of nutrition upon these conditions. It may be that
certain nutrient deficiencies can exacerbate these
conditions in predisposed individuals, implying
that some cases may respond favorably to appro-
priate nutritional therapy. Current knowledge is

limited in this clinically relevant area.

(5) The possibility exists that some chronic dis-
eases could worsen the metabolic conditions re-
flected in reduced SCMC metabolism, and thus,
with limited research and small sample size, gen-
etic causality of these conditions cannot be con-
sidered proven on the basis of existing research
with SCMC. Note that cysteine dioxygenase is
a very unstable enzyme, requiring a distinct
cytoplasmic protein called protein-A to prevent
oxidative inactivation.

(6) Research in this area is just beginning, and the
list of medical conditions to which this research
may be relevant is not complete. This list may be
strongly influenced by researcher interest, cohort
availability, and the constraints of funding.

8.3. Possible linkage mechanisms between reduced
SCMC metabolism and impaired sulfation
and chronic disease and adverse environmental
response

The links between reduced metabolism of
SCMC and impaired sulfation and chronic dis-
ease and adverse environmental response have
yet to be studied in detail. Possible links include
the following:

8.3.1. Impaired detoxification of xenobiotic
toxins due to reduced sulfation

Following ingestion of phenolic xenobiotic
toxins, reduced sulfation might result in reduced
first-pass conjugation in the gut and liver, thus
allowing increased systemic absorption, and a
reduced rate of conjugation in the liver, allowing
increased duration of systemic exposure, together
resulting in a substantially greater dose-time ex-
posure product. This might be compounded
somewhat by increased enterohepatic recircula-
tion due to a shift from sulfate conjugation to
glucuronidation, thus affecting clearance rate and
pharmacokinetics. These processes might lead to
a significantly increased internal exposure to
ingested toxins that are normally detoxified
by sulfation, and they may be important with
toxins such as neurotoxic pyrethrins, or catechol
and indole neurotransmitter analogs (Pall et al.,
1987; Steventon et al, 1991b). Additionally, a
partial shift from sulfation toward glucuronida-
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tion might potentially affect the presumed phar-
macokinetics and pharmacodynamics of a wide
range of drugs.

8.3.2. Possible effects on endogenous nutrients
Consequent alterations of xenobiotic metab-
olism in Phase I activation, Phase II conjugation,
or Phase III elimination pathways might have an
impact on levels of endogenous neurotransmit-
ters, hormones, and nutrients. Reduced sulfation
of phenolics could result in altered clearance of
mediators such as monoamines and steroids,
particularly if there was competition for sulfate
substrate between phenolic xenobiotics and
these endogenous mediators. Consideration of
the effects of depletion or disruption of the sulfate
pool upon monoamine metabolism might be rel-
evant to the treatment of conditions such as
diet-responsive autism and Feingold-diet-respon-
sive behavior disorders. Depletion of the sulfate
pool might affect the sulfation of endogenous
biocomponents such as bile acids and joint
glycosaminoglycans, and it thus might be rel-
evant to primary biliary cirrhosis and rheuma-

toid arthritis {Davies et al., 1994a). Increased

thiol conjugation of aromatic nutrients, or thiol
chelation of minerals, might lower levels of those
nutrients because of increased renal clearance.

8.3.3. Formation of thiol-neurotransmitter
conjugates

Elevated thiols might increase the formation of
free thiol-catechol neurotransmitter conjugates,
which may be of neurological importance (For-
nstedt et al.,, 1986, 1990; Rosengren et al., 1985;
Ito et al., 1988; Carlsson and Fornstedt, 1991).
Thiol conjugation of oxidized catecholamines is a
protective process which proceeds roughly three
orders of magnitude faster than cyclization of
oxidized catecholamines to form aminochromes
(Ito et al., 1988). For instance, oxidized dopamine
may form 5-S-cysteinyl dopamine endogenously;
it is present in the human substantia nigra at
about 2.5% of the dopamine level; and prelimi-
nary data suggests that it is resistant to mono-
amine oxidase (MAQ) (Fornstedt et al., 1990,
Carlsson and Fornstedt, 1991). Similarly, the
DOPA conjugate 5-S-cysteinyl DOPA is thought

to be resistant to DOPA decarboxylase. As an-
other example of the neurological potency of
some thiols, the small thiol compound cys-
teamine, the decarboxylated analog of the amino
acid cysteine and a constituent of pantothenic
acid and coenzyme-A, readily crosses the blood-
brain barrier; and in sufficient dose, it may de-
plete somatostatin and prolactin levels reversibly
(possibly because of an indirect effect upon essen-
tial disulfide bonds) and produce behavioral
changes in rats (likely due to monoamine effects)
(Brown et al., 1985; McComb et al., 1985; Millard
et al., 1985; Szabo and Reichlin, 1985; Vecsei et
al.,, 1989). Cysteine and cysteamine both inhibit
dopamine-B-hydroxylase in vitro (possibly be-
cause of the formation of thiol-catechol conju-
gates). This effect, were it to occur in vivo, would
tend to block norepinephrine synthesis; reduced
norepinephrine is seen in vivo with cysteamine
but not with cysteine itself (Vecsei et al., 1988).
Despite the small amount of cysteamine formed
endogenously, its potency in vivo, relative to
cysteine, should not be ignored. However, normal
metabolism of rantidine was formed in MND
subjects, suggesting normal degradation of cys-
teamine by the microsomal flavin monooxy-
genase system (Pean et al., 1994).

8.3.4. Cysteine as a potential endogenous
excitotoxin

Cysteine is considered an excitatory amino
acid. Chronically elevated cysteine might act as
an endogenous excitotoxin in that portion of the
population who cannot metabolize it well (Olney
and Ho, 1970; Olney et al., 1972, 1990; Klingman
and Choi, 1989; Olney, 1993, 1994a,b; Porter
and Roberts, 1993; Blaylock, 1994). This may
cause predisposition to neurological disease by
some direct mechanism, or it may indirectly
cause an increased susceptibility to exogenous
excitotoxins.

Specifically, Olney et al. (1990) showed that
cysteine acts as an excitotoxin in infant mice,
though not in adults, at high doses (e.g. 1 g/kg)
causing damage in areas of the brain not pro-
tected by the blood-brain barrier, but at lower
doses causing slower, but much more widespread
damage. This effect is blocked by the drug MK-
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801, an NMDA-subtype glutamate receptor an-
tagonist that is active at the phencyclidine (PCP)
site, although at higher doses of cysteine there is
also involvement of the quisqualate receptor sub-
type. (MK-801 is a drug often used in neuro-
logical research to block the persistent effects
of excitotoxicity, e.g. that of anticholinesterase
nerve agents). This suggests that cysteine has
neurobiological activity via the glutamate recep-
tor.

It is notable that Bell and co-workers have
applied the kindling model of excitotoxicity first
developed by Goddard as a model of epilepsy,
and that of time dependent sensitization (TDS),
to allergic sensitization to xenobiotics and the
induction of multiple chemical sensitivities (God-
dard et al., 1969; Goddard, 1983; Bell et al., 1992,
1993a). In addition, Bell et al. (1993b) have
studied cacosmia (adverse response to odors) and
olfactory deficits in the elderly, concluding that
these may help predict a pattern of memory
dysfunction more consistent with dementia (such
as that of AD and PD) rather than depression.
This research was further developed at a recent
meeting on neurobiologic sensitivity (Mitchell
and Price, 1994). In short, any neurolobiological
activity of cysteine via the glutamate receptor
could potentially contribute to adverse environ-
mental response to xenobiotics via a neurological
mechanism.

Further research may confirm that there exists
a human subpopulation with chronically elevated
cysteine, possibly due to impaired sulfoxida-
tion, which may act in those individuals as an
endogenous excitotoxin predisposing towards
neuronal sensitivity, such as by action at the
glutamate receptor. Over the course of a lifetime,
this increased neuronal sensitivity may result in
increased sensitivity to unique stimulus or in-
creased susceptibility to neurological disease.
This would have a number of potential implica-
tions for health policy, because any such ex-
citotoxicity would likely be synergistic with a
number of economically important exogenous
excitotoxins in the human environment. Exo-
genous excitotoxins of concern include an-
ticholinesterase agents and many other neuro-
logically acting insecticides, many agents known

to cause chemical kindling, and some excitatory
food constituents. Thus policies relating to
chemical defense, insecticide use, neuro- and
psychoactive drugs, and food additives would
need to consider any such sensitive subpopula-
tion.

8.3.5. Possible alteration of protein structures or
enzyme function by abnormally elevated thiols

The formation of cross-links between the SH
groups of cysteine amino acids to form disulfide
bridges is an important process for maintaining
the 3-dimensional structure of many proteins and
enzymes. A cysteine thiol group is also the active
site of some enzymes. Abnormally elevated thiols
may possibly affect protein synthesis or enzyme
function through disulfide bonding to the cys-
teinyl groups at structurally or enzymatically
important sites, or by acting upon existing disulf-
ide bridges. Elevated cysteine can interact with
immunoglobulins and components of the com-
plement pathway to reduce the clearance of
immune complexes, a process which may be
important in rheumatoid arthritis (Bradley et al.,
1994).

8.3.6. Possible effects of taurine deficiency

To the extent that reduced SCMC metabolism,
impaired sulfation, and/or an elevated cys-
teine:sulfate ratio reflect reduced sulfoxidation of
cysteine, a reduction in taurine levels might re-
sult. If this were the case, supplementation of
taurine might reduce the load on the sulfoxida-
tion pathway. Taurine is a sulfur amino acid used
as a constituent of bile (taurocholate), as an
inhibitory neurotransmitter, and in maintaining
electrolyte balance. Taurine also acts as an anti-
oxidant in phagocytes to quench oxidants pro-
duced in immune respiratory burst (Babior and
Crowley, 1983). An individual with impaired sul-
foxidation might be more susceptible to some
forms of allergic exposure and oxidant stress,
which would thus compound any sensitivity to
ingested phenolics due to impaired sulfation.

8.4. Potential applicability of this research to
other populations
(1) There is potential applicability of this re-
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search to a better understanding of phenol intol-
erance. Impaired sulfation of phenolics might
result in adverse reactions following the injection
or ingestion of phenol-preserved medicinals. Spe-
cifically, this suggests a possible mechanism for
reports of multiple chemical sensitivities exacer-
bated by the use of phenol-preserved allergy
shots (Rogers, 1986). The routine use of phenol
in the preservation of drugs and injectables
should be reevaluated in light of this potentially
sensitive subpopulation.

(2) Childhood behavior disorders: impaired sul-
fation of phenolic food constituents may explain
part of the success of the Feingold diet, which
seeks to control behavior disorders such as
hyperactivity and Attention Deficit Disorder
(ADD) in children through the avoidance of
salicylates, food colorings and preservatives
(Feingold, 1974). Salicylate itself is not sulfated,
but in rat studies it has been shown to increase
renal clearance of sulfate nearly two-fold, primar-
ily by direct inhibition of sulfate transport across
the renal basolateral membrane (Darling et al.,
1994). Salicylate also inhibits sulfate transport in
human placenta, in addition to its effect upon
prostaglandin synthesis; and it has been shown to
inhibit RBC anion exchange (Shennan and Rus-
sell, 1991). Many food colorings and preserv-
atives are aromatics, whose hydroxylated meta-
bolites may be ultimately detoxified by sulfation
or glucuronidation.

(3) Impaired sulfation of food constituents may
help to explain phenylic intolerance, whose treat-
ment includes allergic neutralization to, and
avoidance of, foods containing certain aromatic
and cyclic constituents, such as cinnamic acid,
vanillylamine, and eugenol (Dadd et al.,, 1980;
Brostoff, 1987).

(4) Impaired sulfation may be significant in
tyramine-dependent migraine, given the import-
ance of first-pass sulfation to the inactivation of
ingested monoamines (Hannington and Harper,
1968; Littlewood et al., 1982; Davis et al., 1987).
Tyramine is a bacterial fermentation product
closely related to the catecholamine neurotran-
smitters, which is often found in cheese, some
alcoholic beverages, and many other foods
contraindicated during the use of monoamine
oxidase (MAOQO) inhibitor antidepressants be-

cause of the impact of dietary monamines (e.g.
tyramine, phenylethamine, dopamine, and octo-
pamine) upon blood pressure when MAO is low
(Preston and Johnson, 1990). Low activity of
phenol sulfotransferase, particularly of PST-P,
has been found in tyramine-dependent migraine,
but curiously, it is PST-M that metabolizes
tyramine (Littlewood et al., 1982). It may be that
other flavinoids in these foods inhibit PST activ-
ity (Waring and Elias, 1993). We suggest that the
treatment of tyramine-dependent migraine with
high doses of acetaminophen might be contrain-
dicated, because the administration of acet-
aminophen, which is sulfated and glucuroni-
dated, might deplete the sulfate pool, and thus
might impair the sulfation of subsequently inges-
ted tyramine and phenolics.

(5) Some individuals who self-select a vegetarian,
low-protein, or other idiosyncratic diet may have
experientially found that a balanced low-protein
diet is beneficial to their health. Were the sulfoxi-
dation of cysteine to be impaired in an individual,
a low protein diet might reduce peak exposures
to cysteine and thiols. However, a diet deficient
in an essential amino acid may actually increase
the need for thiol catabolism by impairing pro-
tein synthesis; this has been shown in rats fed a
high-gluten diet deficient in lysine (Yamaguchi et
al. 1985; Hosokawa et al., 1988). It is interesting
that a low-protein diet during daytime has been
found useful in the treatment of the “on/off”
phenomenon which occurs after several years in
those taking L.-dopa for Parkinson’s disease, al-
though the usual explanation (but incomplete—
because it does not explain why the phenomenon
develops only later) is that there is competition
between L-dopa and large neutral amino acids in
both gastrointestinal absorption and in brain
penetration (Eriksson et al, 1988; Riley and
Lang, 1988).

(6) This research may elucidate the potential for
adverse effects of acetaminophen. Acetaminophen
is sulfated and glucuronidated, but sulfation is
dependent upon an adequate supply of sulfate
substrate. The use of acetaminophen at high
doses saturates sulfation capacity, and it thus can
be expected to impair the first-pass sulfation of
phenolics absorbed by the gut. Its overuse may
be able to deplete the sulfate pool, and chronic
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high-dose treatment might thus impact the
amount of sulfate available for other physiologi-
cal processes. Such treatment may thus be
inadvisable for many individuals who have
environmental susceptibility due to impaired sul-
fation. This may be particularly relevant to those
with rheumatoid arthritis, a condition in which
acetaminophen is often used, and which has been
found to have a high percentage of individuals
with impaired sulfation and reduced SCMC me-
tabolism, because sulfate is required for main-
taining the structure of glycosaminoglycans
within joints, and thus a lack of sulfate may
impair joint repair (Bradley et al., 1991, 1994). An
investigation of impaired sulfation and/or reduc-
ed SCMC metabolism as a factor in the induc-
tion of acetaminophen-associated kidney and
liver injury might be productive.

8.5. Supportive therapies

Given the limited amount of funding for re-
search in this area and the small amount of
research done to date, the therapies proposed
here must be considered speculative, contingent
upon the correct interpretation of the limited
data available, and upon the validity of the
conceptual model discussed here. For the most
part, proposed therapies are low risk (e.g. avoid-
ance of xenobiotics), though their utility should
be confirmed by a positive outcome in a clinical
trial. Treatment of any chronic disease or medical
condition should be done in the care of a quali-
fied physician.

8.5.1. Therapies for impaired sulfation

Individuals excreting sulfite (SO;7) in their
urine should be treated for sulfite oxidase defi-
ciency. Molybdenum supplements may be useful.

Individuals with homocysteinuria, as demon-
strated on an amino acid chromatogram, should
be treated for that condition. This reflects elev-
ated plasma levels of the thiol homocysteine due
to disordered metabolism of the methionine to
cysteine pathway.

Phenolated allergy extracts and other phen-
olated medicinals should be avoided.

Avoidance of phenolic compounds requiring
sulfation (and glucuronidation) may be useful.

These include the drug acetaminophen, which
may deplete the sulfate pool.

Salicylate is known to disrupt the sulfate pool
by inducing renal excretion of sulfate. The Fein-
gold diet, avoiding salicylates, food colorings,
and preservatives, has been found useful by some
parents in treating children with autism and
behavior disorders. Autism, Intolerance, and Al-
lergy Network-USA (AIA-USA) is working with
the Feingold Association of the U.S. (FAUS) in
this area (AIA-USA, 1995; FAUS, 1995).

Monoamine-containing foods, such as cheese
(tyramine), chocolate (phenylethamine), bananas,
and other foods listed as being contraindicated in
those taking MAO inhibitor drugs, should be
avoided if a physiological effect is noted.

Waring states that some flavinoids, especially
those in oranges, result in a temporary reduction
in sulfation capacity, and should be avoided
(Waring, 1995).

A dietary evaluation to determine if phenolic
food constituents common to some food families
should be avoided may also be useful (Dadd et
al., 1980).

Oral supplementation of a small amount of
magnesium sulfate has been reported by some to
be useful. The bowel absorption capacity for
sulfate is limited, and higher levels may have
laxative effect (e.g. as seen with milk of mag-
nesia), or an adverse gastric effect. Some parents
of children with diet responsive autism have
found that magnesium sulfate baths may alleviate
acute symptomatic reactions in those children
(ATA-USA, 1995). Many spa waters that have a
high sulfate/sulfur ratio have been recommended
for therapy for those with rheumatoid arthritis
(Waring and Elias, 1993). Some individuals with
chronic fatigue syndrome (CFS) have found mag-
nesium sulfate injections to be useful, and it is
notable that a significant fraction of individuals
with CFS also have symptoms of environmental
intolerance.

8.5.2. Therapies for impaired sulfoxidation

To the extent that reduced metabolism of
SCMC, impaired sulfation, or an elevated cys-
teine:sulfate ratio reflects impaired sulfoxidation
of cysteine, the following therapies may be rel-
evant.
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A low-protein diet, as well as avoidance of
supplementation of the amino acids cysteine, cys-
tine, methionine, and other thiol-containing nu-
trients, may be useful if care is taken to avoid
nutrient deficiency. The goal of this is to avoid
peak levels of thiol compounds. It has been
reported that Parkinsonians tend to avoid green
leafy vegetables that contain high levels of or-
ganic sulfur compounds. It may be possible that
a balanced nutrient supplementation program
might in some individuals improve sulfoxidation
status, or induce positive compensatory changes.
The current state of the art of medicine is limited
in this clinically relevant area. Nutrient defi-
ciencies induced by dietary restriction may com-
plicate symptomatic conditions. Avoidance of
thiol compounds must not be taken too strictly,
especially because a deficiency of essential amino
acids can increase the need for thiol catabolism
by inhibiting protein synthesis.

To the extent that these conditions may reflect
elevated levels of cysteine, and to the extent that
cysteine may act as an excitatory amino acid, a
trial of avoiding excitatory food constituents,
additives, drugs, and toxins may be useful. This
might include avoiding foods that are supple-
mented with the amino acids cysteine, glutamate,
and aspartate in free form (e.g. in the flavor-
enhancer monosodium glutamate, and in nutri-
ent supplements chelated with aspartate), avoid-
ing stimulants, and avoiding exposure to anti-
cholinesterase insecticides.

Taurine supplementation might support
taurine-dependent metabolic processes, thus re-
ducing the load on the sulfoxidation pathway.
Note that taurine is a beta amino acid, which
shares a common, weak renal conservation path-
way with the other beta amino acids, and that
excess in any of these compounds will cause renal
excretion of all of them (e.g. beta amino aciduria)
(Babior and Crowley, 1983). Excess taurine
supplementation (more than 2-3 g per day) has
a diuretic effect. Dietary intake of the amino acids
anserine and carnosine, for example, from
chicken and turkey, in individuals with a vitamin
B6 deficiency, will cause temporary renal excre-
tion of the amino acid f-alanine, which may
induce the renal excretion of taurine and result in

a temporary deficiency state, thus temporarily
increasing susceptibility to allergic stress.

9. Conclusions

Science is increasingly able to identify pre-
disposing factors contributing to disease and
adverse environmental response as the result of
toxic exposure. The study of genetic polymor-
phisms in xenobiotic metabolism will be an im-
portant area of future research. _

The finding of reduced metabolism of S-car-
boxymethyl-L-cysteine (SCMC), impaired sulfa-
tion of acetaminophen, or an elevated cysteine-
to-sulfate ratio in a significant fraction of several
groups of individuals with neurological and im-
munological disease, drug intolerance, and ad-
verse environmental response suggests that such
metabolic imbalances may reflect significant pre-
disposing factors toward these and similar condi-
tions.

The finding of impaired sulfation of acet-
aminophen in ulcerative colitis and in many
individuals with multiple chemical sensitivities,
and reduced SCMC metabolism in non-IgE-de-
layed food sensitivity, suggests that this research
may be relevant to other groups with sensitivity
to phenolics, including phenol intolerance,
phenylic allergy, tyramine-dependent migraine,
and Feingold diet responsive behavior disorders.

Further studies to more definitively explain the
basis for the polymorphism in SCMC metab-
olism, to probe more directly the cysteine diox-
ygenase sulfoxidation pathway, and to consider
the physiological significance of elevated cysteine
and depressed sulfate levels are indicated. Studies
of individuals with impaired sulfation, consider-
ing the total sulfate balance including sulfoxida-
tion, renal clearance, enzyme polymorphisms,
and other factors, would also be of value.

A systematic screening panel for the rapid and
inexpensive evaluation of xenobiotic metabolism
status should be developed as a basic tool of
epidemiology in order to study groups complain-
ing of adverse environmental response. This
would improve public health, reduce iatrogenic
illness and the costs of treatment of chronic
disease, and promote societal understanding of
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biochemical individuality and the diversity of the
human genome. Advances in genetics, including
the Human Genome project, can be expected to
improve our understanding of the genetic factors
in xenobiotic metabolism in the future.
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Abstract

Several different meanings have been attached to the term “chemical sensitivity” by those who use it. Feeling ill
from odors is a symptom reported by approximately one-third of the population. The syndrome of chemical
sensitivity, frequently called “Multiple Chemical Sensitivity” or “MCS” has been the subject of three federally-
sponsored workshops; at least five different case definitions for research on MCS have been proposed. In contrast,
the hypothesis that chemical sensitivity may be a mechanism for disease posits that a broad spectrum of “recognized”
chronic illnesses, ranging from asthma and migraine to depression and chronic fatigue, may be the consequence of
environmental chemical exposures. According to this theory, a two-step process occurs: (1) an initial salient
exposure event(s) (for example, a one-time, intermittent, or continuous exposure to pesticides, solvents, or air
contaminants in a sick building) interacts with a susceptible individual, causing loss of tolerance for everyday, low
level chemical inhalants (car exhaust, fragrances, cleaning agents), as well as for foods, drugs, alcohol, and caffeine;
(2) thereafter, such common, formerly well-tolerated substances trigger symptoms, thus perpetuating illness.
“Masking” (acclimatization, apposition, and addiction) may hide these exposure-symptom relationships, thus
obfuscating the environmental etiology of the illness. Accumulating clinical observations lend credence to a view of
chemical sensitivity as an emerging theory of disease causation and underscore the need for its testing in a rational,
scientific manner. While chemical sensitivity may be the consequence of chemical exposure, the term “toxicant-
induced loss of tolerance” more fully describes the two-step process under scrutiny.

Keywords: Chemical sensitivity; Theory for disease; Environmental exposure; Environmental etiology; Toxicant-
induced loss of tolerance
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Snow is an integral part of Eskimo life. In the
United States, there are now more than a dozen
names for chemical sensitivity: some of these
names imply a particular cause (e.g. the pet-
rochemical problem, chemophobia), some de-
scribe the effect (e.g. universal allergy, multiple
chemical sensitivity), and others insinuate a par-
ticular mechanism (e.g. immune dysregulation,
odor conditioning) (Ashford and Miller, 1991).
“Chemical sensitivity” and “multiple chemical
sensitivity” (“MCS”) appear favored at present.
These terms describe the most distinctive feature
of the illness without presuming a particular
etiology or mechanism. Notably, some feel that
even “MCS” is too much of a legitimizing label
and have suggested that “multiple symptom com-
plex” might be less objectionable (Gots et al.,
1993).

Some physicians and researchers believe that
MCS is a psychogenic phenomenon which most
closely resembles depression, somatoform dis-
order or post-traumatic stress disorder. Others
think that MCS is caused by chemical exposures
and, further, that chemical sensitivity may under-
lie a host of “recognized” chronic illnesses, in-
cluding asthma, migraine headaches, depression,
fibromyalgia, and chronic fatigue syndrome. Still
others remain agnostic, awaiting more evidence
before proffering opinions.

Authors of scientific articles have used the term
“chemical sensitivity” in different ways and in
different contexts to “mean just what they choose
it to mean” (Humpty Dumpty, Lewis Carroll).
Words have consequences and a shared under-
standing of the term “chemical sensitivity” is
essential if Jabberwockian nonscience (read: non-
sense) is to be avoided. The purpose of this paper
is to explore the meanings that have been im-
puted to the term “chemical sensitivity,” and, by
the close of this paper, convince the reader of the
seriousness of the current confusion over its
meaning, and how more precise terminology
could lead to clearer thinking and greater under-
standing in this area. Risk assessment, the focus
of this conference, requires that we “count the
bodies” of those who are afflicted. How we define
chemical sensitivity greatly affects this count.

The history and phenomenology of chemical
sensitivity, as well as the panoply of hypotheses

that have been advanced to explain it are dis-
cussed in detail elsewhere. In the past eight years,
two reports sponsored by state agencies (Ashford
and Miller, 1989; Bascom, 1989), two books
written for occupational health professionals and
researchers (Cullen, 1987; Ashford and Miller,
1991), and the proceedings of three federally-
sponsored meetings that focused on chemical
sensitivity (Association of Occupational and En-
vironmental Clinics, 1992; National Research
Council, 1992; Agency for Toxic Substances and
Disease Registry, 1994) have been published. A
review of these and other recent publications on
MCS reveals that the term “chemical sensitivity”
is most often used in one of three contexts: (1) to
describe a symptom; (2) to serve as a kind of
shorthand for an allegedly new medical phenom-
enon or syndrome; and (3) to characterize what
some view as an emerging mechanism for disease.
Depending upon which of these contexts is
meant, the number and types of persons who
might be chemically sensitive varies greatly,
and there are enormously different consequences
for patients, industry, policymakers and risk as-
sessors. In the next sections, we will explore each
of these contexts and the consequences which
flow from them.

2. Chemical sensitivity: the symptom

The simplest and perhaps least judgmental
application of the term “chemical sensitivity” has
been its use to describe the symptom of feeling ill
from chemical odors. While the word “cacosmia”
has been used in the occupational health litera-
ture to describe this symptom, neither this term
nor the word “dysosmia” fully convey the obser-
vation that MCS patients feel ill when they
confront certain odors. An alternate term that
would convey this might be “pathosmia.” Illness
from odors has been reported in 60% of a group
of solvent-exposed workers (Ryan et al., 1988;
Morrow et al., 1990). It also has been reported
among agricultural workers following acute or-
ganophosphate intoxication (Tabershaw and
Cooper, 1966) and among workers in chemical
warfare agent production facilities (SIPRI, 1975).
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Table 1
Frequency of chemical/odor sensitivity in selected populations

Population n Question posed % Answering
affirmatively
EPA office workers (EPA, 1989) 3955 Do you consider yourself especially 31%
sensitive to ... (various indoor
air contaminants)?
Arizona® elderly living in planned retirement 192 Do you consider yourself especially sensitive ~ 34%

community (Bell et al., 1994) to certain chemicals?

Do you consider yourself especially sensitive ~ 28%
to certain chemicals

University of Arizona® college students in 809
introductory psychology class (Bell et al., 1995)

Rural North Carolinians (Meggs et al., 1994) 1027 Some people get sick after smelling chemical ~ 33%

odors like those of perfume, pesticides, fresh (39% of women;
paint, cigarette smoke, new carpet, 24% of men)

or car exhaust. Other people don’t get sick

after smelling odors like these. Do

any chemical odors make you sick?

2A haven for pollen-allergy sufferers in the past, Arizona is thought to have the highest percentage of atopic individuals of any state.

How prevalent is the symptom of chemical
sensitivity, or pathosmia? To date, no ran-
domized, population-based survey that would
answer this question for the nation as a whole
has been conducted. However, several smaller
surveys suggest that 28—34% or approximately
one-third of the population considers itself es-
pecially sensitive to certain odors (Table 1). No-
tably, most of the participants in these surveys
who reported that certain odors made them feel
ill were neither sick nor disabled. Thus, while
approximately one in three Americans reports
that certain odors cause illness, the majority of
these individuals differ substantially from MCS
patients. Whether with sufficient exposure any,
some, most, or all of these individuals might
develop MCS remains to be determined. Never-
theless, it seems fair to say that the symptom of
feeling ill from chemical odors is not identical to
nor specific for MCS.

Thus chemical sensitivity—the symptom —
lacks specificity for the condition under scrutiny.
It may also lack sensitivity. That is, individuals
who may be chemically sensitive may not be
aware that they are chemically sensitive (for
example, migraineurs, chronic fatigue sufferers).
“Masking” (to be discussed in a later section)
may interfere with this awareness. Thus, the

symptom of chemical sensitivity or pathosmia,
while prevalent in the general population, is not
very specific, and, indeed, also may be insensitive
as an indicator of illness associated with low level
chemical exposures. Notwithstanding, the term
“pathosmia” has value for descriptive clinical and
research purposes. Its adoption for describing the
symptom of feeling ill from chemical odors may
be preferable to the term “chemical sensitivity”
which has acquired other meanings, as shall be
discussed.

3. Chemical sensitivity: the syndrome

A “syndrome” is “a group of symptoms or signs
typical of a disease” (Webster’s, 1986). Many
have objected to labelling chemical sensitivity a
syndrome because the patients report such di-
verse symptoms. Indeed, while individual pa-
tients report that their symptoms occur
reproducibly following exposure to specific sub-
stances, unlike other recognized syndromes there
is no archetypical constellation of symptoms that
constitutes MCS. This fact has thwarted develop-
ment of a case definition for the illness. While a
precise MCS case definition would be desirable
for research purposes, restricting thinking about
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chemical sensitivity to any immutable set of
symptoms or number of organ systems could
prematurely constrict the field of view. For
example, some proposed MCS case definitions
exclude asthma or depression on the grounds
that these are “diagnosable” conditions. Yet
asthma or depression might themselves be the
consequence of low level chemical exposure. In
contrast, exposure (or event) driven studies, for
example studies of office workers in a sick build-
ing or residents of a community exposed to a
toxic spill, could yield a fuller understanding of
the range and nature of illnesses that ensue
(National Research Council, 1992). More specifi-
cally, it is conceivable that exposure to emissions
from new carpeting in a poorly ventilated office
building could cause or exacerbate a panoply of
conditions, with the occupants’ personal (genetic,
nutritional, etc) vulnerabilities determining
which specific symptoms manifest in any individ-
ual case. Indeed, §ome researchers have suggested
that RADS (Reactive Airways Dysfunction Syn-
drome), an asthma-like condition that develops
after an acute chemical exposure and leaves its
sufferers sensitive to chemically-diverse inhalants,
may be a pulmonary manifestation of MCS
(Meggs and Cleveland, 1993). Still others hy-
pothesize that certain cases of depression and
somatoform disorder may be caused or exacer-
bated by chemical exposures and thus could
share the same biochemical underpinnings as
MCS (Rosenthal and Cameron, 1991; Bell, 1994).
Then there are odor-triggered migraines and seiz-
ures. Might these be induced by the same mech-
anisms that underlie MCS? Limiting the search
for chemical sensitivity to any predetermined set
of symptoms or clinical criteria makes little sense
when we are in such an early observational stage
in this illness.

At least five case definitions for research on
chemical sensitivity have been published (sum-
marized in Miller, 1994), yet consensus on a
single definition has not emerged, again largely
because of the heterogeneity of symptoms pa-
tients report. Miller and Mitzel (1995) compared
two groups of MCS patients— 37 who attributed
onset of their illness to a well-defined exposure to
a cholinesterase-inhibiting pesticide and 75 who

attributed onset of their condition to remodeling
of a building. Despite differences in individual
symptom patterns and different initial exposures,
the two groups exhibited strikingly similar fre-
quencies and ordering of symptoms. The authors
interpreted these findings as suggesting a shared
mechanism or final common pathway leading to
the same disorder in both groups.

Some view the fact that no symptom-based
case definition for MCS has achieved broad ac-
ceptance as evidence that the condition does not
exist. On the other hand, this lack of consensus
could be a serendipitous clue that chemical sen-
sitivity is not a single syndrome, but a collection
of syndromes that share the same general mech-
anism, much as cholera, influenza and Rocky
Mountain Spotted Fever share the same general
mechanism, in this case, infectious transmission.

4. Chemical sensitivity: a mechanism for disease?

The Civil War marked the last major armed
conflict fought in the world without knowledge of
microbes or infectious disease (Sartin, 1993). A
few years later, Pasteur, Lister, Koch and others
made their discoveries which led to the germ
theory of disease. Two-thirds of the approximate-
ly 660000 deaths among soldiers during the Civil
War were caused by infections, most frequently
wound infections and epidemics. Diagnoses were
based on clinical signs. Fever cases were divided
into three categories: remittent, intermittent, and
relapsing. Cases assigned to those categories like-
ly included typhus, typhoid, malaria, abscesses,
tuberculosis, leptospirosis, borrelia, pneumonia,
influenza, infectious diarrheas and others. Brucel-
losis, tularemia, leptospirosis and Q fever likely
were present too, but put in other categories such
as “miasmatic diseases, unclassified.” Civil War
surgeons commonly attributed diseases to toxic
miasma or “effluvia” from the wet swamplands of
the South where many battles were fought or to
inadequate ventilation in the tents (Sartin, 1993).

It is possible that we may be at the Civil War
stage in our understanding of chemical sensitiv-
ity. Chemical sensitivity could be an emerging
mechanism or theory of disease, one that en-
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Fig. 1. Phenomenology of chemical sensitivity. Chemical sensitivity appears to develop in two stages: (1) loss of specific tolerance
following acute or chronic exposure to various environmental agents, such as pesticides, solvents or contaminated air in a sick
building, and (2) subsequent triggering of symptoms by extremely small quantities of previously tolerated chemicals, drugs, foods,
and food/drug combinations (e.g. traffic exhaust, fragrances, caffeine, alcohol). Physicians formulate a diagnosis based upon
symptoms reported to them by their patients. Because of masking, both physicians and patients may fail to “see” that everyday,
low-level exposures may be triggering symptoms. Even when such triggers are recognized, an initial exposure event which may
have initiated loss of specific tolerance may go unnoticed or may not be linked to the patient’s illness.

compasses a wide range of chemical agents acting
on different organ systems via different specific
mechanisms, just as the category “infectious dis-
eases” subsumes a wide range of vectors affecting
different organ systems via different specific
mechanisms resulting in heterogeneous symp-
toms. Is there any evidence to support such a
notion?

If chemical sensitivity were a candidate for a
theory of causation for disease, at the very least
it would need to embrace MCS, the most proto-
typical of the chemical sensitivity “diseases,” and
would need to account for the clinical observa-
tions associated with MCS. These observations
are discussed in detail elsewhere (Ashford and
Miller, 1989, 1991; Miller, 1994) and summarized
in Fig. 1. Briefly, chemical sensitivity appears to
entail two steps: (1) induction, and (2) triggering.
The inducing or initiating exposure may involve
any of a wide variety of substances, including

pesticides, solvents, indoor air contaminants,
drugs, etc. It may be acute as in a chemical spill,
intermittent as in many industrial exposures, or
chronic as in a sick building. Loss of tolerance
appears to occur as a consequence of this initial
exposure. Subsequently, extremely low levels of
chemicals, levels that do not bother most people
and were never a problem for that individual
before, trigger symptoms. In addition, alcoholic
beverages, caffeine, nicotine, various foods and
drugs may trigger symptoms. On the surface,
“loss of tolerance” may sound like a vague and
ill-defined concept, the product of arm-chair the-
orizing. Clinically, it is neither vague nor ill-
defined. What MCS patients describe is a loss of
tolerance for specific inhalants, drugs, foods, etc.
This loss of tolerance is reported to spread to an
increasing number of substances as the problem
progresses. When MCS patients are re-exposed
to these specific substances, they say they experi-
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ence a discrete constellation of symptoms. While
the symptoms that are triggered by a given agent
are highly individual, they are reportedly repro-
ducible for a particular patient following a par-
ticular exposure, for example, headache with
diesel exhaust, mental confusion with a certain
fragrance, nausea with cashews, and so on. No-
tably, many MCS patients and Gulf veterans
now forego chocolate, favorite foods like pizza,
or alcoholic drinks because they say these make
them so sick (Miller, 1994). Most of us would not
give up these indulgences without good cause —
there seems little secondary gain to be garnered
from such abstinence, although some psychol-
ogists and psychiatrists, no doubt, would argue
otherwise.

Thus, loss of specific tolerance is a focused,
well-defined construct, one no more fuzzy than
the General Adaptation Syndrome and its asso-
ciated concepts of stress and stressors were when
Hans Selye first introduced them.

Chemical sensitivity has been accused of con-
tradicting the fundamental principles of toxicol-

Table 2

ogy (Waddell, 1993). The same might have been
said for allergy (or even cancer) when it was first
discovered, and is even true now. Allergy’s rules
differ greatly from those of toxicology, and, if
chemical sensitivity is real insofar as being a
disease mechanism, it seems to follow still an-
other set of rules. Chemical sensitivity appears to
have major overlaps with toxicity, allergy and
addiction (Table 2), yet it does not adhere to all
of the rules for any one of these.

Like toxicity, chemical sensitivity appears to
involve adverse responses to environmental
chemical contaminants, yet, mechanistically,
chemical sensitivity more closely approximates
allergy in that both involve a two-step (induction,
triggering) process and subsequent “hypersensi-
tivity.” As with addiction, patients with chemical
sensitivity report stimulatory and withdrawal
symptoms. Unlike addiction, these responses oc-
cur not only to drugs, but also apparently to
combustion products, fragrances, solvents and
even foods. However, instead of manifesting ad-
dicted behaviors (L. ad “toward” + dicare “pro-

Features of chemical sensitivity that overlap addiction, allergy, and toxicity

Feature

Chemical sensitivity®

Addiction* Allergy® Toxicity®

Chemical/drug intolerances
Ambient air incitants

Food intolerances

Alcohol intolerance

Caffeine intolerance
Withdrawal symptoms

Craving, binging

Sensitization

Induction by chemicals
Induction by biologicals
Multi-system symptoms
Frequent CNS symptomatology
Well-defined mechanism(s)
Genetic susceptibility +
Dose/response relationship +P

(foods)

A+ o+

+ +

+ +
+ +
+

+ 4+ +

(drugs)

+
+ 4+ + A+t
+H++++ o+

*Categories are not “pure” and may overlap in a given host, e.g. haptenation of a chemical toxin may initiate an immunologic
response; brain and liver toxicity may accompany alcohol addiction.

*Dose-response does occur for allergens: with the first, sensitizing exposure for a susceptible individual, there is a dose-response
relationship; with subsequent exposures, the sensitized person also responds in proportion to dose, but at a much lower dose level
(Waddell, 1993). The same kind of dose-response relationship may pertain for chemical sensitivity, but has not been tested.
However, individuals with MCS report increasingly severe symptoms the longer they remain in an exposure situation, an

observation which hints at a dose-response interaction.




C.S. Miller! Toxicology 111 (1996) 69-86

Neuropsychological
+ Multiple Chemical Sensitivity
« Attention Deficit Hyperactivity
Disorder (ADHD)
« depression/manic-depression

Ear, Nose and Throat

* migraines and other headaches

Cardiovascular
« arrhythmias

75

* sinusitus

«pol * seizures * hypertension
: 50 V_?S A * hypotension
nmius * Raynaud’s phenomenon
« recurrent otitis
Miscellaneous : Respiratory
* Chronic Fatigue Syndrome < CH EM'CAL » * asthma .
* implant d * Reactive Airways Dysfunction
- “Gulf War Syndrome” SENSITIVITY Syndrome (RADS)
« toluene diisocyanate
(TDI) hypersensitivity
Skin
pead \ Gastrointestinal
. . * irritable bowel
. °L"rﬁ’p;f‘:::s Connective tissue/Musculoskeletal « reflux

« fibromyaigia

« carpal tunnel syndrome
* temporomandibular joint
dysfunction (TMJ) syndrome

« arthritis
* lupus

Fig. 2. Conditions that have been attributed to chemical sensitivity. (Of course, illnesses like depression, migraine, arthritis, hives,
etc. may have many different etiologies. At most, chemical sensitivity might explain only a subset of these conditions. The question
is, for each illness, how large is that subset and how might physicians distinguish those cases from similar cases with different

etiologies).

claim™), patients act as though they are ab-dicted
(L. ab “away from” + dicare “proclaim”) and
assiduously avoid the very substances addicted
individuals frequently favor, for example, alcohol,
drugs, nicotine, and caffeine.

A major criticism of chemical sensitivity is that
it has been claimed as a basis for “literally any
physical or mental illness” (Waddell, 1993). In-
deed, the range of illnesses that have been at-
tributed to chemical sensitivity is enormous (Fig.
2) and involves any and all organ systems. No-
tably, and perhaps analogously, infectious dis-
eases and immunological conditions also can
affect virtually any organ system, so this criticism
does not in any way negate the possibility that
chemical sensitivity exists. In fact, close inspec-
tion reveals intriguing parallels between chemical
sensitivity and the germ and immune theories of
disease (Table 3). Each of these three theories
embraces a wide range of specific agents or
exposures. Included under each of these three
categories are heterogeneous specific mechanisms
(for example, the mechanisms of viruses vs. bac-

teria vs. rickettsia, or immediate vs. delayed-type
hypersensitivity). Nonetheless, these diverse
mechanisms still fall within the same general
category, that is, infectious diseases or immu-
nological diseases. Each of the three categories
contains specific named syndromes or diseases.
And each category contains processes that can
affect literally any organ system. The specific
manifestations of a given disease process in each
of these categories depend on the nature of the
original incitant and the vulnerabilities of the
host, whether the category is infectious diseases,
immunological diseases or chemical sensitivity.
Between categories, symptoms are quite simi-
lar —malaise, rashes, headaches, shortness of
breath, and diarrhea are common, non-specific
manifestations for many illnesses. There is no-
thing pathognomonic about such symptoms.
They can accompany an infectious process just as
readily as an immunological or toxic one. It is the
specific syndromes or named diseases within cat-
egories that have recognizable constellations of
symptoms which facilitate diagnosis. Thus, rather
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Comparison of key features of three theories of disease: the germ theory, immune theory and chemical sensitivity theory

Disease Explanation Symptoms Particular Agents Exposure Organ
theory for disease diseases/ routes systems
syndromes affected
Germ Biological agent Fatigue, malaise, = Malaria, influenza,  Bacteria, viruses Inhalation, Any organ
(Infectious) or “germ” fever, rash, chicken pox, parasites, fungi ingestion, system or
multiplies in headache, cholera, Lyme rickettsia injection, several at
host (infection); naused, disease, AIDS, skin/mucous once
germs can be vomiting, pnuemonia membrane
transmitted to diarrhea, contact
other organisms shortness of
breath, shock
Immune Host responds to Malaise, rash Allergic Pollen, mold, Inhalation, Any organ
foreign substance pruritus, asthma, hives, house dust mite,  ingestion, system or
(antigen) by rhinorrhea, poison ivy, animal dander, injection, several at
producing wheezing, penicillin foods, biologicals  skin/mucous once
antibodies which shortness of allergy, peanut (drugs) membrane
“remember” the breath, allergy contact
antigen and help diarrhea, fever,
ward it off in the laryngeal
future edema, shock
Chemical Environmental Fatigue, malaise, Multiple chemical Solvents, Inhalation, Any organ
Sensitivity ~ exposure causes memory sensitivity, pesticides, ingestion, system or
loss of specific difficulties, “Gulf War combustion injection, several at
tolerance in host, depression, Syndrome™ (?2), products, skin/mucous orce
who subsequently irritability, chronic fatigue, drugs, membrane ‘
develops symptoms  headaches, syndrome (?), implants contact

when exposed to
low levels of
chemically diverse
substances

digestive problems,
shortness of
breath, odor
intolerance

post-implant
syndromes (?),
reactive airways
dysfunction

syndrome (RADS)

than being a syndrome per se, chemical sensitiv-
ity has many of the earmarks of an emerging
category of disease. Such an unproven, yet-to-be-
tested general mechanism for a collection of ill-
nesses is a theory of disease.

Recalling the-critics view that chemical sensi-
tivity is not a syndrome because no definable set
of symptoms is associated with it, the critics
make an important point: chemical sensitivily
may no morc be a syndrome than infectious
discases and immunological discases are syn-
dromes. Nor is there any conceivable case defini-
tion that would cover all infectious discases or all
immunological diseases. Case definitions simply
have limited utility when we are discussing cat-
egories of discase.

Could chemical sensitivity be an emerging new
theory of disease? In 1868, while commenting on
the usefulness of the germ theory of disease, Max
Boehr provided a remarkably insightful and con-
cise synopsis of the criteria for choosing among
alternative theories (Carter, 1985). He noted that
“the theory of infection has the characteristic of
all good pathological and physiological theories;
it provides a unified, clear, and entirely intelli-
gible meaning for a whole series of anatomical
and clinical facts and for the relevant experiences
and discoveries of reliable observers during epi-
demics.” Likewise, chemical sensitivity is a theory
of disease that could unite disparate clinical ob-
servations and that may enable practitioners to
predict patient responses under conditions of
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Table 4

Frequency of sclected symptoms reported as severe® by Gulf veterans, MCS patients and controls

Symptom Gulf veterans MCS pesticide-exposed MCS remodeling-exposed Controls®
(n=159) (n=137) n=15 (n=112)

Fatigue 78% 68% 52% 3%

Depression 29 49 33 6

Headaches 53 38 31 5

Shortness of breath 38 43 31 2

Asthma or wheezing 12 27 © 15 0

*Participants rated their symptoms on a 0-3 scale: 0, not at all a problem; 1, mild; 2, moderate; 3, severe. Frequencies listed in

this table reflect ratings of severe (3) only.

bAge, sex and education-matched to the two MCS groups (37 + 75 = 112).

exposure and avoidance. While clinical observa-
tions on MCS accumulated to date do not con-
stitute proof of the condition’s existence, they are
hypothesis-generating and provide the founda-
tion for what could be an emerging theory of
disease, a theory worthy of careful scientific test-
ing.

Some have proposed that the same mechan-
isms that are operative in chemical sensitivity
might underlie conditions like fatigue, depression,
headaches and asthma. If one compares the fre-
quency of these particular conditions among
groups of ill Gulf veterans and MCS patients to
the frequency of these same conditions among
controls (matched for age, sex and education to
the MCS patients), 5 to 15 times as many Gulf
veterans and MCS patients report severe fatigue,
depression, headaches, shortness of breath,
asthma or wheezing as controls (Table 4). Thus,
Gulf veterans and MCS patients who attribute
their illness to an “exposure event” represent an
enriched sample of the population for these con-
ditions. This finding suggests that at least a
subset of persons suffering from headaches, chro-
nic fatigue, asthma or depression might be chemi-
cally sensitive. It is noteworthy that persons with
these conditions often share the same exposures
and environments that MCS patients say caused
their illness.

Anomalies often pave the way for discovery.
The anomalous observation that individuals who
survived a particular infection rarely contracted
that infection again led to the immunologic con-

cept of disease. The anomaly of MCS could
likewise expand our thinking about disease cau-
sation. Thomas Kuhn (1970) observed that the-
ories are “generally preceded by a period of
pronounced professional insecurity. As one might
expect, that insecurity is generated by the persist-
ent failure of the puzzles of normal science to
come out as they should. Failure of existing rules
is the prelude to a search for new ones.” Perhaps,
we are in what Kuhn characterizes as a pre-
paradigm period, a time “regularly marked by
frequent and deep debates over legitimate
methods, problems, and standards of solution,
though these serve rather to define schools than
to produce agreement.”

5. Masking

If individuals with migraines, chronic fatigue,
asthma or depression were suffering from chemi-
cal sensitivity, why wouldn’t more of them report
specific chemical intolerances just like MCS pa-
tients do? In fact, many MCS patients say that
when they first became ill, they had no idea
chemical exposures had anything to do with their
symptoms. They say it was not until they avoided
(accidentally or intentionally) a sufficient number
of their problem incitants simultaneously that
they noticed feeling better. Then, when they re-
encountered something to which they were sensi-
tive, their symptoms recurred. Thus, MCS pat-
ients claim that only through the tandem process
of avoidance and re-exposure were they able to
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learn which exposures triggered their symptoms.
Had they not systematically avoided a wide
range of exposures first, or “unmasked” them-
selves, accidentally or intentionally, most say
they would not have figured out what was mak-
ing them sick. This lay term, “masking,” sounds
deceptively simple. In fact, what patients mean by
masking is technically quite complex. Under-
standing masking may be fundamental to under-
standing chemical sensitivity, its potential role in
chronic illness and how such a theory of disease
might be tested scientifically. When MCS pa-
tients talk about “unmasking,” they are descri-
bing a complex phenomenon that is poorly
understood but experientially recognizable to
most of us. There are at least three components
involved in masking: acclimatization, apposition
and addiction (Fig. 3). “Unmasking,” that is,
avoiding multiple potential incitants simulta-
neously, overcomes each of these three compo-
nents of masking.

The most rigorous approach to unmasking, an
approach developed in the 1950s by allergist
Theron Randolph, involves placing an individual
in an environmentally-controlled hospital unit
(not an exposure chamber) and restricting food
and drug intake for several days to a week. This
approach (described in Ashford and Miller,
1991), eliminates any acclimatization that may
have developed in a sensitive individual as a
consequence of chronic or repeated exposure to
an incitant, for example, indoor air contaminants
in a sick building. It simultaneously allows the
avoidance of inhalation, ingestion and dermal
contact for most chemicals, foods, and drugs,
thus preventing overlapping symptoms that
might occur in a sensitive individual experiencing
multiple, overlapping exposures (apposition). Fi-
nally, this approach interrupts any addiction due
to repeated exposure to caffeine, alcohol, nicotine
or other addictive substances. Fig. 3 depicts each
of the components of masking. In effect, masking
and unmasking pertain to the stare of the pa-
tient—the underlying illness remains constant.
Depending on background environmental condi-
tions, chemical sensitivity seems to occur in mas-
ked and unmasked varieties which outwardly
appear different but are intrinsically the same.
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Fig. 3. Components of masking. Each biphasic curve is a
graphical representation of symptoms occurring in a sensitive
individual with onset and offset of a particular exposure. For
solvents, caffeine, alcohol, nicotine, etc., the portion above the
line represents stimulatory symptoms and the portion below
withdrawal symptoms. Amplitude is proportional to symp-
tom severity. For a person who is not particularly sensitive to
the substance, the curves would be flat or nearly flat. Solid
curves represent the effect of interest, that is, a response to a
particular chemical or food one is trying to observe during a
challenge with that substance. (A) Acclimatization: symptom
severity decreases with repeated, closely-timed exposures to
the same substance. Although seemingly paradoxical, sensitiv-
ity may increase during acclimatization. In real life, time
intervals between exposure may vary greatly, so that a person
may be acclimatized to varying degrees at different times, and
thus, from day to day, experience varying intensity of symp-
toms. However, the most robust effect of a challenge would
be expected in the sensitive individual who is not acclimatiz-
ed. (B) Apposition: if an individual is sensitive to many
different substances, then the effects of everyday exposures to
chemicals. foods or drugs may overlap in time. This apposi-
tion of effects might yield an individual who feels bad most of
the time. but the effect of any single exposure is not apparent
either to the individual or his physician. Apposition would
tend to mask the effect of interest in much the same way that
background noise masks a sound of interest. (C) Addiction: a
sensitive person who is addicted to caffeine, alcohol, nicotine,
or other substances may deliberately take the substance at
frequent. carefully-spaced intervals to avoid unpleasant with-
drawal symptoms. Such exposures may also mask an effect of
interest.
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There are no scientific equivalents for the
terms “masking” or “unmasking.” “Adaptation”
and “de-adaptation” (terms previously used by
this author) have other connotations that seem
to confuse rather than clarify understanding of
this concept; inevitably their use leads to a dis-
cussion as to whether adaptation or pseudoadap-
tation is occurring (for example, in cigarette
smokers who develop apparent tolerance for the
irritative properties of tobacco smoke, but may
experience long-term deleterious consequences
from tobacco use). Understanding masking may
be crucial to understanding chemical sensitivity.
As long as patients with depression, migraines,
fatigue, etc. are masked, it may be impossible to
tell whether there is any relationship between
their symptoms and low level environmental ex-
posures. They must first be unmasked. Testing
such patients in a masked state would be like
trying to find out whether headaches in a coffee
drinker with a 10—15 cup per day habit were due
to caffeine by giving him a cup of coffee and
asking how it made him feel. It is intuitively
obvious that the individual would need to stop
using all or most caffeine (unmask him for caf-
feine) before a meaningful test of caffeine sensitiv-
ity could be performed. Falsely negative
challenges are likely to result from failure to
unmask. This experimental requirement of un-
masking brings to mind the enormous difficulty
researchers encountered during the late nine-
teenth century in trying to isolate the organism
responsible for tuberculosis. Many researchers
collected fluids from TB patients but were unsuc-
cessful in culturing any organism. At the time,
these researchers were unaware that the organ-
ism was extremely fastidious and would only
grow out after weeks on a specialized culture
medium. Some who failed to grow the organism
concluded that TB was not an infectious disease
at all. Correspondingly, our ability to “see”
chemical sensitivities may rest upon optimizing
experimental conditions, i.e. using the appropri-
ate culture medium, in this case an environment-
al unit for unmasking and studying this
phenomenon. Absent such an approach, erron-
eous conclusions about the existence of MCS
may be reached as a consequence of inadequately

designed experiments resulting in falsely negative
data.

6. Testing the theory of chemical sensitivity: the
need for postulates

Following the introduction of the germ theory
of disease in the late 1800s, many overly enthusi-
astic researchers employing careless bacteriologi-
cal technique claimed to have discovered the
causative agents for diseases such as TB or Yel-
low Fever. So frequent were these pronounce-
ments and subsequent retractions that in 1884
the President of the New York Academy of
Medicine, Abraham Jacobi, “lamented the ‘bac-
teriomania’ that had swept the medical profes-
sion” (Warner, 1985). In order to preclude further
such pseudodiscoveries, Koch, who identified the
organisms that cause tuberculosis, anthrax and
cholera, suggested adoption of a set of rules for
etiological verification, now known as Koch’s
postulates:

(1) The microbe must be present in every case of
the disease.

(2) It must be isolatable in pure culture.

(3) Inoculating a healthy animal with the culture
must reproduce the disease.

(4) The microbe must be able to be recovered
from the.inoculated animal and grown again.

In comparable fashion, research on chemical
sensitivity today is in need of a set of scientific
principles or postulates that will ensure that
causal determinations in this area are scientifi-
cally based. Fig. 4 illustrates use of an environ-
mental medical unit as a means of testing
responses to low level environmental exposures,
and depicts four postulates which, if met, would
establish proof of a cause-and-effect relationship
between symptoms and a particular exposure or
incitant, if such a relationship exists. These pos-
tulates are:

(1) When the sensitive individual simultaneously
avoids all chemical, food, and drug incitants,
remission of symptoms occurs.

(2) Symptoms occur with reintroduction of an
incitant.

(3) Symptoms resolve when the incitant is again
avoided.
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Fig. 4. Graphical representation of chemical sensitivity postu-
lates. In the left-most portion of the figure, before entering an
environmental medical unit (EMU), a chemically sensitive
individual is experiencing symptoms in response to multiple
exposures (chemicals, foods, drugs). Effects overlap in time.
The effect of any particular exposure does not stand out from
those of other exposures and the person’s symptoms appear
to wax and wane unpredictably over time. Postulate 1: when
all chemical, food and drug incitants are concurrently avoid-
ed, remission of symptoms occurs. Postulate 2: symptoms
occur with reintroduction of an incitant. Postulate 3: symp-
toms resolve when the incitant is again avoided. Postulate 4
re-exposure to the same incitant, within an appropriate win-
dow of time (estimated to be about 4—7 days), produces the
same symptoms. For research purposes, challenges should be
conducted in a double-blind, placebo-controlled manner.

«—- 4-7 days —>f<——— 4-7 days ——f

(4) With re-exposure to the same incitant, the
same symptoms recur, provided that the chal-
lenge is conducted within an appropriate window
of time (ideally 4-7 days after the last exposure
to the incitant).

Note that for research purposes, challenges of
this type should be performed in a double-blind,
placebo-controlled manner (Ashford and Miller,
1991). This approach could be extended to pa-
tients with MCS, chronic fatigue, migraines, seiz-
ures, depression, asthma, and other conditions to
determine whether or not a particular person’s
illness is a forme masqueé of chemical sensitivity.

What evidence is there that unmasking pa-
tients in an environmental unit and adhering to
a 4-7 day window of time between challenges are
important for this process? Only the observations
of thousands of credible patients and dozens of
physicians who have attempted this maneuver.
Physicians and patients who have followed this
procedure report impressively robust symptoms
following food and chemical challenges. Given
that clinical observations are the wellspring of
most new medical ideas, we must guard against
dismissing these patients’ reports without trying

first to recreate the circumstances in which they
say their responses are most clearly elicited. Some
researchers may argue that an environmental
unit and unmasking should not be necessary if
patients are experiencing symptoms with daily
exposure. It is true that an effect may be seen
with exposure challenges outside of a unit. How-
ever, certain problems can be anticipated. First,
patients’ responses will not be as robust if un-
masking and appropriate timing between chal-
lenges are not considered. But, more concerning,
patients’ responses may not be reproducible from
one day to the next. For example, if patients must
drive through heavy traffic to get to an exposure
chamber in order to undergo a challenge, their
responses to the challenge may be blunted or
perhaps disappear entirely. Conversely, if a pla-
cebo is administered, sensitive individuals might
still be experiencing delayed effects of their expo-
sure to car exhaust while in transit to the labora-
tory, and falsely positive responses could occur.

7. Chemical sensitivity: the need for new
terminology

Applying the moniker “chemical sensitivity” to
the theory of disease described above fails to
convey adequately either the potentially disabl-
ing nature of the condition or its induction by an
earlier exposure event. The two-step process that
has been described for chemical sensitivity begins
with a chemical exposure which appears to be
“toxic,” that is, it causes adverse effects in at least
a subset of individuals (i.e, when they subse-
quently are exposed to different substances).
These individuals report life- and career-disrupt-
ing disability following an identifiable initial ex-
posure. While Paracelsus aptly stated that dose
makes the poison, in truth, “dose 4 host” makes
the poison (for example, pack-years of tobacco
smoked + the a-l-antitrypsin-deficient individ-
ual). Admittedly, the nature of the initial “toxic-
ity” in chemical sensitivity departs radically from
that of classical toxicity (Table 2). Clinically, this
“toxicity” more closely resembles allergic sensitiz-
ation, although, here again, there are major dif-
ferences, which include the exquisite specificity of
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antibodies for antigens versus the spreading of
sensitivities to structurally unrelated chemicals
that is reported by chemically sensitive patients.

In effect, chemical sensitivity is a sort of
“cryptotoxicity.” “Crypto” (Gk. “hidden”) be-
cause of:

(1) The frequently hidden or imperceptible nature
of the initial exposure(s) that causes loss of spe-
cific tolerance. This event may go unnoticed
entirely or may not be connected causally with
onset of illness by patient or physician. For
example, an illness that develops following rou-
tine household extermination or administration
of a general anesthetic may be attributed to some
other cause. If several residents of a home recent-
ly treated with pesticides develop flu-like symp-
toms at the same time, an infectious cause may
be assumed erroneously.

(2) The diversity of clinical presentations that
occur, even among those who share the same
inducing exposure event(s) (e.g. identically or
near-identically exposed family members or co-
workers). Such symptom heterogeneity in an ex-
posed group would tend to “hide” the presence of
a discrete illness, thus thwarting standard epi-
demiological approaches to investigating an out-
break.

(3) Masking via acclimatization, apposition and
addiction, which have been described previously.
Following loss of specific tolerance, masking ob-
fuscates the relationship between symptoms and
triggering exposures.

The term “toxicant-induced loss of tolerance”
(acronym “TILT’) might describe this crypto-
toxic theory of disease more parsimoniously. An
analogy comes to mind here: with a pinball
machine, a player has just so much latitude— he
can jiggle the machine, nudge it, bump it, rock it,
but when he exceeds the limit for that machine,
the “TILT” message appears, the lights go out,
and the ball cascades to the bottom. The ma-
chine’s tolerance has been exceeded and no
amount of effort will make the bumpers or flip-
pers operate as they did before. The game is over.
A colleague recently suggested that another rea-
son a pinball analogy was apt was the fact so
many MCS patients bounce around from one
specialist to another. Indeed the average MCS

patient in one study had consulted nearly ten
physicians (Miller and Mitzel, 1995).

Is another name for chemical sensitivity really
necessary? Notably, the term “allergy” might
have sufficed. Patients with chemical sensitivities
spontaneously refer to their responses as “aller-
gies.” Indeed, when Von Pirquet coined the word
“allergy” in 1906, he defined it as “altered reac-
tivity” of whatever origin. The term originally
embraced both immunity and hypersensitivity. In
1925, European allergists influenced their Ameri-
can counterparts to redefine allergy in the con-
text of antibodies and antigens. A few American
allergists objected, observing that hypersensitiv-
ity in some patients could be occurring on a
non-immunologic basis. In 1967, the discovery of
IgE cemented the antibody-antigen definition of
allergy into place, apparently permanently. Aller-
gists have spent many hours instructing the MCS
patients who consult them that what they have is
not an allergy.

8. Association versus causation

Critics of MCS correctly observe that “humans
have a desire to assign a cause for everything.”
The history of mankind is filled with examples of
man’s attempts to assign cause to every event,
particularly to illness, misfortune, or death (Wad-
dell, 1993). The question is, how do we distin-
guish between a chance association and true
cause and effect? Sir Austin Bradford Hill (1965)
offered nine criteria that have been widely used
by epidemiologists to help make this distinction:
(1) Strength of the association, ie. between the
exposure and the illness. For example, Percival
Pott observed an enormous, perhaps 200-fold
increase in scrotal cancer among chimney sweeps
versus workers not exposed to tar or mineral oils,
a strong association indeed. However, Hill cau-
tions, we should not be too ready to dismiss a
cause-and-effect hypothesis merely on the
grounds that the observed association appears
slight, because there are many instances in medi-
cine when this occurs, yet a cause-and-effect rela-
tionship exists. For example, only a few persons
who harbor meningococcus develop meningitis
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from it, and only a few individuals who are stung
by bees develop anaphylaxis. Analogously, only a
few persons exposed to certain pesticides or a
sick building appear to develop MCS.

(2) Consistency. Have different people in different
places and times observed the association? Hill
considers this especially important for rare haz-
ards or conditions. With regard to chemical sen-
sitivity, multiple observers have independently
described chemical sensitivity arising in persons
exposed to organophosphate pesticides (Rosen-
thal and Cameron, 1991; Cone and Sult, 1992;
Miller and Mitzel, 1995).

(3) Specificity of the association. The more the
association is limited to specific exposures and/or
to specific types of disease, the clearer the case for
causation. Research on inducing exposures for
MCS might reveal strong, specific associations.
With respect to triggering, there appears to be
lack of specificity both in terms of exposures and
symptoms. However individual MCS patients re-
port specific symptoms with specific exposures.
Unlike for cancer or heart disease, cause and
effect for symptom triggering in MCS can be
tested experimentally in humans, providing direct
experimental measurement of the specificity of
the association (if it exists), the strongest form of
evidence possible for an environmentally-related
illness.

(4) Temporality. Does the exposure precede the
illness? Some authors have noted depression or
somatoform tendencies in some MCS patients
that preceded their “initiating” exposure event.
Perhaps the strongest evidence for temporality is
the temporal cohesiveness between exposure and
onset of symptoms that has been observed in
large exposure groups, for example, the Environ-
mental Protection Agency’s sick building occu-
pants or the Gulf veterans, many of whom report
new-onset intolerances and have no evidence of
psychiatric problems predating their exposure.
(5) Biological gradient. An association that fol-
lows a biological gradient or dose-response curve
strongly suggests causality. Hill acknowledges
that it is frequently difficult to obtain a satisfac-
tory measure of exposure. However, a dose-re-
sponse relationship that has been inferred for
allergic conditions (Waddell, 1993) may also per-

tain to chemical sensitivity: there is a dose-re-
ponse relationship for the first, sensitizing expo-
sure in a susceptible individual; with subsequent
exposures, the now sensitized person also re-
sponds in proportion to the dose, but at a much
lower dose level. In addition, MCS patients fre-
quently report that the longer they remain in an
exposure situation, the more severe their symp-
toms become and the longer they persist. Again,
in contrast with cancer or other environmentally-
related diseases, the triggering phase of chemical
sensitivity lends itself to direct human testing of
a dose-response relationship, thus obviating the
need for speculation about a biological gradient.
(6) Plausibility. Hill comments that it is helpful if
the causation we suspect is biologically plausible,
but that what is plausible depends upon the bio-
logical knowledge of the time: “in short, the asso-
ciation we observe may be new to science or
medicine and we must not dismiss it too light-
heartedly as just too odd.” In fact there are some
medical conditions which have features that are
strikingly similar to MCS and which are well-
accepted, for example, Reactive Airways Dys-
function Syndrome (discussed previously) and
Multiple Drug Allergy Syndrome (Sullivan,
1991). These parallel clinical observations may be
signs pointing in the direction of biological
plausibility for MCS.

(7) Coherence. The cause-and-effect relationship
under scrutiny should not conflict with other
generally known facts about the disease, e.g. the
pathology or biochemistry of the illness. Since so
little research has been done on MCS, so far this
has not been a problem.

(8) Experiment. Experimental evidence can pro-
vide the strongest support for a cause-and-effect
relationship. Perhaps one of the reasons MCS
patients are so dogged in their insistence that
chemicals are causing their symptoms is the
strength of the experimental evidence they per-
ceive when they deliberately avoid and then are
re-exposed to incitants. Part of the appeal of
MCS, at least to some environmental scientists, is
that it poses an experimentally testable hypoth-
esis, in contrast with most other environmentally-
related illnesses of major concern. But, again,
experimental conditions must be optimized, i.e.
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unmasking in an environmentally-controlled hos-
pital unit, if the most robust effect is to be seen.
Currently, the only obstacle to these studies being
undertaken is lack of funding.

(9) Analogy. Under certain circumstances, cause-
and-effect can be inferred by analogy. The sensi-
tivities reported by MCS patients are reminiscent
of the heightened sensitivity to tobacco smoke
reported by those who have recently quit smok-
ing. Likewise, there are close parallels between
MCS and addiction, in which food cravings and
binging are also reported. MCS patients describe
“going through withdrawal” or “detox” during
which the symptoms they report are reminiscent
of those reported by drug abusers, yet most MCS
patients systematically avoid even mildly addic-
tive substances. Other possible analogues to
MCS are Reactive Airways Dysfunction Syn-
drome (RADS) and toluene disocyanate (TDI)
sensitivity, particularly the former in which a
single major exposure may lead to hyperrespon-
siveness to multiple, chemically-unrelated in-
halants. We must ask ourselves, if the airways
can develop sensitivity to multiple chemicals, by
analogy why couldn’t the central nervous system
do so as well?

To Hill’s criteria, I might add a tenth criterion,
one that would apply to symptoms (or illnesses)
that are primarily subjective in nature:

(10) Unique symptomatology. The more obscure
or unique a symptom is, particularly if it is
reported by several independent exposure groups
(for example, industrial workers, white collar
professionals, Gulf veterans), the greater the like-
lihood of causation. For MCS, it would be diffi-
cult to imagine that the curious symptom of odor
intolerance, which has been reported by demog-
raphically diverse groups following various expo-
sure events, could be “invented” by all of them.
Equally unexpected and counter-intuitive are
MCS patients’ practices of avoiding fragrances,
foods, alcoholic beverages, etc., that they former-
ly relished. Why would anyone who really liked
pizza, chocolate or beer give them up unless they
made them il1? Why would a mechanic who loved
his job and used to think that WD-40 would
make a wonderful perfume, suddenly report that
odors at work made him ill, if in fact they did

not? Why would doctors, lawyers, teachers and
others say they quit their professions because of
severe mental confusion around fragrances and
engine exhaust, if this weren’t the case? Scientifi-
cally, it would be absurd to dismiss such eccentric
behaviors in otherwise sane individuals without
searching exhaustively for a plausible biological
basis.

Hill suggests that his criteria be used to “study
association before we cry causation.” He further
cautions that none of the criteria indisputably
revokes a cause-and-effect hypothesis, and none
is a sine qua non. In aggregate, these criteria assist
in determining causation. As discussed previous-
ly, chemical sensitivity appears to involve two
steps: Induction by a major or repeated exposure,
and (2) subsequent triggering of symptoms by
chemically-unrelated, low level exposures. Verifi-
cation of the second of these two steps lends itself
to direct experimental testing. Validation of the
first step may rest upon epidemiological investi-
gations and animal studies.

9, Conclusion

If we now begin to speak of chemical sensitiv-
ity—the theory of disease, instead of chemical
sensitivity— the symptom or the syndrome, the
types and number of individuals potentially af-
fected by the condition shift dramatically. While
roughly one-third of the population reports the
symptom of chemical sensitivity, only a fraction of
these individuals suffers from a syndrome that
disrupts their health or lifestyle. In contrast,
chemical sensitivity — the theory of disease posits
that familiar, chronic conditions like depression,
migraine, fatigue, and asthma can arise from
environmental exposure. The health care costs
associated with these conditions are undeniably
enormous. Notably, many of these same condi-
tions also appear to be becoming more prevalent,
which should further pique our curiosity about
environmental causation, particularly given the
exponential increases in synthetic organic chemi-
cal and pesticide production that have taken
place in this country since World War II, coupled
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with the fact that most Americans spend 90% or
more of their day indoors, often in tightly con-
structed buildings with poor air quality.

How we define and conceptualize chemical
sensitivity drastically affects our perspective re-
garding the seriousness of “low level” environ-
mental exposures. As a symptom, chemical
sensitivity or pathosmia generally is not disabl-
ing; as a syndrome, multiple chemical sensitivity
is uncommon (although if only 1% of Americans
were affected, it would still amount to a few
million people). Those who see chemical sensitiv-
ity as an emerging theory for disease see some-
thing profoundly different and deeply concerning.

Only carefully designed studies in a controlled
environment will answer the complex questions
before us concerning the environmental etiologies
of many chronic diseases. Studies of this kind will
be essential for determining what role toxicant-
induced loss of tolerance plays, if any, in human
disease. From the standpoint of public health, if
it were to be determined that chemical sensitivity
was limited to a small group of vulnerable indi-
viduals in the population, perhaps strategies for
protecting or accommodating them could be de-
vised, such as special ventilation, working at
home, wearing respirators, etc. Indeed such
things already are being done. On the other
hand, if chemical sensitivity is an emerging the-
ory of disease that applies not only to MCS, but
also to depression, migraine, asthma, chronic
fatigue syndrome, illnesses associated with im-
plants, and other conditions, the stakes go up
considerably. Medical care costs in this nation
have risen from 5.3% of gross domestic product
in 1960 to 13.9% in 1993, with a dollar value
exceeding $1 trillion, nearly $4000 per person
(Grumbach and Bodenheimer, 1994; Levit et al.,
1994). An important question is, how much does
toxicant-induced loss of tolerance contribute to
this sum?

These are vexing questions that go against the
grain of accepted explanations concerning the
origins of illness. In recent times, many chronic
diseases, addiction, and violence have been ex-
plained in whole or in part in terms of the psyche
and stress. An enormous amount of research has
been devoted to these explanations. There are

about 37000 psychiatrists and 241000 psychol-
ogists in the United States (Roback et al., 1994;
Statistical Abstract of the United States, 1994).
Any theory of disease so bold as to suggest that
depression, anxiety, panic attacks or fatigue
might be caused by chemical exposures should
expect a less than enthusiastic reception. Yet,
most would agree in principle that organic bases
for illnesses should be ruled out before psycho-
logical explanations are invoked. In medicine,
millions of dollars are devoted to the study of the
chronic conditions discussed here and to ident-
ifying psychological therapies and drug interven-
tions. Yet, what if such therapies alleviated some
but not all symptoms, and in the meantime
causative exposures were overlooked? Such a
notion seems farfetched, yet it is precisely what
some heretical scientists and physicians now pro-
pose. A skeptical regard for such speculation by
most practitioners should be viewed as a rational
response to the flurry of pronouncements and
papers of varying reliability that have appeared
on chemical sensitivity in recent years. Wherever
the truth lies, the costs of not pursuing scientific
resolution of these questions are potentially enor-
mous.

Perspective is important. Finding a biological
marker for chemical sensitivity may prove as
difficult as finding the bacterium that was causing
cholera or identifying IgE in allergic diseases.
Generally speaking, treatment and intervention
need not await the discovery of a marker. Hand
washing, sanitation, and allergy shots were all
introduced based on clinical observations. Phys-
icians over the centuries have had to tolerate
uncertainty and cautiously adopt new therapies
while awaiting scientific explanations, but never
before in a nation or time with such high-tech
medical prowess and vested corporate interests,
neither of which has much enthusiasm nor pa-
tience for chemical sensitivity.

Science is not about belief. Science is about
“guess and test.” A new “guess,” perhaps an
emerging theory of disease that parallels the germ
theory, has come to our attention. The theory
suggests that certain costly, chronic illnesses may
be caused by familiar exposures. The theory
insinuates that environmental exposures may
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cause loss of tolerance for specific chemicals,
foods and drugs, that is, toxicant-induced loss of
tolerance. The question is, shall we expend scant
resources to explore this theory, or will we con-
tinue the present debate?

“When I use a word,” Humpty Dumpty said, in rather a
scornful tone, “it means just what I choose it to mean—
neither more nor less.”

“The question is,” said Alice, “whether you can make words
mean so many different things.”

“The question is,” said Humpty Dumpty, “which is to be
master — that’s all.”

Lewis Carroll (emphasis added)

References

Agency for Toxic Substances and Disease Registry (1994) In:
F.L. Mitchell and P. Price (Eds.), Proceedings of the
Conference on Low-Level Exposure to Chemicals and
Neurobiologic Sensitivity. Toxicol. Ind. Health 10, 253-
669.

Ashford, N.A. and Miller, C.S. (1989) Chemical Sensitivity. A
Report to the New Jersey State Department of Health.
Ashford, N.A. and Miller, C.S. (1991) Chemical Exposures:
Low Levels and High Stakes, Van Nostrand Reinhold,

New York.

Association of Occupational and Environmental Clinics
(AOEC) (1992). In: K. M. Rest (Ed.), Proceedings of the
AOEC Workshop on Multiple Chemical Sensitivity. Toxi-
col. Ind. Health 8, 1-257.

Bascom, R. (1989) Chemical Hypersensitivity Syndrome
Study. Options for Action: a Literature Review and a
Needs Assessment. A Report to the State of Maryland
Department of Environment.

Bell, L.R. (1994) Somatization disorder: healthcare costs in the
decade of the brain. Biol. Psychiatry 35, 8§1-83.

Bell, LR., Schwartz, G.E., Amend, D., Peterson, J.M. and Stini,
W.A. (1994) Sensitization to early life stress and response to
chemical odors in older adults. Biol. Psychiatry 35, 857-863.

Bell, LR., Miller, C.S., Schwartz, G.E., Peterson, J.M. and
Amend, D. (1995) Neuropsychiatric and somatic charac-
teristics of young adults with and without self-reported
chemical odor intolerance and chemical sensitivity. Arch.
Environ. Health 51, 9-21.

Carter, K.C. (1985) Ignaz Semmelweis, Carl Mayrhofer, and
the rise of the germ theory. Med. Hist. 29, 33-53.

Cone, J.E. and Sult, T.A. (1992) Acquired intolerance to
solvents following pesticide/solvent exposure in a build-
ing: a new group of workers at risk for multiple chemical
sensitivities? Toxicol. Ind. Health 8, 29-39.

Cullen, M.R. (ed), (1987) Workers with multiple chemical
sensitivities. Occup. Med. 2, 655-806.

Environmental Protection Agency (1989) Indoor Air Quality
and Work Environment Study: EPA Headquarters’ Build-
ings, Vol. I, Employee Survey.

Gots, R.E., Hamosh, T.D., Flamm, W.G. and Carr, C.J. (1993)
Multiple chemical sensitivities: a symposium on the state
of the science. Regul. Toxicol. Pharmacol. 18, 61-78.

Grumbach, K. and Bodenheimer, T. (1994) Painful vs. pain-
less cost control. J. Am. Med. Assoc. 272, 1458—1464.

Hill, A.B. (1965) The environment and disease: association or
causation? Proc. R. Soc. Med. 58, 295-300.

Kuhn, T.S. (1970) The Structure of Scientific Revolutions,
University of Chicago Press, Chicago.

Levit, K.R. et al. (1994) National Health Expenditures, 1993.
Health Care Financ. Rev. 16, 247-294.

Meggs, W.J. and Cleveland, C.H. (1993) Rhinolaryngoscopic
examination of patients with the Multiple Chemical Sen-
sitivity Syndrome. Arch. Environ. Health 48, 14-18.

Meggs, W.J. (1994) Self-reported prevalence of chemical sen-
sitivity and allergy in Eastern North Carolina. Presented
at the Am. Public Heath Assoc. Meeting, Nov. 1994,
Washington, DC. Arch. Environ. Health (in press).

Miller, C.S. (1994) White paper. Chemical sensitivity: history
and phenomenology. Toxicol. Ind. Health 10, 253-276.

Miller, C.S. and Mitzel, H.C. (1995) Chemical sensitivity
attributed to pesticide exposure versus remodeling. Arch.
Env. Health 50, 119-129.

Mitchell, F.L. and Price, P. (1994) Proceedings of the confer-
ence on low-level exposure to chemicals and neuro-
biologic sensitivity. Toxicol. Ind. Health 10, 253-669.

Morrow, L.A,, Ryan, C.M.,, Hodgson, M.J. and Robin, N.
(1990) Alterations in cognitive and psychological fun-
ctioning after organic solvent exposure. J. Occup. Med. 32,
444-450.

National Research Council (NRC) (1992) Multiple Chemical
Sensitivities: Addendum to Biological Markers in Im-
munotoxicology, National Academy Press, Washington,
DC.

Roback, G., Randolph, L. Seidman, B. and Pasko, T. (1994)
Physician Characteristics and Distribution in the U.S,,
American Medical Association, Chicago, p. 20.

Rosenthal, N. and Cameron, C.L. (1991) Exaggerated sensi-
tivity to an organophosphate pesticide (letter). Am. J.
Psychiatry 148, 270.

Ryan, CM.,, Morrow, L.A. and Hodgson, M.J. (1988) Cacos-
mia and neurobehavioral dysfunction associated with oc-
cupational exposure to mixtures of organic solvents. Am.
J. Psychiatry 145, 1442-1445.

Sartin, J.S. (1993) Infectious diseases during the Civil War:
the triumph of the “Third Army”. Clin. Infect. Dis. 16,
580-584.

Statistical Abstract of the United States (1994) Bernan Press,
Lanham, MD, p. 407.

Stockholm International Peace Research Institute (SIPRI)
(1975) Delayed Toxic Effects of Chemical Warfare Agents,
Almquist and Wiskell International, New York.

Sullivan, J.T. (1991) Management of patients allergic to
antimicrobial drugs. Allergy Proc. 12, 361-364.




86 C.S. Miller| Toxicology 111 (1996) 6986

Tabershaw, LR. and Cooper, C. (1966) Sequelae of acute Webster’s (1986) In: P.B. Gove (Ed.), Webster’s Third New

organic phosphate poisoning. J. Occup. Med. 8, 5-20. International Dictionary of the English Language (Un-
Waddell, W.J. (1993) The science of toxicology and its rel- abridged), Merriam-Webster, Springfield, MA.

evance to MCS. Regul. Toxicol. Pharmacol. 18, 13-22. Woodbury, A.C. (1995) University of Texas at Austin, per-
Warner, M. (1985) Hunting the Yellow Fever germ: the sonal communication.

principle and practice of etiological proof in late nine-
teenth-century America. Bull. Hist. Med. 59, 361-382.




TONIGOLOGY

ELSEVIE

Toxicology 111 (1996) 87-100

Sensitization induced by kindling and kindling-related
phenomena as a model for Multiple Chemical Sensitivity

John Rossi 111

Naval Medical Research Institute Detachment ( Toxicology), Tri-Service Toxicology Consortium, 2612 Fifth St., Area B,
Wright-Patterson AFB, OH 45433-7903, USA

Abstract

It has been suggested that the neurobehavioral dysfunction observed in persons presenting with symptoms of
Multiple Chemical Sensitivity (MCS) syndrome involves sensitization of neural circuits. Two hypotheses for the
route of exposure in induction of neural sensitization in MCS are: (a) direct chemical stimulation of olfactory
processes, or (b) general systemic response to inhaled chemicals. In either case, the mechanism of action may involve
chemical kindling or kindling-related phenomena. A neural sensitization mechanism based on kindling or
kindling-related phenomena is attractive and has been previously demonstrated in both in vitro and in vivo animal
models. Without a testable animal model for chemically mediated induction of MCS, however, any argument that
MCS is mediated by kindling or kindling-related phenomena is reduced to the circular argument “the mechanism
of sensitization is sensitization.” The present survey provides an overview of the experimental paradigms that result
in sensitization, differentiated on the basis of probable neurophysiological and neurochemical mechanisms.
Neurophysiological potentiation, electrical kindling, chemical kindling and behavioral sensitization are evaluated
and discussed in relationship to MCS.

Keywords: Multiple Chemical Sensitivity (MCS); Kindling; Neural sensitization; Behavioral sensitization; Neural
potentiation; Animal models

1. Introduction process in the development of MCS. The first

stage involves sensitization to an initial chemical

Multiple Chemical Sensitivity (MCS) has been
described as a polysymptomatic syndrome char-
acterized by neurobehavioral and physiological
symptoms which include difficulties in concentra-
tion, fatigue, depression, headache, irritability,
nausea, dizziness and sleep disorders (Randolph,
1978; Ashford and Miller, 1991; Miller, 1994).
Ashford and Miller (1991) described a two-stage

exposure, while the second stage involves the
triggering of reactions to subsequent chemical
exposures. Individuals who acquire MCS may be
initially susceptible by reason of genetics, hor-
mones, nutrition, environment or stress. Prior to
the sensitizing exposure, these persons generally
lead normal lives and remain asymptomatic until
the occurrence of the sensitizing event. The sen-
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sitizing event can be either a single high-level
exposure, as might occur near a chemical spill, or
repeated exposures to one or more chemicals at
more moderate levels, as can occur from working
in a new or newly renovated office building. The
initial exposure may be sufficient to induce the
“sensitized stage.” Once sensitized, the individ-
uals may adversely respond to other chemical
triggers including low level exposures to smoke
or perfume; drug and food/drug combinations,
including alcohol and caffeine; and foods and/or
food additives. Prior to sensitization, these indi-
viduals typically do not respond adversely to any
of the trigger chemicals, and in many incidences
(e.g. caffeine and ethanol) ingested them for plea-
sure. Repeated triggering may lead to further
sensitization, with this progressive sensitivity
spreading to numerous other compounds. Ash-
ford and Miller (1991) define two symptomatic
stages in MCS: (a) an adapted (masked) state
wherein responses to exposures overlap in time
so that relationships between symptoms and ex-
posures are obscured; and (b) a de-adapted state
where the relationships between symptoms and
exposures are evident. As the severity of the
symptoms increases, afflicted individuals may be-
come incapacitated.

An olfactory-limbic model for the MCS syn-
drome was initially proposed by Bell et al. (1992).
The interactive biopsychosocial model that they
described includes provisions for susceptibility of
populations at risk (i.e. genetic, hormonal, nutri-
tional or stress induced predisposition), as well as
a neural model for the development of the chemi-
cal sensitivity. The initial model proposed that
some combination of direct olfactory stimulation
(e.g. Bokina et al., 1976), systemic chemical kind-
ling (e.g. Mason and Cooper, 1972; Post et al.,
1975; Post and Kopanda, 1976), partial kindling
(e.g. Adamec and Stark-Adamec, 1983) and time-
dependent sensitization (e.g. Antelman, 1988)
could account for the initiation, amplification
and persistence stages of the MCS. Further re-
finements of the neural sensitization model (Bell,
1994; Bell et al, 1993a,b,c, 1994) focused on
time-dependent sensitization (TDS) and partial
limbic kindling as mediators of the syndrome.

All versions of the neural sensitization model

implicate neural sensitization mechanisms in the
ontogeny of MCS, and Bell (1996) provides con-
vincing face, construct and criterion validation
evidence for the involvement of neural sensitiz-
ation in cacosmia and MCS. The specific mecha-
nisms that might be involved, however, are
alluded to only allegorically in terms of TDS,
partial kindling and kindling-related phenomena.
In order to develop a comprehensive model use-
ful in the study of MCS and related disorders, it
is necessary to elaborate on the specific nature of
the neural sensitization mechanism(s) that might
be involved. The present paper provides an over-
view of the paradigms used to induce and dem-
onstrate neural sensitization and evaluates the
likelihood of their involvement in MCS.

2. Direct neural sensitization

2.1. Post-tetanic potentiation ( PTP)

The earliest demonstration of direct neural
sensitization was made by Larrabee and Bronk
(1947) in experiments investigating prolonged
facilitation of synaptic excitation after repeated
stimulation in the stellate ganglion. The phenom-
enon, known as post-tetanic potentiation (PTP)
or post-activation potentiation, results from re-
peated stimulation (tetanization) of a mono-
synaptic pathway or nucleus giving rise to a
monosynaptic pathway. PTP appears to be a
generally exhibited property of nervous tissue
(see Hughes, 1958, for an extensive review). PTP
has been observed in mammalian neural tissue at
the neuromuscular junction, in sympathetic gan-
glia, in spinal cord, in single neurons, and in
sensory systems (Hughes, 1958). PTP has even
been observed in the neuroblastoma cell line
HT4 after direct neurotransmitter tetanization
(Morimoto and Koshland, 1991).

The stimulation parameters required to induce
PTP are varied, with tetanization frequencies
ranging from 20 to 650 Hz, and with stimulation
duration ranging from 5 to 30 s (Hughes, 1958).
Sensitization in PTP is reflected in a statistically
reliable increase from baseline in the amplitude of
the evoked response at the terminal recording
site. The duration of sensitization is typically
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measured in minutes, although for some prepara-
tions the effect can persist for several hours
(Hughes, 1958; Beswick and Conroy, 1965). PTP
appears to be a presynaptic phenomenon
through which an increased amount of neuro-
transmitter is released in tetanized neurons, me-
diated by changing neurotransmitter release
dynamics (Esplin and Zablocka, 1969).

2.2. Long-term potentiation (LTP)

Similar to PTP, long-term potentiation (LTP)
also involves repetitive stimulation of a mono-
synaptic pathway or nucleus giving rise to a
monosynaptic pathway. First reported by Lomo
(1966), LTP has become synonymous with the
descriptive work of Bliss and Lomo (1973) and
Bliss and Gardner-Medwin (1973) performed on
potentiation of synaptic transmission in the hip-
pocampus after stimulation of the perforant path
in anesthetized and unanesthetized rabbits (for
recent reviews of LTP see Tyler and DiScenna,
1987, Massicotte and Baudry, 1991). LTP has
been described most thoroughly for the perforant
path into the dentate area of the hippocampus,
although it has also been reported for other
forebrain structures (Massicotte and Baudry,
1991). LTP has been observed in in vivo prepara-
tions as well as in in vitro tissue slice prepara-
tions (Tyler and DiScenna, 1987; Schwartzkroin
and Wester, 1975).

The stimulation parameters required to induce
LTP are more complicated than those for PTP.
Where PTP tetanizing stimulation is generally
massed, LTP stimulation is generally delivered in
pulse trains. Train length, stimulation current
frequency, inter-train interval and total number
of trains are highly variable over various experi-
mental preparations. Similar to the stimulation
that induces PTP, current amplitudes insufficient
to generate epileptiform afterdischarge at the site
of stimulation, yet sufficient to produce an
evoked response at the terminal recording site,
will yield LTP (Massicotte and Baudry, 1991).
LTP generally persists much longer than PTP,
with potentiation duration measured in hours
and sometimes days (Massicotte and Baudry,
1991). A further distinction between PTP and

LTP can be made on the basis of mediation of
the potentiation. As previously discussed, PTP
appears to be a solely presynaptic phenomenon
dependent on transmitter release dynamics, while
LTP may depend on increased transmitter effi-
ciency as well as sensitization of post-synaptic
processes (Bliss and Lomo, 1973).

3. Kindling

3.1. Electrical kindling

The term electrical kindling refers to the induc-
tion of generalized epileptic seizures following
repeated electrical stimulation of brain tissue at
levels initially insufficient to induce motor con-
vulsions. Watanabe (1936) first observed that
daily cortical stimulation of freely moving dogs
led to a progressive development of motor seiz-
ure activity, eventually resulting in spontaneous
episodes of status epilepticus. The phenomenon
was not extensively studied until Goddard (1967)
recognized its potential importance, and God-
dard et al. (1969) reported the seminal experi-
ments documenting long-term sensitization
induced by the kindling effect. These researchers
established that susceptibility to kindling is a
general property of neural brain tissue. They
demonstrated that the effect could be elicited by
stimulating a large number of different brain
regions, although some brain areas required con-
siderably more stimulations to induce generalized
seizures than others. These and subsequent stu-
dies suggest that the most reliable subcortical
sites for kindling are structures in the limbic
system or those areas with efferent projections to
limbic structures, including the olfactory system
(Cain, 1977). Goddard et al. (1969) also deter-
mined that interstimulation interval was relative-
ly unimportant, showing that the number of
stimulations required to achieve a generalized
seizure was similar regardless of whether the
interval between stimulations was 24 h or 7 days.
They did, however, report that more stimulations
were required when the interstimulation interval
was 12 h or less, and that kindling of generalized
seizures did not occur when the interstimulation
interval was less than 20 min. Finally, Goddard
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et al. (1969) demonstrated that sensitization in-
duced by kindling does not substantially weaken
over a period of 3 months, even if no further
electrical stimulations are delivered. Racine
(1978) stated that amygdaloid-kindled rats re-
main sensitive to the kindling stimulation for
periods as long as 14 months.

The interspecies generality of the kindling phe-
nomenon has been demonstrated repeatedly.
Electrical kindling has been observed in the ba-
boon (Wada and Osawa, 1976), the monkey
(Goddard et al.,, 1969), the cat (Tanaka, 1977),
the rabbit (Tanaka, 1972), the mouse (Leech and
Mclntyre, 1976) and the frog (Morrel and Tsuru,
1976). In mammalian studies, kindling induction
patterns are typically very similar, although in-
ter-species differences exist regarding the number
of afterdischarge-eliciting stimulations necessary
to achieve kindled motor seizures. For mam-
malian species, kindling susceptibility appears to
be inversely related to phylogenetic ranking (e.g.
cats kindle more slowly than rats but more
quickly than monkeys).

Racine (1972a,b) was the first to study the
electrographic events that occur during the kind-
ling process. Racine (1972b) demonstrated that
kindling of motor seizures requires the gener-
ation of afterdischarges in the area stimulated by
the stimulating current. Throughout the kindling
process, brain areas increasingly distal to the
stimulating electrode are, with successive stimu-
lations, progressively recruited to exhibit epilep-
tiform afterdischarge. Behavioral seizure indices
progress with distal tissue recruitment (i.e. facial
twitching, then forequarter jerking, then forelimb
clonus, etc.), culminating in a generalized motor
seizure. Racine (1972a) demonstrated that the
threshold current for elicitation of afterdischarge
could be lowered by repeated stimulation with
current amplitudes initially insufficient to evoke
afterdischarges, and the reduction in afterdis-
charge threshold observed was found to be rela-
tively permanent. The importance of the
afterdischarge waveform in the processes which
underlie neural recruitment, and of the concomi-
tant progressive development of motor seizures,
was highlighted by the subsequent finding that
single trial motor seizures could be elicited by

stimulating current that mimicked afterdischarge
potentials in terms of frequency (Racine et al.,
1973).

The physiological substrates of electrical kind-
ling appear to be related to those that underlie
both PTP and LTP, although this relationship is
not unambiguous (Cain, 1989b). Single-pulse
stimulations in a kindled amygdala have been
shown to facilitate evoked potentials in target
structures. This effect is similar to that observed
after stimulations that induce LTP (Racine et al.,
1975, 1983), although the persistence of the kin-
dled response may be significantly longer than
with LTP. Failure to observe a kindling-induced
effect on evoked potentials (Giacchino et al.,
1984), and the converse finding of decreases in
evoked potential amplitude have also been re-
ported (Racine et al., 1983; Sutula and Steward,
1987), although these inconstancies may be ex-
plained by changes in evoked response thres-
holds that may occur during kindling. Indeed,
Maru and Goddard (1987) demonstrated that
kindling-induced enhancement of the evoked re-
sponse is maintained throughout the kindling
process if the amplitude of the single-pulse stimu-
lation current is increased to compensate for
the increasing thresholds of the evoked re-
sponse. Similarly, while LTP-inducing stimula-
tion has been demonstrated to facilitate kindling
(Racine et al, 1975a; Sutula and Steward,
1987), the actual facilitation never exceeds
50% savings in number of afterdischarge-eliciting
stimulations required for behavioral convul-
sions. Additionally, repeated LTP-inducing
stimulations that do not trigger afterdischarges
fail to kindle motor seizures or lower the thresh-
old for eliciting afterdischarges (Sutula and Stew-
ard, 1987). A consensus appears to be forming
(Jibiki et al., 1988; Cain et al,, 1992) to support
the hypothesis that the underlying substrates of
LTP may also underlie the establishment of kind-
ling, but not necessarily its persistence. Further-
more, it is believed that the mechanism
underlying sensitization induced by either LTP
or kindling procedures may involve activation of
the N-methyl-D-aspartate (NMDA) receptor
(Cain, 1989a; Gilbert and Mack, 1990; Cain et al.,
1992).
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3.2. Partial kindling

A variant of the electrical kindling paradigm
has been referred to as partial kindling (Adamec
and Stark-Adamec, 1983). As with electrical
kindling, partial kindling induction requires the
elicitation of epileptiform afterdischarges, al-
though the stimulating electrode is generally
located in a brain nucleus or area implicated as
being involved in specific behavioral responding.
As in electrical kindling, the afterdischarge dur-
ation increases with successive stimulations and
requires a minimum interstimulation interval.
Accordingly, areas more distal to the electrode
site are progressively recruited to exhibit epilep-
tiform afterdischarge with successive stimula-
tions. Unlike the classical electrical kindling
paradigm, however, partial kindling is discon-
tinued before the elicitation of generalized motor
seizures. The dependent variables in partial kind-
ling experiments are a change in some behavioral
endpoint and the persistence of the change.

The use of what is now referred to as partial
kindling was pioneered by Jose Delgado and his
co-workers in the 1950s. Delgado and Anand
(1953) reported a long lasting increase in food
intake after repeated spaced stimulations of the
lateral hypothalamus of the cat. This procedure
appears to mimic the functional effects of con-
tinuous lateral hypothalamic stimulation that has
been shown to increase feeding behavior in ani-
mals (Berridge and Valenstein, 1991). Similarly,
Alonso-DeFlorida and Delgado (1958) showed
that repeated amygdala stimulations result in
persistent alterations in the social behavior in the
cat. More recently, Adamec (1990, 1991) has used
a partial kindling procedure to study aggressive-
ness in cats, reporting that partial kindling of the
amygdalofugal pathway permanently alters so-
cial behavior of the animals.

4. Chemical kindling

Chemical kindling refers to progressive induc-
tion of generalized motor seizures following re-
peated administration of chemical compounds at
dose levels initially insufficient to induce motor
convulsions. Unlike electrical kindling, in which
a standard kindling procedure is used to achieve

the desired endpoint (i.e. either generalized motor
seizures or relatively permanent changes in speci-
fied behaviors), chemical kindling refers to a
much broader assortment of paradigms. The con-
vulsive endpoints of the chemical kindling para-
digms may not have common underlying mech-
anisms and may not be unambiguously related to
each other or to those induced by electrical
kindling. Several classes of chemical kindling can
be readily differentiated on the basis of the pro-
cedures used in induction of the generalized seiz-
ures, as well their likely mechanisms of action.

4.1. Intracerebral-localized (ICL) chemical
kindling

Initially described by Goddard (1969), in-
tracerebral-localized (ICL) chemical kindling is
most paradigmatically similar to classical electri-
cal kindling among the chemical kindling pro-
cedures. In ICL chemical kindling, a convulsant,
neurotransmitter, or receptor agonist or antagon-
ist is administered directly to brain tissue
through a narrow diameter cannula. The kind-
ling agent is infused periodically, generally at a
frequency of once per day. Similar to electrical
kindling, the infused stimulus must elicit localized
epileptiform afterdischarges. Subsequent infu-
sions increase the duration of the afterdischarge
and lead to recruitment of brain regions more
distal to the infusion site. A gradual progression
to generalized motor seizures is observed. ICL
chemical kindling has been demonstrated in re-
sponse to intracerebral infusions of the cholino-
mimetic agent carbachol (Goddard, 1969; Vosu
and Wise, 1975), the opioid agonist methionine-
enkephalin (Tanaka et al, 1993), the y-amino-
butyric acid (GABA) antagonist picrotoxin
(Cain, 1987), the GABA antagonist bicuculline
methiodide (Uemura and Kimura, 1988), the
convulsant pentylenetetrazol (Cain, 1982) and
the cyclic nucleotide cAAMP (Yokoyama et al,
1989).

4.2. Intracerebroventricular (ICV) chemical
kindling '
Intracerebroventricular (ICV) chemical kind-
ling has also been demonstrated (Snead, 1983).
ICV chemical kindling is similar to localized
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(ICL) chemical kindling in that a progression to
generalized motor seizures is observed after
spaced repeated ICV administrations of com-
pounds that also support ICL chemical kindling,
ICV chemical kindling differs from ICL chemical
kindling in that the kindling compounds are
infused into the cerebral ventricles and achieve a
much broader dispersion. This dispersion prop-
erty suggests that ICV chemical kindling may be
more closely related to systemic chemical kind-
ling (as described below) than to electrical kind-
ling. As in systemic chemical kindling, the wide
distribution of the convulsant compound makes
it difficult to specify the locus or mechanism of
action of the chemical compound accurately. ICV
kindling has been demonstrated after repeated
administration of carbachol, morphine and
leucine-enkephalin (Snead, 1983).

4.3. Systemic chemical kindling

Systemic chemical kindling refers to a gradual
progression to generalized motor seizures ob-
served after spaced, repeated intraperitoneal
(i.p.), intravenous or subcutaneous administra-
tions of a chemical compound. Downs and Eddy
(1932) provided the first convincing demonstra-
tion of this effect. They reported that repeated i.p.
injections of cocaine, separated by up to 3 days,
led to severe convulsions and death in rats. The
first report of systemic chemical kindling in the
post-Goddard electrical kindling literature was
by Mason and Cooper (1972). They demon-
strated that initially non-convulsive doses of pen-
tylenetetrazol (PTZ), were subsequently capable
of inducing generalized motor seizures when re-
peatedly administered at 48-h intervals. More
recently, these results have been repeated using
other known convulsant compounds including:
picrotoxin and bicuculline (Nutt et al., 1982b;
Nutt et al., 1982a); the B-carboline compounds
Ro 15-1788 (Morin et al., 1983; Morin, 1984) and
FG-7142 (Little et al,, 1986); and the pesticide
endosulfan (Gilbert, 1992). Racine has concluded
that the capability to induce systemic chemical
kindling is a general property of convulsant com-
- pounds (Racine, 1978).

Cocaine, a releaser and reuptake inhibitor of
the catecholamine neurotransmitters norepineph-

rine and dopamine (Cooper et al.,, 1986), has been
found to support systemic chemical kindling
(Post and Kopanda, 1975). This finding is para-
doxical to the accepted belief that catecholamine
neurotransmitters generally inhibit the kindling
process (Corcoran, 1981). Accordingly, it has
been suggested that the chemical kindling effect
of cocaine is due to properties associated with its
local anesthetic action. This conclusion is sup-
ported by the demonstration of similar chemical
kindling after repeated injections of the local
anesthetic lidocaine (Post et al.,, 1975; Post and
Kopanda, 1976), and the finding that paroxysmal
EEG activity accompanies generalized motor
seizures after very high doses of the compound
(Riblet and Tuttle, 1970). However, failure
(Rossi, unpublished observation) to replicate the
kindling effect in Long-Evans rats after 28 daily
injections of the local anesthetic procaine hydro-
chloride (50 mg/kg) suggests that kindling is not
necessarily a general property of local anes-
thetics.

A flaw in the majority of studies inducing
systemic chemical kindling is the lack of report of
EEG correlates to the behaviors induced by the
chemical administration. Indeed, Racine
(1972a,b) has pointed out that many of God-
dard’s initial observations of low electrical kind-
ling rates, or failure to observe kindling at some
electrode placements, can be explained by use of
current amplitudes insufficient to induce the
afterdischarges necessary to support kindling. In
spite of the knowledge of this pitfall, most chemi-
cal kindling studies evaluate seizure activity by
exclusively assessing behavioral convulsive re-
sponses according to some variant of the five-
stage scale developed by Racine (1972b). Draw-
ing firm conclusions from such studies is made
difficult by the lack of knowledge of the electro-
graphic dose-response characteristics of the phar-
macological manipulations.

Only two studies found in the literature exam-
ined EEG as a function of the administration of
a convulsant in a systemic chemical kindling
study. Ito et al. (1977) measured cortical EEG
during a PTZ kindling procedure and assessed
both EEG and behavioral responses. Ono et al.
(1990) correlated behavioral and EEG responses
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during a systemic chemical kindling procedure,
also using PTZ. Ono et al. developed a correla-
tive rating system allowing extrapolation of the
electroencephalographic state of the brain based
on the behavioral observations. The result of this
investigation was a six-stage seizure grading scale
with EEG referents.

Two shortcomings of this behavior-to-EEG
work are obvious. First, the only compound to
be systematically studied with both EEG and
behavioral seizure indices is PTZ. Little is known
about the electroencephalographic effects of
other systemically administered compounds dem-
onstrated to support chemical kindling. Second,
while an ascending grading scale of seizure sever-
ity may be appropriate for categorization of
motor activity associated with electrical kindling
or ICL chemical kindling, use of such scales may
not be appropriate for the grading of seizures
elicited by systemic chemical stimulation. Indeed,
the nature of electrical and ICL chemical kind-
ling allows description of a well-defined primary
focus, description of pathways supporting conse-
quent recruitment and epileptogenesis, evalu-
ation of propagation strength, and observations
of convulsive motor behavior correlated with the
activity at the primary site. In such kindling, a
systematic progression of severity of behavioral
response is observed as a consequence of recruit-
ment of distal brain areas involved with motor
activity. Specification of localization is more dif-
ficult using systemic or ICV chemical stimulation
because many structures are simultaneously ac-
tivated by effective doses of the chemical. Repeat-
ed administrations of chemical convulsants (e.g.
systemic PTZ) do not necessarily mimic the
structure-to-structure recruitment effects seen in
electrical or ICL chemical kindling, but more
likely produce regionally graded changes in epi-
leptiform discharge patterns in areas related to
motor behavior. While electrical kindling ap-
pears to be the result of recruitment to epileptic
involvement of distal brain areas related to mo-
tor activity, systemic chemical kindling appears
to reflect changes in sensitization of all areas
affected by the chemical. Electrical kindling and
systemic chemical kindling may reflect two en-
tirely different sensitization mechanisms, a possi-

bility suggested by the findings of a lack of
differential responses to electrical stimulation in
brains of mice previously kindled with PTZ
(Piredda et al., 1986).

4.4. Chemical kindling of EEG paroxysmal
activity without behavioral convulsions

In the process of describing the convulsant
actions of a novel organophosphate compound
trimethylolpropane phosphate (TMPP), we have
uncovered a heretofore unreported form of non-
convulsive, chemical kindling of EEG. TMPP
reliably induced EEG paroxysms in rats at i.p.
doses as low as 0.025 mg/kg, and induced gener-
alized behavioral convulsions progressing to
status epilepticus and death at doses greater than
0.4 mg/kg, indicating that it possesses about 100
times the convulsive potency of PTZ (Ono et al.,
1990). Rats from both Fischer-344 and Sprague—
Dawley strains underwent a standard tri-weekly
systemic chemical kindling procedure using
TMPP doses from 0.10 mg/kg to 0.40 mg/kg.
Mid-range doses of TMPP (0.20-0.25) were
found to induce brief episodes of head myoclonus
in several animals after the first injection, while
the highest dose (0.40 mg/kg) induced generaliz-
ed motor seizures in all animals tested. No pro-
gressive changes occurred in behavioral
convulsive activity observed during the 11-weck
kindling procedure, however, regardless of the
dose level used. The group that was kindled with
the 0.40 mg/kg dose exhibited erratic patterns of
occurrence of generalized seizures, whereby ani-
mals that exhibited generalized motor seizures in
response to the initial TMPP injection sometimes
exhibited no behavioral convulsive response to
subsequent administrations. These failures to ex-
hibit a generalized motor convulsion were found
to become more frequent as the 10-week kindling
procedure progressed. Remarkably, while behav-
ioral indices of kindling remained constant or
declined, EEG paroxysmal activity showed a
significant increase in response to repeated expo-
sure to the same dose level of TMPP. Although
TMPP has been shown to be >99% cleared
from major body tissues within 24 h of adminis-
tration, the pattern of increased EEG paroxysmal
activity (over baseline levels) persisted 2 weeks
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following the last TMPP administration and fell
to baseline level during the ensuing week. The
animals that underwent the kindling procedure
were also found to exhibit long-term sensitization
to an auditory stimulus when tested for suscepti-
bility to audiogenic seizures 74 days following the
last TMPP injection. A comprehensive descrip-
tion of the mechanisms of action of TMPP may
prove paramount in the elucidation of the pro-
cesses subserving neural sensitization.

5. Sensitization induced by drugs, toxicants or
stressors

5.1. Long-term sensitization (LTS)

Long-term sensitization (LTS) refers to the
processes underlying changes from baseline of
some physiological or behavioral endpoint that
are reflected shortly after the sensitizing event
and which persist for an indefinite period of time.
The general procedure for assessing LTS first
involves assessing the baseline rate or level of a
physiological or behavioral endpoint. Next, a
sensitizing drug, toxicant, noxious stimulus or
other stressor is administered to the experimental
subject in one or more treatments. The physio-
logical or behavioral endpoint is tested again,
usually within 48 h of the sensitizing treatment. If
a reliable change from baseline is measured, sen-
sitization has occurred. Finally, the endpoint is
tested again weeks or months after the sensitizing
treatment, and if a reliable change from baseline
is still observed, LTS has occurred. The unique
property of LTS is that while it exhibits long-
term persistence, it does not require time to
develop.

Bartholetti et al. (1983) demonstrated LTS to
the excitatory effects of morphine in dependent
rats. Sensitization was found to persist for 160
days following initial post-sensitization testing.
More recently, long term sensitization of
apomorphine-induced rotational behavior has
been described in striatally lesioned rats (Klug
and Norman, 1993). In this study, rats exhibited
short-term sensitization to a second administra-
tion of apomorphine administered 36 h after the
initial sensitizing dose. LTS was observed 10-12
weeks following initial sensitization. We have

observed long-term physiological as well as be-
havioral sensitization to the effects of TMPP. We
initially demonstrated that one TMPP adminis-
tration at concentrations as low as 0.0125 mg/kg
is capable of sensitizing Fischer-344 rats to
audiogenic seizure induction 30 min following
administration. These rats, as well as TMPP
treated rats not initially tested for audiogenic
seizure susceptibility, exhibited LTS to an
audiogenic stimulus up to 80 days following
TMPP administration. Subsequently, we demon-
strated behavioral sensitization to the effects of
d-amphetamine 2 days after four bi-daily admin-
istrations of TMPP (0.10 mg/kg), and LTS 61
days following the final TMPP treatment.

5.2. Time-dependent sensitization (TDS)

Time-dependent sensitization (TDS) is para-
digmatically similar to LTS. It refers to the
processes underlying changes from baseline levels
of some physiological or behavioral endpoint
that are not reflected immediately after the sensi-
tizing event, but require a duration of many days
for demonstration of sensitization. The general
procedure for assessing TDS first involves mea-
surement of the baseline rate or level of a physio-
logical or behavioral endpoint. Next, a sensitizing
drug, toxicant, noxious stimulus or stressor is
administered to the experimental subject in one
or more treatments. The physiological or behav-
ioral endpoint is tested again, usually within 48 h
of the sensitizing treatment. Testing within this
interval must reveal no reliable change in the
endpoint from baseline values. Finally, the end-
point is tested again weeks or months after the
sensitizing treatment. If a reliable change from
baseline is observed, TDS is said to have occur-
red. The unique property of TDS is that it
requires many days to develop after experience
with the sensitizing event.

The TDS paradigm has been thoroughly re-
viewed by Antelman (1988). TDS has been dem-
onstrated for single injections of any of a number
of psychoactive drugs. TDS of either physiologi-
cal or behavioral responses has been reported for
cocaine, amphetamine, amytryptaline, haloper-
idol, diazepam, opiates, ethanol and clonidine.
Antelman et al. (1980) demonstrated that stres-
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sors can act interchangeably with psychos-
timulants in the production of TDS of both
behavioral and physiological responses. Sensitiz-
ation was reported for physical stressors includ-
ing tail pinch and needle prick (Antelman, 1988),
as well as for emotional stressors (Antelman et
al,, 1992). Nocjar (1995) demonstrated psychos-
timulant and opiate induced TDS of both sexual
and food driven appetitive behaviors using a
novel open field testing procedure. In addition to
behavioral and neurophysiological TDS effects,
time-related effects have also been demonstrated
for immunosuppression (Antelman et al., 1990),
and for melatonin receptor down regulation with
accompanying increases in adenylate cyclase ac-
tivity after treatment with melatonin (Hazlerigg
et al., 1993).

6. Learning

Learning, as described in most introductory
psychology textbooks as a relatively permanent
change in behavior brought about by experience,
clearly represents the most ubiquitous form of
sensitization. Learning is also the most powerful
demonstration of the adaptability of the central
nervous system (CNS). If a continuum exists in
sensitization, and the most simplistic physiologi-
cal demonstrations of sensitization (i.e. as PTP
and LTP) represent the lowest level, and kindling
and the complex multifaceted demonstrations of
LTS and TDS represent intermediate levels, then
learning would represent the highest level in the
continuum. In the cases of PTP and LTP, a
rather short duration of sensitization is observed
in monosynaptic circuits induced by a very
simple electrical stimulus. In the cases of LTS
and TDS, a long-term sensitization is observed in
very complex circuits after exposure to a moder-
ately complex pharmacological or traumatic
stimulus. In the case of learning, a relatively
permanent sensitization occurs in circuits of
enormous potential complexity, in response to
multisensory experiential information. Learning
may actually represent an indirect index of
physiological sensitization that is manifested in
behavioral change. The main problem with as-
sessing learning in the context of the sensitization

continuum is that, except for simple learning that
occurs in the well-mapped nervous systems of
annelid worms, insects or simple marine crea-
tures, describing the physiological and biochemi-
cal changes that occur during the sensitization
process with the technology available today is
nearly impossible. From the time scientists first
concluded that the substrates sensitized in the
learning process exist in the neural tissue of the
brain, the search for those substrates has re-
mained an enigma (Lashley, 1950).

7. Sensitization and multiple chemical sensitivities

7.1. Kindling-like sensitization and MCS

The previous sections of this paper discussed
well-known neurophysiological mechanisms that
may, in part, explain development, manifestation
and persistence of MCS. The concluding part of
this paper hypothesizes how the previously de-
scribed sensitization phenomena might relate to
MCS and suggests a strategy for the development
of a physiological model for MCS.

Ashford and Miller (1991) and Miller (1994)
proposed that any model sufficient to explain
MCS needs to address the following clinical
observations:

(1) Symptoms involving virtually any system in
the body or several systems simultaneously, but
most frequently the CNS (fatigue, mood changes,
memory and concentration difficulties);
(2) Different symptoms and severity in different
individuals, even among those experiencing the
same exposure;
(3) Induction or sensitization by a wide range of
environmental agents, including pesticides, sol-
vents and combustion products;
(4) Subsequent triggering by lower levels of expo-
sure than those involved in the initial induction
of the illness;
(5) Spreading of sensitivity to other, often chemi-
cally dissimilar substances. Each substance must
trigger a different but reproducible constellation
of symptoms;
(6) Concomitant food, alcohol and medication
intolerance, estimated to occur in a sizable per-
centage of MCS patients (Miller, 1994, p. 261).
The olfactory-limbic model for the develop-
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ment of MCS (Bell et al., 1992; Bell, 1994) pro-
posed that a combination of the processes in-
volved in kindling and kindling-like phenomena,
especially those processes that relate specifically
to partial kindling (Adamec and Stark-Adamec,
1983) and the processes that mediate TDS (Ante-
Iman, 1988), can account for the development
and persistence of the symptoms associated with
MCS. Except for the face validity associated with
the similarities between sensitization induced by
kindling or TDS and that sensitization presumed
to accompany the development of MCS, a formal
hypothesis has never been proposed to explain
specifically how kindling-related phenomena are
involved in MCS.

Independent from the context of MCS, the
kindling effect has been suggested as a model for
sensitization (Martinez-Selva, 1987). As was pre-
viously described, electrical kindling shares some
substrates with those which underlie simpler sen-
sitization phenomena such as LTP and PTP.
Additionally, the transfer of sensitization between
electrical kindling and chemical kindling (Kilbey
et al, 1979; Cain, 1980, 1982, 1987), and their
correspondence after pharmacological manipula-
tions (e.g. Pinel and van Oot, 1975), suggest the
existence of similar common substrates for the
two phenomena. Clearly, the capability of exhibi-
ting sensitization appears to be a common and
unique attribute of nervous system tissue. Unfor-
tunately, the ambiguities surrounding the nature
of the relationships between the underlying
mechanisms of kindling and related neural sensi-
tization phenomena make it nearly impossible to
speculate about which specific underlying mech-
anisms might be involved in the development of
MCS.

As a model for MCS, kindling and kindling-
related phenomena share the same problems as
they do as a model for short- and long-term
memory. For example, Larrabee and Bronk
(1947) presumed that learning might be ex-
plained by a long persistence effect of nervous
impulses caused by a mechanism related to PTP.
Bliss and Lomo (1973), in the study of LTP in the
perforant path input to the hippocampus, sugges-
ted that their findings were significant because
LTP would provide a mechanism for hippocam-

pal neurons to retain information for sufficient
duration to be potentially useful for information
storage. While it is clear that neither PTP nor
LTP offer the sensitization permanence necessary
to account for long-term memory, their involve-
ment in the processes that lead to the encoding
of the engram can not be discounted. It is pos-
sibly through their involvement in the processes
that subserve kindling that the sensitization in-
duced by PTP and LTP is involved in learning
(Goddard and Douglas, 1975; Racine et al,
1975b; Racine and Zaide, 1978; Cain, 1989b). If
the mechanisms that underlie PTP and LTP play
a role in the development of MCS, their roles are
probably similar to those proposed for their
participation in learning and memory.

From the initial description of kindling by
Goddard (1967), through his work with the kind-
ling phenomenon that proceeded into the 1980s,
his fascination with the idea that kindling pro-
duced the characteristics necessary to serve as a
model for the formation of the long-term mem-
ory engram remained apparent. The idea that
kindling might represent the engram formation
process was suggested by the facts that, like
learning, kindling: (a) involves non-degenerative
change in neural processing based on relatively
permanent alterations of excitatory synapses; (b)
can be induced by specific neural activation at
specific locations in the mammalian brain; (c)
affects behavior in a lasting way; and (d) exhibits
the properties of transfer, interference and spon-
taneous recovery (Goddard and Douglas, 1975).
In order to illustrate their position that kindling
may still model the process of learning, even
though it is an epileptogenic phenomenon in-
duced by electrical currents far in excess of those
with any physiological meaning, the authors
stated: “a bizarre parent may have a bizarre child
through an entirely normal act of procreation”
(Goddard and Douglas, 1975, p. 386). One of the
few instances of non-inferential support for this
hypothesis is provided by the finding that both
kindling and learning share the common prop-
erty of a molecular mechanism which involves
calcium-dependent protease associated with pos-
tsynaptic membranes, and the activity of this
mechanism results in the unmasking of excitatory




J. Rossi Il Toxicology 111 (1996) 87-100 97

glutamate receptors on the membranes, which
could partially account for both phenomena
(Baudry, 1986).

Both PTP and LTP require high frequency,
high amplitude stimuli, and all forms of kindling
require the elicitation of either focal afterdis-
charge or generalized paroxysmal activity in or-
der to achieve the target endpoint. If such
corresponding abnormal EEG activity were
routinely detected in MCS patients, a physiologi-
cal potentiation or kindling explanation for the
phenomenon could be easily rendered. As is the
case for learning, however, neither the sensitiz-
ation nor triggering phases of MCS is associated
with any detectable epileptic paroxysms, nor do
individuals afflicted with MCS exhibit any un-
usual tendency for epilepsy (Bell et al., 1992). In
further comparison of models of learning and
MCS based on kindling and kindling-related
phenomena, several important differences be-
come apparent. Whereas the synaptic events that
mediate simple learning are reasonably well
studied in animals, no such focal animal model
exists for MCS. Similarly, while animal learning
can be induced by stimulation of specific brain
structures, no corresponding work has been per-
formed with chemical sensitivities. Indeed, be-
cause of the lack of testable animal models,
kindling may represent an even more “bizarre
parent” for MCS than it does for learning and
memory.

Direct olfactory stimulation represents the
most likely route of exposure involved in MCS.
While inhalation exposures through the lung
obviously occur, the concentration of inhaled
chemicals is probably insignificant. Therefore,
while blood-borne chemical contaminants may
contribute to some systemic chemical kindling-
like effect, it is more probable that a localized
chemical kindling-like effect, similar to that ob-
served in ICL chemical kindling, is responsible
for inducing the sensitization. Accordingly, olfac-
tory pathways and specifically the olfactory bulbs
are particularly sensitive to electrical and chemi-
cal kindling (Cain, 1977; Sato et al., 1990). The
receptors in the olfactory epithelium form a di-
rect access pathway to olfactory structures in the
CNS. It is reasonable, therefore, to assume that

strong activation of the olfactory epithelium cells
could provide sufficient input to central olfactory
circuits to cause sensitization. Such an effect
could be easily studied using standard neuro-
physiological assessments of central olfactory
structures, the amygdala and related limbic struc-
tures in response to chemical stimulation of the
olfactory epithelium. Unfortunately, no such di-
rect test of the olfactory-limbic hypothesis of
CNS sensitization has ever been reported.
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Abstract

This paper addresses the evidence for the face, construct, and criterion-related validity of the olfactory-limbic/
neural sensitization model for multiple chemical sensitivity (MCS). MCS is a poorly-understood, controversial
condition in which low levels of environmental chemicals are reported to trigger disabling levels of illness in certain
individuals. Neural sensitization processes could generate an endogenous amplification of responsivity to exogenous
substances, thereby providing a plausible explanation for the apparent lack of a classical toxicological dose-response
relationship in MCS. Convergent data from both survey and psychophysiological studies of MCS patients and of
persons from the community without MCS, but who report elevated frequency of illness from chemical odors
(cacosmics), support the involvement of the limbic system and the sensitizability of cacosmics, as predicted by the
model. Recent studies show that cacosmics do sensitize their heart rate, blood pressure, and plasma f-endorphin
responses to repeated exposures to a novel laboratory procedure involving dietary manipulations over time.
Cacosmia may represent a pathological form of neural plasticity. Taken together, the model and the available
evidence suggest the need for more intensive investigation of MCS from the standpoint of possible neurobiological
mechanisms affecting cognitive, emotional, and somatic functions.

Keywords: Sensitization; Olfactory; Limbic nervous system; Environmental chemical intolerance; Validity

1. Introduction

This paper summarizes the olfactory-limbic,
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matic, multisystem condition characterized by
self-reported susceptibility to illness from low
levels of multiple environmental chemicals. Cen-
tral nervous system (CNS) symptoms such
as difficulty concentrating, memory problems,
fatigue, depression, dizziness, daytime sleepiness,
“spaciness” (derealization), tension, and irritabil-
ity are common (Miller, 1994; Miller and Mitzel,
1995); somatic symptoms such as joint and
muscle pains, gastrointestinal distress, weakness,
headache, recurrent sinusitis and bronchitis and
other inflammatory conditions, breast and ovar-
ian cysts, and nasal allergies are also frequent
(Bell et al,, 1994, 1995a, 1996; Buchwald and
Garrity, 1994). Patients claim that symptoms
flare during chemical exposures and remit during
avoidance. Various proposals for possible mech-
anisms for the condition have included, (i) pre-
sumptively psychogenic factors such as odor
conditioning or misattribution of psychiatric
symptoms such as depression, anxiety/panic, or
somatization, (ii) immune system dysfunction;
(iii) nervous system dysfunction in the periphery
and/or CNS (Ashford and Miller, 1991; Kilburn,
1993; Miller, 1994). As it is beyond the scope of
this paper to address the alternative models other
than neural sensitization in detail; the reader is
referred to several recent reviews for additional
perspectives (Bell et al., 1992; Meggs, 1993; Bell,
1994a; Sparks et al., 1994). Nonetheless, the fact
that only a subset of people from the general
population or from any given chemically-exposed
cohort develops MCS (Ashford and Miller, 1991;
Cone and Sult, 1992; Miller, 1994) highlights that
the focus must be on individual differences in
susceptibility to environmental factors more than
on inherently toxic properties of the triggering
agents themselves (Bell, 1994a).

In order to evaluate the face validity of any
model, it is essential to consider the specific
phenomenology of MCS that requires éxplana-
tion (Miller, 1994). In the intense controversy
and debate over the existence and nature of
MCS, it is notable that many observers have
limited their considerations to two general
points, i.e. (i) the apparent overlap in symptoms
between some aspects of MCS and common
psychiatric conditions, e.g. depression, panic dis-

order, somatization disorder; and (ii) the ten-
dency of MCS patients to show extensive and
extreme avoidant behaviors towards chemicals
(Brodsky, 1983; Sparks et al., 1994). However, the
clinical and research literatures indicate a far
more complex illness process (Randolph, 1978).

For example, patients report that the same
symptoms are triggered not only by chemically-
unrelated substances in ambient air, but also by
very different environmental agents such as inges-
ted foods, food additives, and drugs. Unlike the
typical psychiatric patient with depression,
anxiety, or somatization disorder, MCS patients
have low rates of smoking and of alcohol toler-
ance, use, or abuse (Miller, 1994; Bell et al,
1995a). Sensitivities to chemicals encountered in
many different settings can persist for months to
years despite long-term avoidance; sensitivities to
foods are more variable and can remit after
weeks to months. Some items are tolerated under
certain circumstances, e.g. while away from home
on a trip, but not at home, or vice versa. Patients
cannot always identify a specific odor in an
environment in which they feel ill. Despite his-
tories of illness from certain foods, MCS patients
report paradoxical cravings for and binges on
those same items, often sweets or other carbo-
hydrates (Miller, 1994). Onset of adverse reac-
tions to triggering agents can begin within
seconds, especially in the case of inhaled chemi-
cals or be delayed up to 24 h or more, especially
in the case of ingested foods. A single reaction
can last for hours to days and can include both
activated and deactivated states such as irrita-
bility followed by profound sleepiness. Women
outnumber men with MCS approximately 4
to 1 (Ashford and Miller, 1991; Buchwald and
Garrity, 1994).

The initiation of MCS is distinct from subse-
quent elicitation or triggering. That is, some
patients report an identifiable isolated toxic or
peak exposure event (Morrow et al., 1991) fol-
lowing which vulnerability to low levels of chemi-
cals developed without any prior history of such
a problem. Others cannot pinpoint a specific
causative agent or exposure; they report a more
gradual decline into poor health. Most studies
have found that the average age of onset of
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clinical illness in MCS is age 30 or later (Doty et
al., 1988; Black et al., 1990; Ashford and Miller,
1991), in contradistinction to the diagnostic cri-
terion of onset before age 30 for somatization
disorder (Bell, 1994a,b). At least some cases of
MCS do not derive from an iatrogenic belief
system. Clinicians have observed that sporadic
cases present with MCS-like histories, but deny
any prior awareness of information about MCS
from doctors, friends, family, books, or other
media.

The distinctive symptom of MCS is cacosmia,
i.e. self-reported illness from low levels of chemi-
cals such as perfume or gasoline that are neutral
or mildly unpleasant to unaffected individuals
(Ryan et al., 1988). We have developed a Cacos-
mia Index screening scale, which is the sum of
self-rated frequency of illness on a 5-point Likert
scale from five common environmental chemicals
(pesticide, paint, perfume, car exhaust, and new
carpet) (Bell et al., 1994). MCS patients score an
average of 22 on this Index (possible range 5-25)
(Bell et al, 1995a). However, cacosmia is not
confined to MCS. Bell et al. (1993a,b,c,d.e, 1996)
have surveyed nonindustrial samples of several
thousand college students and active retired el-
derly; in those samples, they demonstrated the
presence of a self-reported chemically sensitive
subset with a prevalence of 10-30% (dependent
upon the phrasing of the questions and applica-
tion of cutoff criteria). Moreover, a substantial
proportion of such persons give personal and
family health histories that overlap those of MCS
patients, even though they deny having made any
avoidant lifestyle changes because of chemical
sensitivity. In addition, Morrow et al. (1990) at
the University of Pittsburgh have reported cacos-
mia in approximately 60% of solvent-exposed
workers. Wallace et al. (1991) detailed cacosmia
in 30% of office workers at several of the Envi-
ronmental Protection Agency’s buildings in
Washington, DC; this finding was consistent
across buildings, even though only one had been
conspicuously labelled a “sick building” by some
of its inhabitants. Recently, Buchwald and Garri-
ty (1994) noted cacosmia in persons who met
criteria for chronic fatigue syndrome and fibro-
myalgia, two overlapping conditions with their

own associated complexities and controversies.
The degree of cacosmia in the latter disorders
was less than in MCS.

2. Summary of the olfactory-limbic and neural
sensitization model

This model (Bell et al, 1992; Bell, 1995a)
proposes that cacosmia and many features of
MCS are manifestations of time-dependent sensi-
tization of CNS pathways responsible for regula-
tion of attention/memory, affect, and somatic
function (Fig. 1). Cacosmics are persons with
inborn or acquired increases in the capacity to
sensitize to the environment, especially to chemi-
cals, but also to other classes of environmental
factors such as noise. That is, cacosmia may
reflect pathological plasticity of the nervous sys-
tem.

In brief, this CNS-based model for MCS
involves two elements, (i) neuroanatomical —in-
volvement of limbic pathways, including but not
limited to, amygdala and hippocampus, that re-
ceive input from and/or send output to olfactory
and other motivational systems in the brain
processing sensory and other environmental
information, e.g. mesolimbic and hypothalamic
regions. For example, the amygdala is a highly
sensitizable limbic structure that plays a role
in processing olfactory sensory information,
generating emotions, modulating social behav-
iors, autonomic activity, and reproductive endoc-
rine function, and initiating context-dependent
sensitization of other behaviors; (ii) neurobiologi-
cal — participation of a time-dependent sensitiz-
ation (TDS) process in initiation and elicitation
of susceptibility to low levels of environmental
chemicals.

TDS is the progressive amplification of re-
sponses by the passage of time between the
repeated, intermittent exposure to a given envi-
ronmental factor (Antelman, 1988, 1994; Ante-
Iman et al, 1979, 1980, 1991, 1992ab). The
nature of the factor can include pharmacological
or chemical agents or physical or psychological
stressors. Pharmacological and nonpharmaco-
logical stimuli can cross-sensitize. Initiation of
TDS may depend in part upon participation of
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mesolimbic pathways involving the dopaminergic
ventral tegmental area (VTA) (Kalivas and
Stewart 1991; Kalivas et al., 1993). Excitatory
amino acids, which are essential in many different
brain processes involving neural plasticity and
learning, also participate in initiation of TDS
(Snyder-Keller, 1991; Kalivas and Alesdatter,
1993; Pinheiro-Carrera et al,, 1995). TDS can be
bidirectional; low level initiating stimuli can in-
duce an increase, whereas high level initiating
stimuli can induce a decrease or reversal in the
subsequent sensitized response to another stimu-
lus (Antelman et al., 1991). A special case of TDS
may be limbic kindling, e.g. of olfactory bulb or
amygdala, in which daily repeated low level elec-
trical or chemical stimulation that has no initial
effect eventually induces permanent susceptibility
to tonic-clonic seizures (Joy, 1982; Weiss et al.,
1986; Adamec, 1990, 1994; Gilbert, 1992).
Various forms of TDS and/or kindling are
models not only for many of the disorders re-
ported at increased rates in MCS, including
recurrent depression (Post et al, 1984; Post,
1992), panic disorder (Dager et al., 1987), somat-

Peak Chemical Exposure

\

Repeated, Low Level Chemical Exposures

Inborn Trait Shyness

ization disorder (Teicher et al., 1993; Bell, 1994b),
post-traumatic stress disorder (Yehuda and Ante-
Iman, 1993), and chronic pain (Coderre et al,,
1990, 1993; Cervero and Janig, 1992; Ursin et al.,
1993; Watkins et al., 1994), but also for substance
abuse (Post et al., 1976; Post, 1980; Newlin and
Thomson, 1991; Sorg and Kalivas, 1991; Hunt
and Lands, 1992; Jackson and Nutt, 1993; Ka-
livas et al., 1993; Robinson and Berridge, 1993),
a disorder reported at decreased rates in MCS
(Bell et al,, 1995a). Current studies suggest that
chronic pain may result from sensitization of
both peripheral nociceptors and of CNS regions
such as dorsal horn in the spinal cord and limbic
structures such as the cingulate bundle and fornix
(Vaccarino and Melzack, 1992; Coderre et al.,,
1993). The basic science research suggests that
cacosmia and its different clinical manifestations
could involve multiple convergent routes to
heightened reactivity to low levels of chemicals
(Bell et al., 1992): i.e. (i) inborn, genetically-based
“hard-wiring” of hyperreactivity in relevant lim-
bic and/or mesolimbic circuits such as trait shy-
ness (see Kagan et al,, 1988); (ii) acquired CNS

TWO-STEP PROCESS TO MCS

\ INITIATION OF LIMBIC/

—————— P MESOLIMBIC HYPERREACTIVITY

Severe Psychological/Physical Trauma /

Low Level Chemical Exposures

\ ELICITATION OF HEIGHTENED
Other Environmental Stimuli (Noise) ;_' RESPONSE

Life Stressors —

Fig. 1. Model for a two-step process (initiation and elicitation) in the development of multiple chemical sensitivity. Different classes
of stimuli act on the same pathways and processes.
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hyperreactivity following earlier life psychologi-
cal or physical trauma such as childhood abuse,
natural disasters, accidents, or surgeries (see
Teicher et al., 1993); (iii) acquired CNS hyper-
reactivity following a single peak exposure to a
toxic environmental chemical (see Mutti and
Franchini, 1987; Mutti et al., 1984; Morrow et al.,
1991) causing neural injury with associated ex-
citatory amino acid and dopamine release; (iv)
acquired CNS hyperreactivity following repeated,
fow level exposures to novel stressors and/or
environmental chemicals (see Burchfiel and
Dufly, 1982); (v) other, as yet undefined path-
ways. More extensive discussions of the olfac-
tory-limbic and neural sensitization model are
available in several recent papers (Bell et al,
1992, 1995g; Antelman, 1994; Bell, 1994a; Bell
and Schwartz, 1995). The remainder of this paper
will summarize findings related to the model’s
potential validity.

3. Face validity of the model

Neural sensitization has face validity as a
model for MCS in that the essence of both
sensitization and MCS is amplification of re-
sponses within the individual to an environment-
al stimulus which by itself at first cannot evoke
such large responses. As such, it answers the
greatest concern of some classical toxicologists,
who, finding no apparent dose-response relation-
ship in MCS (low doses eliciting big responses),
dismiss it as biologically impossible. The model
also accommodates key features of the clinical
phenomenology, especially the striking involve-
ment of the CNS in the leading symptoms (Black
et al., 1990; Simon et al., 1990, 1993; Cone and
Sult, 1992; Miller, 1994). It could explain past
observations in MCS patients, such as the in-
creased rates of certain comorbid psychiatric dis-
orders (Black et al., 1990; Simon et al, 1990,
1993), without necessarily reducing MCS to be-
ing a psychogenic disorder (Bell, 1994).

Furthermore, neural sensitization can interface
plausibly with other leading models for MCS,
including classical conditioning (Bolla-Wilson et
al, 1988) or neurogenic inflammation (Meggs,
1993). That is, TDS can occur in either context-

dependent (conditioned) or context-independent
(unconditioned) fashion, depending upon the de-
sign of the original sensitizing and subsequent
testing procedures (Post et al., 1984; Vezina and
Stewart, 1990; Stewart and Vezina, 1991). At the
same time, sensitization to the unconditioned
stimulus is a long-recognized nonassociative
learning feature of classical conditioning, apart
from the associative learning involved in acquir-
ing responses to a conditioned stimulus (Thom-
pson and Spencer, 1966; Groves and Thompson,
1970). In addition, nonimmunologic, neurogenic
inflammation in peripheral tissues has been pos-
tulated as a mechanism for some of the somatic
conditions associated with MCS (Meggs, 1993).
Using parallels drawn from research on chronic
pain, evidence suggests that lesions of certain
limbic structures prior to experimental peripheral
injury from formalin can prevent development of
later pathological pain (Vaccarino and Melzack,
1992). Preventing input from peripheral nocicep-
tors to the CNS before but not after injury also
attenuates the development of later pathological
pain (Coddere et al, 1993). In other words,
inflammatory processes in the periphery may
send sensitizing input to the CNS, which in turn
develops and perpetuates a chronic hyperreactiv-
ity, later independent of any persistence of pe-
ripheral injury (Cervero and Janig, 1992; Coderre
et al, 1993). Such a hypothesis has been pro-
posed for irritable bowel (Cervero and Janig,
1992), one of the common diagnoses claimed by
MCS patients and community cacosmics (Bell et
al., 1994, 1995a).

4. Construct validity of the model

4.1. Limbic and related pathway involvement
Convergent lines of evidence are consistent
with the neural sensitization model for MCS and
cacosmia. If cacosmics have hyperreactive limbic
systems (Bell et al., 1995g), then they should
score higher on questionnaires assessing limbic
dysfunction. Fig. 2 illustrates that college stu-
dents in the top quartile for cacosmia scores
score significantly higher than all of the other
quartiles on the McLean Limbic Symptom

"Checklist (Teicher et al., 1993), a 33-item scale
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Fig. 2. Higher scores on the limbic symptom checklist are associated with higher cacosmia ratings in young adult college students
(highest quartile > all other quartiles, P <0.05 post hoc test; lowest quartile < all other quartiles, P<0.05 post-hoc test.

involving the ictal sensory, behavioral, memory,
and somatic features of temporal lobe epilepsy
(the amygdala contains the seizure focus in a
large proportion of cases). MCS patients and
other cacosmics both report heightened startle
reactions (Bell et al,, 1996). The amygdala plays
a major role in modulating the startle response
{Ornitz and Guthrie, 1989). As a result, cacos-
mics should score higher than noncacosmics on
measures of subjective noise sensitivity; and they
do (Bell et al., 1995g) (see Fig. 3). Women with
temporal lobe epilepsy have increased rates of
dysfunction in their reproductive system, includ-
ing elevated prevalence of polycystic ovary dis-
ease (Herzog et al, 1984). MCS patients also
have increased rates of physician-diagnosed ovar-
ian cyst histories (Bell et al., 1995a). Herzog et al.
(1984) have proposed that a dysfunctional amyg-
dala in the epileptic women disrupts the normal
regulation of hormonal output from the hypo-
thalamus, thereby setting up the anovulatory,
unopposed estrogen cycles that favor cyst forma-
tion at the ovary. Notably, unopposed estrogen
may also contribute to breast cyst formation,
another common symptom for both MCS pa-

tients and other cacosmic women (Bell et al.,
1994, 1995a, 1996).

Theta activity (Sainsbury et al., 1987; Schwartz
et al, 1994), a slower electroencephalographic
(EEG) frequency (e.g. 4-8 Hz), is considered by
some to be an objective correlate of the subjective
symptom of “spaciness,” i.e. derealization or de-
personalization (Mann et al., 1992) and of poorer
performance on vigilance tasks (Beatty et al,
1974; Valentino et al.,, 1993). Derealization is a
frequent symptom not only in temporal lobe
epileptics, but also in MCS and other cacosmics.
Staudenmayer and Selner (1990) reported in-
creased resting theta power over the parietal
region of the brain in MCS patients and mixed
psychiatric patients, compared with normal con-
trols. We have found elevated resting theta activ-
ity over the same temporoparietal region after a
number of different tasks in cacosmic young
adults who were not depressed (Bell et al., 1995c¢).
While Staudenmayer et al. (1993) reported in-
creased rates of childhood sexual abuse histories
in MCS patients, Teicher’s group have shown
increased scores on the McLean Limbic Symp-
tom scale for adult psychiatric patients with
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Fig. 3. Higher scores on the noise sensitivity scale are associated with higher cacosmia ratings in young adult college students

(P <0.05 post-hoc test, two highest quartiles > lowest quartile).

histories of all types of childhood abuse com-
pared with psychiatric patients without such
histories (Teicher et al., 1993). Moreover, Ito
et al. (1993) demonstrated that children with
childhood abuse histories (but no head trauma)
have increased rates of electrophysiological ab-
normalities over the frontal, temporal, or anterior
regions, especially on the left side. These abnor-
malities could reflect a cause or a result of the
abuse, or an inherited trait; but, regardless of
how or when brain dysfunction developed, its
presence in abused persons indicates a current
potential vulnerability to abnormal reactivity
to environmental stimuli that affect the limbic
system, which would include olfactory stimuli,
foods, and drugs, as well as life stressors (Bokina
et al, 1976; Kalivas et al, 1986; Kavaliers and
Innes, 1988; Konsarska et al., 1989; Mitchell and
Gratton, 1992a,b; Mokrushin and Emelyanov,
1993).

Problems with concentration, attention, and
memory are among the most disabling and most
frequently reported symptoms in MCS patients
(Bell et al., 1995¢; Miller and Mitzel, 1995). The
electrode sites at which the strongest findings in
MCS and other cacosmics have been seen are in
the temporoparietal region, e.g. TS, P3, Pz, P4,

T6 in the 10-20 international system for EEG
(Staudenmayer and Selner, 1990; Bell et al,
1995c¢). Of note, the parietal cortex is involved in
the processing of complex aspects of attention
(Mesulam, 1985) as well as of olfactory stimuli
(Kobal et al., 1995). This overall region, especial-
ly temporal, also participates in formation of
memory in conjunction with the hippocampus.
Emerging data from Fiedler et al. (1992, 1994)
suggests that MCS patients may have their
greatest cognitive difficulty in detecting target
information from background noise, perhaps
especially in visuospatial rather than verbal
arenas. This attentional dysfunction may influ-
ence ability to perform on certain aspects of
learning and memory tasks. These considerations
would parallel the suggestion of Morrow et al.
(1990; see also 1989, 1992) from the visuospatial
deficits in neuropsychological test performance of
solvent-exposed workers that right parietal cor-
tex may be particularly susceptible to solvents.
Consistent with these considerations, we found
that elderly cacosmics had significantly slower
reaction times but normal tracking times on a
complex divided attention task in the laboratory
(Bell et al., 1995d). In other words, as others have
found in MCS patients (Simon et al,, 1993), we
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observed that cacosmics can follow a single
stimulus to which they must attend, within nor-
mal capacity. However, when overloaded with
additional competing attentional demands on a
visual attention task, older cacosmics cannot
perform as well as normals on the added aspects
of the test. Greater Cacosmia Index score also
correlated with higher scores on the self-rated
Confusion subscale (subjective cognitive ineffic-
iency) of the Profile of Mood States Scale in the
latter study (Bell et al., 1995¢,f). Whether or not
these findings will generalize to MCS patients
and younger cacosmics is also now under study.

Insomnia at night and sleepiness during the
day are common symptoms in MCS patients and
other cacosmics. In sleep research, however, it is
well known that many people complain of diffi-
culty sleeping but demonstrate objectively nor-
mal sleep on polysomnographic recording. As
earlier research has often failed to find objective
support for various other symptoms and con-
cepts in MCS, it is important to test sleep direc-
tly. We found that elderly cacosmics had
objectively lower total sleep time than did their
noncacosmic peers (Bell et al., 1995f). In contrast
with the sleep structure of persons with depress-
ion, these cacosmics had a trend toward a later
onset of their first rapid-eye-movement sleep per-
tod (REM) and lower total REM as a percent of
sleep period. Even after forcing various psycho-
logical variables first into a regression equation,
Cacosmia Index still accounted for a significant
portion of the total sleep time and REM %.
Although several neurochemical scenarios could
underlie this sleep pattern, one possibility is an
increase in dopaminergic function in certain
brain areas, which would be a potential correlate
of a sensitized mesolimbic system (Kalivas et al.,
1993; see also Callaway et al., 1994). Amygdala
kindling can similarly alter sleep patterns (Stone
and Gold, 1988). Psychopharmacological studies
could assist in evaluating specific alternative hy-
potheses for the sleep findings.

4.2. Time-dependent sensitization processes
If cacosmics are highly sensitizable, then they
should have the individual differences that basic
_researchers have found to characterize highly

sensitizable animals: (i) genotypic vulnerability
(Cabib and Puglisi-Allegra, 1991; Kosten et al.,
1994); (ii) female gender (Robinson et al., 1982;
Robinson and Becker, 1986); (iii) increased
glucocorticoids (Deroche et al., 1992, 1993, 1994);
(iv) hyperreactivity to novelty (Hooks et al,
1992); (v) increased spontaneous preference for
sucrose (Sills and Vaccarino, 1993); (vi) differen-
tial brain lateralization (LaHoste et al., 1988)
(e.g. left-handedness). In the case of (i) genotype,
we reasoned that family health histories might
provide a surrogate for genetics. The most well-
recognized disorder in which TDS is believed to
play a role is craving in drug abuse (Robinson
and Berridge, 1993). Thus, we predicted that
cacosmics should inherit sensitizability and thus
have higher rates of family substance abuse prob-
lems, even though they themselves do not toler-
ate drugs. The reasoning would be that cacosmics
are so sensitizable, they develop the aversive
rather than rewarding effects of many substances
when they sensitize. The result is avoidance
rather than approach to many substances; how-
ever, they should retain the ability to crave some
items with more positive and less immediately
negative effects, i.e. certain foods. As predicted,
Fig. 4 demonstrates that the upper two quartiles
of a college student sample for cacosmia report
higher rates of physician-diagnosed drug prob-
lems in blood relatives than do the bottom two
quartiles (see also carbohydrate craving data
below).

Female animals sensitize to drugs and stress
better than do males, perhaps due to a permissive
effect of estrogens (Peris et al., 1991). In the case
of gender differences, various clinical researchers
have reported that women far outnumber men
among MCS patients (Ashford and Miller, 1991).
Although it is possible that this gender differen-
tial derives artifactually from the fact that women
see doctors and report health problems more
readily than do men, our surveys on college
students and active retired elderly from the com-
munity suggest that the gender difference for
cacosmia also holds in the non-clinical, nonin-
dustrial population. Women constitute approxi-
mately 70-80% of most cacosmic groups in those
studies, whereas the gender distribution is more
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Fig. 4. Increased prevalence of familial drug abuse histories in young adult college students with higher cacosmia ratings (third

quartile > lowest two quartiles, P < 0.05 post-hoc test.

equal at 50% in the least cacosmic groups (Bell
et al., 1993c,d, 1996).

Cortisol and related hormones may be key
participants in sensitization. Adrenalectomy can
prevent the induction of sensitization in animal
studies (Deroche et al., 1992). Higher initial levels
of corticosterone in animals predict drug sensitiz-
ation. Intact animals sensitized to a drug then
exhibit stronger glucocorticoid output to a
novel stressor than do non-sensitized animals. If
cacosmics are more sensitizable and/or more
sensitized, they should exhibit greater cortisol
responses to environmental novelty. We studied
the 0900 h blood levels of f-endorphin in elderly
cacosmics after the novel stress of sleeping all
night in a university sleep research laboratory
and undergoing cognitive testing and milk or
soy-based beverage ingestion in the morning.
Beta-endorphin is the endogenous opioid peptide
hormone released during activation of the hy-
pothalamic-pituitary-adrenal axis with ACTH.
As predicted, averaged over six mornings spread
over a 6-week period, the cacosmics had signifi-
cantly higher levels of plasma f-endorphin than
did the noncacosmic controls (Bell et al., 1995¢).
Thus, as predicted by a sensitization model, un-

der the stress of a novel laboratory experience,
cacosmics show evidence of heightened activa-
tion of the physiological stress response system.
We are currently examining cortisol output direc-
tly in another study.

One of the most reliable behavioral indicators
of elevated sensitizability is hyperreactivity to
novelty. Animals who show spontaneously high
rates of activity when placed in a novel physical
environment later sensitize more strongly to
drugs or stress (Hooks et al.,, 1992). A potential
human parallel for one extreme of novelty hyper-
reactivity is trait shyness. Kagan et al. (1988)
have demonstrated that children with inborn
shyness have increased salivary cortisol output at
home and in the laboratory, as well as increased
nasal allergies; they react to the unfamiliar or
novel with tension, fearfulness, and withdrawal.
Shy or inhibited babies cry and kick when con-
fronted with a new mobile over their crib, where-
as outgoing babies show pleasure at the stimulus.
An animal model for shyness is partial kindling
of the amygdala (Adamec, 1990). Thus, assuming
both limbic involvement and sensitizability in
cacosmics, they should be more shy than non-
cacosmics. As predicted, cacosmics have shown
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Fig. 5. Lowest check buss shyness scale scores in young adult college students lowest in cacosmia ratings (*P < 0.05 post-hoc test,

lowest quartile < all other quartiles).

increased shyness on standardized scales in most,
though not all, of our studies (Bell et al.,
1993a,c,d, 1994, 1995g, 1996) (Fig. 5).

Recent investigations showed that animals that
spontaneously ingested more sucrose than their
peers later exhibited greater sensitizability to

F(3,921)=3.8, p=0.0098

drugs (Sills and Vaccarino, 1993). Thus, the hu-
man analogy should be increased craving for
sweets. In our last college student survey (Bell et
al., 1995g), we administered the Carbohydrate
Addict’s Test, a self-report scale of carbohydrate
preference and craving. As predicted by the TDS
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Fig. 6. Highest carbohydrate craving scales scores in young adult college students with highest cacosmia ratings (*P < 0.05

post-hoc test, highest quartile > all other quartiles.
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model, the most cacosmic quartile scored the
highest for carbohydrate “addiction” (Fig. 6).

Finally, one study of brain lateralization in
animals demonstrated that the subset of animals
that showed a strong, consistent turning leftward
after a test dose of stimulant drug later sensitized
the most to the drug. In a previous college
student survey, we did not find any difference in
the prevalence of left-handedness among cacos-
mics chosen on the basis of their answers to
questions about frequency of iliness from chemi-
cal odors. However, we did find greater lefthan-
dedness in the approximately 30% of the sample
who endorsed affirmatively a single question
about whether or not they “consider [them-
selves] especially sensitive to certain chemicals”
as compared with those who denied a self-percep-
tion as a chemically-sensitive person (13% vs.
7%) (Bell et al,, 1996).

5. Criterion-related validity of the model

5.1. Predictive validity

If cacosmia is a manifestation of time-depend-
ent sensitization, then cacosmics should show
sensitization of various physiological and/or psy-
chological/behavioral measures to various envi-
ronmental factors, including but not limited to
chemicals. We have demonstrated sensitization of
cardiovascular measures (Bell et al., 1995b) and
of plasma B-endorphin levels (Bell et al.,, 1995¢)
in cacosmic elderly individuals to a novel labora-
tory situation, including food ingestion. In our
sleep laboratory study, subjects slept in the lab-
oratory over three pairs of nights while on base-
line (last two days of a 2-week period), dairy-
containing (last two days of a 3-week period),
and non-dairy (last two days of a 3-week period)
diets. Baseline diet (with ad lib milk) was always
first; the order of the subsequent dairy and non-
dairy diets was counterbalanced within groups.
We measured heart rate and blood pressure while
subjects were supine upon awakening each lab-
oratory morning. As predicted by the TDS
model, we found that cacosmics did not differ
from noncacosmics on the first baseline morning,
but then showed significantly greater heart rates

on both experimental diets over the next 6-week
course of the study. Cacosmics also exhibited
higher diastolic blood pressures on the second
rather than the first day of the pairs of days
across all diets. Similarly, Morrow and Stein-
hauer (1995) recently reported that solvent-ex-
posed workers fail to habituate their autonomic
nervous system responses (heart rate and pupil
responses) to the stress of a difficult cognitive
task during a single-session study. This habitu-
ation failure worsened with the passage of many
months on re-testing in the same laboratory in
some individuals.

The plasma B-endorphin levels showed a more
complex pattern of possible sensitization and
habituation. They were highest on Baseline Day
1 but lowered to the range of the noncacosmics’
levels on Baseline Day 2 (24 h later). After 3
weeks had passed between laboratory sessions,
however, the cacosmics again exhibited a rise in
B-endorphin levels, regardless of which diet they
had consumed. On the dairy diet, to which they
had been exposed at baseline, cacosmics con-
tinued to show a rise in endorphin on Labora-
tory Day 2. In contrast, on soy, to which they
had not been exposed at baseline, cacosmics
exhibited another drop in endorphin on Labora-
tory Day 2 of that diet. Taken together, the data
suggest that cacosmics have labile plasma p-en-
dorphin status that may fluctuate based on past
experience with a given environmental context
and even a given food (see Antelman et al,, 1991,
1995). Overall, cacosmics show the capacity to
sensitize in autonomic and hormonal responses
to stimuli other than chemicals. Direct tests of
their chemical sensitizability are now underway
in our laboratory.

5.2. Correlational validity

Finally, it is important to point out that the
Cacosmia Index per se appears to measure a
construct that has both overlapping and distinc-
tive properties from those of other measurement
scales. For example, Simon et al. (1990) develop-
ed a 4-item true/false survey of lifestyle changes
associated with chemical sensitivity. They and
others have found that MCS patients score an
average of 3 of 4 on this scale; we have found that
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Table 1

Summary of validity evidence for limbic/neural sensitization model

Face validity

Individual differences in sensitization could account for apparent lack of dose-response relationship (low doses trigger big

responses)

Construct validity

Cacosmics have higher scores on Limbic Symptom Checklist
Cacosmic women have more ovarian and breast cysts (see TLE)

Cacosmic elderly perform more poorly on divided attention task (see attention symptom)

Cacosmic elderly have lower objective total sleep times (see insomnia symptom)

Cacosmic young adults have increased theta activity at rest (see “spaciness” symptom)

Cacosmics have sensitizability characteristics: female gender, FH drug abuse, carbohydrate craving, shyness
Cacosmic elderly have increased plasma f-endorphin levels (see HPA activation)

Predictive validity

Cacosmic elderly exhibit sensitization of heart rate and diastolic blood pressure

Cacosmic elderly exhibit sensitization of f-endorphin levels

TLE, temporal lobe epilepsy.
FH, family history.
HPA, hypothalamic-pituitary-adrenal axis.

our community cacosmics regularly score a mean
of less than 1 of 4 (Bell et al.,, 1994). In MCS
patients, we found that the Cacosmia Index score
correlated well with the Simon Survey (r = 0.57,
n =25, P = 0.003). However, within a previous
study of community elderly with few lifestyle
changes, Cacosmia Index score correlated mod-
erately with the Simon Survey (r = 0.39, n = 235,
P =0.000). In the elderly, Cacosmia Index
had weak but significant correlations with
the depression (r = 0.17, n = 185, P = 0.02) and
anxiety (r = 0.19, n = 188, P = 0.007) subscales
of a standardized measure of psychological dis-
tress, the Symptom Checklist 90 (revised) (SCL-
90-R). In a different survey, this time in young
adults, Cacosmia Index showed similarly low
correlations with depression (Beck Depression
Inventory: r=0.09, n=900, P= 0.009) and
anxiety (Beck Anxiety Inventory: r = 0.15,
n =861, P = 0.000), but correlated moderately
with measures of somatic concerns, i.e. the SCL-
90-R somatization subscale (r = 0.29, n = 928,
P =0.000) and of amplification of somatic
symptoms, ie. the Barsky Amplification Scale
(r=028, n=929, P=0.000). In these college
students, current Cacosmia Index ratings were

highly correlated with ratings for the same items
requested for “most of your life” (r=0.91,
n = 933, P = 0.000).

6. Conclusions

Overall, the olfactory-limbic/neural sensitiz-
ation model offers a testable approach to a con-
troversial and complex clinical problem (Bell et
al,, 1992; Bell, 1994a; Bell and Schwartz, 1995).
Table 1 summarizes the arguments for the valid-
ity of the model. At the same time, much of our
evidence for the validity of the model derives
from studies on non-MCS cacosmics without
industrial chemical exposures. It is plausible that
this type of cacosmic differs from MCS patients
in important ways, most obviously in terms of
lesser illness severity and lesser disability. It will
be essential in future research to extend these
investigations directly to the clinical populations
that stimulated the original debate. Nonetheless,
cacosmia appears to be a trait along a continuum
of frequency and severity within the general
population. The factors that turn one cacosmic
into an MCS patient and allow another to live
with minimal impairment require careful study.
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The neural sensitization model can accommodate
much of the phenomenology in MCS and other
cacosmics. It permits hypothesis-driven research,
and it encourages development of animal models
as well as of systematic human protocols for both
laboratory and field studies in home, office, and
factory over time.
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Abstract

Multiple Chemical Sensitivity (MCS) is a clinical phenomenon in which individuals, after acute or intermittent
exposure to one or more chemicals, commonly organophosphate pesticides (OPs), become overly sensitive to a wide
variety of chemically-unrelated compounds, which can include ethanol, caffeine and other psychotropic drugs. The
Flinders Sensitive Line (FSL) rats were selectively bred to be more sensitive to the OP diisopropylfluorophosphate
(DFP) compared to their control counterparts, the Flinders Resistant Line (FRL) rats. The present paper will
summarize evidence which indicates that the FSL rats exhibit certain similarities to individuals with MCS. In
addition to their greater sensitivity to DFP, the FSL rats are more sensitive to nicotine and the muscarinic agonists
arecoline and oxotremorine, suggesting that the number of cholinergic receptors may be increased, a conclusion
now supported by biochemical evidence. The FSL rats have also been found to exhibit enhanced responses to a
variety of other drugs, including the serotonin agonists m-chlorophenylpiperazine and 8-OH-DPAT, the dopamine
antagonist raclopride, the benzodiazepine diazepam, and ethanol. MCS patients report enhanced responses to many
of these drugs, indicating some parallels between FSL rats and MCS patients. The FSL rats also exhibit reduced
activity and appetite and increased REM sleep relative to their FRL controls. Because these behavioral features and
the enhanced cholinergic responses are also observed in human depressives, the FSL rats have been proposed as a
genetic animal model of depression. It has also been reported that MCS patients have a greater incidence of
depression, both before and after onset of their chemical sensitivities, so cholinergic supersensitivity may be a state
predisposing individuals to depressive disorders and/or MCS. Further exploration of the commonalties and
differences between MCS patients, human depressives, and FSL rats will help to elucidate the mechanisms
underlying MCS and could lead to diagnostic approaches and treatments beneficial to MCS patients.
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1. Introduction

Multiple Chemical Sensitivity (MCS) is a
clinical phenomenon in which individuals, after
acute or intermittent exposures to one or more
chemicals, commonly organophosphate pesti-
cides (OPs), report that they become overly sen-
sitive to a wide variety of chemically-unrelated
compounds, which can include ethanol, caffeine
and other psychotropic drugs (Cullen, 1987; Ash-
ford and Miller, 1989, 1991; Bell et al, 1992;
Miller, 1994). Symptoms commonly reported by
these individuals include fatigue, cognitive diffi-
culties, depression, irritability, headaches, dys-
pnea, digestive problems, musculoskeletal pain,
and numbness in their extremities. Symptoms
often overlap those of better recognized medical
illnesses such as depression, somatization dis-
order, chronic fatigue syndrome, fibromyalgia,
asthma and others. However, a distinguishing
feature of MCS is the patients’ assertion that
their symptoms are triggered by common expo-
sures to low levels of volatile organic chemicals
(for example, fragrances, insecticides, traffic ex-
haust, disinfectants), as well as by many different
foods, drugs, ethanol and caffeine.

There has been considerable controversy over
the existence of this phenomenon, punctuated by
the many Gulf War veterans who have complain-
ed of similar symptoms and chemical intoleran-
ces since returning from the Gulf. Although there
now is widespread recognition of MCS as a
clinical phenomenon, there is still much uncer-
tainty as to whether it is a definable syndrome,
what its etiology is, and what biopsychosocial
mechanisms might underlie it.

Relevant information about conditions like
MCS is derived from three general sources, all of
which supplement one another and each of which
has its own limitations. Epidemiological studies
often cannot differentiate which among several
possible variables is (are) involved in the adverse
effects observed. Once a toxic exposure has
occurred, clinical research provides valuable in-
formation concerning diagnosis, therapy and re-
habilitation. However, both epidemiology and
clinical studies involve post hoc analyses, i.e. the
human exposure has already occurred. A third

source of information in biomedical research —
use of animal models—is the only approach
which allows experimental manipulations and
affords the precision of laboratory measurement.
The major concern in using this approach is the
validity of extrapolating results to human situ-
ations. Empirical tests of this validity have
earned animal models an essential role in under-
standing human toxicities (Russell, 1991; Mac-
Phail and Peele, 1992). Our present objective is
to propose that use of a particular animal model
will be useful in the search for the etiology of and
mechanisms underlying MCS.

The validity of an animal model rests in part
on its similarity in structure and function to the
human situation. The closer the similarity, the
greater is the probability that manipulations of
one will provide information valid for extrapola-
tion to the other. A final test of validity comes
when predictions are shown to be accurate. To
evaluate the model proposed below, it is import-
ant to summarize the observed clinical character-
istics of MCS.

2. Multiple chemical sensitivity

Anecdotal descriptions of MCS have appeared
in the medical literature for more than 40 years.
In the past five years, occupational medicine
physicians in universities have reported seeing
increasing numbers of individuals with this afflic-
tion, and three federally-sponsored workshops on
MCS have been held (Association of Occupa-
tional and Environmental Clinics, 1992; National
Research Council, 1992; Mitchell and Price,
1994). Sponsoring agencies have included The
National Research Council (NRC), the Agency
for Toxic Substances and Disease Registry
(ATSDR), the Environmental Protection Agency,
and the National Institute of Environmental
Health Sciences (NIEHS). Recommendations
from these meetings have underscored the need
for further research on the condition and the
development of animal models.

MCS has been described as a two-step process
that in some ways parallels allergic diseases (Ash-
ford and Miller, 1991): (1) Induction (initiation,
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sensitization or loss of tolerance) as a conse-
quence of an initial chemical exposure (analog-
ous to sensitization to bee venom), and (2)
subsequent triggering of symptoms by a wide
range of chemically-diverse substances (here the
analogy to allergy breaks down, since antibodies
are highly specific and spreading of sensitivities
to chemically unrelated substances does not oc-
cur with allergy).

Among the substances MCS patients most
frequently report as having induced their condi-
tion are pesticides, especially OPs and carba-
mates (Ashford and Miller, 1991; Miller and
Mitzel, 1995). Interestingly, many Gulf War vet-
erans also now report symptoms reminiscent of
MCS. Exposures to OP and carbamate agents
during the Gulf War included pesticides, the
nerve agent pretreatment drug pyridostigmine
bromide and, possibly, low levels of nerve agents.
Although chemicals in this class can inhibit
cholinesterase, rarely are cholinesterase levels
measured in sporadic cases, and frequently acute
symptoms associated with cholinesterase inhibi-
tion are absent among individuals who report
developing MCS as a consequence of OP expo-
sure. While OP toxicity has been considered
largely reversible if it is not fatal, the toxicology
literature contains numerous examples of indi-
viduals exposed to these agents who showed
persistent neuropsychological deficits (Rowntree
at al., 1950; Gershon and Shaw, 1961; Tabershaw
and Cooper, 1966; Savage et al, 1988; Rosen-
stock et al., 1990). Some authors have proposed
that OPs may damage cholinergic receptors or
in other ways induce injury independent of
their ability to inhibit cholinesterase (Gupta and
Abou-Donia, 1994; Huff et al., 1994).

With respect to MCS, Rosenthal and Cameron
(1991) described a retired attorney with depress-
ion whose home was sprayed with an OP pesti-
cide. Subsequently, the attorney’s depression
became markedly more severe, and he developed
multi-system symptoms and new intolerances
to odors. These authors hypothesized that cho-
linergic sensitivity might underlie both environ-
mental sensitivities and depressive tendencies.
Cone and Sult (1992) described a group of casino
workers exposed to a mixture of carbamate and

pyrethrin insecticides who subsequently develop-
ed chronic, multi-system symptoms, cognitive dif-
ficulties and sensitivity to the odor of pesticides,
perfumes, gasoline, newsprint, and cleaning
agents. Soon after their exposure, a number of
these individuals, who were dealers, experienced
difficulty counting cards. Later they reported
feeling ill around tobacco smoke, an exposure
they previously had tolerated while at work. _

More recently, Miller and Mitzel (1995) sur-
veyed 112 MCS patients, 37 of whom attributed
their illness to exposure to an OP or carbamate
pesticide and the other 75 to remodelling of a
building. Remodelling commonly involves expo-
sures to low levels of mixed solvents emanating
from fresh paint, carpeting, glues, etc. Following
their initial exposure, both groups reported simi-
lar symptoms and similar intolerances to chemi-
cals, foods, ethanol, and caffeine. However,
overall, the pesticide-exposed group reported sig-
nificantly greater symptom severity. The authors
interpreted these findings as suggesting a possible
common pathway for the development of MCS,
despite the fact that the two groups initially
experienced exposures that were chemically dif-
ferent. They hypothesized that the relatively
greater neurotoxicity or potency of the cholines-
terase inhibitors versus mixed low-level solvents
might explain the greater symptom severity in the
pesticide-exposed group.

Notably, MCS patients frequently report that
other individuals simultaneously exposed to pes-
ticides, e.g. family members, friends, or co-
workers, did not develop MCS or even experi-
ence transient illness. These observations suggest
that a subset of the population may be more
vulnerable to developing MCS. Some (Black et
al., 1990; Simon et al., 1990), but not all (Fiedler
et al,, 1992) researchers have reported a greater
rate of depression and somatization disorder
that predated the “initiating” chemical exposure
among persons with MCS compared to controls.

A vigorous medical debate has ensued, re-
volving around whether MCS is: (1) a physio-
logical consequence of chemical exposure in
biochemically susceptible individuals; (2) a psy-
chological response to chemical exposure, e.g.
a conditioned behavioral manifestation or post-
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traumatic stress disorder; or (3) simply the
patients’ misattribution of some other illness,
organically-based or not, to chemical exposures.
Conceivably, depression, a prevalent symptom
among MCS patients, could be, (1) a physiologi-
cal or psychological risk factor for the develop-
ment of MCS; (2) the consequence of patients’
having to cope with a perplexing and disabling
medical illness; or (3) one of many symptoms of
MCS triggered by chemical exposure.

The FSL (Flinders Sensitive Line) rat was
developed by selective breeding for increased
sensitivity to an OP, so it shares some etiological
similarity to patients with MCS who were ex-
posed to pesticides. MCS patients, depressed pa-
tients and FSL rats exhibit many of the same
intolerances for drugs and many of the same
symptoms, as will be described below. The simi-
larities and the extent to which the FSL rat can
be considered a model for MCS will be discussed
in a final section.

3. An animal model

The model is one with which we have had
extensive experience, particularly in research on
depressive syndromes (Overstreet and Janowsky,
1991; Overstreet, 1993). Analogies between de-
pressed states and MCS, as well as substance
intolerances in FSL rats, first brought our atten-
tion to the potential value of this model for
experimental studies of MCS.

3.1. Establishment of the model

The model arose from a selective breeding
program designed to produce two lines of rats,
one with high and one with low sensitivity to the
anticholinesterase agent, diisopropylfiuorophos-
phate (DFP) (Russell et al., 1982; Overstreet et
al., 1979). The selective breeding program, which
was initiated at Flinders University in Adelaide,
Australia, utilized decreases in core body tem-
perature, drinking and body weight to measure
sensitivity to DFP. A rank-order system was used
to give equal weighting to each of the three
variables. Rats which had the lowest average
ranks were intermated to establish and maintain

the line of more sensitive rats (Flinders Sensitive
Line—FSL), while rats which had the highest
average ranks were intermated to establish
and maintain the line of more resistant rats
(Flinders Resistant Line— FRL). Subsequent
studies showed that randomly bred Sprague-
Dawley rats, from which the lines were originally
derived, were not different from the FRL rats. On
the other hand, FSL rats were significantly more
sensitive to DFP than the other two groups
(Russell et al., 1982; Overstreet et al., 1979).

Because early studies ruled out changes in
acetylcholinesterase as a mechanism to account
for the differential sensitivity of FSL and FRL
rats to DFP (Overstreet et al., 1979; Russell and
Overstreet, 1987), the effects of other muscarinic
agonists on these rats were examined (Overstreet
and Russell, 1982; Overstreet, 1986; Overstreet et
al., 1986a,b). These studies showed that the FSL
rats were more sensitive to pilocarpine, arecoline
and oxotremorine than were the FRL rats; this
supersensitivity was seen for a variety of re-
sponses, including hypothermia, reduced locomo-
tor activity, and suppression of bar-pressing for
water reward (Overstreet and Russell, 1982). Bio-
chemical studies indicated that -the FSL rats
exhibited greater numbers of muscarinic receptor
binding sites in the hippocampus and striatum
than the FRL rats (Overstreet et al., 1984; Pepe
et al., 1988).

As selective breeding progressed, animals were
shipped to the University of North Carolina at
Chapel Hill (UNC), where colonies were started.
Here, young from the FSL and FRL rats were
cross-fostered onto pathogen-free mothers in or-
der to establish pathogen-free colonies. Over the
last ten generations of FSL and FRL rats bred at
the University of North Carolina (S46-S55), there
has been no overlap in the two distributions,
indicating that the lines are still quite separate for
this phenotype.

3.2. Differences in activity after stressors

FSL rats have been reported to have lower
locomotor activity than the FRL rats under a
number of experimental conditions (Overstreet
and Russell, 1982; Overstreet, 1986; Bushnell et
al., 1995) but not all (Criswell et al., 1994; Rez-
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vani et al., 1994). Those situations which failed to
report a difference in activity between the lines
involved automated recording systems over long
(>1 h) durations in environments to which the
animals had become habituated. In contrast,
those studies reporting differences in activity em-
ployed short exposures ( <5 min) to an open
field apparatus. The reduced activity of the FSL
rats, at least in males, is commonly seen under
baseline conditions in these novel environments
(Overstreet and Russell, 1982; Overstreet, 1986),
a parallel to euthymic depressed humans (Wolff
et al, 1985). In addition, however, locomotor
activity is suppressed to an even greater degree
when the FSL rats are exposed briefly (2 s) to a
mild (1 mA) foot shock (Overstreet, 1986; Over-
street et al., 1989a). In particular, both male and
female FSL rats exhibited a similar degree of
locomotor suppression after foot shock, even
though only the male FSL rats exhibited lower
baseline activities (Overstreet, 1986). These data
have led to the suggestion that the FSL rat is an
animal model of genetic predisposition toward
depression, in that dramatically decreased loco-
motor activity is seen only upon exposure to
stressors (Anisman and Zacharko, 1982; Over-
street et al., 1988; Overstreet and Janowsky,
1991).

Results from several other behavioral para-
digms are consistent with the view that depress-
ive-like psychomotor retardation symptoms are
more apparent in the FSL rats after exposure to
stressors. For example, the FSL rats are impaired
in active avoidance paradigms compared to the
FRL rats (Overstreet and Measday, 1985; Over-
street et al., 1990a, 1992). The reduced ability of
the FSL rats to acquire a shock-motivated task
is completely consistent with the above results
which show a much greater suppression of activ-
ity in the FSL rats after exposure to shock. An
alternative interpretation, that there are differen-
ces in “anxiety” (immobility after shock or in
novel environments) between the FSL and FRL
rats (Criswell and Breese, 1989) is not supported
by experimental results in the elevated plus maze
(Schiller et al., 1991).

Another stress-oriented paradigm which has
provided important information about behav-

ioral differences between FSL and FRL rats is the
forced swim test. Upon initial exposure in a
cylinder (18-20 c¢m diameter) of water (25°C),
FSL rats are more immobile than the FRL rats
(Overstreet, 1986; Overstreet et al., 1986a; Schil-
ler et al., 1992; Pucilowski and Overstreet, 1993).
This exaggerated immobility of the FSL rats is
counteracted by chronic but not acute treatment
with antidepressants (Schiller et al., 1992; Over-
street, 1993; Pucilowski and Overstreet, 1993).
These findings provide further support for the
contention that the FSL rat is a useful animal
model of depression.

It might be argued that the exaggerated immo-
bility exhibited by the FSL rats in the forced
swim test could indicate that they fatigue more
easily, or suffer from a loss of energy, as do
human depressives. However, psychomotor retar-
dation as such is a more likely explanation for
exaggerated immobility because, as indicated
above, differences in immobility between the two
lines can be seen very quickly in the forced swim
test. Similarly, because exposures to the open
ficld test are also brief, fatigue is probably not a
factor. Recently, the FSL and FRL rats have
been compared in a treadmill task. The FSL rats
became exhausted after a shorter period of exer-
cise on the treadmill than the FRL rats (Bailey et
al,, 1994), a possible indicator of fatiguability.
Thus, FSL rats appear to fatigue more readily,
which may be a parallel to the well known fatigue
found in depressed humans.

3.3. Differences in reward-related behaviors
There are also differences in reward-related
behaviors between the FSL and FRL rats which
are consistent with the proposal that the FSL
rats are a model of depression. In an operant
bar-pressing task for water reward, the FSL rats
learned the task as readily as did the FRL rats,
but stabilized at a much lower response rate in
the 15-min session even though both groups were
deprived of fluid for 23.5 h per day (Overstreet
and Russell, 1982). More recently, Bushnell et al.
(1995) reported that the FSL rats were much
slower to respond in a food-motivated match-to-
sample learning task and they became satiated
more readily. The FSL rats had to be maintained
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at a lower percentage of their free-feeding body
weight and have smaller food pellets (37 vs. 45
mg) in order to keep their motivation sufficiently
high to complete the session (Bushnell et al.,
1995). In some cases, there are not any baseline
differences in the FSL and FRL rats in reward-
related tasks. For example, the two lines exhibit
similar preferences for saccharin solution over
water in a two-bottle choice paradigm, but FSL
rats exhibit greater decreases in saccharin prefer-
ence following exposure to stressors (Pucilowski
et al., 1993).

3.4. Differences in cognitive behavior

Actively depressed individuals commonly com-
plain about their inability to concentrate and
cognitive impairment is frequently associated
with the depressed mood. The data on cognitive
(learning) impairments in the FSL rats are mixed.
Initially, it was found that the FSL rats exhibit
much better memories in the passive avoidance
paradigm, where a good performance is reflected
by the rat remaining stationary (Overstreet,
1986). In contrast, the FSL rat has difficuity
acquiring an active avoidance response (Over-
street et al, 1990a, 1992). Since both of these
outcomes could be accounted for by the tendency
of the FSL rats to inhibit activity after exposure
to shock (see above), an appetitive paradigm was
used. In this food-motivated matching-to-sample
task, the FSL rats exhibited slower responding,
but their choice accuracy was not different from
that of the FRL rats (Bushnell et al, 1995).
Therefore, it must be concluded that the FSL rat
does not exhibit the same degree of cognitive
impairment as seen in actively depressed humans.

3.5. Differences in sleep

Insomnia, or an inability to sleep, is a symp-
tom commonly reported in depression. There are
many forms of insomnia, but the most common
complaint of depressives appears to be one of
early morning awakening and/or fragmented
sleep without being able to return to sleep
(Whybrow et al.,, 1984). It is rather difficult to
model these more subjective aspects of sleep.
However, there are more complex changes in the
sleep-wake cycle of depressed humans which can

be determined by polysomnography studies (Gil-
lin et al, 1979, 1981; Benca et al.,, 1992). Such
studies indicate that sleep in depression can be
differentiated from non-depressive sleep (Gillin et
al., 1979), and that depression is associated with
a reduction in the deeper stages (3 and 4) of sleep,
a reduction in the latency to the first episode of
rapid eye movement (REM) sleep, and an in-
crease in the amount or density of REM sleep
(Kupfer, 1976; Gillin et al., 1979, 1981; Benca et
al., 1992). Human depressives are also more sen-
sitive to the effects of cholinergic agonists on
REM sleep latency (Janowsky et al., 1994).
Several days of 24 h sleep recordings in FSL
and FRL rats have been carried out under base-
line undisturbed conditions. These studies in-
dicated that FSL rats exhibited significantly
more REM sleep than FRL rats, but there were
no differences in the amount of slow wave sleep
(Shiromani et al., 1988). In addition, there was a
significantly shorter interval between REM epi-
sodes in FSL rats. Thus, neither FSL rats nor
depressed humans exhibit an overall reduction in
sleep time, but both exhibit increases in REM
sleep and reductions in REM sleep onset. The
selected differences in REM sleep between the
FSL and FRL rats have been replicated using a
sleep deprivation paradigm (Shiromani et al,
1991) and an automated scoring system (Benca et
al., 1993). Interestingly, persistent REM sleep
abnormalities have been noted in depressed hu-
mans following clinical recovery from depression
(Benca et al., 1992), a finding which parallels the
“trait” aspects of the FSL rat’s “sleep disorder”.

3.6. Traitlstate considerations

It has been recognized for some time that
many biological changes seen in depressed indi-
viduals are present only while they are actively
depressed (state changes), while others can be
observed even after the individual has recovered
(trait characteristics; Janowsky et al, 1994).
Therefore, if the FSL rat is a true genetic animal
model of depression, then it should not be “de-
pressed” all the time. Most individuals suffering
from depressive disorders have long periods of
essentially normal behavior between episodes.
Study of the FSL animals under various manipu-
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lations may help to understand how genetic and
environmental variables interact to produce de-
pressive-like phenomena. Thus, the REM sleep
changes observed in FSL rats may reflect an
underlying trait predisposing to depression
(Benca et al., 1992; Janowsky et al., 1994). Reduc-
ed activity can be seen in FSL rats under baseline
conditions, just as has been observed in euthymic
depressed patients (Wolff et al., 1985); however,
the reduced activity in both FSL rats and de-
pressed humans is much more prominent after
exposure to stressors. Finally, studies suggest
that superimposing the chronic mild stress para-
digm upon this genetic model has resulted in data
indicating that FSL rats appear to be more
“anhedonic” than FRL rats since the former
exhibit a significantly greater decrease in sacchar-
in preference (Pucilowski et al., 1993). An unan-
swered question is whether the anhedonia lasts
for a longer period of time in the FSL rats.

In sum, the FSL rats and depressed humans
exhibit a large number of behavioral and physio-
logical similarities (see Overstreet, 1993, for a
more detailed description).

3.7. Drug interactions

Clinical observations suggest that MCS may
be initiated by acute or chronic exposure to
diverse chemical agents. As described earlier, the
FSL rats were selectively bred to have increased
responses to the anticholinesterase agent, DFP,
so it should not be surprising that they also
exhibit increased sensitivity to muscarinic agon-
ists (Overstreet and Russell, 1982; Overstreet,
1986; Schiller et al., 1988; Daws et al, 1991;
Overstreet et al.,, 1992a,b). Notably, there have
also been several reports of increased sensitivity
to anticholinesterases in human depressives
(Janowsky and Risch, 1987; Sitaram et al., 1987;
Nurnberger et al., 1989; Gann et al, 1992;
O’Keane et al., 1992) and MCS patients (Rosen-
thal and Cameron, 1991; Cone and Sult, 1992;
Miller and Mitzel, 1995). Human depressives are
also more sensitive to directly acting muscarinic
agonists (Gillin et al,, 1991; Gann et al,, 1992);
according to a recent report, so are children of
depressives (Schreiber et al., 1992). At present
there are no published data for MCS patients

regarding sensitivity to direct cholinergic agon-
ists in particular, but such agents are among
those which many MCS patients say they cannot
tolerate.

Knowledge about possible serotonergic alter-
ations in the FSL rats has increased along with
the availability of more selective agonists. In
early studies, only relatively nonselective drugs
were available, and the FSL rats were found to
exhibit a greater degree of hypothermia after
both m-chlorophenylpiperazine (mCPP), a 5-
HTp,c agonist, and cyproheptadine, a nonselec-
tive 5-HT (5-hydroxytryptamine) antagonist
(Wallis et al., 1988). It was argued that these
results favored the hypothesis of a 5-HT, super-
sensitivity in the FSL rats because 5-HT, agon-
ists were reported to produce hypothermia while
5-HT, agonists induced hyperthermia (Gudelsky

et al., 1986). Subsequent studies exploring the

hypothermic effects of buspirone and 8-OH-
DPAT, selective 5-HT;, agonists, confirmed the
5-HT, supersensitivity in the FSL rats (Over-
street et al., 1992). However, using an operant
responding paradigm, Schiller (1991) found that
the FSL rats were more sensitive to the behav-
ioral suppressant effects of both quipazine, a
5-HT,;c agonist, and mCPP, a 5-HTp/c agonist.
In addition, he reported preliminary evidence for
increases in cortical 5-HT receptors of both sub-
types in the FSL rats (Schiller, 1991). Thus, there
is considerable evidence for serotonergic super-
sensitivity in the FSL rats, especially of the 5-
HT, subtype. This outcome is consistent with
much of the evidence suggesting supersensitive
serotonergic mechanisms in depressives (Arora
and Meltzer, 1989; Arango et al., 1990; Mikuni et
al.,, 1991), but is not consistent with neuroendoc-
rine studies reporting blunted responses to
serotonergic agonists, which suggests serotoner-
gic hyposensitivity (Meltzer and Lowy, 1987,
Lesch et al., 1990). As yet, there are no data on
the effects of selective serotonergic agents in MCS
patients, so the similarity between the FSL rats
and MCS patients for this parameter cannot be
evaluated at present.

If the FSL rat model of depression mimicked
the changes in noradrenergic function seen to
occur in depressive disorders, then FSL rats
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should be supersensitive to beta-noradrenergic
agonists and subsensitive to alpha-noradrenergic
agonists. To date, there has been no support for
this hypothesis in the FSL/FRL rats. The reduc-
tions in body temperature and in locomotor
activity induced by the beta-noradrenergic agon-
ist salbutamol were similar in the FSL and FRL
rats (Overstreet et al., 1989a). Similarly, the re-
ductions in body temperature and in operant
responding for water reward induced by the
alpha-noradrenergic agonist clonidine were also
similar in the FSL and FRL rats (Overstreet,
1989). Thus, even though the studies to date are
quite limited, there do not appear to be any
marked differences in behaviorally represented
noradrenergic function between FSL and FRL
rats.

Interactions with the dopaminergic system
would be expected because of the dopamine
deficiency observed in human depressives (Wise,
1979; Willner, 1983). The prediction is that de-
pressed humans and FSL rats should be super-
sensitive to the effects of dopamine agonists. The

Table 1
Multiple chemical sensitivity in FSL rats

data collected so far on dopaminergic mechan-
isms is partially consistent with this hypothesis.
The FSL rats are supersensitive to the hypother-
mic (Crocker and Overstreet, 1991) and aggres-
sion-promoting (Pucilowski et al., 1991) effects of
apomorphine, a mixed D1/D2 agonist, and quin-
pirole, a selective D2 agonist. On the other hand,
the FSL rats are subsensitive to the stereotypy-
inducing effects of apomorphine and quinpirole
at similar doses where supersensitivity to the
hypothermic effects were seen (Crocker and
Overstreet, 1991). In addition, no evidence for
differences in dopamine D2 receptors between
FSL and FRL rats could be detected in a series
of studies (Crocker and Overstreet, 1991). Conse-
quently, it was argued that the opposite changes
in sensitivity in the various functions could
be related to the way the cholinergic and
dopaminergic systems interact to modulate those
functions. Both cholinergic and dopaminergic
stimulation promote hypothermic and aggressive
responses (Cox et al., 1980; Pucilowski, 1987; Ray
et al., 1989), but cholinergic stimulation has op-

Compound Mechanism of action Responses
Conditions under which FSL rats are more sensitive than FRL rats to drugs

DFP Anticholinesterase Temperature/drinking
Physostigmine Anticholinesterase Temperature/activity
Oxotremorine Muscarinic agonist Temperature/activity
Pilocarpine Muscarinic agonist Temperature/activity
Arecoline Muscarinic agonist Temperature/activity
Nicotine Nicotinic agonist Temperature/activity
Apomorphine Dopamine D1/2 agonist Temperature
Quinpirole Dopamine D2 agonist Temperature
Raclopride Dopamine D2 antagonist Catalepsy

mCPP 5-HT-1B agonist Temperature/activity
8-OH-DPAT 5-HT-1A agonist Temperature
Buspirone 5-HT-1A agonist Temperature
Diazepam Benzodiazepine agonist Temperature/activity
Ethanol Multiple (GABA, 5-HT) Temperature
Conditions under which FSL rats are less sensitive than FRL rats to drugs

Scopolamine Muscarinic antagonist Activity
Apomorphine Dopamine D1/2 agonist Stereotypy
Quinpirole Dopamine D2 agonist Stereotypy

MK-801 NMDA antagonist Temperature
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Table 2
Effects of blocking drugs on ethanol-induced hypothermia in Flinders Sensitive and Resistant rats

Decrease in temperature (°C, mean + S.E.M.)
Compound Dose FSL rats FRL rats Difference
Experiment 1
Ethanol (E) only 3 g/kg 28 +0.5 1.6 £ 05 1.2
E + scopolamine 1 mg/kg 26 +0.5 1.6 + 04 1.0
E + bicuculline 2 mg/kg 27+06 1.6 +0.5 1.1
Experiment 2
Ethanol only 3 g/kg 23+0.5 1.2+04 1.1
E + verapamil 10 mg/kg 3.0+ 0.6 1.8 + 0.5* 1.2
E + nicardipine 10 mg/kg 22105 09+ 06 1.3
E + haloperidol 0.5 mg/kg 21+05 1.0+ 05 1.1
E + naltrexone 2 mg/kg 23407 1.0+0.5 1.3
E + pindolol 1 mg/kg 1.9+08 10+ 05 0.9
E + mecamylamine 5 mg/kg 5.6 +1.2% 2.8 + 0.8* 2.8%*
E + hexamethonium S mg/kg 334+ 1.1* 1.9 + 09* 1.2
Experiment 3
Ethanol only 3 g/kg 29403 1.7+03 1.2
E + idazoxan 3 mg/kg 52403* 4.0 +0.3* 12
E + nicotine 0.4 mg/kg 4.0 + 04* 2.5+ 03* 1.5%*

*Significantly greater than ethanol only; potentiated hypothermia.

**Greater difference in temperature than with ethanol only.

posite effects to dopaminergic stimulation in the
modulation of activity and stereotypy (Fibiger et
al, 1970; Klemm, 1989).

In addition to the above drugs which interact
selectively with specific neurotransmitter recep-
tors, the FSL and FRL rats are differentially
sensitive to the effects of several other pharmacol-
ogical agents, as summarized in Table 1. How-
ever, as with the case of dopamine agonists, the
differential effects are observed only for some
actions of the drugs, not for all. For example,
ethanol induces a greater hypothermia in the
FSL rats, but not a greater intoxication (Over-
street et al., 1990b). Similarly, diazepam produces
greater behavioral suppressant effects in the FSL
rats (Pepe et al.,, 1988), but the anxiolytic effects
of diazepam in the two lines are comparable
(Schiller et al., 1991).

We pretreated FSL and FRL rats with antag-
onists selective for specific neurotransmitters in
an attempt to determine if the differences in

ethanol-induced hypothermia in the two lines
were related to particular neurotransmitter dif-
ferences. The results of this study (previously
unpublished) are shown in Table 2. Although
some compounds altered the hypothermic effects
of ethanol, there were parallel changes in the two
lines and no agent reduced the 1°C difference
between the two lines. Surprisingly, the nicotine
antagonist, mecamylamine, dramatically poten-
tiated the hypothermic effects of ethanol more
in the FSL than the FRL rats. These findings
provide extensive replication of the previously
reported differences in ethanol-induced hypother-
mia between the FSL and FRL rats (Overstreet
et al, 1990b), but have failed to elucidate the
mechanism underlying this differential effect.

In summary, it is quite clear that the FSL rat
is more sensitive to a variety of chemical agents
in addition to the anticholinesterase for which
they were selectively bred. In this regard, the FSL
rat is, in part, analogous to MCS patients who
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become more sensitive to a range of agents fol-
lowing exposure to OP anticholinesterases. The
extent of the similarity between the FSL rats and
MCS patients, on one hand, and human depress-
ives and MCS patients, on the other, will be
evaluated in the next section.

4. Mechanisms of action

As Table 3 summarizes, the behavioral features
of individuals with MCS and those of depressed
patients and FSL rats are strikingly similar in
regard to weight, appetite, activity and stressabil-
ity, hedonia, and sleep. A closer look at Table 3
suggests several studies that might be carried out
in MCS patients to test further the extent of
the associations among the three groups. For
example, polysomnographic recordings of sleep
in asymptomatic MCS patients would be particu-
larly informative, especially since there is evi-
dence that the REM sleep changes seen in
depressed patients may be a trait marker of this
disorder (Benca et al, 1992; Janowsky et al,
1994). So far, information about sleep in MCS
patients is of a more subjective nature. However
Bell (1995) has recently reported a decrease in
slow wave sleep in individuals with odor intoler-
ances, a finding found in human depressives but
not FSL rats. Since REM sleep alterations can
also be related to altered cholinergic mechanisms
in general (Shiromani et al, 1987; Janowsky et
al., 1994), a finding of REM sleep changes in

Table 3

MCS patients would suggest that altered cho-
linergic mechanisms might underlie abnormal
sensitivity to chemicals. Such a finding would
also be consistent with a cholinergic hypothesis
as one possible explanation for the similarity
between the MCS patients and depressives.

Another similarity between MCS and depress-
ion is that there are many more females than
males expressing the symptoms (Table 3). Twice
as many females than males report depressive
symptoms, but the incidence of bipolar illness is
equal in the genders (Goodwin and Jamison,
1990). The ratio of female to male MCS patients
is even higher, reaching 4/1 in some studies
(Miller and Mitzel, 1995). The information on
cholinergic sensitivity in the female and male
FSL rats cannot easily be related to the human
data, because sensitivity is a continuous variable
and neither the female nor the male populations
overlap with their FRL counterparts (Overstreet,
1993). However, adult female FSL rats are more
sensitive to cholinergic agonists than their male
counterparts (Netherton and Overstreet, 1983).
The greater sensitivity of adult females to cho-
linergic agonists might therefore contribute to the
greater incidence of depression (Overstreet et al.,
1988) and MCS in this gender.

Given the behavioral similarities between
MCS and depressed patients (Table 3), one could
predict that depressed patients might be hyper-
sensitive to various drugs. Unfortunately, as de-
scribed in Table 4, there is not much information

Comparison of characteristics and behavioral features of MCS patients, FSL rats and depressed patients

Measure MCS patients FSL rats Depressed patients
Weight Up or down Down Up or down
Appetite Up or down Down Up or down
Blood pressure Up or down ND Up or down

Food craving ++ + +

Sleep disturbances +++ ++ +++

Loss of drive +++ +4++ ++ +

Reduced activity + 4+ +++ +++

Cognitive disturbance +++ +/— +++

Gender ratios (F/M) 41 F>M 2/1

ND, not determined
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Table 4
Comparison of drug sensitivity in MCS patients, FSL rats and depressed patients
Compound MCS patients FSL rats Depressed patients
Anticholinesterases +++ +++ +++
Solvents, etc. +++ ND ND
Ethanol +++ ++ +?
Nicotine +++ ++ +?
Xanthines +++ ND ND
Foods +++ ND ND

ND, not determined.

concerning the sensitivity of depressed individ-
uals to the range of drugs reported to cause
problems in MCS patients, other than their
supersensitivity to anticholinesterases and cho-
linergic agonists (Janowsky et al., 1994). There is
somewhat more evidence for a general increase in
sensitivity to drugs in the FSL rats (Tables 1 and
4), It is particularly noteworthy that the FSL rats
are more sensitive to both alcohol (Overstreet et
al., 1990b) and nicotine (Schiller and Overstreet,
1993). The information on the effects of alcohol
and nicotine in depressed patients is more com-
plex, as implied by the question mark in Table 4.
While we are not aware of any studies specifically
stating that depressed patients report intoleran-
ces for alcohol and/or nicotine, there are much
data related to the interaction of depression with
primary alcoholism on one hand (e.g. Schuckit,
1986; Kendler et al., 1993; Maier et al., 1994) and
to the interaction of smoking with depression on
the other (Breslau et al., 1991; Glassman, 1993).
It should be stressed that FSL rats are also less
sensitive to certain drugs (Table 1) and that
depressed patients exhibit blunted hormonal re-
sponses to a number of drugs affecting serotoner-
gic and noradrenergic mechanisms (Meltzer and
Lowy, 1987). Therefore, there is a need to collect
more data from depressed individuals and FSL
rats on their sensitivities to a broader range of
chemicals. If the cholinergic system is a link
between the three conditions, then it would be
predicted that both FSL rats and depressed indi-
viduals would be more sensitive to such drugs.
Also needed is more data on depressed individ-
uals and FSL rats with respect to the triggering

of symptoms by chemical or food exposures
(Table 4).

Although we have emphasized the possibility
of a cholinergic link between MCS patients, de-
pressed patients, and FSL rats, other neurotran-
smitter systems may be involved. Serotonin (5-
hydroxytryptamine; 5-HT) has been implicated
in depression (Meltzer and Lowy, 1987) and
recent experiments on the Flinders rats suggest
that serotonergic mechanisms may play an im-
portant role in some of their altered behaviors
(Overstreet et al.,, 1994). We can only speculate
about the role of serotonergic mechanisms in
MCS patients, as there are no data. However,
given the wealth of information on serotonergic
mechanisms in depressed patients, it should be
possible to design and conduct appropriate ex-
periments to address this possibility in MCS
patients.

A somewhat more complex neurotransmitter
model proposes that the various neurochemical
systems interact with one another and that ab-
normal behavioral states may arise from an alter-
ation in one system which creates an imbalance
in interactions with others. The original concept
proposed by Janowsky et al. (1972) suggested
that depression and mania were the consequence
of imbalances between the noradrenergic and
cholinergic systems, with depression being asso-
ciated with relative cholinergic overactivity and
mania being associated with relative noradrener-
gic overactivity (see also Fibiger et al, 1970).
This model could account for some of the effects
observed in the FSL rats following administra-
tion of noncholinergic drugs. For example, FSL
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rats are more sensitive to the hypothermic effects
of dopamine agonists, but less sensitive to their
sterotypy-inducing effects (Table 1). Since dopa-
minergic and cholinergic systems work in parallel
to regulate temperature but in opposition to
regulate activity and stereotypy, an overactive
cholinergic system could account for the findings
with the dopamine agonists (Overstreet, 1993).

Another type of mechanism which could
underlie all three conditions is a change in second
messenger rather than neurotransmitter func-
tions. Several investigators have proposed that
changes in G proteins, cyclic AMP or other
second messenger systems may be involved in
depression (Wachtel, 1989; Lesch and Manji,
1992; Avissar and Schreiber, 1993). It has been
suggested that the functional muscarinic re-
sponses in the FSL and FRL rats are too diver-
gent to be explained by the relatively small
differences noted in muscarinic receptors (Over-
street, 1993). If correct, such a hypothesis may
more easily account for the pervasiveness of the
chemical sensitivity described in MCS patients,
which involves many classes of chemical com-
pounds besides those having direct effects on
neurotransmitter systems. Differences in second
messengers could be hereditary or induced by
exposure to chemical agents. Further study of
FSL rats, MCS patients, and depressed patients
using diverse approaches is needed to obtain a
clear picture of the mechanisms that may under-
lie MCS.

5. A proposal for future studies

In conclusion, we propose that the characteris-
tics of the animal model we have described are
sufficiently analogous to MCS to warrant its use
in testing hypotheses about the etiology and
mechanisms of action involved in the syndrome.
An example of the type of experimental protocols
suggested by this review is the study of FSL and
FRL rats after exposure to volatile solvents and
other chemicals to which MCS patients report
intolerance. If FSL rats do exhibit increased
sensitivity to a wide variety of chemical agents,
then treatment approaches could be attempted

using antidepressant drugs, for example. It
should be emphasized that proposing antide-
pressant treatment does not presume that de-
pression is the cause of MCS; quite the reverse
might be true. For example, exposure to OPs
might augment cholinergic sensitivity, leading to
both MCS and depression. The possibility that
increased cholinergic sensitivity might underlie
both MCS and depression suggests further ex-
periments in these patient groups. Is there a
subset of depressed patients who report intoler-
ance to varied substances? Do these same pa-
tients exhibit a greater sensitivity to cholinergic
agents? Would this subset of depressed patients
benefit from avoidance of certain drugs and envi-
ronmental exposures? Do MCS patients have
altered cholinergic responsivity?

These experimental approaches can provide
information which is not obtainable by other
methods and which, therefore, could add signifi-
cantly to our knowledge of a disabling syndrome,
one which is strikingly similar to the illness
reported among Gulf War veterans (Miller,
1994b; Miller and Mitzel, 1995). As Dr. Louis W.
Sullivan, then U.S. Health and Human Services
Director, stated at an Experimental Biology
meeting in 1990:

humanely conducted animal research is critically important
in our search for cause and treatments for AIDS, cancer,
Alzheimer’s disease, schizophrenia and other diseases, just as
it was critically important for virtually every major biomedi-
cal discovery in the past.
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Abstract

A potentially promising line of animal research relevant to multiple chemical sensitivity (MCS) is that of
sensitization in the central nervous system (CNS), particularly limbic pathways in the brain. Sensitization is the
progressive and enduring enhancement in behavioral and neurochemical responses that occurs after repeated
exposure to psychostimulants or environmental stressors. Since the onset and progression of sensitization has many
parallels with that of MCS, it has been proposed that MCS may be initiated through a mechanism similar to the
sensitization of CNS components occurring in the rodent. To test this hypothesis, female Sprague—Dawley rats were
exposed to formalin vapors (FORM, 11 ppm) or water vapor (control) 1 h/day for 7 days. The next day, a saline
injection was given followed by a cocaine injection (15 mg/kg, i.p.) 24 h later, and locomotor activity was monitored.
Animals pretreated with repeated FORM inhalation demonstrated a significantly enhanced locomotor response to
cocaine compared to controls, an indicator that specific limbic pathways may have been sensitized. At 4 weeks of
withdrawal from FORM exposure, a subset of animals remained sensitized to a cocaine challenge. No differences
were found between groups after a saline injection. In a second experiment, animals were screened prior to FORM
or water exposure for their response to a novel situation, a measure believed to reflect an animal’s general
responsiveness to stimuli. Rats were divided into high responders (HR) or low responders (LR), based on their
locomotion in a novel cage. Results from three behavioral tests demonstrated that HR and LR were differentially
affected by exposure to FORM. In a passive avoidance test, HR and LR appeared to be different in their distribution
of responses, while HR and LR responses in the FORM group were nearly identical. On the elevated plus maze
test of anxiety, HR spent more time on the open arms than LR in both treatment groups, with significant differences
between HR and LR in the FORM, but not water, treated group. On a hot plate test to measure nociceptive levels,
no differences occurred between HR and LR in the control group, whereas nociception of LR tended toward an
increase compared to HR in the FORM-exposed group. Results from the second experiment suggest that the effects
of FORM exposure may be obscured by examining behavior in a heterogeneous population (HR and LR). This
approach using animal models may help define neural substrates that mediate the amplification of responses of a
subpopulation of individuals to chemicals in the environment.
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1. Introduction

Multiple chemical sensitivity (MCS) is an
ill-defined and controversial disorder in humans
attributed to exposure to a wide range of volatile
organic compounds. Individuals who develop
sensitivity to chemicals report an array of symp-
toms, including depression, fatigue, headaches,
gastrointestinal problems, irritability, muscle
aches, and memory and concentration difficulties,
among many others (Ashford and Miller, 1991).
The controversy surrounding MCS partly stems
from the question of how amplification of sensi-
tivity to chemicals can occur, since symptoms
have been reported after exposure to extremely
low levels of chemicals that do not affect the
general population. Bell et al. (1992) have noted
that MCS strongly resembles the phenomenon
of sensitization in the central nervous system
(CNS), and have proposed that amplification of
responses in MCS individuals develops via CNS
sensitization. Sensitization is defined as the pro-
gressive and enduring enhancement in behavioral
and neurochemical measures after repeated, in-
termittent exposure to a variety of stimuli, most
commonly; psychostimulant drugs and environ-
mental stressors are used (Antelman, 1988). Sev-
era] features of sensitization appear parallel to
those of MCS, including the progressive increase
in sensitivity to drugs/chemicals (Post and Weiss,
1988; Bell, 1994); the apparent permanence of
sensitivity (Robinson and Becker, 1986; Ashford
and Miller, 1991); the greater sensitivity of fe-
males vs. males (Camp and Robinson, 1988;
Miller, 1994); and the spreading of sensitiza-
tion in response to stimuli other than the initial
stimulus used to induce sensitization (as with
cross-sensitization between psychostimulants and
stress) (Antelman et al., 1980; Miller, 1994).

Sensitization is typically initiated by repeated
administration of psychostimulants such as co-
caine and amphetamine. Rodents sensitized to
these drugs or to environmental stressors demon-
strate an augmentation in locomotor activity in
response to a subsequent challenge of psychos-
timulants (see Kalivas and Stewart, 1991 for
review). One major mechanism contributing to
the manifestation of locomotor sensitization in-

volves the mesolimbic dopamine system, includ-
ing dopamine perikarya in the ventral tegmental
area and their projections to the nucleus accum-
bens. Extracellular dopamine levels are enhanced
in the nucleus accumbens in animals sensitized to
psychostimulants, and this enhancement is be-
lieved to partially contribute to the sensitized
behavioral response (Robinson et al, 1988;
Kalivas and Duffy, 1990; Parsons and Justice,
1993).

Due to the vast literature implicating the me-
solimbic dopamine system in the phenomenon of
behavioral sensitization and the strong parallels
between sensitization and MCS, the present
study focused on developing an animal model of
MCS by examining behavioral sensitization in
animals repeatedly exposed to formalin (FORM)
vapors. Formaldehyde and FORM are among
the most ubiquitous volatile organic compounds
found in indoor air, present in hundreds of com-
mon products such as paper, insulation and
wood products. Formaldehyde is among the
more problematic chemicals for individuals with
MCS (Ashford and Miller, 1991). To test for
behavioral sensitization, a subsequent cocaine
challenge was given and the locomotor response
was measured, referred to as “cross-sensitization”
because two different stimuli are involved. In
addition, since no animal model for MCS has
been established, further behavioral testing was
performed to obtain a profile of the changes that
accompany repeated exposure to FORM vapors.
Three tests were chosen based on observations of
decreased memory and concentration, increased
anxiety, and increased somatization in individ-
uals with MCS (Ashford and Miller, 1991). A
memory task using the passive avoidance test, an
anxiety test using the elevated plus maze, and a
hot plate test for nociception were used to exam-
ine animals repeatedly exposed to FORM.

2. Methods

2.1. Drugs and reagents

Cocaine hydrochloride (15 mg/ml) was dissol-
ved in 0.9% saline. Corticosterone (CORT) levels
were determined with a radioimmunoassay kit
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(Diagnostic Products Corporation, Inc, Los
Angeles, CA).

2.2. Animals

Female Sprague-Dawley rats were group-
housed three or four per cage in a temperature-
and humidity-controlled room with food and
water available ad libitum except for the time
during which they were placed into the exposure
chambers. The room was maintained on a 12-h
light/dark cycle, with lights on at 0700 h.

2.3. Experimental apparatus

Rats were placed into a chamber as shown in
Fig. 1. Air was bubbled into a 0.5% FORM
solution or distilled water (control condition),
and the vapor above the solution was passed
through the chamber. Formaldehyde levels
tested during the 1-h exposure were 11.0 + 1.3
ppm (mean + S.D.) between 10-20 min and
11.3 + 0.3 ppm in the last 10 min of the 1-h
period of exposure.

Locomotor activity was monitored in square
Plexiglas cages measuring 40 cm? containing
eight photocells in each direction 2 cm from the
floor. The photocell cages were located in indi-
vidual wooden boxes with separate lighting (10
W) and a fan.

The elevated plus maze consisted of a “plus”-
shaped platform made of black opaque Plexiglas
which was 10 cm in width and 50 cm in length,
creating a 10 x 10 cm “neutral zone” (see below).
The plus maze was elevated 50 cm from the floor.
Two of the arms were enclosed with black Plexig-
las walls 40 cm high, with no ceiling.

The passive avoidance apparatus (Stadler
Grason, W. Concord, MA) consisted of two
chambers (23 x 20 c¢m) connected by a remov-
able black opaque sliding door between the
chambers. One chamber was clear Plexiglas with
additional lighting, the other side consisted of
black opaque Plexiglas. The shock delivered was
0.4 mA for 3 s.

Nociception was measured using a hot plate
(Columbus Instruments, Columbus, OH). The
temperature was set at a constant 52°C for test-

ing.
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Fig. 1. Schematic of chemical exposure chamber. Rats were
placed three per cage into the exposure chamber. Air was
pumped into a 0.5% formalin solution and vapor above was
passed through a liquid trap before entering the chamber.
Outflow was vented to a fume hood.

For measuring CORT levels after a stressful
stimulus, animals were administered restraint
stress. Restrainers consisted of a Plexiglas bottom
piece with two padded wire mesh screens that
wrapped around the animal and secured with
Velcro fasteners.

2.4. Treatment protocol

Two experiments were performed (refer to
Table 1 for time-table of experiments). The first
experiment was done to test whether animals that
were repeatedly exposed to FORM would dem-
onstrate cross-sensitization to cocaine-induced
locomotion. For the first experiment, rats were
placed in groups of three into the exposure cham-
bers for 1 h/day for 7 days. The next day, rats
were allowed to habituate for 1 h in the photocell
apparatus, a saline injection was given (1 ml/kg,
i.p.), and locomotor activity was monitored for
an additional 1 h. The following day, the animals’
response to cocaine hydrochloride (15 mg/kg,
i.p.) was monitored in the same manner except
that locomotion was measured for 2 h. One
month later, the cocaine-induced motor-stimu-
lant response was again measured as described to
determine if the effects of FORM exposure pro-
duced a long lasting cross-sensitization to co--
caine.

The second experiment was performed to ob-
tain a broader behavioral profile of animals ex-
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Table 1
Time-table for experimental procedures

Experiment 1
Day 1 2-8 9 10 11-36

37 38

Novel FORM Saline
Screen  exposure

Cocaine Home cage

Experiment 2

Day 1 2-8 9-11 12 13 14-19

(no treatment)

Saline Cocaine

20 21 22-29 30 31-35 36

Novel FORM  Home Plus- PA Home

screen exposure cage maze train® cage

PA Noci- Home Cocaine Home CORT
test® ception  cage cage

*Passive avoidance training and testing (see text for details).

posed to repeated FORM vapors. For this ex-
periment, animals’ locomotor response to a novel
situation (photocell apparatus) were measured.
Rats were randomly assigned to either the
FORM or water-control group. Animals within
each group demonstrating a locomotor response
to novelty that was higher than the median
response were referred to as high-responders
(HR), and those responding lower than the me-
dian were considered low-responders (LR). This
division of HR and LR is believed to be a
measure of rats’ general responsiveness to the
environment (Piazza et al., 1990). One day after
this screening procedure, rats were administered
repeated FORM exposure as described above.
Four days after their last exposure, rats were
tested for a variety of behaviors over the next 3
weeks as described below.

For the elevated plus maze test, rats were
removed one at a time from their home cage to
the testing area. Rats were placed into the center
of the plus maze (neutral zone), and the amount
of time spent in the open and closed arms was
recorded over a 5-min period in the presence of
an experimenter who was unaware of the treat-
ment groups. Animals were considered to be in
open or closed arms only when all four limbs
crossed out of the neutral zone. The elevated plus
maze relies on the animal’s natural fear of open
spaces, and the time spent on the open arms is a
measure of general anxiety level (File, 1993). In
the present manuscript, open time ratio is re-

ported, which is the time spent on open arms/
total time spent in open + closed arms.

To test whether FORM exposure altered mem-
ory performance on a passive avoidance task,
rats were given a training session and a test
session. The training session consisted of the
following: the door separating the two chambers
was open. Rats were allowed to enter the prefer-
red side (dark side) and to remain there for 5 min.
After this habituation period in the dark, rats
were placed into the home cage for 5 min. They
were then placed into the light side of the cham-
ber, and, upon entering the dark chamber, the
sliding door was closed followed by delivery of a
0.4 mA, 3 s shock. The animal was placed back
into the home cage for 6 days. On the seventh
day, the test session consisted of placing the rat
in the light side of the chamber and measuring
the latency to enter the dark during a 5-min
period.

Assessment of changes in nociception between
treatment groups was done using the hot plate
test. Animals were placed onto the hot plate
apparatus (52°C), and the latency to lick the hind
paw was measured. Once this occurred, the rat
was immediately placed back into the home cage.

Three weeks after the last daily FORM expo-
sure, rats were placed into the photocell cages to
measure their locomotor response to cocaine as
described for experiment 1. Rats were allowed to
habituate for 1 h prior to cocaine injection.
Cocaine hydrochloride (15 mg/kg, i.p.) was ad-
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ministered and locomotor activity was monitored
for 2 h. Rats were placed in their home cage for
5 days before blood collection.

Serum CORT levels were measured under ba-
sal and stressful conditions. Basal levels were
measured by removing each animal from its
home cage, and within 1 min of removal, rats
were decapitated and trunk blood was collected.
Animals were retrieved from their home cage by
an additional person not involved with the de-
capitation process. Stress-induced CORT levels
were obtained from rats after a 20-min restraint
stress. Blood was allowed to coagulate on ice for
30 min and the serum was collected after centri-
fugation. Serum CORT was determined by
radioimmunoassay.

2.5. Formaldehyde level determination and
statistical analyses

Formaldehyde levels present in the vapor
above the formalin solution were determined by
passing the sample air over a cartridge contain-
ing dinitrophenylhydrazine (DNPH). The sample
flow was generated with a sample pump and
monitored with a Matheson flowmeter. After
10-min collections, the cartridges were stored at
5°C until analysis. The sample and blank car-
tridges were eluted with acetonitrile. Hydrazone
concentrations in the eluent were determined by
reverse-phase high performance liquid chromato-
graphy (HPLC) as previously described (Sirju
and Shepson, 1995).

All data were analyzed with a one- or two-way
analysis of variance (ANOVA). A Fisher’s PLSD
test was used for post hoc comparisons following
the one-way ANOVA, and a Student’s z-test
was used in the case of significant differences
(P < 0.05) from the two-way ANOVA.

3. Results

Fig. 2 shows the results of repeated FORM
exposure on saline- and cocaine-induced locomo-
tion 1 and 2 days after discontinuing exposures,
respectively. While no differences were present
between water control and FORM-exposed ani-
mals after a saline injection, a significant aug-

Saline and Cocaine Challenge
after 1-2 day withdrawal

*
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20000
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Daily pre-exposure:
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B Form

Fig. 2. Cross-sensitization between repeated formalin vapor
exposure and cocaine-induced increases in locomotor activity.
Values are mean + S.E.M. of photocell counts obtained over
a 1-h period for the saline day or for both the first hour and
second hour after cocaine injection. N = 9/group. For co-
caine challenge, 1 h treatment: F, ;, = 4.471, P = 0.0505; for
2 h treatment: F, ;4 = 5.268, P = 0.0356

mentation of cocaine-induced locomotion was
found in FORM treated rats compared to con-
trols. When the same animals were allowed to
withdraw from FORM exposure for 1 month, no
significant enhancement in cocaine-induced loco-
motor activity occurred. However, since a pri-
mary interest in designing an animal model for
MCS is an examination of interindividual varia-
bility in the expression of sensitization, each
animal was plotted separately in Fig. 3. There
was a slightly separated subset of the population
(4 animals in each group) that demonstrated
increased locomotion, with the subset of FORM-
exposed rats significantly enhanced above the
water-exposed subset. (Mean + S.E.M. for water
and FORM, respectively, were 59 509 + 3753 and
74156 + 2781; F;=9.828, P =0.02). Similar
results were obtained in the second experiment
(see below and Fig. 4).




140 B.A. Sorg et al. | Toxicology 111 (1996) 135-145
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Fig. 3. Individual responses to cocaine challenge after a
1-month withdrawal period. Data are shown as cumulative
photocell counts for each rat over a 2-h period from water
control- and formalin (FORM)-exposed rats. N = 9/group.
The brackets highlight the highest group of responders in
each group which are somewhat separated from the remain-
ing animals’ responses.

Cocaine Challenge after
3 wk withdrawal
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Fig. 4. Individual responses to cocaine challenge after a
3-week withdrawal period from experiment 2 animals. Data
are shown as mean + S.E.M. of cumulative photocell counts
over a 2-h period from water control- and formalin
(FORM)-exposed rats. N = 16/group. As in Fig. 3, the
brackets highlight the highest group of responders in each
group which are somewhat separated from the remaining
animals’ responses.

Elevated Plus-Maze

open + closed arms

Ratio of time in open arms to time in

Water/Lo  Water/Hi FormiLo Form/Hi

Fig. 5. Ratio of time spent on the open arms to total time
spent on open + closed arms of the elevated plus maze. Data
are shown as mean 4+ S.E.M. of time ratio on open arms of
the plus-maze. Water/Lo and Water/Hi are water control LR
and HR, respectively, and FORM/Lo and FORM/Hi are

‘formalin-exposed LR and HR, respectively. N = 8/group. A

two-way ANOVA revealed that for HR/LR, interaction
Fy 25 =9.344, P =0.0049. *P < 0.05, as determined by a
Student’s t-test between formalin-exposed LR and HR.

In experiment 2, rats were first divided into
HR and LR based on their locomotor response
to novelty. Mean and standard error for the
cumulative photocell counts over a 1-h period in
response to novelty in the water group was:
HR=13777 £ 674, LR =9104 £+ 609 (P <0.0001),
and in the FORM group: HR = 13414 + 638,
LR = 9584 + 573 (P < 0.0005). Fig. 4 shows the
motor-stimulant response to a cocaine challenge
given 3 weeks after discontinuing repeated daily
FORM exposures. Similar to experiment 1, the
late withdrawal period produced a subset of
animals showing a higher response to cocaine in
both groups that were somewhat separated from
the other animals. Once again, cocaine-induced
locomotion in the FORM pretreated subset was
significantly enhanced compared to the subset of
control animals. (Mean + S.E.M. for water and
FORM, respectively, were 42663 1+ 1448 and
54912 + 1977; Fy5 =226, P =0.002). The re-
sults suggest that behavioral sensitization may
endure in a subpopulation of FORM-exposed
rats.
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Passive Avoidance
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Fig. 6. Individual response on the passive avoidance task.
Each circle represents individual animal’s response for all
latencies <300 s. The number of animals demonstrating
latencies > 300 s is shown in parentheses above a single circle
located at the 300-s level.

During the 3-week withdrawal period, three
behavioral tests were carried out. Fig. 5 shows
the response of animals in the elevated plus maze
when tested 4 days after discontinuing exposure.
The open time ratio, which is the time spent in

Nociception
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Fig. 7. Hot plate test for nociception. Data are mean +
S.E.M. of latency to lick the hind limb (in s). See Fig. 5 for
description of treatment groups.
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Fig. 8. Basal EJ and stress-induced B CORT levels. Data are
mean + S.E.M. of serum CORT levels present basally or after
a 20-min restraint stress. For basal values: water, N = 6;
FORM, N =4. For stress-induced values: N = 10/group.
There was a significant effect of stress on CORT levels
(P < 0.0001).

open/time spent in open + closed arms, reflects
general anxiety levels (File, 1993). The open ratio
time was greater in HR than in LR, with no main
affect of water or FORM treatment. Subsequent
analysis between HR and LR within each group
revealed that no significant differences were pres-
ent between HR and LR in the water control
group, but that, within the FORM pretreated
group, HR were significantly elevated above LR
in the time spent on open arms.

Shown in Fig. 6 are the results from the passive
avoidance task. Animals did not demonstrate
differences in mean latencies to enter the dark
among the four groups (data not shown). How-
ever, many animals demonstrated latencies of
> 300 s; that is, they did not enter the dark in the
allotted 300 s time period. Initial chi-square
analysis of the proportion of animals that dis-
played a latency of > 300 s showed no significant
differences among groups. However, it is appar-
ent from the manner in which Fig. 6 is presented
that the distribution of latencies in HR and LR
were different from each other in the water con-
trol group, whereas the distribution of latencies
between HR and LR were nearly identical in the
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FORM pretreated group. It is possible that with
additional animals, a significant difference would
have been revealed using the chi-square analysis.

Results from the hot plate test for nociception
are shown in Fig. 7. No significant differences
among groups were present (P = 0.083), al-
though there was a trend for FORM-pretreated
LR to demonstrate decreased latency to hindlimb
licking compared to HR in the same group
(P = 0.045).

Serum CORT levels were determined both
basally and after a 20-min restraint stress (Fig. 8).
While a robust increase in CORT levels occurred
after the stressor in both groups, no significant
differences between FORM and control groups
were present for either basal or stress-induced
levels.

4. Discussion

4.1. Cross-sensitization between formalin and
cocaine

The major finding of this study demonstrates
that repeated daily FORM exposure (1 h/day for
7 days) produced a cross-sensitization with co-
caine-induced locomotor activity early after with-
drawal (2 days), while only a subset of the
FORM-exposed animals appeared to remain sen-
sitized 3—-4 weeks later. This finding suggests
that, initially after repeated exposure to FORM,
the entire population was affected with regard to
sensitization of pathways involved in locomotor
output, but these changes endured only in a
subset of animals, while the majority of rats
returned to non-sensitized levels.

These findings are in agreement with previous
reports of enhanced locomotor activity in re-
sponse to another dopamine agonist, apomor-
phine, after repeated low level toluene exposure
(von Euler et al.,, 1991, 1993). The present find-
ings imply that mesolimbic circuitry responsible
for maintaining sensitized locomotor responding
to a cocaine challenge is involved in FORM-
induced sensitization. It can be speculated that
those animals which appear to remain sensitized
after a 3—4 week withdrawal period exhibit dif-
ferences in their mesolimbic dopamine function-

ing compared to those animals demonstrating a
much lower response. More recent data examin-
ing cocaine-induced sensitization may provide an
additional explanation to account for the dif-
ferences between repeated daily FORM-treated
animals that demonstrate behavioral sensitiz-
ation and those that do not at the later with-
drawal periods. It is often found that a portion of
rats treated with daily cocaine (10—30%, unpub-
lished observations) will not demonstrate behav-
ioral sensitization. Bell (1994) has shown that
sensitivity to excitatory amino acids in the nu-
cleus accumbens may be a critical factor in the
manifestation of behavioral sensitization. Direct
microinjection of the excitatory amino acid agon-
ist, AMPA, into the nucleus accumbens results
in enhanced locomotor activity in rats demon-
strating behavioral sensitization compared to
those rats given repeated daily cocaine but not
displaying behavioral sensitization. Thus, in
FORM-exposed animals, a further neurochemi-
cal distinction between rats exhibiting sensitized
and non-sensitized behavior may be possible.
One possibility for the finding that FORM
exposure cross-sensitizes to cocaine-induced
locomotion is that inescapable exposure to
FORM is serving as a stressful stimulus. It is a
well-documented phenomenon that stress and
psychostimulants cross-sensitize to produce be-
havioral sensitization (Antelman et al, 1980;
Herman et al., 1984; Robinson et al., 1985; Sorg
and Kalivas, 1991). It remains to be tested
whether FORM-induced effects are acting via
those pathways utilized by stress-induced sensi-
tization, or are producing effects either indepen-
dently of or in concert with stress. Whether the
effects of FORM exposure occur through stress-
induced vs. chemical-induced pathways may have
implications for prevention and/or treatment
strategies in chemically-exposed individuals.

4.2. Individual differences in behavioral responses

The subset of animals from experiment 2 that
displayed the highest motor-stimulant response
to cocaine were comprised mainly of the HR
group (4/4 for control; 4/5 for FORM-treated
group). These results are in agreement with pre-
vious studies demonstrating a positive correla-
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tion between locomotor response to novelty and
locomotor response to an acute cocaine injection
(Hooks et al, 1991). Neurochemical differences
between HR and LR have been reported within
mesolimbic circuitry (Hooks and Kalivas, 1994).
In naive rats, HR demonstrate a higher locomo-
tor response to both dopamine and AMPA, but
not to a p-opioid agonist microinjection into the
nucleus accumbens. Whether HRs or a subset of
HRs are indeed those animals which become
more aversive to FORM is unknown, but is
currently being tested in additional studies in this
laboratory.

Results from the behavioral studies testing for
memory, anxiety and nociceptive levels indicate
that HR and LR are differentially affected by
FORM exposure. Although a trend for HR to
spend more time on the open arms of the plus
maze than LR was observed in the control group,
these same differences were more pronounced in
the FORM-pretreated animals. The results sug-
gest a greater separation of responses among
FORM-exposed rats. The increased amount of
time spent on the open arms of the plus-maze
may be due to increased activity levels. A com-
parison of the locomotor response to novelty
with the ratio of time on open arms revealed a
positive correlation between the two measures
(N = 32; R=0.539; p<0.002). However, this
difference in spontaneous locomotion does not
fully explain the differences between treatment
groups, since analysis of [open time ratio/loco-
motor activity in response to novelty] still yields
significant differences between LR and HR in the
FORM-pretreated group (P = 0.0266), but not in
the water control group (P = 0.3691).

In the passive avoidance task, it is interesting
to note that in the control group, LR exhibited a
greater distribution of latencies compared to HR
in this group. The FORM-exposed animals dis-
played a more dichotomous distribution, with
nearly identical responses between HR and LR.
In the FORM-pretreated group, for both HR
and LR, one-half the rats entered the dark cham-
ber rapidly (within 33 s) and the other half did
not enter at all (>300 s). Therefore, a separation
of responses occurred in both HR and LR, and
thus the major differences in this task were noted

between LR groups of control and FORM-ex-
posed rats.

The hot plate test for nociception was some-
what similar to the plus maze results, in that
there was a strong tendency for FORM-exposed
HR and LR to demonstrate differences while no
such distinction was noted between HR and LR
in the control group.

These latter results, taken at face value, do not
appear to be in general agreement with reports
from MCS individuals. Decreases in memory and
concentration, increases in anxiety, and possible
increases in nociception (increased somatization)
are common symptoms of MCS (Miller, 1994). In
the present study, no clear-cut distinctions be-
tween FORM- and water-pretreated groups were
demonstrated that are parallel to reports from
MCS patients. One possible explanation is that
all behavioral testing in the present studies was
conducted under basal conditions. Since many
MCS patients report symptoms only after re-
exposure to chemicals (Ashford and Miller,
1991), it may not be possible to distinguish
changes in the absence of a FORM challenge. A
second explanation for some of the results is that
the passive avoidance procedure is a test of
memory that may include a component of
learned anxiety. Since increased somatization has
been reported in MCS individuals, the possibility
remains that some FORM-exposed animals may
demonstrate increased memory to avoid the
chamber associated with shock due to increased
somatization.

Of note is the finding that only subpopulations
of FORM-exposed animals were behaviorally
altered. This situation is likely to more closely
reflect the heterogeneity found in the human
population, in which induction of chemical sensi-
tivity is believed to be dependent on a combina-
tion of genetic factors and environmental stimuli.
Considering the differences between the human
and the rat, it may be unrealistic to expect high
face validity for such a model. However, the
predictive validity may prove to be of far greater
importance with regard to determining underly-
ing neurochemical changes, such as those asso-
ciated with sensitization of limbic structures
influencing complex behaviors like anxiety and
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memory. Structures that have been strongly im-
plicated in these behaviors are the amygdala and
hippocampus. Amplification of symptoms in
MCS may originate via sensitization of multiple
limbic pathways, including the amygdala and
hippocampus, which send excitatory amino acid
projections to the nucleus accumbens (DeFrance
et al,, 1980; Christie et al., 1987; Mogenson et al.,
1993). Indeed, the amygdala and hippocampus
are important for inducing behavioral sensitiz-
ation to psychostimulants (Yoshikawa et al.,
1993; Kalivas and Alesdatter, 1993), and repeated
pesticide exposure induces kindling, a form of
sensitization, in the amygdala (Gilbert, 1995).
Thus, the amplification process may involve
multiple components impacting many behaviors
that are altered after chemical exposures.

4.3. Basal and stress-induced CORT levels

No differences were present in either basal
CORT or in restraint-stress-stimulated increases
in CORT levels. However, the approximate 10-
fold increase in CORT levels after restraint sug-
gests that this may have been perceived as an
intense stressor. These results point to the need
for examining a milder stress, such as novelty-
induced CORT, in which levels increase appro-
ximately three times (Piazza et al, 1991). In
addition, it is possible that differences exist
between HR and LR; however, the division of
animals into basal and stress groups precluded us
from examining the response of HR vs. LR.

5. Summary

Repeated daily FORM exposure produced a
behavioral cross-sensitization with cocaine-in-
duced locomotor activity within 2 days after
discontinuing daily exposures. After a 3—-4 week
withdrawal period, cocaine-induced locomotion
was enhanced in only a subgroup of FORM-
treated animals. These data suggest that FORM
exposure may initially produce a sensitization
that is only transient in most animals. Those
remaining sensitized may be analogous to indi-
viduals who become chemically sensitive after
long-term, low-dose or single high-dose expo-
sures. The results from HR and LR rats point to

the possibility that FORM-exposure produces a
greater dichotomy of responses, a trend which
also appears in the locomotor response to a
cocaine challenge given at the later withdrawal
period. An understanding of the neurochemical
alterations within limbic pathways, particularly
the nucleus accumbens, may provide insights
relevant to behavioral sensitization produced by
repeated FORM treatment as well as exposure to
other chemicals.
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Abstract

Utah Valley has provided an interesting and unique opportunity to evaluate the health effects of respirable
particulate air pollution (PM,,). Residents of this valley are predominantly nonsmoking members of the Church of
Jesus Christ of Latter-day Saints (Mormons). The area has moderately high average PM,, levels with periods of
highly elevated PM,, concentrations due to local emissions being trapped in a stagnant air mass near the valley
floor during low-level temperature inversion episodes. Due to a labor dispute, there was intermittent operation of
the single largest pollution source, an old integrated steel mill. Levels of other common poliutants including sulfur
dioxide, ozone, and acidic aerosol are relatively low. Studies specific to Utah Valley have observed that elevated
PM,, concentrations are associated with: (1) decreased lung function; (2) increased incidence of respiratory
symptoms; (3) increased school absenteeism; (4) increased respiratory hospital admissions; and (5) increased

mortality, especially respiratory and cardiovascular mortality.

Keywords: Air pollution; Particulate pollution; Respiratory disease

1. Introduction

Utah Valley has provided a useful opportunity
to evaluate health effects of respirable particulate
air pollution (PM,,). The valley is located in
Utah County of central Utah. In 1990, the county
had a population of about 265000 of which
approximately 188 000 resided in several contigu-
ous cities situated on the valley floor around
1402 m above sea level (Fig. 1). Approximately
90% of the residents of this valley are members
of the Church of Jesus Christ of Latter-day Saints
(Mormons), which has strong church teachings
against smoking. Consequently, only about 6%
of the adults smoke.

Utah Valley has moderately high mean PM,
levels. During low-level temperature inversion
episodes common to winter months, PM,, con-
centrations can become highly elevated due to
local emissions being trapped in a stagnant air
mass near the valley floor. Regular monitoring of
PM,, has been conducted at three sites (Fig. 1).
Based on data from these three sites, average
PM,, levels are somewhat uniform throughout
the densely populated area of the valley. Also,
day-to-day changes in PM,, levels across the
monitoring sites are highly correlated.

One important consideration of the Utah Val-
ley experience was the intermittent operation of
the principal point source of particulate pollu-
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Fig. 1. Map of Utah County in the state of Utah.

tion. This source was an integrated steel mill,
built during World War 11, and located near the
shore of a large freshwater lake on the west side
of the populated corridor (Fig. 1). Due to a labor
dispute and subsequent change in ownership,
the mill was shut down for a 13-month period
from 1 August 1986 to 1 September 1987, re-
sulting in a substantial corresponding reduction
in local particulate air pollution levels. Another
important aspect of Utah Valley is that concen-
trations of sulfur dioxide (SO,), ozone (O,), and
acidic aerosols are relatively low or are not
strongly positively correlated with particle pollu-
tion (Pope, 1995).

There have been several recent studies specific
to Utah Valley that have evaluated the health
effects of particulate air pollution. An objective of
this paper was to contribute to the Conference on
Risk Assessment Issues for Sensitive Human
Populations. It is not clear that this specific
population is relatively more sensitive to the

effects of air pollution than other populations.
However, the largely nonsmoking population
and the unique research opportunities that have
been provided in this study population, have
resulted in various relevant studies. This paper
will briefly review these studies by focusing on
the various health endpoints outlined in Table 1.

2. Summary of observed health effects

2.1. Lung function

Peak expiratory flow (PEF) measures have
been widely used as a simple, inexpensive indi-
cator of acute changes in lung function in asth-
matics. Daily PEF measurements were gathered
in two separate panel studies in the winters of
1989-90 and 1990-91 (Pope et al.,, 1991; Pope
and Dockery, 1992). In these studies there was a
total of four panels including: (1) a patient-based
panel that consisted of individuals who were
receiving medical treatment for asthma and who
were referred to the study by local physicians;
(2) a panel of “mildly asthmatic” school-aged
children that, based on questionnaire informa-
tion, had ever sneezed without a cold, wheezed
for 3 days or more out of the week for a month
or longer, and/or had a doctor say the ‘child had
asthma’; (3) a panel of symptomatic but relatively
healthy school aged children; and (4) a panel of
asymptomatic healthy school-aged children.

These studies observed that elevated PM,,
levels were associated with small but statistically
significant reductions in lung function as meas-
ured by PEF. For both studies, and for all four
panels, there appeared to be associations for up
to 5 days of prior PM,, exposure. Stronger
associations were found when lag structures that
included up to 5 days of exposure were included
in the statistical models. A 10-ug/m® increase
in PM,, over a period of several days was
associated with an average decrease in PEF equal
to approximately 0.1 to 0.5%. Although negative
associations between PEF and PM,, were ob-
served for all four panels, the strength of the
association was different across the panels. Rela-
tively weaker associations were found with the
sample of asthmatic patients. Asthmatics may
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Summary of published studies on health effects of particulate air pollution in Utah Valley and neighboring communities

Health endpoints

Study designs

Summary of results

Lung function

(Pope et al. 1991;
Pope and Dockery
1992)

Respiratory symptoms
(Pope et al. 1991;
Pope and Dockery
1992)

School absences
(Ransom and

Pope 1992)
Hospitalizations
(Pope 1989;

Pope 1991)

Mortality

(Lyon et al., 1981, 1995;
Archer, 1990; Pope et

Panel-based daily
time-series

Panel-based daily
time-series

School-based daily
and weekly time-series

Population-based
monthly time-series

Population-based daily
time-series, case-
control, cross-
sectional and

Elevated PM, , levels were associated with small, transient, but statistically
significant declines in lung function (PEF). Such associations existed for
asthmatic and non-asthmatic children, and adult smokers with mild to
moderate COPD.

Strong, statistically significant associations between PM,, and respiratory
symptoms, especially lower respiratory symptoms and cough, were observed.

Grade school absenteeism was significantly higher during and following
episodes of elevated PM,, levels.

Strong statistically significant associations between the operation of primary
particle pollution source (the steel mill), PM,, pollution, and respiratory
admissions were observed.

Statistically significant and consistent associations between PM;, pollution
and total mortality and respiratory and cardiovascular disease mortality were
observed. Reported increases in lung cancer risk associated with the pollution
have not been as consistent across studies.

al., 1992; Blindauer et

al. 1993) long-term longitudinal

not be less susceptible to PM,, pollution but
may be controlling their condition through
medication. In fact, for the asthmatic panel, the
increased bronchodilator usage was strongly
associated with PM,, levels. In general, the
strongest associations between PEF and PM,,
were with the panels of symptomatic but relative-
ly healthy children.

2.2. Respiratory symptoms

In both of the previously mentioned studies
that monitored daily PEF levels (Pope et al,
1991; Pope and Dockery, 1992), participants also
recorded the presence of specific respiratory
symptoms in daily dairies. The use of daily dia-
ries to record respiratory symptoms has proven
to be an inexpensive method of evaluating acute
changes in respiratory health status. For the
patient-based asthmatic panel, the PM, levels
were not significantly associated with respiratory
symptoms, but were strongly associated with
extra asthma medication use. However, for all
three of the school-based panels, strong, statisti-

cally significant associations between PM,, and
respiratory symptoms were observed. These asso-
ciations were especially strong for lower
respiratory symptoms and cough.

As with the association with PEF, there ap-
peared to be a lag structure between exposure
and respiratory symptoms. Associations for up to
5 days of prior PM, exposure were observed.
Stronger associations were found when lag struc-
tures that included up to 5 days of exposure were
included in the statistical models. A 10-ug/m?
increase in PM,, over a period of several days
was associated with an average increase in lower
respiratory symptoms and/or cough equal to
approximately 2-7%. As with the PEF results,
the respiratory symptom results indicate that
both symptomatic and asymptomatic children
may suffer acute health effects of respirable par-
ticulate pollution.

2.3. School absences
A study that assessed the association between
PM,, pollution and elementary school absences
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in Utah Valley has also been conducted (Ransom
and Pope, 1992). This study compiled school
absenteeism and PM,, data for the six school
years of 1985-1990. Weekly absentecism data
from a full school district and daily data from a
single elementary school were analyzed for
grades kindergarten through 6th. For both data
sets, regression models were estimated. For the
weekly school district data, absenteeism was re-
gressed on PM, pollution levels, weather vari-
ables, and variables indicating month of school
year, and holiday weeks. For the daily elemen-
tary school data, similar models were estimated.
However, variables that indicated day-of-week,
and days preceding and following holidays could
also be included in the models. Many things,
including weather, day-of-week, holidays, and
month of year influenced absenteeism.

Estimated associations between absenteeism
and PM,, pollution in both data sets were posi-
tive and statistically significant. PM, , effects per-
sisted for up to 3 or 4 weeks. Regression results
from both data sets indicated that an increase in
28-day moving average PM, , equal to 100 ug/m?
was associated with an increase in the absence
rate equal to approximately two percentage
points, or an increase in overall absences equal to
approximately 40%. Similar relationships were
observed for all grade levels, although the re-
sponse of absences to air pollution was generally
greater for grades 1-3 compared with grades
4-6. These associations were robust to changes
in model specification.

2.4. Hospitalizations

Two studies have explored the association be-
tween PM, pollution and respiratory hospitaliz-
ations in Utah Valley (Pope, 1989, 1991). Both
studies utilized the natural experiment that was
provided due to the local steel mill being closed
for 13 months. In the first study, monthly hospi-
tal admission data were collected from April 1985
through February 1988, from all four hospitals
in the county. Using diagnosis-related groups
(DRG) coding, this study focused on hospital
admissions for bronchitis, asthma, pneumonia
and pleurisy. PM,, pollution levels were ob-
served to be strongly associated with respiratory

hospital admissions. During months when the
24-h PM,,, levels exceeded 150 ug/m3, average
admissions for children nearly tripled and in
adults the increase was 44%. During the winter
months when the steel mill was operating, versus
the winter months when it was not, PM,, levels
were nearly double and children’s admissions for
these respiratory diseases were two to three times
higher. Formal multiple regression analysis also
revealed that PM,, levels were strongly corre-
lated with hospital admissions. They were more
strongly correlated with children’s admissions
than with adult admissions and more strongly
correlated with admissions for bronchitis and
asthma than with admissions for pneumonia and
pleurisy.

One important concern about the first hospi-
talization study was that increases in contagious
illnesses such as influenza or respiratory syncytial

virus (RSV) occurred coincidentally during win-

ters when the steel mill was open but not when it
was closed (Lamm et al,, 1991). Therefore, the
second study was conducted (Pope, 1991). This
study expanded the analysis by including data
from neighboring Salt Lake and Cache valleys
and by extending the study period. This second
study also used more detailed coding on diag-
noses (including ICD-9 codes) and ages. This
study observed that bronchitis and asthma ad-
missions for preschool-age children were ap-
proximately twice as frequent in Utah Valley
when the steel mill was operating versus when it
was not. Similar differences were not observed in
the neighboring valleys. Various other analysis,
including regression analysis, demonstrated a sta-
tistical association between respiratory hospital
admissions and PM,, pollution but did not indi-
cate that the pollution-hospitalization associ-
ation was due to coincidental epidemics of
influenza or RSV. Based on these studies, it is
estimated that a 10-ug/m? increase in PM, over
a period of a month or more is associated with
an increase in respiratory hospitalizations equal
to approximately 3—7%.

2.5. Mortality g
There have been several air pollution mortality
studies conducted in Utah Valley. The first of
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these studies evaluated the spatial distribution of
lung cancer cases in Utah County between 1966
and 1975 (Lyon et al,, 1981). Lung cancer cases
were clustered in relation to the distance from the
steel mill coke ovens. Up to a distance of 5 miles,
an excess of lung cancer cases over expected
number of cases was observed. For up to 3 miles
the relative risk of lung cancer was 44% higher.
This study suggested that the risks of dying of
lung cancer are highest for those living closest
to coke ovens. However, the association was
not “statistically significant” and, although the
smoking rates are on average very low, cigarette
smoking was not precluded as a confounding
factor since it was not controlled for in this study.

In a second study (Archer, 1990), it is noted
that because the exposure to pollution is fairly
uniform across the populated area of Utah Val-
ley, the methodology used in the previous lung
cancer study was probably unable to observe
most of the impact of air pollution. This study
compared age-adjusted death rates for malignant
and nonmalignant respiratory disease across
Utah, Salt Lake, and Cache Counties. Utah and
Cache Counties had very similar demographics
and very low smoking rates. They also had nearly
identical mortality rates due to malignant respir-
atory disease until about 10 years after the steel
mill was constructed in Utah county causing
substantial increase in pollution. Subsequent dif-
ferences in mortality rates from both malignant
and nonmalignant respiratory disease were pro-
nounced and statistically significant. Based on
changes in both spatial and longitudinal differen-
ces in death rates, it was estimated that 30-40%
of respiratory disease deaths, or approximately
5% of all deaths, were associated with the air
pollution in Utah County. Higher levels of
cigarette smoking in Salt Lake County made it
impossible to separate out the pollution effect,
but the results suggested that pollution also had
a substantial health effect on Salt Lake County
residents. Another paper (Blindauer et al., 1993)
does not address the observed nonmalignant
mortality association, but suggests that the ap-
parent lung cancer effect is not consistent with
alternative approaches to controlling for smok-
ing.

A daily time-series mortality study has also
been conducted that analyzed daily deaths in
Utah County for a nearly 5-year period (Pope et
al., 1992). Daily death counts ranged from 0-12.
Mean daily deaths equaled 2.7 deaths per day.
When daily death counts were averaged over
days with differing pollution levels, it was ob-
served that for every increase in PM,, levels of
approximately 50 ug/m> there was an increase
in average mortality equal to several percent.
This simple univariate analysis however did not
account for the potentially confounding effects of
weather. Poisson regression analysis was used to
regress daily death counts on PM,, pollution
levels, controlling for weather variability. A sig-
nificant positive association between non-acci-
dental mortality and PM,, pollution was
observed. The strongest association was with
5-day moving average PM,, levels. An increase
in 5-day moving average PM,, levels equal to
100 pg/m® was associated with an estimated
increase in deaths/day equal to 16%. The associ-
ation with mortality and PM,, was largest for
respiratory disease deaths, next largest for car-
diovascular deaths, and smallest for all other
deaths.

Recently, the results of a similar study have
been reported (Lyon et al,, 1995). In this study
when PM, , was treated as a continuous variable
in the regression model as was done in the earlier
paper, nearly identical results were obtained. This
study, however, conducted most of its analysis
with a dichotomous pollution variable equal to 1
if PM,, is greater than 50 pug/m? and 0 otherwise.
The data were also divided-up by year, season,
three places of death categories, six age group
categories, in addition to three cause-of-death
categories. Such data stratification often resulted
in regressions using extremely small counts. Not
surprisingly, the use of the dichotomized pollu-
tion variable and the excessive stratification of
the data often resulted in substantially weaker
statistical results that are extremely difficult to
interpret. The authors suggested a non-causal
interpretation. Nonetheless, pooled analysis
showed positive associations between PM,, and
mortality that were strongest with cardiopulmon-
ary disease mortality. Also, when the age groups
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were pooled, it was observed that the PM,,-
mortality association was strongest for those that
died in the home and weakest for those that died
while in the hospital. Such results are consistent
with the interpretation that particulate pollution
is a risk factor for cardiopulmonary disease mor-
tality.

3. Discussion

Air pollution studies in Utah Valley are of
interest, not because of their anomalous results.
The results are largely consistent with those
observed in other study areas as has been
summarized in several more general reviews of
particulate pollution and health (Ostro, 1993;
Lipfert, 1994; Dockery and Pope, 1994; Schwartz,
1994; Pope et al,, 1995). The Utah Valley studies
are of interest because of the low smoking rates
of the population, the unique natural experiment
afforded by the intermittent operation of the steel
mill, the low levels of various co-pollutants, and
the availability of relatively reliable pollution and
health endpoint data. The Utah Valley studies
are also of interest because of the broad range of
health endpoints that have been studied, because
the overall results are largely consistent and
coherent, and because most of the study results
have been published and have been and are being
subjected to critical review.

Because these studies looked at various health
endpoints under differing conditions and con-
straints, they necessarily used a variety of study
designs and differing data analytic techniques.
Each of these individual studies had limitations
imposed upon them by data and analytic con-
straints. There are important concerns pertaining
to these studies that reflect legitimate skepticism
about inherent limitations imposed upon epi-
demiologic studies. For example, there are issues
related to methodologic or analytic bias and
concerns about confounding. A recent review of
the Utah Valley studies focused on these con-
cerns (Pope, 1995). It concluded that given cur-
rently available information, it is improbable that
the apparent air pollution-related health effects
were due to methodologic bias or systematic
residual confounding of cigarette smoking, socio-

economic factors, epidemics of contagious il-
Inesses, or weather. It is also unlikely that the
results are due to confounding by sulfur dioxide,
ozone, or acrosol acidity.

Another set of concerns regarding these epi-
demiologic studies relates to biological signifi-
cance or plausibility of the observed associations
(Utell and Samet, 1993). These studies provide
little information on the specific biological mech-
anisms responsible for the observed effects or on
the toxicity of specific constituents of particulate
pollution. Biological plausibility, however, is en-
hanced by the observation of a variety of car-
diopulmonary health effects and by the fact that
non-cardiopulmonary health endpoints were not
typically associated with particulate pollution.
Bates (1992) has pointed out that perhaps the
most intriguing observation from these studies is
the coherent cascade of cardiopulmonary health
effects. These studies, taken as a whole, provide
evidence that respirable particulate pollution,
some constituent of this pollution, or some pol-
lutant that is closely associated with respirable
particulate pollution, is an important risk factor
for respiratory disease and cardiopulmonary
mortality.
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Abstract

Newer data from human epidemiologic studies of methylmercury (MeHg) poisoning in which perinatal exposure
occurred are available from four distinct populations. The results of an Iragi grain-consuming population are
compared to results from studies performed in fish-consuming groups in the Faroe Islands, the Seychelles Islands
and in Peruvian fishing villages. A comparison of the results indicate that the Iraqi population does not represent
a sensitive subpopulation within a perinatal group, but rather the relative lower threshold identified from this study
was the result of confounders. Use of this benchmark dose for regulatory purposes may place a severe limitations

upon fish consumption in the United States that is not fully supported by the scientific data.

Keywords: Methylmercury; Perinatal exposure; Comparative human studies; Risk assessment

1. Introduction

Quantitative noncancer risk assessment within
the Environmental Protection Agency is per-
formed by establishing a reference dose for indi-
vidual chemical pollutants. A reference dose is an
estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily dose for humans
(including sensitive subpopulations) that is likely
to be without deleterious effects throughout a
lifetime. Normally a reference dose is derived
from results of animal toxicity studies in which a
NOAEL (No observed adverse effect evel) and
LOAEL (Lowest observed adverse effect level)
are taken from the dose levels used in the animal
studies and serve to define the toxicity threshold

for that particular compound. In many instances
a complete base of experimental data is not
available (such as the lack of reproductive or
developmental studies) to precisely define the
most sensitive toxicity threshold in which case
uncertainty factors are applied to the NOAEL
that the existing data can establish.

The application of a safety factor to allow for
sensitive subpopulations among humans is his-
torically one of the two original areas for uncer-
tainty in risk assessment. In an original paper on
risk assessment (Lehman and Fitzhugh, 1954) a
10-fold safety factor was applied for sensitive
subpopulations among humans and another 10-
fold factor was used to adjust for extrapolation of
data from animal studies to humans.
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With minor adjustments, a similar system is
used to determine a toxicity threshold from hu-
man epidemiologic studies. However, particular
problems arise regarding quantitation of daily
doses and identifying dose groups.

When human data serves as the primary basis
for a risk assessment, such as is the case for
MeHg, then the principles for applying uncer-
tainty factors are modified and the topic of sen-
sitive subpopulations becomes even more critical.

2. Background

In 1971-1972 many citizens throughout rural
Iraq were exposed to methylmercury-treated seed
grain that was mistakenly used in home-baked
bread. Latent neurologic toxicity was observed in
many adults and children who had consumed
bread over a 3-month period. A retrospective
study of the affected population was conducted
by University of Rochester and Iraqi physicians
(Marsh et al.,, 1987) and it was determined that
infants born to mothers who ate contaminated
bread during gestation exhibited more serious
neurologic signs than their mothers or the gen-
eral adult population. Often infants exhibited
neurologic abnormalities while their mothers
showed no signs of toxicity. Among the signs
noted in the infants exposed during fetal develop-
ment were cerebral palsy, altered muscle tone
and deep tendon reflexes as well as delayed
developmental milestones, ie. walking by 18
months and talking by 24 months. The neuro-
logic signs noted in adults included paresthesia,

Table 1

ataxia, reduced visual fields and hearing impair-
ment. Some mothers experienced paresthesia and
other sensory disturbances but these symptoms
were not necessarily correlated with neurologic
effects in their children. Unique analytic features
of mercury, that is, analysis of segments of hair
correlated to specific time periods in the past
permitted approximation of maternal blood
levels that the fetuses were exposed to in utero
(Table 1). The data collected by Marsh et al.
(1987) summarized clinical neurologic signs of 81
mother-child pairs. From X-ray fluorescent spec-
trometric analysis of selected regions of maternal
scalp hair, concentrations ranging from 1 to 674
ppm were determined, then correlated with clini-
cal signs observed in the affected members of the
mother-child pairs. Among the exposed popula-
tion there were affected and unaffected individ-
uals throughout the dose-exposure range. Based
upon this data, the U.S. Environmental Protec-
tion Agency established a Reference Dose for
MeHg of 0.0001 mg/kg-day. This value was de-
termined by modelling the entire dose range
using those infants that showed signs and cre-
ating arbitrary dose groups. Since all data points
were identified by the mean hair concentration
for mercury of the mother during gestation, using
a polynomial model the 10% incidence rate
above background levels was found to be 11
ppm. By using appropriate conversion factors the
dose level of 0.0001 mg/kg-day was determined.

Three subsequent studies in high fish-consum-
ing populations were made which do not support
the results of the Iraqi study. Neither delayed

Perinatal exposure to methylmercury: comparison of study parameters for mother-child pairs of four studies

Iraq Seychelles

Faroe Peruvian

Population and subgroup
studied

Number of subjects 81 789
Range of hair Hg conc. 0-148 ppm
Maternal intake 0-1801 ug/day

Grain-consuming

Fish-consuming

0.6—18 ppm
6-106 ug/day

Fish-consuming Fish-consuming

442 342
0-10 ppm 1.2—-18 ppm
0-112 pg/day 3.3-78 ug/day

For the Iraqi study, malnutrition and severe parasitism of the test subjects were significant confounders as was lack of accurate
information regarding the children’s ages. For the Faroe Island study, alcohol consumption and PCB exposure appear to be

significant confounders.
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onset of walking nor delayed onset of talking
occurred among nearly 1500 children that had
been exposed perinatally to similar doses of
MeHg. A study (Marsh et al, 1994) of fetal
exposure to MeHg through maternal consump-
tion of fish was completed in the Peruvian fishing
village of Mancora in 1992. Hair samples were
obtained from 369 pregnant women and neur-
ologic examinations were performed on 194 of
the children from these pregnancies. Of this co-
hort, there were 131 mother-infant pairs with
complete clinical data and hair samples that
provided quantitative measures of MeHg expo-
sure during pregnancy. The mean hair MeHg
levels ranged from 1.2 to 30 ppm with a mean of
8.3 ppm. The profiles of mean and peak MeHg
levels showed little variation and the mothers
had been consuming MeHg-contaminated fish
for many months prior to the births of their
children. This information indicates that steady
state conditions for MeHg had been attained.
The authors broke the study population into
three dose groups of 0—5 ppm, 5-9 ppm and
9-28 ppm. Thorough neurologic examinations
of the children including analysis for general
psychomotor retardation did not reveal any
abnormalities. The study protocol included exa-
minations for maternal paresthesia, speech retar-
dation, muscle tone evaluation, determination of
primitive and tendon reflexes, ataxia, and mental
and motor retardation. Based on the results of
this study, a free-standing NOAEL of 18 ppm in
maternal hair was established.

The term free-standing NOAEL is used when
no adverse effects are noted in the highest dose
group. Data from such a study is limited because
a toxicologic threshold is not determined and the
critical adverse effect is not defined. The value of
such studies for risk assessment is dependent
upon the thoroughness of study design and upon
the extent of various end points that are meas-
ured in the test subjects. When such studies are
of very thorough design, the test results they
provide can be used to refute studies of lesser
quality that establish lower thresholds.

In 1986, the University of Rochester team in
conjunction with the Seychelles Island govern-
ment initiated a large study in which the effects

of low level MeHg exposure on fetal development
was examined (Cox et al., 1994; Davidson et al.,
1994; Myers et al.,, 1994). Among the Seychelles
Island population, fish are plentiful and are the
primary dietary source of protein. A pilot study
involving 789 mother-infant pairs was initiated in
which maternal hair samples and umbilical cord
blood were measured for MeHg content using
atomic absorption spectroscopy. Multiple hair
samples were collected during gestation with
MeHg levels ranging from 0.6 to 36 ppm with a
median of 6.6 ppm (Table 1). These values corre-
lated with daily maternal ingestion rates of 6—106
ug/day. The endpoints evaluation during the
pilot study included a general neurologic evalu-
ation and the Denver Development Screening
Test (DDST) in addition to thorough examin-
ations of physical development. The precise age
of each child was known and testing was per-
formed on each child at 6 months of age. In
addition to DDST testing, a medical history
was obtained and a neurologic examination, the
Fagan Test and collection of breast milk and hair
from both the mother and infant was performed.
The results of developmental tests including the
DDST as well as tests for limb tone and deep
tendon reflexes revealed that there were essential-
ly no differences among any of the four separate
dose groups.

Statistical testing of the results of the DDST
results was made for the following co-variates:
sex, Apgar score, age at testing, maternal age,
birth weight, cigarette and alcohol consumption
by mothers, and neonatal complications. None
was found to have significant influence. After the
pilot study was completed, the test battery was
expanded for testing at 19 and 29 months of age.
The Bayley Scale of Infant Development (BSID)
was chosen as the primary test, in addition,
expanded end-points that were included were
visual recognition memory, cognitive tests, edu-
cational tests, and language tests. The expanded
co-variates that were added included socio-econ-
omic factors, parental education, post natal expo-
sure, and language at home. The investigators felt
that the BSID provided the most significant
results. BSID scores were normally distributed
and the mean Mental Scale Index at both 19 and
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29 months was comparable to performance by
US children. Multiple linear regressions using
BSID mean scores were used to evaluate effects
of MeHg. The results showed no effect of MeHg
on BSID scores at either age. For the Seychelles
island children, the mean Psychomotor Scales
Indices at both ages were 2 standard deviations
higher than US norms but consistent with previ-
ous findings of motoric precocity for children
following early experience in outdoor settings.
Based on these findings, a free-standing NOAEL
of 15 ppm in maternal hair is established.

A comprehensive study was undertaken in the
Faroe Islands in 1986 in which the effects of
MeHg and PCB exposure on human neonates
was investigated (Grandjean et al., 1994). Evalu-
ation of the possible neurologic effects were made
using standardized neurologic and developmen-
tal test procedures when the children were 2, 5,
and 7 years of age. A group of nearly 1000
children were evaluated. Tests of motor and
cognitive function were made when the children
reached 5 and 7 years of age. In addition to the
DDST, tests for motor development included the
Neurobehavioral Evaluation System (NES) fin-
ger tapping test and the NES Hand-Eye Coor-
dination test; the test for language skills was the
Boston Naming Test; the test for visuospatial
skills were the WISC-r Block Designs and Be-
nder Gestalt test; and the tests for memory were
the Tactual Performance Test and California
Verbal Learning Test. The investigators placed
the children into four study groups based on
maternal hair concentrations of 2.0 ppm, 3.9
ppm, 4.5 ppm and 8.1 ppm. The authors in-
dicated that Year 1 data suggest that some neur-
obehavioral dysfunction is related to maternal
seafood intake during pregnancy, particularly on
WISC-R digital spans forward and the Boston
Naming Test. Although the medians for the test
scores are similar or identical across the study
groups, the upper exposure groups had many
more instances of scores in the lowest quartile. In
addition to these results, positive findings were
seen on the NES continuous performance test.
The standard deviation obtained for reaction
time and the number of false positive errors were
higher than expected. However, these findings

must be viewed with caution. The authors state
that these data cannot be directly related to
mercury exposure until further investigation of
potential confounders including exposure to
PCBs has been concluded. In a more recent
published report (Grandjean et al., 1995), a high
correlation between elevated levels of MeHg in
maternal hair was associated with an earlier age
of reaching the developmental milestones of on-
set of sitting, creeping and rising for a group of
583 infants that were breastfed in the Faroe
Islands. While this finding may be counterintui-
tive, the authors emphasize that this finding is
likely the result of the benefits of breastfeeding
and the potential toxic effects of MeHg did not
override these benefits.

3. Discussion

The preliminary results reported for the
Seychelles Islands, the Faroe Islands and the
Peruvian fishing villages stand is stark contrast
to the results for the Iragi study (Table 1).
Although all four studies are concerned primarily
with populations that described perinatal expo-
sures ranging from 0 to 40 ppm in maternal hair
(or maternal dietary intake of 0 to 260 ug/day),
only the Iraqi study demonstrated overt neur-
ologic effects in this dose range. However, the
validity of these effects have been questioned by
members of the toxicology community including
the study authors.

The basic point to be considered is: was the
Iraqi population unusually sensitive to the effects
of MeHg or was some other factor or factors at
play? Concerns raised by the primary investiga-
tors, Drs. Clarkson, Cox, and Myers (Moskowitz
et al., 1994) indicate that the latter choice is more
likely. The clinical neurologic examinations of
the infants that had been exposed perinatally to
MeHg were performed by Dr. Myers and Dr.
Marsh in rural Iraq. One of the primary concerns
they expressed is developmental standards based
in Western Cultures of walking by 18 months
and talking by 24 months of age may be unreal-
istic for the agrarian Moslem cultures of Iraq
since the mothers do not talk to their infants as
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is done in Western cultures. In addition, since
much of the population in rural Iraq is nomadic,
infants are not encouraged to walk at an early
age. Use of such developmental standards is not
appropriate for the Iraqi population. Misapplica-
tion of such a standard is not the same as
recognizing a sensitive subpopulation among in-
fants that were exposed perinatally. In addition,
knowing the precise age of children is not a
matter of high importance in the Moslem culture.
The mothers could only approximate their
children’s ages relative to religion holidays. They
did not know their ages precisely. Another area
for concern is whether or not intercurrent disease
may have contributed to the adverse neurologic
manifestations that were observed in the Iraqi
population. Again the study authors have re-
ported that heavy parasitism and borderline mal-
nutrition were commonplace among the Iraqis
that were the subjects of their study. In view of
the compromises to health that these conditions
present makes the interpretation of study results
particularly tenuous. The choice of the Marsh
study as the basis for noncancer risk assessment
of MeHg is compromised in view of these limita-
tions and further emphasizes that this population
did not represent a sensitive subpopulation.

The difference in results could be attributed to
the grain-consuming practices of the Iraqgi popu-
lation in contrast to primarily fish consumption
in the three other studies. To a large extent this
point is moot since likely human exposure to
MeHg will be from the consumption of high
levels of fish; only accidental poisonings by con-
sumption of contaminated seed-grain such as
occurred in Iraq is the only scenario aside from
fish consumption that is likely to occur.

A subpopulation may be deemed “sensitive” if
members react more strongly to a given concen-
tration of the agent in question than does the
population at large. For a multifactorial end-
point (such as all the mild neurological symp-
toms involved with MeHg), this is not the same
as a subpopulation with increased prevalence of
the endpoint. This is an important distinction
with respect to a situation like asthmatics and
respiratory irritants, for example, for which pre-
valence of the symptom indicates sensitivity. All

persons with CNS signs, low IQ or paresthesia
are not necessarily more sensitive to MeHg and
thus there may be no way to identify “sensitives”
a priori. However, there appears to be sufficient
evidence to conclude that the developing fetus
constitutes a bona fide class of sensitives, regard-
less of the parent population. The only way
sensitivity can be determined is by comparing the
dose-response functions assuming that these
dose-response functions are free of the effects of
confounding variables. Since this group of studies
have involved human exposures, the dose-re-
sponse slope has been delineated using modelling
procedures such as hockey-stick functions which
can only crudely define a threshold.

While the results of this group of studies has
proven to be a an interesting challenge in risk
assessment, the ultimate conclusion is that only
fish-consuming populations in which steady-state
conditions of tissue MeHg concentration exist
should be used. Results of outlying studies such
as the Iraqi study are aberrations.
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Role of nutrition in the survival after hepatotoxic injury

Sanjay Chanda, Harihara M. Mehendale*

Division of Toxicology, College of Pharmacy and Health Sciences, Northeast Louisiana University, Monroe, LA 71209-0470, USA

Abstract

Nutritional status is an important factor in determining susceptibility to toxic chemicals. While macro and
micronutrients may affect many aspects of Stage 1 and Stage Il of toxicity, in this paper, the influence of
macronutrients as sources of energy required for cell division and tissue repair mechanisms on the outcome of
hepatic injury is discussed. Male Sprague—Dawley rats maintained on normal rodent chow and 15% glucose (as a
source of energy for the centrilobular hepatocytes) in drinking water for 7 days experienced an increased lethality
from structurally and mechanistically different centrilobular hepatotoxicants (acetaminophen, thioacetamide,
chloroform and carbon tetrachloride), while male Sprague—Dawley (S-D) rats fed rat chow containing palmitic acid
(PA, 8% w/w, as a source of energy for the periportal hepatocytes) and L-carnitine (LC, 2 mg/ml, as a mitochondrial
carrier for the supplemented fatty acids) in drinking water for 7 days were protected from a LD, ,, dose (600 mg/kg,
i.p.) of thioacetamide (TA). Indices of cell division revealed that cell cycle progression in the liver play a very critical
role in determining the final outcome of hepatotoxic injury. These results confirmed our hypothesis that cell division
and tissue repair play a critical role in survival after life-threatening hepatotoxic injury. Any manipulation directed
towards altering a prompt and exacting compensatory cell division and tissue repair responses after hepatotoxic
injury would also alter the final outcome of the toxicity. These studies indicate that the source of cellular energy
can decisively influence the compensatory response of the target tissue to alter the outcome of hepatotoxic injury.
Since nutritional status is known to vary widely among human populations, these could contribute enormously to
susceptibility of human populations to toxic chemicals.

Keywords: Cell division; Tissue repair; Thioacetamide; Glucose; Palmitic acid; L-carnitine

1. Introduction structure and function. In dose-response studies
it has been shown that stimulation of cell division

With the possible exception of neuronal tissue, and tissue repair are simultaneously occurring
organisms are known to compensate for tissue biological responses to tissue injury (Rao et al.
damage by stimulating cell division intended for 1994; Mangipudy et al., 1995a). Survival after
replacement of dead cells, thereby restoring tissue hepatocellular injury and necrosis depends on

ability of the remaining hepatocytes to regenerate

; ; : X X and restore an adequate population of func-
Hill, Curriculum in Toxicology, U.S. Environmental Protec- tioni lls (Holecek et al. 1991). Ad ¢
tion Agency, Health Effects Research Laboratory, MD-74, oning cells ( olecek et al, ) equate
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damage (Bengmark et al., 1965; Zivny and Simek,
1989). As a rule, the administration of nutritional
substances is evaluated only from their potential
to generate energy, without considering whether
these substrates also influence the cell division
and tissue healing processes either via their effects
on the relevant energy metabolism or via other
mechanisms. Since marked hypoglycemia follows
severe liver damage, glucose is used as a source
of energy in clinical situations of liver damage
though its contribution to liver regeneration and/
or survival is unclear.

There is considerable interest in the ability of
the liver to “regenerate” during normal growth
and development, during pathophysiological al-
terations, and during chemical-induced hepa-
totoxic injury (Columbano et al., 1990). Several
studies have established the critical role of hepa-
tocellular regeneration and tissue repair in deter-
mining the final outcome of liver injury induced
by wide variety of model hepatotoxicants such as
chloroform, galactosamine (Mehendale et al.,
1989; Abdul-Hussain and Mehendale, 1992), etc.
These studies have led to the concept that the
critical determinant of the ultimate outcome of
chemically induced hepatotoxicity is the extent of
sustainable tissue repair occurring after infliction
of injury (Calabrese et al., 1993). Furthermore,
cell division and hepatic tissue repair stimulated
by a protective dose has been shown to be
the mechanism underlying CCl, and thioacet-
amide autoprotection (Rao and Mehendale 1991;
Mehendale et al., 1994; Thakore and Mehendale,
1994; Mangipudy et al., 1995a).

Hepatocyte proliferation occurs in a unique
spatial pattern that is related to the localization
of hepatocytes in the different zones of acinus.
Studies on the distribution of DNA-synthesizing
cells in Rappaport’s zones I, 11, and III of the
liver acinus, carried out at different intervals after
liver resection (Gebhardt, 1988) showed that
after a toxic insult to the liver, cellular regener-
ation starts in the periportal region which derives
its energy from fatty acid oxidation.

Thioacetamide (TA), originally used as a fun-
gicide, a potent hepatotoxin and carcinogen, has

been shown to stimulate hepatic DNA synthesis .

(Reddy et al., 1969). In recent studies, it has been

shown that this DNA synthesis is directed to-
wards stimulated cell division and tissue repair
(Mangipudy et al, 1995a,b). Thioacetamide is
oxidized by the mixed function oxidase system to
sulfoxide and sulfone metabolites, which bind to
liver macromolecules causing toxicity (Hunter et
al., 1977).

L-Carnitine (LC) is best known for its role in
facilitating entry of long-chain fatty acids into
mitochondria for utilization in energy generating
processes. Long chain fatty acids cannot enter
mitochondria independent of translocation as
esters of carnitine (Rebouche, 1992). Therefore,
any dietary supplementation of long chain fatty
acids intended for augmented mitochondrial
oxidative phosphorylation should be accom-
panied by L-carnitine supplementation as well to
ensure mitochondrial delivery of fatty acids.

The mechanisms that regulate proliferation of
liver cells is of biomedical interest with direct
applications in clinical medicine. Proliferation of
liver cells is critical for patient survival in many
hepatic diseases. In drug overdosage or poison-
ing episodes, the present line of therapy aims only
at blockade of any additional liver injury from
hepatotoxicants or hepatic diseases. While this
antidotal therapy might be effective in preventing
additional mechanism-driven injury, patient sur-
vival depends heavily on the ability of the re-
maining hepatocytes to divide in order to
replenish the dead or dying cells. Death usually
occurs when the regenerating ability of the liver
is compromised. If liver cell division can be
stimulated after massive hepatic damage by some
therapeutically compatible mechanism, then it
might be possible to prevent death from even
massive hepatotoxic injury.

2. Materials and methods

2.1. Chemicalslreagents

All of the chemicals used for the Northern blot
analyses were gifts from The Chemical Industry
Institute of Toxicology (CIIT, RTP, NC). Mon-
oclonal primary antibody to proliferating cell
nuclear antigen (PCNA) was purchased from
Dako (Carpintaria, CA). Radioimmunoassay kits
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for determination of insulin, glucagon and C-
peptide were purchased from Diagnostic Prod-
ucts Corporation (Los Angeles, CA). All other
chemicals, unless specified otherwise, were pur-
chased from Sigma Chemical Co. (St. Louis,
MO).

2.2. Animals and housing environment

Adult male Sprague-Dawley (Harlan Spra-
gue—Dawley Inc., Madison, WI) rats (200-250 g)
were used for all the experiments. The rats were
housed in polycarbonate shoe-box style cages
over sawdust bedding known to be free of any
chemical contaminants. Rats were maintained in
a temperature (21 + 1°C) and humidity (50—
80%) controlled environment with a 12-h light/
dark cycle (lights on at 0700 h) in our central
animal facility. Rats were allowed 7 days to get
accustomed to the environment before use in the
experiments.

The optimum concentration of glucose that
can be used without adversely affecting food
consumption (15% glucose in drinking water)
was established by preliminary studies. Four
structurally and mechanistically differing model
hepatotoxicants were used for this study. Rats
were divided into several groups as shown in
Table 1. On day 8 hepatotoxicants were admin-

Table 1

istered as indicated in Table 1. The grouping of
the rats for the experiments with palmitic acid
(PA) and L-carnitine (LC) is shown in Table 2.

2.3. Biochemical assays

Plasma enzyme and glucose levels were deter-
mined by commercially available kits (#59 UV
for ALT and 4510 for glucose from Sigma).
Hepatic glutathione (GSH) content was meas-
ured by following the method of Reed et al.
(1980). Plasma insulin, C-peptide and glucagon
levels were determined using the kits made
by Diagnostic Product Corporation ($#TKINI,
KPED1 and KGNDI for insulin, C-peptide and
glucagon, respectively). Fatty acid and carnitine
concentrations in plasma and liver were deter-
mined by the method of Demacker et al. (1982)
and of Nakano et al. (1989), respectively.

2.4. Proliferating cell nuclear antigen (PCNA)
immunohistochemical staining

Livers isolated from rats were cut into small
pieces in 10% neutral buffered formalin and fixed
in the same fixative for 72 h. After 72 h they were
transferred to 70% alcohol until they were pro-
cessed further. The method followed for PCNA
was described by Greenwell et al. (1991).

Effect of glucose loading on the toxicity of acetaminophen, thioacetamide, chloroform and carbon tetrachloride

in male Sprague—Dawley rats

Group N Treatment Hepatotoxicant % Lethality
1 10 Glucose (15%) in drinking water Acetaminophen 70

11 10 Glucose (15%) in drinking water Thioacetamide 100

1 10 Glucose (15%) in drinking water Chloroform 100

[AY 10 Glucose (15%) in drinking water Carbon tetrachloride 100

A% 10 Regular drinking water Acetaminophen 20

Vi 10 Regular drinking water Thioacetamide 0

VIl 10 Regular drinking water Chloroform 50

Vil 10 Regular drinking water Carbon tetrachloride 30

Rats of all the groups received normal rat chow ad libitum during the entire period of study. Rats of the first four groups (I-1V)
received 15% glucose in drinking water during the entire period of the study. The rest of the groups received regular tap water.
On day 8 of glucose loading rats of groups I and V were injected with acetaminophen (800 mg/kg, i.p.), groups Il and VI received
thioacetamide (300 mg/kg, i.p.), groups HI and VII received chloroform (0.3 ml/kg, i.p.} in corn oil and groups IV and VIII received
carbon tetrachloride (1.9 mi/kg, i.p.) in corn oil. The rats were observed twice daily for 14 days after the last treatment.

Adopted from Chanda and Mehendale (1995) by permission of FASEB J.
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Table 2

Influence of nutritional supplementation with palmitic acid
and L-carnitine on thioacetamide lethality in male
Sprague—Dawley rats

Groups Diet % Lethality
| Palmitic acid + L-carnitine 0

I Normal diet + tap water 100

III Palmitic acid + tap water 90

v Normal diet + L-carnitine 90

Each group had 10 rats. Palmitic acid (8%, w/w) was in-
cluded in the powdered rat chow for groups I and Il and
L-carnitine (2 mg/ml) was added to the drinking water for
groups I and IV. The rats were maintained on their respective
diets throughout the entire period of study. On day 8 they
received thioacetamide (600 mg/kg, i.p.). The rats were ob-
served twice daily and mortalities were recorded for 14 days
after the TA treatment. First lethality occurred 4 days after
the TA treatment (group II) and the last lethality was
observed 7 days after TA treatment (groups III and IV).
Reprinted from Chanda and Mehendale (1994) by permission
of FASEB J.

2.5. RNA extraction and Northern blot
hybridization

Samples of livers were used for RNA extrac-
tions employing a modification of the procedure
by Chomczynski and Sacchi (1986). The RNA
was denatured in formaldehyde/formamide, frac-
tionated by electrophoresis, and then transferred
to nitrocellulose (Thomas, 1980).

2.6. Statistical analysis

The means + S.EM. were calculated for all
values. Statistical differences between two groups
(control and treated) were determined by the
Student’s paired t-test, while the difference be-
tween the groups at different time points were
found by Generalized Regression Model (GLM)
followed by Fisher’s Least Significant Difference
(LSD) using Statistical Analysis Software (SAS).

3. Results

3.1. Effect of glucose loading

The preliminary studies established that the
doses of different hepatotoxicants used for the
study were either non-lethal or only caused mar-
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Fig. 1. (a) Plasma alanine aminotransferase (ALT) levels

during a time-course after thioacetamide administration in
glucose-loaded rats. Details of treatment are in Table 1. (b)
Plasma alanine aminotransferase (ALT) levels during a time-
course after thioacetamide administration in PA-LC supple-
mented rats and the rats on normal diet (CD). Details of
treatment are in Table 2. Groups of 4 rats were used for
serum enzyme measurements at each time point for each
group. *Significantly different from control (P < 0.05). *Sig-
nificantly different from the group receiving tap water and
normal diet (P < 0.05). Fig. 1a and b have been adopted from
Chanda and Mehendale (1994,1995) by permission of FASEB
J.

ginal lethality. All hepatotoxicants under investi-
gation became highly lethal in glucose-loaded
rats. The glucose-loaded groups receiving a mar-
ginally lethal dose (20% lethality) of acetamino-
phen (Table 1, groups 1 and V) experienced 70%
lethality. All rats receiving a non-lethal dose of
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Fig. 2. (a) Hepatic reduced (GSH) levels after thioacetamide
administration with or without glucose loading. Details of
treatment are as in Table 1. (b) Hepatic glutathione (GSH)
levels during a time-course after thioacetamide administra-
tion with or without PA-LC dietary regimen. Details of
treatment are as in Table 2. Results are mean + S EM. of 4
rats for each group at each time-point. *Significantly different
from contro! (P < 0.05). *Significantly different from the
group receiving tap water and normal diet (P < 0.05).

thioacetamide (TA, Table 1, groups II and VI)
experienced death (100% lethality). The other
two hepatotoxicants, chloroform (50% lethality)
and carbon tetrachloride (30% lethality) (Table
1, groups 11T & VII and IV & VIII), showed a
100% lethality in glucose-loaded rats. Since TA
showed the most dramatic increase in lethality, it

I water + TA ____ Glucose + TA

Plasma glucose (mg / dl)

0 6 12 24 36 48 72 96
Hr after TA administration

Fig. 3. Plasma glucose levels during a time-course after
thioacetamide administration with or without glucose load-
ing. Details of treatment are as in Table 1. Results are mean
+ S.E.M. of 4 rats for each group. *Significantly different
from control (P < 0.05). *Significantly different from the
group receiving normal drinking water and normal diet
(P < 0.05).

was selected for further study. Also, lethal effects
of TA were experienced by the rats between 4 to
7 days after TA administration. This model per-
mits a better time-course study to investigate the
underlying mechanism.

Plasma enzyme levels (ALT) were measured as
markers of hepatotoxicity. ALT levels were the
same irrespective of glucose loading (Fig. 1a) at
36 h after TA administration, which is the time of
maximum injury (Chanda and Mehendale, 1995).
After 36 h, progressive and nonreversible liver
injury was evident through progressive elevation
of ALT in rats receiving glucose, while a re-
gression of liver injury was evident through de-
clining elevations of ALT in rats not receiving
glucose. It is noteworthy that persistent and
higher elevations of ALT occurred after 36 h in
glucose loaded rats, while these enzymes re-
covered to normal values during this time frame
in rats not receiving glucose.

Hepatic glutathione (GSH) levels were de-
creased as a consequence of bioactivation of TA
to sulfoxide or sulfone metabolites. If bioactiva-
tion of TA is decreased by glucose loading, one
should expect this difference to be reflected in
retained GSH in liver, particularly during the
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Fig. 4. Plasma insulin (a), C-peptide (b) and glucagon (c)
levels in rats with or without 7 days of glucose loading.
Details of treatment are in Table 1. Results are mean +
S.E.M. of 4 rats for each group.

inflictive phase of liver injury. Therefore, hepatic
GSH levels were measured to determine if any
significant differences in metabolic activation of
TA were evident subsequent to loading. Glucose
loading did not affect the initial GSH levels (Fig.

2a). The levels of GSH decreased substantially by
24 h irrespective of the dietary regimen. The
recovery from GSH depletion began at 48 h for
the group on glucose loading. In the control
group recovery did not start until 72 h. Thus,
glucose loading neither prevented nor increased
TA-induced depletion of GSH, suggesting that
the mechanism by which TA inflicts liver injury
is not adversely affected by this treatment.

Plasma glucose levels did not rise in glucose
loaded rats (zero time point). As expected, TA
treatment resulted in increased plasma glucose
levels regardless of glucose loading. Since the rats
were glucose loaded it was of interest to see if this
could also raise the plasma glucose levels. The
plasma glucose level increased significantly in
rats not receiving glucose but was significantly
less than the increase in rats receiving glucose
until 12 h after TA administration. Therefore, the
increase in plasma glucose was not significantly
different between the two groups. The plasma
glucose levels returned to normal by 72 h in both
the groups (Fig. 3).

Absence of increased plasma glucose levels in
glucose-loaded rats might be because of increased
pancreatic insulin release, increased C-peptide
level, or due to increased glucagon level. These
three enzyme levels in plasma were measured
after 7 days of glucose loading. Glucose-loading
did not cause increase in these three enzyme
levels (Fig. 4).

Whether the lethal effect of glucose was due to
suppressed cell division and tissue repair was
investigated by the proliferating cell nuclear anti-
gen (PCNA) immunohistochemical analyses (Fig.
5). This technique helps to identify cells in differ-
ent phases of the cell cycle. Normally most of the
cells are in resting phase (Gy), and a relatively
small number of cells are in other phases of cell
cycle (data for zero time, Fig. 5), with about
3-4% cells in the G, phase. A decrease in G, cell
population without any discernible increase in M
phase cells was observed between 6 to 12 h in
both the groups. Maximum number of cells in S
phase was seen at 48 h (Fig. 5) after the admin-
istration of TA in both the groups. However, in
glucose loaded rat livers, S phase stimulation was
inhibited by 70%. At 72 h after TA treatment,
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Fig. 5. Hepatocytes in different phases of cell cycle during a
time-course in rats receiving thioacetamide with or without
glucose loading. Details of treatment are in Table 1. Percen-
tage was calculated from a total of 1000 viewed cells for each
animal. Each time point had 4 rats per group. Thioacetamide
was administered 300 mg/kg, i.p. in normal saline. The value
of control did not differ from the 0 h value. *Significantly
different from control (P < 0.05). *Values are significantly
different from the other group at that time point (P < 0.05).
Reprinted from Chanda and Mehendale (1995) by permission
of FASEB J.

most of the cells had progressed to the G, and M
phase, indicating stimulation of cell cycle pro-
gression by TA treatment. Inhibitory effects of
glucose loading on TA-induced stimulation of S
phase, concordant with the [*H]thymidine incor-
poration data (Chanda and Mechendale, 1995)
and cell-cycle progression, are clearly evident
from the PCNA analysis of liver sections. Conse-
quently, glucose loading resulted in significantly
attenuated mitosis (Fig. 5).

3.2. Effect of dietary palmitic acid and L-carnitine
in drinking water

From preliminary studies the LD;qo dose of
TA was established to be 600 mg/kg (i.p.), a dose
used in these studies (Table 2). Group I, which
received dietary palmitic acid and L-carnitine in
drinking water, did not experience any lethality.
The rats on normal diet and tap water (group II)
experienced a 100% lethality in 4 to 7 days. Forty
percent lethality was noted between 96 h and 120
h. All the rats died by the 7th day. Dietary
palmitic acid alone (group III) or L-carnitine
alone (group 1V) provided only 10% protection
from the lethal dose of TA. All mortalities occur-
red between 6 to 7 days. Approximately 30% of
the rats died on day 6 and the remaining rats
before the end of day 7.

Plasma enzyme level (ALT) was measured as
marker of hepatotoxicity. The ALT value at 36 h
for the group receiving dietary palmitic acid and
L-carnitine was higher than the group receiving
normal diet indicating greater liver injury at that
point (Fig. 1b). After 36 h, progressive and non-
reversible liver injury was evident through pro-
gressive clevation of ALT in rats receiving the
normal diet, while a regression of liver injury was
evident through declining elevations of ALT in
rats rescued by fatty acid and L-carnitine dietary
regimens. Higher liver injury in the group receiv-
ing fatty acid supplement, was of no consequence
to animal survival.

Hepatic glutathione (GSH) levels were de-
creased as a consequence of bioactivation of TA
to sulfoxide or sulfone metabolites. If bioactiva-
tion of TA is decreased by palmitic acid and
L-carnitine dietary regimen, one would expect
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Table 3
Total free fatty acids concentrations in the blood and in the liver of male Sprague-Dawley rats

Dietary regimen Concentration in blood (nmol/ml) Concentration in liver (nmol/g liver)

Oh 48 h Oh 48 h
Normal diet + tap water 5259 + 79.5 402.2 + 43.1 21.8 + 20 18.1 +£ 09
Palmitic acid + L-carnitine 5172 + 504 3525 + 586 229 +2.7 10.6 + 2.5*

The rats were maintained on their respective dietary regimen for the entire period of the study. Palmitic acid (8%, w/w)
was admixed in the powdered rat chow and L-carnitine (2 mg/ml) was dissolved in the drinking water. On day 8 (0 h) they received
a single injection of TA (600 mg/kg, i.p.). Each time point had 8 rats in each group.

*Significantly lower than the other group (P < 0.05).

Reprinted from Chanda and Mehendale (1994) by permission of FASEB J.

Table 4
Influence of nutritional supplementation with palmitic acid and L-carnitine on the carnitine level in blood and liver of
male Sprague—Dawley rats

Dietary regimen Concentration in blood (nmol/ml) Concentration in liver (umol/g liver)

Short, medium Free Total Short, medium Free Total

and long chain carnitine and long chain carnitine

acylcarnitine acylcarnitine
Normal diet + tap water 120 + 1.1 21.1+£20 331 £ 20 027 +0.01 0.16 +£0.02 043+ 0.03
Palmitic acid + L-carnitine  11.6 + 1.8 218 + 1.1 332 +29 0.41 + 0.03* 025 £ 0.01* 0.66 + 0.04*

Palmitic acid (8%, w/w) was admixed in the powdered rat chow and L-camnitine (2 mg/ml) was included in the drinking water.
The rats were maintained on their respective diets for 7 days. On day 8 they were killed to determine the carnitine concentration.

Each dietary regimen had 4 rats.
*Significantly higher than the other group (P < 0.05).

Reprinted from Chanda and Mehendale (1994) by permission of of FASEB J.

this difference to be reflected in retained hepatic
GSH, particularly during the inflictive phase of
liver injury. Therefore, hepatic GSH levels were
measured to determine if metabolic activation of
TA was altered with palmitic acid L-carnitine
dietary regimen. Palmitic acid and L-carnitine
dietary regimen did not affect the initial GSH
level (Fig. 2b). The levels of GSH decreased
significantly by 12 h irrespective of the dietary
regimens. The recovery from GSH depletion be-
gan at 24 h for the rats on PA-LC dietary
regimens, whereas recovery did not start until 48
h in the control rats. Thus PA-LC dietary regi-
mens did not prevent TA-induced depletion of

GSH, suggesting that interference with the mech-
anism by which TA inflicts liver injury is not the
mechanism of protection.

Total free fatty acid concentration in blood
and liver at 0 and 48 h are shown in Table 3.
Neither the blood nor the liver concentration of
free fatty acids at 0 h was significantly different
between the groups. However, at 48 h the free
fatty acid concentration in the livers of rats on
PA-LC dietary regimen was significantly lower
indicating fatty acid utilization.

Total carnitine concentration in blood and
liver are shown in Table 4. There was no signifi-
cant difference in carnitine concentration of
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Fig. 6. Graphical representation of cell cycle progression as
measured by PCNA immunohistochemical procedure. Per-
centage was calculated from a total of 1000 viewed cells for
each animal. Each time point had 4 rats per group. Details of
treatment as in Table 2. Values are mean + S.E.M. *Signifi-
cantly different from control (P < 0.05). *Significantly differ-
ent from the group receiving tap water and normal diet
(P < 0.05). Reprinted from Chanda and Mehendale (1994) by
permission of FASEB J.

blood in the two groups. In the liver there was a
significant increase in total, free, and acyl carni-
tine levels in the rats on PA-LC dietary regimen.

PCNA immunohistochemical analysis (Fig. 6)
was performed to examine if cell division and

tissue repair were facilitated by PA-LC dietary
regimen. A decrease in G, cell population with-
out any discernible increase in M phase cells was
evident between 6 to 12 h in both the groups.
Maximum number of cells in S phase was seen at
72 h after the administration of TA in both the
groups (almost 4-fold higher in the group on
PA-LC diet). At 96 h after TA treatment, most of
the cells had progressed to the G, and M phase,
indicating that cell cycle progression was stimu-
lated by TA treatment, but the dietary supple-
mentation with palmitic acid and L-carnitine
yielded much higher mitosis (Fig. 6).

Proto-oncogene expression was examined after
TA administration to rats fed either the normal
diet or the PA-LC diet. Examination of proto-
oncogene mRNA levels at various times after TA
administration (Fig. 7) showed that c-myc, v-fo,
p53, and v-Ha-ras mRNA content increased in
response to TA irrespective of the dietary regi-
men. The messages for these proto-oncogenes
were virtually undetectable in normat liver from
vehicle-treated rats, but rose by 6 to 12 h and
peaked by 12 to 36 h after the TA administration.
No change occurred in mRNA levels for the
control gene albumin among these samples.
Noteworthy temporal differences were observed
in the overexpression of proto-oncogenes in PA-
LC rats in comparison to ND rats. In ND rats
receiving TA, p53 expression was clearly evident
at 12 h and remained intense upto 48 h. In
contrast PA-LC diet resulted in a preponement
of p53 expression by approximately 6 h, such that
the intensity of p53 over-expression remained
between 6—36 h after the administration of TA.
mRNA levels for c-myc were increased by 6 h and
remained almost the same in both groups until
48 h when c¢c-myc expression was much higher in
PA-LC rats than ND rats. No significant tem-
poral differences were evident for v-fos and v-
Ha-ras.

4. Discussion

. Glucose is often used as a ready source of
energy for the patients with severe hepatic dis-
order (Price et al., 1982) without a proper under-
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Fig. 7. Representative autoradiograms of Northern blot hybridizations of RNA isolated from rat livers on normal diet (ND) and
on palmitic acid-L-carnitine (PA-LC) dietary regimen at different time points after TA administration. Details of treatment are as

in Table 2.

standing of the status of glucose as an energy
source after severe hepatic damage. Weinbren
and Dowling (1972) and Caruana et al. (1986)
demonstrated that glucose feeding may provide
optimal conditions for regeneration and survival
after 82-90% partial hepatectomy. However,
after a 2/3 partial hepatectomy, glucose was
found to inhibit [*H]thymidine incorporation
suggesting inhibitory action of glucose. Addi-
tional experimental evidence is also available to
suggest that glucose may be inhibitory to cell
division (Bengmark et al, 1965; Ngala-Kenda
and Lambotte, 1981; Holecek and Simek, 1988).
It has been demonstrated experimentally that
aerobic oxidation of glucose is decreased in toxic
liver diseases (Simek et al., 1966; Irie et al., 1983).
The metabolic block compromises hepatic glu-
cose utilization for energetics and leads to inhibi-
tion of liver regeneration (Bengmark et al., 1965;
Ngala-Kenda and Lambotte, 1981; Holecek and
Simek, 1988; Chanda and Mehendale, 1995). In
fulminant liver failure and related severe liver
diseases, recovery may critically depend on the

availability of utilizable sources of energy in the
liver. Therefore, if glucose is an inappropriate
substrate to support a rapid and timely cell
division and tissue repair, a reasonable and test-
able basis exists to hypothesize that glucose in-
creases the toxicity of the model hepatotoxicants
by inhibition of hepatocellular regeneration and
tissue repair.

In this regard, there is evidence to suggest that
the regenerating liver preferentially utilizes fatty
acids as the source of cellular energy. Moreover,
it is known that fatty acids, rather than carbohy-
drates, are the preferred substrates for energy-
dependent metabolism in the remnant liver after
partial hepatectomy (Nakatani et al.,, 1981). The
increased demand for ATP needed to support
hepatocellular division is essentially derived from
fatty acid oxidation (Simek et al., 1966).

Studies were conducted to test the experimen-
tal premise that glucose is an inappropriate
substrate to support cell division targeted for
compensatory tissue repair needed upon centrilo-
bular liver injury. Glucose was included in drink-
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ing water for 7 days prior to a single injection of
four structurally and mechanistically dissimilar
centrilobular model hepatotoxicants (Table 1).
Though glucose loading increased the lethality of
all of the hepatotoxicants tested in this study
(Table 1), maximal effect was seen with thioacet-
amide when a nonlethal dose became fully lethal.
Hence, TA was selected for further studies with
glucose and fatty acid. Based on the observations
with glucose, it was hypothesized that liver injury
inflicted by a lethal dose of TA kills the rats
because the surviving hepatocytes lack the energy
to repair the massive liver damage caused by the
agent. Because TA is a centrilobular toxicant,
most of the surviving hepatocytes might be ex-
pected to be in the periportal region. If recovery
from massive liver injury of TA is to be expected,
it can be suggested that nutritional supplementa-
tion with fatty acids, a preferred substrate for
periportal hepatocytes (Jungermann and Katz,
1989), would be essential. Energy for hepatocytes
to regenerate was provided by dietary supple-
mentation with palmitic acid in the diet. A
mitochondrial carrier of fatty acids (L-carnitine)
was also included in the diet to facilitate the
transport of the incremental palmitic acid to the
mitochondria. This dietary regimen of palmitic
acid (PA) with L-carnitine (LC) provided com-
plete protection against TA lethality (Table 2,
group I). Both palmitic acid and L-carnitine are
essential for the protective effect since dietary
supplementation of either one alone produced no
significant protection. For example, palmitic acid
alone in the dietary regimen resulted in only
marginal reduction in TA lethality, suggesting
that even though adequate levels of palmitic acid
might be available through dietary supplementa-
tion, fatty acid oxidation may be limited without
adequate L-carnitine to transport the incremental
palmitic acid into the mitochondria. A higher
hepatic content of L-carnitine and a lower fatty
acid content of the liver in the protected rats
support this conclusion.

One well accepted possibility for all the ob-
served results is decreased/increased cytochrome
P-450 in the liver and hence a decreased/in-
creased formation of the toxic metabolites. Sev-
eral lines of evidence are available to suggest that

increased lethality of TA upon glucose loading or
decreased lethality of TA upon PA-LC dietary
supplementation was not due to increased or
decreased bioactivation. Glucose loading did not
increase hepatic microsomal cytochrome P-450
compared to the rats not receiving glucose
(Chanda and Mehendale, 1995). Hence a reason-
able expectation would be a lack of increased
formation, of the sulfoxide and sulfone meta-
bolite(s) of TA to increase infliction of liver
toxicity. In fact, PA-LC dietary regimen caused a
2-fold increase in hepatic microsomal cytoch-
rome P-450 compared to ND rats (Chanda and
Mehendale, 1994). So, it could be expected that
increased formation of the toxic metabolite(s) of
TA in PA-LC rats to increase its toxicity. Ac-
cordingly, plasma enzyme data indicated greater
infliction of injury at 36 h after TA administra-
tion to rats on PA-LC diet. Therefore, decreased
cytochrome P-450 leading to decreased bioac-
tivation of TA does not appear to be the mech-
anism of protection. The plasma enzyme (ALT)
elevations (Fig. 1a) were not significantly differ-
ent at 36 h in the glucose-loaded group and in the
group not receiving glucose, indicating that TA-
induced infliction of liver injury was not altered
by glucose feeding. However, in the glucose-
loaded group, the elevation of plasma enzyme
significantly increased after 36 h, indicating a
failure in restraining liver degeneration ultimately
leading to animal death. For decreased bioactiva-
tion of TA to be the likely mechanism of protec-
tion in rats on PA-LC dietary regimen, lower
elevations of these enzymes would be expected at
earlier time points during the inflictive phase of
injury. The ALT value for PA-LC group reached
a higher point than for the control group at 36 h
(Fig. 1b) indicating greater injury in PA-LC
group compared to the ND group at that time
point. In the ND group, the elevation of ALT
progressed after 36 h indicating progression of
liver injury leading to animal death. These data
suggest that a difference in the bioactivation of
TA is unlikely to be the critical determinant of
the ultimate outcome of TA-induced infliction of
liver injury. Hepatic glutathione levels have been
reported to be unaffected after a low dose of TA
(200 mg/kg) in male albino rats (Trennery and
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Waring, 1983). In the present studies TA (300 or
600 mg/kg, i.p.) did cause a moderate depletion
of glutathione (GSH), which appears to mirror
the extent of TA bioactivation in view of gluta-
thione conjugation with sulfoxide or sulfone (the
active metabolites of TA) as a cytoprotective
mechanism (Fig. 2a,b). As a conjecture, it might
be suggested that with the dose of TA, when
GSH is depleted, covalent binding of sulfoxide
and sulfone metabolites of TA to macromolecules
is augmented. A significantly decreased or in-
creased TA bioactivation should be reflected in
an accordingly decreased or increased GSH de-
pletion in the rats not on glucose loading or
PA-LC dietary supplementation. Our findings
revealed that GSH depletion was quite similar
until 36 h in both the groups irrespective of
glucose loading, suggesting that decreased bioac-
tivation of TA is unlikely to be the mechanism of
protection. Likewise, GSH depletion was similar
until 12 h in both groups regardless of dietary
PA-LC supplementation, but was higher in the
rats receiving PA-LC supplementation, once
again suggesting that decreased bioactivation of
TA cannot be the mechanism of protection.

The glucose levels were estimated to determine
if glucose loading led to increased plasma glucose
levels. Glucose loading did not affect the initial
plasma glucose levels (Fig. 3). The increased
blood glucose at later time-points in the glucose-
loaded animals is probably because of decreased
aerobic glucose utilization by the injured liver,
and this corresponds to previous observations by
Zivny and Simek (1989).

If palmitic acid provided as a supplement is
utilized for energy production, its level should
not rise in the liver and blood of protected rats.
Because carnitine is used only as a carrier of fatty
acid to mitochondria, carnitine levels in the liver
would be expected to increase in PA-LC supple-
mented group. On day 8 (0 h) of the PA-LC
dietary regimen, neither the total fatty acid con-
centration in the liver nor in blood was increased
by PA supplementation (Table 3). The L-carni-
tine concentration was significantly higher in rats
on the PA-LC diet (Table 4). At 48 h, just before
the time when the maximum number of cells were
in S phase, the fatty acid concentration in the

liver dropped significantly, indicating fatty acid
utilization. This drop of free fatty acid concentra-
tion was significantly greater in PA-LC rats than
the rats on normal diet and tap water. Hence, it
can be suggested that the fatty acid supplement-
ation along with L-carnitine as the mitochondrial
carrier is necessary to meet the higher demand of
energy after severe hepatic injury.

From the foregoing studies, it can be suggested
that the differential outcome of liver injuries may
not be attributed to differential levels of bioac-
tivation mechanisms. These findings are more
consistent with the status of cell division, and
tissue repair being the likely critical mechanisms.
The data suggest that stimulated hepatocellular
regeneration and repair are the critical mecha-
nisms. Administration of TA (300 mg/kg) led to
the stimulation of hepatocellular regeneration at
48 h. PCNA (Fig. 6) analyses demonstrated that
a significantly higher number of cells progress to
the S phase at 48 h in rats not on glucose in
comparison to the rats on glucose. This difference
at 48 h was reflected by more numerous cells in
G, and M phases at 72 h in the group not on
glucose in contrast to the rats loaded with glu-
cose. Therefore, it is clear that glucose loading
was associated with inhibition of hepatocellular
regeneration and repair of the liver tissue. Liver
injury progresses in glucose-loaded rats because
of insufficient cell division and tissue repair, and
the rats die of liver failure. These findings also
support reports by other workers that glucose
inhibits hepatic DNA synthesis and hepatocellu-
lar regeneration (Holecek and Simek, 1988;
Zivny and Simek, 1988). The reason for inhibi-
tion of hepatocellular regeneration remains to be
investigated. One possible explanation is that
glucose loading causes increased insulin release
which inhibits hyperglucagonemia, which other-
wise always develops after liver damage and
which prevents the drop in the ATP concentra-
tion in the hepatocytes (Ngala-Kenda et al.,
1984). This results in a change in the insulin/
glucagon quotient to the advantage of insulin, a
change known to inhibit liver regeneration. Seven
days of glucose loading did not cause any signifi-
cant difference in the two groups in blood insulin
(Fig. 4a), C-peptide (Fig. 4b), and glucagon (Fig.
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4c) levels. Also lack of hypoglycemia in these
studies suggests that glucose utilization is not
stymied in the glucose-loaded rats receiving TA.

An intriguing mechanism of inhibition of cell
division by glucose is apparent from the elegant
studies of Cerami (1985). Our observation is
consistent and supportive of the previous obser-
vations by Cerami (1985) and Cerami et al.
(1987) that nonenzymatic addition of glucose to
nucleic acid may gradually damage the DNA.
Glucose crosslinkage of DNA might be expected
to decrease S phase synthesis in glucose-loaded
rats.

Administration of a lethal dose of TA (600
mg/kg) led to the stimulation of hepatocellular
regeneration at 72 h. PCNA (Fig. 6) analyses
demonstrated that a significantly higher number
of cells progress to the S phase at 72 hin PA-LC
rats in comparison to ND rats. This difference at
72 h is reflected by more numerous cells in G,
and M phases at 96 h in the PA-LC group in
contrast to ND rats. Because hepatocellular nec-
rosis and cell division are dynamic and opposing
events, liver injury progresses in ND rats because
of insufficient cell division and tissue repair, and
the rats die of liver failure (Mangipudy et al,
1995a). The PA-LC rats survive in spite of an
equivalent liver injury from TA because of the
sustained and augmented cell division and liver
tissue repair supported by the incremental energy
made available through mitochondrial fatty acid
oxidation. The importance of PA-LC dietary
regimen is emphasized by the lethality study
wherein neither PA alone nor LC alone provide
protection against the lethality of TA. The obser-
vations support the findings by other authors
that the incremental demand for ATP needed for
hepatocyte proliferation after hepatic injury is
provided by oxidation of fatty acids (Simek et al.,
1966; Nakatani et al, 1981). It has also been
pointed out by Nakatani et al. (1981) that inhibi-
tion of fatty acid oxidation significantly decreases
DNA synthesis in the regenerating liver, under-
scoring the critical importance of the availability
of cellular energy for liver regeneration.

Proto-oncogene expressions appear to play an
important role in the stimulation of cellular pro-
liferation during tissue regeneration (Bailey et al.,

1990). Liver regeneration is accompanied by a
dramatic early increase in the expression of c-myc
and other proto-oncogenes which precedes the
onset of increased DNA synthesis by at least 20
h (Fausto and Shank, 1983; Goyette et al., 1983;
Makino et al, 1984; Kruijer et al., 1986; Thom-
pson et al,, 1986). Blockade of c-myc expression
by indomethacin or decadron following partial
hepatectomy impedes liver regeneration suggest-
ing a necessity of c-myc expression for the stimu-
lation of DNA synthesis and cellular prolifera-
tion (Roesel et al., 1989). A higher expression of
c-myc was seen in the rats on PA-LC diet as
compared to ND rats at 48 h after TA adminis-
tration though the expression was almost the
same in both the groups at 24 and 36 h after TA
administration (Fig. 7). Therefore, a higher c-myc
expression at 48 h in rats on PA-LC diet might
explain a higher S phase synthesis rate in these
rats at 72 h compared to the rats on normal diet.
Expression of p53 started at 6 h in rats on PA-L.C
diet, but at 36 h both the groups had similar
expression. At 48 h, the expression of p53 was
lower in rats on PA-LC diet compared to ND
rats. Presumably, a higher expression of the p53
suppressor gene helps inhibit cell division and
tissue repair which took place at 72 h in the rats
without PA-LC supplementation. A high express-
ion of v-fos was seen in both groups at 24 h after
TA administration which decreased equally in
both the groups at later time points. This might
indicate that expression of v-fos is probably not
responsible for higher S phase synthesis in rats on
PA-LC diet. Expression of v-Ha-ras was the
same in both the groups from 24 h to 72 h
suggesting the probability of a minimal role
played by this proto-oncogene in the protection
provided by PA-LC dietary regimen against
TA-induced hepatotoxicity. Although definitive
conclusions regarding the specific roles for over-
expression of these proto-oncogene awaits addi-
tional studies, these findings suggest that cause-
effect influences of proto-oncogene on hepa-
totoxicity are likely.

Figs. 8 and 9 illustrate the proposed concep-
tual framework for the mechanism of increased
lethality of hepatotoxicants because of glucose
loading (Fig. 8) and for the mechanism of protec-
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Fig. 8. A schematic representation of the proposed mechan-
ism of increased lethal effect of the centrilobular hepatotoxi-
cant, thioacetamide, by glucose loading.
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Fig. 9. A schematic representation of the proposed mechan-
ism of protection against the lethal effect of the centrilobular
hepatotoxicant, thioacetamide, by PA-LC dietary regimen.

tion by nutritional supplementation against TA
lethality (Fig. 9). These findings suggest that the
primary mechanism of increased lethality by glu-
cose is a significant inhibition of cell division and
tissue repair, which otherwise permits the liver
tissue to overcome injury inflicted by a nonlethal
dose of a hepatotoxicant (Chanda and Mehen-
dale, 1995). On the other hand, it can be sugges-
ted that the primary mechanism of protection

against TA lethality by PA-LC dietary regimen

" is a significant stimulation of cell division and

tissue repair, which permits the liver tissue to
overcome injury inflicted by a high dose of TA
(Chanda and Mehendale, 1994).

4.1. Implication to public health, biomedicine, and
risk assessment

Establishing that the initial toxic or injurious
events, regardless of how they are caused, can be
separated from the subsequent events that deter-
mine the ultimate outcome of injury, offers prom-
ising opportunities for developing new avenues
for therapeutic intervention with the aim of res-
toring the hormetic tissue repair mechanisms. By
and large, the presently used principle is to pre-
vent additional continuation of injury by interfer-
ing with intoxification mechanisms of toxicity
through antidotal therapy. Tissue repair and
healing mechanisms could be enhanced not only
to block the progression of injury, but also sim-
ultaneously to augment recovery from that in-
jury.

These findings also impact risk assessment. It
is clear from these studies that nutritional status
is an important determinant of the sensitivity of
human populations to toxic chemicals. Although
nutritional status has been recognized for quite
some time as a modulator of toxicity, the decisive
impact of simple dietary manipulations with glu-
cose and fatty acid has not been known thus far.
These studies illustrate that manipulations in
dietary glucose can influence the outcome of
hepatotoxic injury of a wide variety of toxic
chemicals. Because the mechanistic basis of this
modulation is inhibition of tissue repair, it can be
predicted to affect a wide variety of structurally
and mechanistically dissimilar toxicants.

These findings also serve to emphasize the
importance of understanding the role of bio-
logical mechanisms that follow infliction of tissue
injury in the outcome of that toxic injury.
Inter-individual differences in the biological
mechanisms may provide a scientific basis for
variability in human populations. Currently in
risk assessment, these biological mechanisms are
not considered, even though they have decisive
impact on the final outcome of toxic injury.




S. Chanda, H. M. Mehendale! Toxicology 111 (1996) 163-178 177

These findings suggest that relying only on tar-
get-organ dosimetry without including the par-
ameters that adequately represent dynamic inter-
play between injury and tissue repair as opposing
forces, is unlikely to yield reliable predictions of
the outcome. Several studies show that pro-
gression of tissue injury is accelerated whenever
cell division and tissue repair are inhibited. Such
findings strongly suggest a dynamic relationship
between tissue injury and tissue repair. If tissue
repair is allowed to continue, this event itself
would be sufficient to restrain the progression of
injury and reverse the deterioration even after
exposure to an ordinarily lethal dose of a chemi-
cal. Therefore, the factors that interfere with
tissue repair such as nutrition (Chanda and
Mehendale, 1995), other chemicals (Mehendale,
1994), and high doses of toxic chemicals (Rao et
al., 1994; Mangipudy et al, 1995a) need to be
identified and the biological mechanisms studied
in order that this information may be included in
risk-assessment paradigms. Likewise, factors that
promote tissue repair, such as nutrition (Chanda
and Mehendale, 1994) and early age (Dalu et al,,
1995) should be studied and included in the risk
assessment procedures. Inclusion of this informa-
tion in the risk assessment process will likely
result in further refinement of risk assessment
procedures on the one hand and improvement in
the estimation of risk to susceptible human popu-
lations on the other.
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Abstract

Surveillance programs established around the world have determined that diisocyanate chemicals are the most
common cause of occupational asthma. In the United States approximately 100000 workers are exposed to these
chemical compounds in the workplace each year and 5-10% of these workers will develop occupational asthma.
There are no known reliable risk factors or biomarkers which can be used to predict which exposed worker will
develop diisocyanate-occupatonal asthma. Diisocyanate-occupational asthma workers manifest characteristic
physiologic responses after specific bronochoprovocation which correlate with pathologic changes in their airways.
However, the mechanism(s) for diiocyanate-occupational asthma remains unclear. Specific IgE antibody production
to diisocyanates is found in only 10-30% of these workers. Bronchial biopsies and bronchoalveolar lavage have
confirmed the presence of T-lymphocytes and eosinophils in the airways of these workers suggesting that T-cell
mediated immune responses are more likely to play a central role in this disease. It is essential to diagnose
diisocyanate-occupational asthma as early as possible in order to prevent or reduce the significant asthma morbidity
associated with continuous long term exposure to these chemicals. Treatment of choice is removal of the worker
from further exposure. Prospective studies evaluating larger populations of diisocyanate-exposed workers is essential
for a better understanding of the pathogenesis and natural course of diisocyanate-occupational asthma.

Keywords: Occupational asthma; Diisocyanate; Respiratory disease

1. Introduction: low molecular weight-induced
occupational asthma

1.1. Epidemiology

Occupational asthma (OA) was first recog-
nized as early as 460 B.C. when Hippocrates de-
scribed respiratory symptoms in metal workers,
tailors, farmers and fishermen (Bernstein JA,
1992). In modern times, well over 200 causative
agents have now been associated with asthma in
the workplace (Bernstein, 1992). It is currently
estimated that occupational asthma accounts for

*Corresponding author.

2 to 15% of all new cases of asthma (Becklake,
1993). However, the true incidence in the general
population of OA is unknown. Surveillance
programs have been developed for reporting
new cases. One of the better systems designed
for reporting occupational respiratory diseases
has been the SWORD project in the United
Kingdom which stands for “Surveillance of
Work-Related Occupational Respiratory Dis-
ease” (Meredith et al,, 1991). The SWORD pro-
ject involves reporting by pulmonologists and
occupational physicians of all workers diagnosed
with oOccupational respiratory disease. Of the
2000 cases reported after the first year, OA was
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the most common occupational respiratory dis-
ease and diisocyanates were the single most
common causative agent responsible for OA
(Meredith et al., 1991).

Similar programs have since been implemented
in a number of countries, including the SENSOR
(Sentinal Health Notification System for Occu-
pational Risks) program in the United States, to
facilitate the reporting of workers with occupa-
tional respiratory disease by primary care phys-
icians (Becklake, 1993). These programs have
been inherently limited by poor physician coop-
eration in recognizing and reporting new diag-
noses of occupational respiratory disease. As
these various systems continue to generate epi-
demiologic data, it is anticipated that the inci-
dence of specific causes of occupational respira-
tory diseases can be more accurately assessed.

1.2. Definition of occupational asthma

Occupational asthma has been defined as “a
disease characterized by airflow limitation and/or
airway hyperresponsiveness due to causes and
conditions attributable to a particular occupa-
tional environment and not to stimuli encoun-
tered outside the workplace” (Bernstein et al.,
1993). There are two categories of OA: (1) occu-
pational asthma with a defined latency period
(the time during which sensitization occurs prior
to the onset of clinical symptoms); and (2) occu-
pational asthma without a defined latency period
which refers to irritant-induced asthma or the
reactive airways dysfunction syndrome (RADS)
(Bernstein et al., 1993).

1.3. Pathophysiology of occupational asthma

A number of low molecular weight (LMW)
agents (MW < 1000 kDa) have been shown to
cause OA. These LMW agents contain chemical-
ly reactive groups and act as “haptens” after
binding to endogenous protein carriers (e.g. al-
bumin, laminin or cellular membrane proteins)
resulting in altered body constituents which con-
tain one or'more relevant antigenic determinants
that induce an immune response. High molecular
weight (HMW) antigens, such as microbial de-
rived enzymes and animal dander, act as com-
plete antigens and do not require conformational

change to become immunogenic (Bernstein, 1992;
Bernstein, 1993b).

LMW, such as diisocyanates, induce character-
istic physiologic responses after specific bron-
choprovocation in patients with OA. Early
asthmatic reactions (EAR), characterized by a
decreased FEV, (forced expiratory volume in the
Ist second of exhalation) 30 to 60 min after
exposure to a specific agent followed by a late
asthmatic response (LAR), occurring 4 to 12 h
after the initial exposure are referred to as “dual”
asthmatic reactions (DAR) and occur in 30 to
50% of LMW-induced OA cases. Isolated LARs
occur in most of the remaining cases (Fabbri and
Ciaccia, 1993). Whereas isolated early asthmatic
reactions have been documented for a variety of
LMW agents (ie. acid anhydrides, platinum salts
and penicillum), they are very uncommon for OA
induced by diisocyanate agents. These physio-
logic responses have been demonstrated to corre-
late with the pathologic changes in the airways
of workers with OA. The EAR corresponds to
the release of preformed and newly formed bioac-
tive mediators from inflammatory cells in the
airways (ie. histamine, leukotrienes, prostaglan-
dins released from mast cells) (Fabbri and Ciac-
cia, 1993). These mediators induce broncho-
spasm. Many act as chemokines, which are highly
specific chemoattractants for inflammatory cells
that are characteristic of an asthmatic reaction
(e.g. eosinophils, basophils; lymphocytes, mono-
cytes). The LAR results from the migration of these
inflammatory cells into the airways which subse-
quently release interleukins and cytokines impor-
tant for development and perpetuation of mucous
hypersecretion, smooth muscle hypertrophy and
basement membrane thickening secondary to col-
lagen deposition. Bronchial biopsy and BAL have
confirmed the presence of increased numbers of
eosinophils and activated T-lymphocytes during
the LAR. The pathologic findings observed in OA
cannot be differentiated from those changes found
in non-OA (Fabbri and Ciaccia, 1993).

1.4. Mechanisma of LMW protein-conjugated
agent-induced OA

The mechanisms for many specific causes of
LMW-induced OA have been well described,
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however, underlying mechanisms for diisocyan-
ate agents remain poorly understood. Both im-
munologic and non-immunologic mechanisms
have been described for OA induced by LMW
agents. Chemical agents, such as diisocyanates,
acid anhydrides and precious metallic salts
(ie. platinum) have been documented to elicit
specific IgE-mediated responses in susceptible
exposed workers. As mentioned earlier, this re-
sponse probably requires a “haptenation” reac-
tion where the chemical (hapten) binds to an
endogenous protein carrier in the respiratory
tract (e.g. albumin or laminin) resulting in the
formation of a new antigenic determinant(s)
(NAD). Elevated specific IgE antibodies are
found in only 10 to 30% of workers with
diisocyanate OA compared to acid anhydride-
induced OA where specific IgE antibodies are
found much more frequently (Bernstein, 1993c)
Cytotoxic mechanisms, involving complement
pathway activation, have been implicated in
causing hemolytic anemia and pulmonary hem-
orrhage in workers exposed to high concentra-
tions of trimellitic anhydride (TMA) fumes (Zeiss
et al,, 1987). A late respiratory systemic syndrome
(LRSS) has also been reported in TMA exposed
workers and resembles an immune complex me-
diated reaction (Zeiss et al., 1987). Finally, cellu-
lar immune responses have also been implicated
as an underlying mechanism for inducing LMW-
OA. Other mechanisms proposed for LMW-
induced OA include toxic damage to airway
bronchial epithelial cells, neurogenic inflamma-
tion (neuropeptide-induced diisocyanate OA)
and pharmacological-induced OA (organophos-
phates) (Bernstein, 1992).

Reactive airways dysfunction syndrome (RADS)
or irritant- induced asthma is a variant form of
OA (Bernstein, 1993). RADS is differentiated
from the traditional form of OA in that a defined
latency period of exposure prior to development
of asthma is absent. Respiratory symptoms
associated with RADS begin immediately after
a single large exposure to an inciting agent
which is usually an irritant chemical or gas
such as hydrochloric acid, chlorine gas, sulfur
dioxide, anhydrous ammonia and diisocyan-
ates (Bernstein, 1993). The mechanism(s) for

RADS is unknown but appears to be mediated
through non-immunologic mechanisms. Non-
specific bronchial hyperresponsiveness can per-
sist months to years after the initial onset of
asthma (Bernstein, 1993).

1.5. Risk factors

One of the primary objectives of medical sur-
veillance programs is to identify risk factors for
OA induced by specific agents. Well designed
medical surveillance programs should evaluate
and attempt to define associations between the
workers’ exposure in the workplace and their
clinical symptoms (Becklake, 1993). Previous stu-
dies have shown that the degree of exposure to
certain causative agents is directly proportional
to the worker’s risk for developing OA (Becklake,
1993). Although high ambient exposure has been
more commonly identified as a risk factor for OA
induced by HMW allergens, exposure is also
important for workers exposed to LMW agents
in electronic, steel-coating and diisocyanate pro-
cesses. Atopy, defined as the genetic predisposi-
tion for develping IgE-mediated hypersensitivity,
has been implicated as a risk factor for many
causes of HMW OA (ie. laboratory animal
workers) but not for LMW compounds, such as
diisocyanates. One exception may include atopic
smokers exposed to acid anhydride chemicals
who appear to have a higher incidence of OA.
Cigarette smoking has been identified as a risk

~ factor for OA among platinum workers but not

for diisocyanate-OA. Interestingly, a smoking
history has been negatively correlated with the
onset of OA induced by red cedar dust (Becklake,
1993).

2. Diisocyanates

In the United States, over 100000 workers are
exposed to diisocyanates in the workplace each
year (Bernstein, 1992). The reactive N—C—O
side groups of diisocyanates makes these chemi-
cals useful in the production of polyurethane
foams, elastomers, adhesives, varnishes, coatings
and paint hardeners (Tse and Pesce, 1979).
Diisocyanates are irritating to the mucous mem-
branes of the eyes, nose and lungs (Kennedy and
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Fig. 1. Chemical structures of diisocyanates.

Brown, 1992). Respiratory disorders induced
by diisocyanates have included bronchiolitis
obliterans, hypersensitivity pneumonitis and oc-
cupational asthma (Kennedy and Brown, 1992).
Diisocyanates are the most frequent cause of OA.
It is estimated that 5 to 10% of diisocyanate-
exposed workers will develop OA worldwide
each year. The three most commonly used diiso-
cyanate compounds in industry are hexamethy-

Table 1
Chemical properties of commonly used diisocyanates®

lene diisocyanate (HDI), 4-4-diphenylmethylene
diisocyanate (MDI) and toluene diisocyanate
(TDI) (Fig. 1) (Butcher et al., 1993). Therefore, it
is not surprising that these specific diisocyanate
compounds are responsible for the majority of
the OA cases reported each year (Butcher et al.,
1993). Each of these agents has unique chemical
properties which differentiate one from the other.
For example, TDI and HDI are volatile at room
temperature whereas MDI requires heating
above 60°C before emitting respirable vapor
fumes (Kennedy and Brown, 1992). Table 1 sum-
marizes the chemical properties of these most
commonly used diisocyanate chemicals (Ken-
nedy and Brown, 1992). Although the chemical
properties of diisocyanate compounds vary sig-
nificantly, workers sensitized to one compound
have been demonstrated to elicit specific in vitro
IgG and IgE responses and bronchial hyperre-
sponsiveness to more than one diisocyanate
chemical compound indicating significant clinical
cross reactivity among these different agents
(Cartier et al,, 1989). Structural differences be-
tween diisocyanate compounds are believed to
account in part for the heterogeneic immune

Property HDI TDI

MDI

Partial As crosslinking agent in

of uses . lenses, and medical absorbents,
and production of polyurethane
spray paints

foam
Commercial
formulations
Boiling point 127°C at 9.8 mmHg

Monomer, trimer (biuret)

Melting point —67°C 19.5-21.5°C
Molecular 168.22 174.15
weight

Threshold 8-h Time weighted average

limit value (TWA) = 0.005 ppm (0.034

mg/m?) s
mg/m°)

Polyurethane coatings in floor and
listing preparations of materials, contact wood finishes sealers, paints;
elastomers in coated fabrics and
clay pipe seals; in adhesives;
cross-lining agent for nylon 6;
manufacture of polyurethane

8-h TWA = 0.005 ppm
(0.036 mg/m?), short-term exposure
limit (STEL) = 0.02 ppm (0.14

Bonding rubber to Rayon and Nylon;
in two-component polyurethane
coating systems; to produce
polyurethane lacquer coatings;
production of thermoplastic
polyurethane resins, millable gums
and spandex fibers

2,4-TDI; 2,6-TDI mixtures of
80:20 and 65:35
251°C at 760 mmHg

196°C at S mmHg
37°C
250.27

8-h TWA = 0.005 ppm (0.51 mg/m3)

*From Kennedy and Brown (1992).
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responses observed in workers with diisocyanate
OA (Cartier and Malo, 1993).

The natural course of diisocyanate-OA is vari-
able and symptoms may persist for years after
cessation of exposure. As alluded to earlier, no
identifiable risk factors have yet been identified
for developing diisocyanate-OA. Atopy, smoking,
preexisting asthma and gender have not been
identified as predisposing risk factors (Kennedy
and Brown, 1992). The amount of diisocyanate
exposure required to induce asthma or other
upper airway symptoms is unknown and may fall
well below the currently accepted threshold limit
value (TLV) set by OSHA of 20 ppb (Kennedy
and Brown, 1992). Physiologic, histologic and
immunologic changes have been found in ani-
mals after exposure to TDI at concentrations as
low as 1 ppb (Kennedy and Brown, 1992).
Diisocyanate-induced airway disease in humans
has commonly resulted from large exposures
such as with accidental chemical spills. However,
once a worker becomes diisocyanate-sensitized
and symptomatic, asthma symptoms can be re-
produced after reexposure to diisocyanate con-
centrations as low as 1 ppb (Kennedy and
Brown, 1992). Recently, Bignon et al. (1994) have
reported that diisocyanate workers expressing
the HLA Class II alleles DQS1- 0503 and the
allelic combination DQg1-0201/0301 are at in-
creased risk for developing occupational asthma
(Bignon et al., 1994). Whether this finding proves
to be a true risk factor for diisocyanate-OA
remains to be verified.

Rats and guinea pig animal models have been
used to study the uptake and distribution of
diisocyanates in the respiratory tract using '*C
radioactive tracers (Kennedy et al., 1989). These
studies found that the majority of diisocyanate
uptake occurs in the upper and lower airways,
sparing the alveoli (Kennedy et al., 1989). Early
in vitro investigations of diisocyanates in animals
and humans have found that diisocyanates enter-
ing into the respiratory airways bind to endo-
genous protein carriers. Traditionally diiso-
cyanate-albumin conjugates have been used for
determination of diisocyanate hapten specificity
and have been well characterized (Tse and Pesce,
1979). However, diisocyanates are spontaneously

reactive with a variety of amino acids. Hence, the
complete epitope consisting of diisocyanate and
surrounding amino acids might be generated to
any protein carrier. It is still unclear whether
these experimental conjugates reflect the actual
immunopathogenic events which occur in the
respiratory tract after diisocyanate exposure. Re-
cently, a 70000-kDa adhesion protein, known as
laminin, has been identified as one endogenous
protein carrier to which TDI attaches after in-
halation into the airways (Kennedy and brown,
1992).

Heterogeneous isotypic antibody responses are
induced by the various diisocyanate compounds.
For instance, workers with HDI- induced OA are
more likely to produce specific IgE and IgG
antibodies antigenic determinants of
the HDI-protein conjugated agent compared
to MDI workers with OA, who may produce
specific IgE, IgG or IgM to MDI-protein conju-
gates, or TDI-OA workers who may produce
specific IgG antibodies but seldom elicit any
IgE antibody response to TDI-protein conjugates
(Butcher et al., 1993). Serologic assays (i.e. en-
zyme-linked immunoabsorbent assays or ELISA)
using diisocyanate-conjugated proteins yield
positive results more frequently than skin testing
(Gallagher et al, 1981; Kennedy and Brown,
1992). However, reliable accuracy of skin testing
and ELISAs depends on using conjugates which
have been carefully synthesized to avoid ligand
over-substitution of the protein carrier which
could otherwise yield false positive results (Tse
and Pesce, 1979). Elevated levels of diisocyanate
specific IgG antibodies are commonly present in
both diisocyanate exposed and diisocyanate-OA
unless indicating that these antibodies may be
useful markers of exposure to diisocyanates. In-
vestigators have found no relationship between
elevated levels of diisocyanate-specific IgE anti-
bodies and positive diisocyanate-specific bron-
choprovocation in workers with OA (Cartier et
al., 1989). This observation indicates that specific
IgE antibodies are not as important as once
believed in the early pathogenesis of diisocyan-
ate-OA.

It is now believed that cell-mediated immune
responses play a central role in the early pa-
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thogenesis of diisocyanate-OA. The earliest re-
ports of T-lymphocyte involvement came from
work performed by Avery et al. (1969) who
demonstrated lymphocyte blast transforma-
tion using peripheral blood mononuclear cells
(PBMC:s), from workers with diisocyanate-OA,
stimulated with diisocyanate- conjugated pro-
teins. Indirect evidence for T-cell involvement
was further supported by Gallagher et al. (1981)
who described leukocyte inhibitory factor (LIF)
release from PBMCs isolated from workers with
diisocyanate-OA after stimulation with diiso-
cyanate-conjugated proteins. LIF is a cytokine
released from mononuclear cells demonstrated to
inhibit polymorphonuclear cell migration (Gal-
lagher et al.,, 1981). Further evidence for T-cell
involvement has been supported by the presence
of increased numbers of CD8+ lymphocytes in
the peripheral blood of workers with diiso-
cyanate-OA after specific TDI bronchopro-
vocation (Finotto et al, 1991). Recently, the
University of Cincinnati Allergy laboratory has
demonstrated significant PBMC thymidine up-
take, using PBMCs from diisocyanate-OA
workers in response to diisocyanate-conjugated
protein stimulation. However, PBMC prolifer-
ation was not uniformly observed for each worker
with diisocyanate induced OA. These preliminary
findings indicate that diisocyanate-induced lym-
phocyte proliferation is not sensitive enough to
identify workers with diisocyanate-OA.
Therefore, we have postulated that workers
who develop diisocyanate-OA recognize and pro-
cess diisocyanate-conjugated proteins differently
than asymptomatic exposed workers. To investi-
gate this hypothesis further we studied T-cell
receptor (T'CR) expression of V§ gene repertoires
in a population of diisocyanate-OA workers (Be-
rnstein et al.,, 1995). Messenger RNA was extrac-
ted from PBMCs obtained from diisocyanate-OA
workers, diisocyanate-exposed asymptomatic
workers and nonexposed asymptomatic workers
before and after in vitro coincubation with
diisocyanate-conjugated proteins for 7 days
(Bernstein et al, 1995). Reverse transcriptase
polymerese chain reaction (PCR) followed by
PCR of ¢cDNA was performed for each subject
before and after diisocyanate stimulation. Pre-

liminary results revealed that TCRs on select
T-cell subpopulations have increased baseline ex-
pression of certain Vf gene segments (specifically
VB1 and Vf5) compared to the baseline reper-
toires of diisocyanate exposed asymptomatic
workers and controls (Bernstein et al, 1995).
Work is currently ongoing to confirm these in-
itial observations. If these findings are validated,
TCR Vp repertoire expression may serve as a
useful biomarker for differentiating exposed
workers who are more susceptible to developing
diisocyanate-OA.

We also evaluated the same population of
diisocyanate-OA workers for the presence of
shared MHC Class II DR and DQ antigens
(Bernstein et al, 1995). Workers with chronic
beryllium disease (CBD) of the lung have been
previously reported to have increased expression
of DPB1-Glu®®, now considered a genetic marker
for CBD lung disease (Richeldi et al, 1993).
Recently, diisocyanate workers with the allele-
DQf1-0503 and the allelic combination DQp1
0201/0301 have been reported to be at increased
risk for developing diisocyanate-OA (Bignon et
al,, 1994). However, we were unable to identify
shared HLA Class II antigens among the popu-
lation of diisocyanate-OA workers we evaluated
(Bernstein et al., 1995).

Cytokines and mediators released by inflam-
matory cells recruited into the airways during
the LAR are also believed important in the
pathogenesis of diisocyanate-OA. For example,
the lipoxygenase metabolite, LTD,, a potent neu-
trophil chemotactic agent, has been detected in
peripheral blood shortly after TDI bronchop-
rovocation (Fabbri and Ciaccia, 1993). Further-
more, leukotriene LTE, was found in the urine
during the EAR induced by TDI but disappeared
during the LAR (Fabbri and Ciaccia, 1993).
Analysis of bronchial biopsies from a group of
workers with TDI-induced OA compared to
normal controls revealed increased number of
activated eosinophils in the mucosal and sub-
mucosal layers while mast cells were confined to
the epithelium (Fabbri and Ciaccia, 1993)

Histamine releasing factors are cytokines refer-
red to as chemokines which are derived from a
number of inflammatory cells, including mono-
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cytes and lymphocytes and have been identified
in workers with diisocyanate-OA (Herd and Be-
rnstein, 1994). Work pertaining to these specific
cytokines are discussed in more detail in the
following article.

3. Clinical approach to diagnosis of diisocyanate-
induced OA

" The diagnosis of diisocyanate-induced OA re-
quires a careful occupational history in order to
identify the relationship between respiratory
symptoms and the workplace. Workers often
manifest upper and lower respiratory symptoms
minutes, hours or days after starting work. Symp-
toms typically improve away from work and
recur upon re-exposure. History may be obscured
in some workers who present primarily as a LAR
where symptoms may not appear until the
worker is at home or away from work. Also,
workers with severe chronic diisocyanate-OA
may not notice demonstrable improvement of
their symptoms after cessation of work for weeks,
months or years. The history of pre-existing
asthma must be excluded before a diagnosis of
OA is made, although this does not absolutely
preclude making the diagnosis if there was a long
asymptomatic interval between initial asthma
and exposure to diisocyanates. It is important to
differentiate OA from other lung diseases, such as
chronic obstructive lung disease, occupational
pneumoconiosis and bronchiolitis obliterans (Be-
rnstein, 1993a,c; Bernstein, 1992).

A detailed environmental employment history
should be obtained to identify whether the
worker’s exposure is from fumes, dust or aero-
sols. Workers should be questioned whether they
have been involved with accidental diisocyanate
spills leading to toxic exposures that may predis-
pose or induce OA. Material safety data sheets
(MSDS) should always be obtained during the
initial OA evaluation (Bernstein, 1993a,c; Be-
rnstein, 1992). Industrial hygienists experienced
in air sampling measurements in the workplace
are useful resources for providing the means to
quantitate a worker’s exposure to specific agents,
such as diisocyanates (Bernstein, 1993a,c; Be-

rnstein, 1992). However, it should be emphasized
that the level of exposure required to induce
diisocyanate-OA may be significantly below the
accepted threshold limit values enforced by
OSHA. Therefore, normal levels do not necessar-
ily indicate the absence of significant exposure.
Confirmation of diisocyanate-OA should util-
ize an algorithmic approach beginning with a
physician-administered validated occupational
questionnaire. Objective assessment for specific
bronchial hyperresponsiveness in the workplace,
in correlation with diisocyanate exposure, is con-
sidered a workplace challenge and should be
performed if possible (Bernstein, 1993a.c; Be-
rnstein, 1992). Methacholine or histamine chal-
lenge testing is helpful for establishing the
presence or absence of nonspecific bronchial hy-
perresponsiveness. These tests have a very high
negative predictive value for excluding the pres-
ence of bronchial hyperresponsiveness but alone
are not useful in establishing a diagnosis of OA
specifically induced by diisocyanates. Serial peak
expiratory flow rate (PEFR) monitoring at home
and at work. over 2-3 weeks, demonstrating
peak expiratory flow rate variability of >15 to
20% in association with improvement away from
work, is considered an abnormal response com-
patible with diisocyanate-OA. Shortcomings of
PEFR monitoring are that patients can falsify
their readings and they do not identify specific
causative agents (Bernstein, 1992). When per-
forming PEFR monitoring, patients must be in-
structed to measure and record their PEFR every
2-3 h at work and at home while documenting
their daily work exposure to diisocyanates and
requirements for asthma medication usage (Be-
rnstein, 1992). Specific bronchoprovocation to
diisocyanates is considered the gold standard for
diagnosis of diisocyanate-OA (Bernstein, 1992).
This challenge should be performed by personnel
experienced with diisocyanate bronchoprovoca-
tion in a controlled setting with emergency treat-
ment readily available. Typically, these specific
inhalational challenge testings have been re-
served to document index cases of new causative
agents for OA or for medical/legal purposes such
as proving a worker’s eligibility for worker’s
compensation or disability benefits (Bernstein,
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1992). Although a positive challenge is definitive
proof of diisocyanate-OA, a negative challenge
does not always exclude the diagnosis as sensitiv-
ity to the agent can diminish after a period of
time if a worker has been removed from the
workplace. Therefore, these tests should be per-
formed in close proximity to the time a worker
is removed from further diisocyanate exposure
(Bernstein, 1992).

Laboratory immunologic tests are helpful in
characterizing workers suspected of having diiso-
cyanate-OA. It is important to identify whether
workers are atopic to common aeroallergens by
a panel of skin tests. Specific IgG and IgE
diisocyanate antibodies can be readily measured
using ELISAs. However, there are currently no in
vitro laboratory tests that are pathognemonic for
diisocyanate-OA (Bernstein, 1992).

4. Treatment

Once a diagnosis of diisocyanate-OA is con-
firmed, treatment should be directed toward re-
moving the worker from further potential harm-
ful exposure to diisocyanates. Studies which pros-
pectively monitored workers after they have been
removed from the workplace found that their
asthma persisted in direct relationship to their
cumulative duration of exposure and symptoms
prior to diagnosis. Other determining factors for
chronicity of symptoms includes the severity of
airway obstruction demonstrated by spirometry
and the degree of bronchial hyperresponsiveness
(Chan-Yeung and Malo, 1993). Pharmaco-
therapy alone is not considered a suitable alter-
native to removing the worker from further
diisocyanate exposure. Failure to remove
workers from further exposure can result in fur-
ther deterioration of their asthma and possible
death (Chan-Yeung and Malo, 1993). In those
workers who are removed from exposure and
require pharmacologic treatment of acute or
chronic diisocyanate-OA, the therapy is similar
to treatment of non-occupational asthma which
may include selective fB,-agonists, theophylline,
cromolyn or nedocromil sodium or inhaled cor-
ticosteroids in various combinations, depending

on the severity of the worker’s symptoms (Be-
rnstein, 1993a,c).

5. Prevention

Comprehensive medical surveillance programs
are essential for early detection of workers with
diisocyanate-OA. These programs may also help
identify risk factors of workers susceptible to
developing diisocyanate-OA. Risk factors can be
used to prevent future cases of OA from occur-
ring simply by removing at risk individuals from
further diisocyanate exposure. However, success
of such programs depends on cooperation be-
tween health care providers, company manage-
ment and labor (Bernstein, 1993b). Good
industrial hygiene in the workplace should al-
ways be emphasized to minimize a worker’s
exposure to diisocyanates. This includes careful
review of safety handling procedures of toxic
chemicals such as diisocyanates and avoidance of
accidents such as large chemical spills (Bernstein,
1993b). Diisocyanate exposure can be minimized
by improving ventilation and filtration systems
in the workplace. Continuous monitoring of
ambient concentrations of diisocyanates using
specially designed monitors for this purpose is
also important (Bernstein, 1993b). The use of
respirators are not sufficient for reducing diiso-
cyanate exposure or preventing clinical deteriora-
tion in workers diagnosed with diisocyanate-OA
(Bernstein, 1993b).

Prospective studies evaluating larger popula-
tions of diisocyanate-exposed workers is essential
for facilitating research geared toward a better
understanding of the pathogenesis and natural
course of diisocyanate-OA. Although environ-
mental surveillance is very helpful in reducing
diisocyanate exposure in the workplace, even
very low levels of exposure to these chemicals can
induce OA. Therefore, more accurate detection
methods are required for identifying sensitive
subpopulations at risk for diisocyanate-OA.
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Abstract

Immunologic mechanisms contributing to diisocyanate-induced occupational asthma (OA) are poorly defined.
There is a relatively low incidence of diisocyanate-specific IgE antibody responses. The frequent occurrence of
delayed onset asthmatic responses in workers with diisocyanate asthma suggests a role for cellular immune
mechanisms. We have shown in vitro production of antigen-specific mononuclear cell-derived histamine releasing
factors (HRF) by peripheral blood mononuclear cells (PBMCs) of workers with OA. Monocyte chemoattractant
protein-1 (MCP-1) and RANTES (acronym for “regulated on activation normal T expressed and secreted”) are
chemokines found in PBMC supernatants that express HRF activity. Diisocyanate-exposed workers were tested for
diisocyanate antigen-stimulated enhancement of HRF, MCP-1, and RANTES production in supernatants of
PBMCs and for serum specific IgE and IgG antibody levels to diisocyanate antigens bound to human serum
albumin (HSA). PBMCs of workers with diisocyanate OA showed significantly increased production of antigen-
specific HRF activity and MCP-1 (> 300 ng/ml) compared to diisocyanate-exposed asymptomatic workers (P <
0.05). Antigen-stimulated enhancement of MCP-1 mRNA was demonstrated by reverse-transcription PCR.
RANTES mRNA and chemokine secretion (<1 ng/ml) was also demonstrated in PBM Cs, but did not show antigen
enhancement in OA workers. Hapten specificity for the diisocyanate chemical to which a patient had been exposed
was demonstrated for HRF enhancement and for IgG antibody reactions, but not for IgE reactions. HRF
production was demonstrated in PBMC subpopulations, including lymphocytes and purified T cells. OA subjects
showed increased CD8* cells by immunofluorescence (mean CD4":CD8" = 1.2 + 0.2). The results suggest that
diisocyanate antigen enhancement of HRF and MCP-1 production are stimulated by hapten-specific T cell
reactions. Since a weak association has been found between IgE antibody synthesis and induction of diisocyanate
OA, the role of T cell cytokines and chemokines in the pathogenesis of OA requires further investigation.
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1. Introduction

Histamine releasing factors (HRF) were first
described as substances causing histamine release
from basophils, that were generated by human
peripheral blood mononuclear cells (PBMCs)
after stimulation by Concanavalin A or strep-
tococcal SK/SD antigen (Thueson et al., 1979).
Subsequent studies suggested a role for HRF as
soluble mediators in the late allergic reaction
(LAR), that occurs hours after the early phase of
an IgE-mediated reaction; since the LAR is char-
acterized by an inflammatory cellular exudate
(Lichtenstein, 1988; Kaplin et al,, 1991). In-
creased production of PBMC-derived HRF was
also implicated as an in vitro correlate of the
clinical status of allergic asthma (Alam et al,
1987; Kuna et al., 1989), allergic rhinitis (Brunet
et al,, 1992) and atopic dermatitis (Sampson et
al., 1989).

HRF activity was found to be expressed by
known cytokines (GM-CSF, IL-3, IL-8) that
were less potent as basophil activators compared
to PBMC-derived HRF. The molecular structure
of HRF remained elusive until investigations re-
vealed that prodigious HRF activity is associated
with low molecular weight proteins of the - or
C-C chemokine subfamily, which have chemotac-
tic and activating properties for monocytes,
eosinophils, basophils, and lymphocytes. Chemo-
kine synthesis can be induced in immunologically
active cells (lymphocytes, monocytes) and non-
immunologically active cells (epithelial, endo-
thelial, smooth muscle, fibroblasts, platelets),
but their mechanism of action is highly selec-
tive for subsets of inflammatory cell types that
express chemokine-specific receptors (Oppen-
heim et al, 1991; Baggiolini et al.,, 1994). Baso-
phil activating chemokines are believed to ac-
count for at least 50% of HRF activity in PBMC
supernatants. These include monocyte chemo-
attractant proteins (MCP-1, MCP-3), RANTES,
and MIP-1o. MCP-1 has high potency for stim-
ulation of basophil exocytosis similar to that
of anti-IgE (Alam et al.,, 1992; Kuna et al,, 1992;
Bischoff et al, 1992), is a major chemoattrac-
tant for monocytes, basophils, CD4* and CD8"
T cells, but is non-chemotactic or activating

for eosinophils, since they do not express MCP-1
receptors (Baggiolini et al., 1994, Loetscher et al.,
1994). RANTES is a relatively weak exocytotic
stimulus for basophils, but is a chemoattractant
for basophils, eosinophils, monocytes and CD4*
memory T cells (Schall et al, 1990). MCP-3
expresses the combined activities of both MCP-1
(Alam et al., 1994b) and RANTES (Dahinden et
al., 1994). MIP-1a is also a weak basophil stimu-
lator, but has potent activity for mast cell
exocytosis (Alam et al., 1994a), and preferentially
attracts activated CD8% T cells (Taub et al,
1993).

Diisocyanate-induced ~occupational asthma
(OA) is generally believed to be immunologic-
ally mediated, but cannot be readily explained
as IgE-mediated allergic asthma since most pa-
tients do not produce diisocyanate-specific
IgE antibody. An unusual feature of diisocya-
nate OA is the high frequency of late onset
asthmatic reactions following bronchial chal-
lenge, that are similar to late phase allergic reac-
tions, yet often occur in the absence of an early
asthmatic reaction (Bernstein and Bernstein,
1993).

Basophils, eosinophils, monocytes, and T cells
have all been implicated as effector cells of bron-
chial asthma and the LAR. HRF cytokines and
chemokines have receptor-specific chemoattrac-
tant and activating activities that are indepen-
dent of humoral antibody mechanisms. To
evaluate cell-mediated immune mechanisms, we
initiated investigations of the incidence, immuno-
logic specificity, and cellular sources of HRF in
diisocyanate OA. Our original studies demon-
strated diisocyanate antigen enhancement of
HRF in PBMC supernatants of workers with
diisocyanate-induced asthma. The presence of
antigen-specific HRF enhancement that we meas-
ured by the HRF bioassay was significantly asso-
ciated with confirmed diisocyanate-induced
asthma (Herd and Bernstein, 1994). In this paper,
we summarize our findings in an extended group
of 32 diisocyanate-exposed workers. We also
studied MCP-1 and RANTES chemokine secre-
tion as well as mRNA production by diisocyan-
ate-HSA antigen-stimulated PBMCs in some of
these subjects.




Z.L. Lummus et al. | Toxicology 111 (1996) 191-206 193

2. Materials and methods

2.1. Reagents

RPMI 1640, Hank’s Balanced Salt Solution,
glutamine, penicillin-streptomycin, HEPES, and
phytohemagglutinin (M form) were obtained
from GIBCO Laboratories (Grand Island, NY);
fetal bovine serum (FBS) from HyClone Labora-
tories, Inc. (Logan, UT); Dextran (200-300 aver-
age kDa), bovine serum albumin (Fraction V,
crystalline), mouse monoclonals: anti-CD3-
FITC, clone UCHT-1, anti-human CD?7, clone
3A1, anti-human CD8, clone UCHT-4, and
FITC-goat anti-mouse IgG, FITC-rabbit anti-
goat IgG, goat anti-human IgA, goat anti-human
IgG, goat anti-human IgM, alkaline phos-
phatase-goat anti-human IgG, sodium pyruvate
from Sigma Chemicals Co. (St. Louis, MO); goat
anti-human IgE and alkaline phosphatase-rabbit
anti-goat IgG from Kierkegard and Perry Lab-
oratories (Gaithersburg, MD); human serum al-
bumin (American Red Cross-tested) from Baxter
Healthcare Corporation (Glendale, CA); Spec-
trapor dialysis tubing from Spectrum Medical
Industries (Los Angeles, CA); Cedarlane Low-
Tox-H rabbit complement and anti-human B
cells (anti-mouse IAk alloantiserum), FITC-
labeled, from Cedarlane Laboratories, Ltd, Accu-
rate Chemical and Scientific Corp. (Westbury,
NY); LeucoPREP cell separation tubes, tissue
culture plates, plastic petri dishes from Becton
Dickinson and Company (Lincoln Park, NJ);
histamine RIA immunoassay kits from Amac,
Inc. (Westbrook, ME); RNAzol™ guanidinium
thiocyanate reagent from Biotecx Laboratories,
Inc. (Houston, TX); human rRANTES, human
rMCP-1, polyclonal rabbit anti-RANTES, mon-
oclonal mouse anti-RANTES, polyclonal rabbit
anti-MCP-1 were purchased from R & D Sys-
tems (Minneapolis, MN); goat anti-rabbit
(H+L), human and mouse adsorbed, from
Southern Biotechnology Associates, Inc. (Birmin-
gham, AL); the Superscript Preamplification
System from Life Technologies, Inc. (Gaither-
sburg, MD); Tag polymerase from Promega
Corp. (Madison, WI); primers for MCP-1 were
synthesized by Operon, Inc. (Alameda, CA);
primers for RANTES were synthesized by

Genosys Biotechnologies, Inc. (The Woodlands,
TX).

2.2. Subjects

Thirty-seven subjects were tested for in vitro
HRF production. Information on the study
population is provided in Table 1. Nineteen
workers presented with work-related asthmatic
symptoms associated with diisocyanate exposure
(group 1; 18 males, 1 female). OA was objectively
confirmed in 16 group 1 workers by physiologic
means. Seven workers underwent specific bron-
chial provocation testing (SBPT) in the labora-
tory using a single blind challenge method with
TDI ( < 20 ppb) (Moller et al., 1986). Workplace
challenges were carried out by monitoring of
peak expiratory flow rates (PEFR) every 2-3 h
(5-6 measurements/day) under careful supervi-
sion during waking hours while there was active
exposure to diisocyanates and for variable per-
iods away from the workplace (e.g. 2 week while
at work and for 2 week while away from the
workplace) or by measuring cross shift changes
in forced expiratory volume at one second
(FEV,) during active diisocyanate exposure. The
PEFR studies were considered to be significant if
there was greater than 15% variability in the
amplitude percentage of the mean (highest read-
ing — lowest reading/mean for 24 h) on 2 out of
10 days at work with no changes on days away
from work (Bernstein et al., 1993) or significant
decreases in FEV, (=20% from pre-exposure
baseline) over the workshift. Asymptomatic ex-
posed workers consisted of thirteen MDI foam
operation factory workers (group 2; 3 females, 10
males). Normal control subjects were non-
atopics and reported no known exposure to
diisocyanates (group 3; 3 males, 2 females).

Study protocols were reviewed and approved
by the University of Cincinnati Human Subjects
Institutional Review Board. Before participation,
informed written consent was obtained from each
subject.

2.3. Diisocyanate antigens
Hexamethylene diisocyanate (HDI)-, methyl-
ene diphenyl diisocyanate (MDI)-, and toluene
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Table 1
Description of diisocyanate-exposed workers and control subjects
Worker Exposure Clinical Bronchial AB® HRF! MCP-1¢
diagnosis challenge
Chemical Duration Cessation
(months)* (months)®

Group 1: symptomatic workers

1 MDI 336 38 +History OA  — (lab) IgE - NT
IgG
2 MDLTDPI 84 0 +History OA  — (lab) IgE - NT
1gG
3 MDILTDI 48 19 OA +(lab) LAR®  IgG + +
4 MDI,TDI 33 0 OA +(lab) LAR - + NT
5 MDI 24 23 +History OA  — (lab) IgG - NT
6 TDI Not known OA +(lab) LAR IgG + NT
™ HDI 17 8 OA (urticaria)  +(lab) IgE + NT
IgG
8 MDI 25 10 OA +(work)! - + +
9 HDLMDI 100 32 OA +(work) - - +
10" HDI 60 1 OA +(work) IgE + -
I1gG
11t HD1 240 19 OA +(work) - - +
12 HDI 39 0 OA +(work) - + NT
13 HDI 12 11 OA +(work) IgE - +
1gG
14b HDIMDI 60 20 OA + (work) IgE + +
15 MDILTDI 33 3 OA +(work) IgG + NT
16 HDI 12 11 OA +(work) IgE NT NT
I1gG
17" HDI 36 0 +History OA NT - + +
18 MDI 24 0.5 +History OA NT - + NT
19 HD1 48 2 +History OA NT - + NT
Group 2: asymptomatic exposed workers
20-32 MDI variable 0 No symptoms NT 2/13IgE — -
Group 3: normal controls 1/13 IgG
33-37 None No symptoms NT - - -

NT, not tested; ‘—’ = negative; ‘+* = positive.

*Total time of known exposure.

*Time elapsed since cessation of known exposure prior to clinical assessment.

Antibody reactions were considered positive when OD readings were greater than 3 standard deviations above the mean of
negative controls in the ELISA test.

‘HRF activity in PBMC supernatant was considered positive when diisocyanate antigen-enhanced histamine release was at least
7% greater than spontaneous release in the basophil histamine release test.

‘MCP-1 was considered positive when diisocyanate antigen stimulation produced at least a two-fold increase in chemokine
concentration in PBMC supernatant.

‘Single blind controlled laboratory challenge with TDI ( < 20 ppb).

$Late airways reaction only, suggestive of isolated late phase response.

"Skin test positive.

‘Workplace challenges consisted of PEFR measurements during periods of worksite exposure compared to periods away from
work or by measuring cross shift changes in FEV,.
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diisocyanate (TDI)-conjugated human serum al-
bumin (HSA) antigens (HDI-HSA, MDI-HSA,
TDI-HSA) were prepared (Tse and Pesce, 1979)
and characterized (Gallagher et al, 1981) as
previously reported. In brief, isocyanate reagents
(Eastman Kodak Co., Rochester, NY), either 2.44
g TDI (tolulene-2,4-diisocyanate), 3.50 g MDI
(methylene-di-p-phenyl diisocyanate), or 0.21 g
HDI (hexamethylene diisocyanate), were mixed
with 0.9 g HSA (human serum albumin, USP,
Baxter Healthcare Corp., Glendale, CA) in a final
volume of 92 ml phosphate-saline buffer (0.11 M
sodium phosphate, 0.15 M NaCl, pH 7.4) and
stirred under a chemical fume hood for variable
periods of 15 min, 30 min, 1 h, and 8 h at room
temperature (24 + 1°C). Reactions were stopped
by addition of 92 ml 2 M ammonium carbonate
and centrifugation at 3000 x g for 20 min. The
supernatants, consisting of soluble isocyanate-
conjugated protein, were exhaustively dialyzed
against four changes of 40 vols PBS (0.01M
sodium phosphate, 0.14 M NaCl, pH 7.4), and
sterilized by 0.2 yum membrane filtration. Conju-
gates were characterized for the isocyanate/pro-
tein mol ratio by quantitative spectrophoto-
metric analyses with appropriate standard sol-
utions, using a modified Gutman assay (Modesto
and Pesce, 1973) for determination of TDI and
MDI, a gas chromatographic method for amine
bound HDI (hexamethylene diamine) using 25%
Apiezon L plus 10% KOH coated on Chromo-
sorb W-H.P. (60/80 mesh) (Sandridge, 1978) after
acid hydrolysis of HDI-HSA (144 h, 6 N HC],
110°C under vacuum), and the Bio-Rad Protein
Assay (Bio-Rad Chemical Division, Richmond,
CA) for HSA. Conjugates containing an average
of 2-13 mol isocyanate per mol of protein were
selected for study.

2.4. Isolation and characterization of PBMCs and
subpopulations

Venous blood (90-120 ml) was collected at a
final concentration of 0.01 M EDTA. Mononu-
clear cells were purified by layering 20—-30 ml of
anticoagulated blood onto 50 ml LeukoPREP
tubes (Becton-Dickinson), containing 1.077 den-
sity gradient medium, and centrifuging at

2500 x g for 30 min. The upper layer consisting
of plasma was saved for antibody tests, and
mononuclear cells were collected from the inter-
face. Cells were washed twice with Hank’s Bal-
anced Salt Solution (HBSS) by low speed
centrifugation (200 x g) to deplete platelets.

Purified cell subpopulations were prepared as
previously described (Herd and Bernstein, 1994).
PBMCs, monocytes (plastic adherent cells), T
cells, and total lymphocytes were analyzed by
immunofluorescence reactions with fluorescein-
labeled anti-CD3, anti-CD7, and anti-human im-
munoglobulins; and with anti-CD8 by indirect
assay, using FITC-anti-mouse immunoglobulins
as the second antibody. Relative cell numbers
were determined as the percent of cells stained.
CD4* cells were determined by subtraction of
CD8* cells from CD3* cells.

2.5. Measurement of HRF

Methods used for generation and assay of
diisocyanate antigen-induced HRF in PBMC
supernatants have been described (Herd and Be-
rnstein, 1994). Briefly, 5 x 10® cells in 1.0 ml
complete medium (RPMI with 4 mM glutamine,
2 mM sodium pyruvate, 100 U/ml penicillin, 100
ug/ml streptomycin, and 5% FBS) were added to
wells of a 24-well cell culture plate and incubated
with 50 ug of diisocyanate-conjugated HSA anti-
gen (HDI-HSA, MDI-HSA, TDI-HSA, or HSA
carrier alone) in 0.1 ml HBSS for 72 h, 37°C, 5%
CO,. Supernatants were removed and dialyzed
(MW 3500 cutoff dialysis tubing) vs. 100 vols
HBS (0.15 M NaCl, 10 mM HEPES, pH 7.4).

HRF activity was assayed by demonstrating
increased basophil histamine release (HR) when
normal donor basophils were stimulated with
PBMC supernatants. Venous blood from a single
non-atopic donor was collected with 10 mM
EDTA anticoagulant, and red cells were
sedimented with Dextran 200. Peripheral blood
leukocytes (PBLs) were collected, centrifuged, -
and washed twice with HBS, 10 mM EDTA,
0.125% HSA by low speed centrifugation
(200 x.g) to remove platelets. Then, 0.3 ml of
HRF Supernatant was added to 1 x 10 PBLs in
0.1 ml HBS containing 2 mM calcium, 1 mM
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magnesium, and 0.125% HSA. Cells were incu-
bated for 1 h, 37°, in a shaking water bath,
centrifuged and supernatants were collected for
histamine analysis. Complete histamine release
was achieved by boiling cells for 10 min. Hista-
mine was quantitated by competitive inhibition
using an enzyme linked immunosorbent assay
(ELISA) (histamine EIA kit, Amac, Inc.). HRF
activity was determined as % HR from the for-
mula: [(experimental HR — spontaneous HR)
(100)/complete HR — spontaneous HR].

Antigen enhancement of HRF by HDI-HSA,
MDI-HSA, TDI-HSA, or HSA carrier alone was
determined by subtraction of spontaneous HRF
activity (in medium control PBMC supernatant)
trom antigen-stimulated HRF activity. HRF en-
hancement was considered positive when the test
supernatant minus spontaneous release was
=7%, based on the observation that HRF en-
hancement in normal control subjects never ex-
ceeded 7% HR. Hapten-specific (i.e. diisocyanate-
hapten enhancement) HRF activity was deter-
mined by subtraction of HSA-stimulated HRF
activity from diisocyanate-HSA antigen-stimu-
lated HRF activity.

2.6. Quantitation of secreted MCP-1 and
RANTES

Chemokine levels were measured in PBMC
supernatants, from diisocyanate-exposed sub-
jects, before and after challenge of PBMCs with
diisocyanate-HSA antigen, using an HSA conju-
gate prepared with the diisocyanate chemical to
which the subject had been exposed. MCP-1 was
quantitated by competitive inhibition ELISA
(Hornbeck, 1991), using microtiter plates coated
with human rMCP-1 as the standard antigen and
rabbit polyclonal anti-MCP-1 at 2 ug/ml, fol-
lowed by goat anti-rabbit IgG, alkaline phos-
phatase-conjugated. RANTES was quantitated
by antibody sandwich ELISA (Hornbeck, 1991),
using microtiter plates coated with mouse mon-
oclonal anti-RANTES (2 pg/ml), human
rRANTES as the standard antigen, polyclonal
rabbit anti-RANTES as the sandwich antibody,
and goat anti-rabbit IgG, human and mouse
adsorbed, alkaline phosphatase-conjugated for
indirect assay. Data were analyzed for antigen

enhancement of chemokine synthesis by subtrac-
tion of spontaneous chemokine production from
antigen-stimulated chemokine production by
PBMCs.

2.7. Reverse transcriptase-polymerase chain
reaction (RT-PCR)

Total PBMC cellular RNA was extracted and
isolated by a modification of the single-step
acidic guanidinium method using RNAzol® B
(Biotecx Laboratories, Inc.) and procedures rec-
ommended in the manufacturer’s protocol. First
strand cDNA was generated by reverse transcrip-
tion using aliquots of 5 ug RNA and the Super-
script  Preamplification  System kit (Life
Technologies) according to the manufacturer’s
instructions. PCR amplification was performed
using 5 and 3’ primer sets by methods that have
been described (Alam et al., 1994). Nucleotide
sequences for the primers used were MCP-1
primers:  5-GATCTCAGTGCAGAGGCTCG
-3; 5-TGCTTGTCCAGGTGGTCCAT-3' and
RANTES primers: 5-GCTGTCATCCTCAT-
TGCTAC-3; 5-TCTCCATCCTAGCTCATC-
TC-3' PCR products were separated by 3%
agarose gel electrophoresis (Nusieve 3:1) and
identified by molecular size (171 bp for MCP-1;
260 bp for RANTES) using ¢X174/Haelll mol-
ecular weight markers, and cDNA standards for
MCP-1 and RANTES. Semi-quantitative PCR
was carried out by amplification of MCP-1
cDNA in the presence of 0.12 uCi 32P-labelled
dCTP/25 ul reaction mixture. X-ray film (Kodak
XAR-5 film) was exposed to the gel for 3 h and
developed. The MCP-1 gel bands, identified from
the autoradiogram, were then cut out and
counted for 32P incorporation. Mitogen and
antigen enhancement of MCP-1 mRNA synthesis
was analyzed by quantitation of 3*P dCTP incor-
poration in MCP-1 PCR products derived from
PBMCs cultured 18 h in medium containing
PHA or HDI-HSA stimulator (50 pg/ml/10%
cells). Percent increase due to stimulation was
determined from the formula: [(counts/min from
stimulated cells — counts/min from non-stimu-
lated cells) (100)/counts/min from non-stimulated
cells (i.e. cultured in medium only)].
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2.8. Serum antibody

IgE and IgG antibody levels to HDI-HSA,
MDI-HSA, TDI-HSA, and HSA were determined
by isotype-specific indirect ELISA tests (Liss et
al., 1988; Sarlo et al., 1990). A monitored well
assay procedure was used, in which all reactions
were terminated with 1 N NaOH when a stan-
dard positive control serum achieved an ODy4
of 0.6. Sera producing an OD reading >0.1 and a
reaction greater than three standard deviations
above the mean of sera from six non-exposed
conirol subjects were considered positive.

2.10. Data analysis

Data are expressed as mean + S.E.M. Group
comparisons were made using the Mann Whit-
ney test. The Wilcoxon signed-ranks test was
used for paired samples within groups. Fisher’s
exact test was used to analyze categoric data of
subject populations. A P value < 0.05 was con-
sidered significant.

3. Results

3.1. HRF activity in symptomatic subject
populations

Clinical characteristics of workers with a his-
tory compatible with occupational asthma are

Table 2

shown in Table 1. The mean values for HRF in
group 1 subjects were greater than for asympto-
matic exposed or non-exposed control subjects
after stimulation of PBMCs with phytohemag-
glutinin (PHA), and diisocyanate antigens (Table
2). Antigens used were human serum albumin
conjugates of hexamethylene diisocyanate (HDI-
HSA), methylene dipheny! diisocyanate (MDI-
HSA), and 2,4-toluene diisocyanate (TDI-HSA).
Twelve of 18 symptomatic workers showed HRF
enhancement when PBMCs were stimulated with
HSA antigen conjugate prepared using the
diisocyanate chemical(s) to which the worker had
been exposed (Fig. 1). HRF enhancement by
antigen was not observed in 13 MDI-exposed
asymptomatic control workers or in five normal
control subjects. Data analysis showed a signifi-
cant association (P < 0.05) of HRF with a clini-
cal diagnosis of OA confirmed by a positive
laboratory or workplace challenge (Table 3).
HRF was also associated with a positive history
of OA (P < 0.0001). Specific IgE antibody pro-
duction was not shown to be significantly asso-
ciated with OA. Specific IgG antibody
production was associated with a positive history
of OA (P < 0.0001). No association was found
between HRF and antibody production of either
isotype.

HRF Activity in PBMC supernatants of diisocyanate-exposed and control subjects®

Group 1 (OA, n =19)

Group 2 (asymptomatic/exposed, n = 13)

Group 3 (normal controls, n = 5)

Mean S.EM. Mean S.EM. P® Mean S.EEM. P®
Spontaneous 180 3.74 13.1 1.30 NS 10.2 1.93 NS
PHA 303 4.59 253 3.90 NS 225 9.80 NS
HSA 21.1 3.68 11.9 2.26 NS 11.7 2.39 NS
HDI-HSA 237 421 NT NT
MDI-HSA 306 531 114 1.13 <0.01 11.5 225 < 0.05
TDI-HSA 31.1 6.24 NT NT
DIISO-HSA 338 529 114 1.13 <0.01 NA

NT, not tested; NA, not applicable; NS, not significant.

*Statistical data of total HRF activity in PBMC supernatants after culture of cells in medium alone (spontaneous production) or
with mitogen (PHA), human serum albumin (HSA) or diisocyanate-HSA-conjugated antigens (MDI-HSA, TDI-HSA, HDI-HSA,
or Diiso-HSA, i.e. diisocyanate antigen(s) to which the subject had been exposed), at a dose of 50 ug/ml/10° cells. HRF activity
is expressed as the mean = HR + S.E.M,, by PBLs treated with HRF supernatant.

bSignificance of difference in means, versus group 1 (Mann-Whitney test, two-tailed P values).
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Fig. 1. Effects of antigen on the generation of HRF activity
by PBMCs from 36 subjects. Results are shown for group 1
(symptomatic) and group 2 (exposed, asymptomatic) re-
sponses to 0 and 50 ug diisocyanate-HSA antigen (HDI-HSA,
MDI-HSA, or TDI-HSA) selected for the diisocyanate to
which each worker was exposed in the workplace. If a worker
was exposed to more than one diisocyanate, the workplace-
relevant diisocyanate antigen producing the greatest HRF
response is given. MDI-HSA results are shown for group 3
(non-exposed controls).

3.2. Specificity of the HRF response for
diisocyanate exposure

HRF data for the 12 workers showing antigen-
enhancement of HRF was analyzed to determine
whether there was specificity for the diisocyanate
to which the worker had been exposed.

Table 3

Diisocyanate hapten-specific enhancement was
determined by subtraction of HSA-stimulated
HRF activity from HRF activity stimulated by
diisocyanate-HSA antigens. HRF hapten-specific
enhancement was determined for the diisocyan-
ate(s) to which the worker had been exposed and
compared to hapten enhancement by the
diisocyanate(s) to which the worker had not been
exposed. Fig. 2 shows that HRF enhancement by
diisocyanate-HSA conjugates and hapten-specific
enhancement of HRF were both significantly
greater when PBMCs were stimulated in vitro
with the diisocyanate chemicals to which the
worker had been exposed.

Specificity for diisocyanate exposure chemicals
was also demonstrated in the IgG (but not in the
IgE) humoral immune response to diisocyanate
antigens. In workers producing antibody, the
mean values for IgG antibodies reacting with the
diisocyanate chemical to which workers had been
exposed were greater than the mean values for
antibodies reacting with diisocyanates to which
workers had not been exposed (Fig. 3).

3.3. Antigen enhancement of PBMC-derived HRF
chemokines

MCP-1, RANTES, and HRF were measured in
PBMC supernatants from eight subjects with
diisocyanate-induced asthma and from seven

Associations of specific challenge and OA history studies with in vitro specific production of IgE, IgG and antigen-enhanced HRF?

Sample n® Categories In vitro assays
HRF* IgE IeG
+ P + - P + - P
Subjects in group I 15(16)  Challenge positive 9 3 0.044 5 8 0.550 5 3 0.509
Challenge negative 0 3 2 1 3 0
Subjects in groups 36 (37)  Positive history OA 12 6 <00001 7 12 0.249 8 3 0.001
1-3 Negative history OA 0 18 2 1 1 8
Subjects in groups 36 HRF positive 12 0 NA 3 9 1.000 5 2 0.124
1-3 HRF negative 0 24 5 19 4 9
NA, not applicable; ‘—’ = negative; ‘+° = positive.

2Fisher’s exact test.

*Antibody data includes one worker in group 1 that was not tested for HRF.
Diisocyanate-HSA enhancement of spontaneous HRF production.
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Fig. 2. Specificity of antigen-stimulated HRF production for
workplace relevant diisocyanates in 12 workers showing HRF
enhancement by antigen. (A) Complete antigen: the mean
values were obtained after subtraction of spontaneous HRF
activity from diisocyanate-HSA- (50 upg) stimulated HRF
activity. (B) Hapten component: the mean values were ob-
tained after subtraction of HSA- (50 ug) stimulated HRF
activity from diisocyanate-HSA- (50 ug) stimulated HRF. The
amount of HRF stimulated by antigen conjugates containing
the diisocyanate to which each subject was exposed (work-
place-relevant) was compared to the amount of HRF pro-
duced to the diisocyanate(s) to which subjects were not
exposed (non-relevant) by the Wilcoxon signs test and the
level of significance is given as the two-tailed P value.

asymptomatic controls from groups 1 and 2,
respectively. Symptomatic subjects showed high-
er mean production of antigen-stimulated MCP-
1 (311 ng/ml) and HRF (>30% HR) than asym-
ptomatic controls (Fig. 4). RANTES production
was similar in OA subjects (1 ng/ml) and asymp-
tomatic controls.

PBMCs of subject no. 13 with HDI-induced
OA and a control subject (no. 35) were tested for
mRNA for MCP-1 and RANTES by RT-PCR
analysis (Fig. 5). PCR products, detected in
ethidium bromide-stained gels, showed that
mRNA for RANTES was present in PBMCs
obtained at the time of cell isolation (T0) but was
substantially decreased after 4 h of culture (T4).
MCP-1 mRNA in PBMCs tested prior to culture
was not detected in stained gels (TO), but was
readily detected after 4 h culture. Enhancement
of chemokine mRNA synthesis by mitogen or
antigen, compared to spontaneous synthesis (Sp)
by cells in medium alone, was not apparent for
either subject by analysis of ethidium bromide-
stained gels. However, quantitation of MCP-1

EE workplace relevant ] non-relevant diisocyanate
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Fig. 3. Specificity of antibodies for workplace-relevant
diisocyanates in, (A) 11 group 1 workers showing IgG anti-
body, and (B) seven group 1 workers producing IgE antibo-
dies. The mean antibody levels were determined from optical
density readings of ELISA test results. Antibody levels to the
diisocyanate chemical to which each worker had been ex-
posed (workplace-relevant diisocyanate) were compared to
antibody levels to diisocyanate chemicals to which the worker
had not been exposed (workplace non-relevant diisocyanate)
by the Wilcoxon signs test and the level of significance is
given as the two-tailed P value.

32p_jabeled PCR products from 18-h cultures
showed greater synthesis of antigen stimulated
MCP-1 mRNA in the asthmatic subject, com-
pared to the normal control subject (Table 4).
HDI-HSA stimulation of PBMCs produced a
38% increase in MCP-1 mRNA from the asth-
matic subject, compared to an 18% increase in
mRNA from the normal subject.

3.4. Cellular origins of diisocyanate-induced HRF
synthesis in PBMCs '

HRF production by purified PBMC sub-
populations was determined in four subjects, con-
sisting of three workers (nos. 8, 10, 12) with MDI-
or HDI-induced OA and one asymptomatic
MDI-exposed subject (no. 20). Characteristics of
total PBMCs and the purified cell populations,
determined by flow cytometry and reactions with
fluorescent antibody reagents are shown in Table
5. B cells were demonstrated in purified lym-
phocytes as cells bearing surface immunoglobulin
markers (slg*). Purified T cells from the asympto-
matic subject showed a normal CD4*:CD8" ratio
(2.2), while low CD4 *:CD8™ ratios (1.0-1.4) were
found in each of the OA patients, suggesting that
CD8™ (suppressor/cytotoxic) cells were increased.
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Fig. 4. Enhancement of HRF and chemokine production from
PBMC:s by diisocyanate-HSA conjugated antigens derived by
subtraction of spontaneous production from diisocyanate-
HSA- stimulated production. (A) HRF activity, measured
as = HR in the basophil histamine release assay, and reduced
by a factor of 10. (B) MCP-1 measured in ng/ml and reduced
by a factor of 100. (C) RANTES measured in ng/ml. The
mean values for eight patients with diisocyanate-induced
asthma are compared to seven asymptomatic controls by the
Mann-Whitney test and the level of significance is given as
the two-tailed P values.

The mean HRF response of the PBMC sub-
populations is shown in Fig. 6. The results
showed increased production of HRF by mono-
cytes, lymphocytes, and T-cells. Purified T cells
(B cell depleted) incubated in medium alone
showed high spontaneous release of HRF. Re-
duced amounts of HRF were detected in
diisocyanate antigen-stimulated T cell cultures,
suggesting that T cell spontaneous release of
HRF was downregulated by antigenic stimula-
tion. Spontaneous release of T cell HRF was also
reduced by PHA stimulation (data not shown).
Spontaneous release of HRF did not occur in
cultures of the whole lymphocyte preparations
from which the T cells had been purified. It
appears likely that non-T cells or cytokines gen-
erated in the lymphocyte cultures produced inhi-
bition of spontaneous production of T cell HRF.
Antigen specific enhancement of HRF was clearly
demonstrated in whole lymphocyte cultures.
Antigen enhancement of HRF was observed in
only one monocyte culture, from subject no. 12
(results not shown). This monocyte preparation
may have contained adherent B cells, since 10%
of the cells showed immunofluorescent staining

Fig. 5. Simultaneous analysis for MCP-1 and Rantes mRNA
expression in PBMCs from a patient with diisocyanate-
induced OA and a normal subject. PBMCs were tested prior
to culture (TO) and after 4 h of culture (T4) in medium alone
(RPMI, 5% FBS), or in medium containing mitogen (PHA)
or antigen (HDI-HSA). mRNA was reverse-transcribed, and
¢DNA was amplified by PCR, using primers for MCP-1 and
RANTES. The ethidium bromide-stained gel of PCR prod-
ucts shows that RANTES and MCP-1 mRNA were present
in freshly isolated PBMCs and that cultured cells showed
increased MCP-1 mRNA and decreased RANTES mRNA.
Positive controls for the amplified products of MCP-1 (171
base pairs) and RANTES (260 base pairs) are shown.

for surface immunoglobulin (Table 5). Alterna-
tively, the sIg* reaction could have been due to
cytophilic antibodies bound to monocyte Fc re-
ceptors, since subject no. 12 was an antibody-
producing subject. T cell recognition of
diisocyanate antigen was strongly suggested by
the decreased production of spontaneous HRF in
T cell cultures exposed to antigen, as well as by
antigen enhancement of lymphocyte HRF in
non-antibody-producing subjects (nos. 8 and 10).

4. Discussion

These studies have demonstrated that periph-
eral blood mononuclear cells (PBMCs) of
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Table 4
PCR analysis of antigen and mitogen enhancement of MCP-1 mRNA synthesis in PBMCs of subject with HDI-induced OA

Subject/group PBMC stimulator Counts/min in PCR 3?P-MCP-1 % Increase in MCP-1
No. 35/group 3 Medium control 7027 0

PHA 9424 34.1

HDI-HSA 8347 18.8
No. 13/group 1 Medium control 9203 0

PHA 13536 471

HDI-HSA Co12722 38.2

Peripheral blood mononuclear cells (PBMCs) (10%/ml) were cultured in medium alone (RPMI, 5% FBS), or in medium
containing mitogen (PHA) or antigen (HDI-HSA) for 18 h. MCP-1 mRNA was reverse-transcribed, and cDNA was amplified by
the polymerase chain reaction (PCR) in the presence of *P-dCTP. 32p_MCP-1-amplified DNA formed a single band in agarose
gel electrophoresis. MCP-1 gel bands were cut out and 32p jncorporation was measured as counts/min minus background. Percent
increase in MCP-1 due to mitogen or antigen enhancement was determined from MCP-1 DNA using the formula: [(counts/min
from stimulated PBMCs — counts/min from medium control PBMCs) x 100]/counts/min from medium control PBMCs.

workers with confirmed diisocyanate-induced oc-
cupational asthma can be stimulated in vitro
with diisocyanate-HSA antigens to produce
basophil-activating histamine releasing factors
(HRF) and monocyte chemoattractant protein 1
(MCP-1). Our previous studies of 19 subjects,

Table 5
Characteristics of PBMCs and purified cell subpopulations

that had been exposed to hexamethylene
diisocyanate  (HDI), methylene diphenyl
diisocyanate (MDI), or toluene diisocyanate
(TDI), showed significant antigen enhancement
of HRF production in workers with clinical his-
tories consistent with diisocyanate-induced occu-

Percentage of cells tested

Subject no. 20 8 10 12
PBMC profile*
Lymphocytes 78.6 74.7 85.2 71.5
CD3* 70.0 80.0 79.0 77 .
CcD7* 81.0 72.0 78.0 73
Monocytes 16.2 19.9 13.5 18.8
Granulocytes 5.2 54 1.3 3.7
Purified subpopulations®
Lymphocytes  slg* <1 <1 7.0 5.0
T cells CD3* >99 >99 >99 >99
slg* <1 <1 <1 <1
CD4*:CD8*° 2.2 1.4 12 1.0
Monocytes slg* <1 <1 <1 10.0

*Peripheral blood mononuclear cells (PBMCs) were purified by density gradient sedimentation. The cellular profile of PBMC
preparations (lymphocytes, monocytes, granulocytes) was determined by the use of a flow cytometer. .

®Monocytes were purified by adherence to plastic tissue culture dishes. Non-adherent cells (lymphocytes) were treated with
antisera to immunoglobulins plus complement to obtain B cell-depleted lymphocytes (T cells). Specific immunofluorescence
reactions were used to detect T cell surface antigens (CD3, CD7, CD8) and B cell surface immimoglobulin (sIg*).

“The CD4*:CD8* ratio was determined as: CD3* cells minus CD8* (equal to CD4* cells) divided by CD8* cells.
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Fig. 6. HRF production (% HR) by unfractionated PBMCs
and monocytes (MC), lymphocytes (LC), and T cells purified
from PBMCs of four diisocyanate exposed workers. Cell
supernatants were tested for HRF after 18-h incubation either
in medium alone (spontaneous) or in medium containing
diisocyanate-HSA antigen (antigen-stimulated). Mean HRF
production by cells from three subjects with diisocyanate-
induced OA is compared to HRF production by cells from an
asymptomatic control.

pational asthma (OA), compared to exposed
asymptomatic workers or non-exposed controls.
In workers with a positive history of OA, anti-
gen-specific HRF enhancement was shown to be
associated with a positive response to specific
bronchial provocation testing or to workplace
challenge (Herd and Bernstein, 1994). In this
paper, our previous findings have been confirmed
in a larger group of 32 workers.

Immunological factors that contribute to
diisocyanate-induced asthma have not been de-
fined. The disease develops in about 5% of ex-
posed workers, and atopy has not been shown to
be a risk factor (Bernstein and Bernstein, 1993).
Most cases of diisocyanate-induced OA are not
mediated by IgE antibodies (Cartier et al., 1989).
Despite the finding that 37% of workers in our
symptomatic study population produced IgE
antibodies and 58% produced IgG antibodies,
there was no association between antibody pro-
duction and confirmed OA.

Previous studies in sensitized workers have
demonstrated humoral cross-reactions between
different diisocyanate antigens (Baur, 1983). In-
terestingly, we found that HRF responses in
individual workers were elicited by antigen con-

jugates containing occupationally relevant
diisocyanates (i.e. determined to be present at the
subject’s worksite) as well as non-relevant
diisocyanates. However data analysis showed
that the magnitude of the mean HRF response to
occupationally relevant diisocyanates was signifi-
cantly greater than the HRF response to non-
relevant diisocyanates, to which workers were
not exposed. The hapten-specific component of
the HRF response also showed greater specificity
for occupationally relevant diisocyanates. Four
of the symptomatic workers (nos. 3, 7, 8, 14) in
this study showed antigen specific HRF re-
sponses after they had been removed from work
exposure for 8-20 months. Thus, the HRF re-
sponse in diisocyanate-induced asthma shows
memory and specificity indicative of a cell-me-
diated immune mechanism.

Our studies of the cellular sources of HRF
showed that lymphocytes were the most active
producers of antigen-stimulated HRF. Purified T
cells showed high spontaneous release, suggesting
in vivo activation. No spontaneous release occur-
red in cultures of the whole lymphocyte prepara-
tions from which the T cells were purified. It is
therefore possible that T cell production of HRF
was inhibited or down-regulated by other cells in
the whole lymphocyte preparations. Stimulation
of purified T cells with antigen also had the effect
of down-regulating HRF production. High spon-
taneous production of HRF by T cells has not
previously been reported. In studies of purified
cell populations from normal subjects or rag-
weed-sensitive asthmatics, monocytes and B cells
were found to produce both spontaneous HRF
and allergen-induced HRF, while T cells pro-
duced HRF only after stimulation with mitogen
or SK/SD, a delayed hypersensitivity recall anti-
gen (Goetzl et al., 1984; Alam et al., 1989; Turner
et al, 1991). Of the chemically characterized
cytokines with HRF activity that are known to
be produced by lymphocytes, T and B lym-
phocytes have been reported to produce GM-
CSF (Zupo et al, 1992) and MIP-1a, while T
lymphocytes also produce RANTES and IL 8
(Baggiolini et al, 1994). We did not find that
purified monocytes were a major source of anti-
gen-stimulated HRF.
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Quantitation of MCP-1 and RANTES showed
diisocyanate antigen stimulation of MCP-1 secre-
tion by PBMCs of subjects with diisocyanate-
induced asthma, compared to asymptomatic con-
trol subjects. RANTES was present at 100-fold
lower concentrations than MCP-1 in super-
natants of PBMC cultures, and was not increased
in PBMCs of symptomatic subjects, compared to
asymptomatic subjects. Our limited investiga-
tions of chemokine mRNA synthesis in two sub-
jects showed that RANTES mRNA was present
at relatively high levels in freshly isolated
PBMCs, compared to cultured PBMCs, and did
not appear to be increased by specific antigen
stimulation. MCP-1 mRNA appeared to be in-
creased in cultured cells, compared to freshly
isolated cells, and to show diisocyanate-specific
stimulation in PBMCs of a symptomatic subject.
The lower amount of HDI-HSA stimulation of
MCP-1 mRNA that was found in normal human
PBMCs is possibly due to the HSA carrier pro-
tein. Some normal and symptomatic subjects
show a low level of HSA enhancement of HRF.
MCP-1 is a major product of monocytes, and is
not produced by lymphocytes (Baggiolini et al,,
1994). Therefore, antigen-specific stimulation of
MCP-1 in PBMC cultures would require either
activation of monocytes by lymphokines, or
cytophilic antibodies bound to Fc receptors.

Our observations suggested increased produc-
tion of CD8* (suppressor/cytotoxic) T cells in
the peripheral blood of diisocyanate OA subjects,
as has previously been reported by others
(Finotto et al.,, 1991). This finding is consistent
with the chemokine profile that we demonstrated
in PBMC supernatants. MCP-1 has chemoat-
tractant activity for both CD4* and CD8"* cells
(Loetscher et al., 1994), while RANTES has been
shown to be selectively chemotactic for CD4™
memory T cells (Schall et al.,, 1990). Our studies
do not rule out the possibility that other
cytokines and chemokines, e.g. MIP-1a, which
selectively recruits activated CD8* cells (Taub et
al., 1993), may also contribute to HRF activity.

Increased numbers of CD8* T cells in
diisocyanate-induced asthma may be relevant to
the low incidence of IgE antibody synthesis in
symptomatic workers. Cloned T cells derived

from bronchial mucosa of diisocyanate asth-
matics have been predominantly CD8* cells
(82%) all showing production of IFN-y (Maes-
trelli et al., 1994), which is known to suppress IgE
antibody production in vivo (Finkelman et al,
1988) and to also increase MCP-1 gene expres-
sion (Gruss et al., 1994). Studies have suggested
that the inhalation pathway of antigen exposure
preferentially induces CD8* cells and CD4* Th-
1 cells and results in selective suppression of IgE
antibody (McMenamin and Holt, 1993).

The possibility that the induction of diisocyan-
ate asthma is associated with MHC class I re-
stricted T cell reactions requires further
investigation. In animal models, hapten-specific
T cells have been difficult to demonstrate, and it
is generally assumed that T cells recognize epi-
topes of haptenated proteins in the context of a
peptide/MHC ligand (Nalefshi and Rao, 1993).
In addition, CD8* T cells generally have been
shown to recognize endogenously synthesized
antigens, while CD4%* T cells recognize
exogenous antigens (Brodsky and Guagliardi,
1991). However, CD8"* cells with specificity for
exogenous antigens have been demonstrated
(Rock et al, 1993; Hisatsune et al, 1995).
Whether hapten presentation by antigen presen-
ting cells requires intracellular processing is cur-
rently unresolved, since peptide digests of
haptenated proteins have shown T cell stimula-
tion after binding to MHC class I molecules of
glutaraldehyde-fixed cells (Ortmann et al., 1992).

HRF and related chemokines could contribute
to the immunopathogenesis of diisocyanate-in-
duced OA through their chemoattractant speci-
ficity for subsets of inflammatory cell types.
Bronchial asthma is characterized by cellular
infiltration of monocytes, T lymphocytes, and
eosinophils into the bronchial mucosa (Azzawi et
al., 1990; Poston et al., 1992). MCP-1 specifically
attracts and activates monocytes, and has been
shown to be present in the subepithelium of
asthmatic airways at increased levels, compared
to normal subjects (Sousa et al., 1994). RANTES
is selective for eosinophils (Ebisawa et al., 1994)
and has been found in the BAL fluid of asth-
matics at higher than normal levels (Alam et al,
1994c). A comparative study of the bronchial
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mucosa in diisocyanate-induced asthma and in
atopic (extrinsic) asthma did not show any dis-
tinctive differences in the patterns of inflamma-
tory cell infiltrates (Bentley et al, 1992). In
bronchial biopsies, the basement membrane of
asthmatics, compared to normals, showed signifi-
cant increases in cell numbers of eosinophils and
IL-2R* T cells, but not in numbers of CD3*,
CD4*, or CD8* T cells, neutrophils, or macro-
phages. Other studies have shown increased
numbers of total mononuclear cells, degranulated
eosinophils and mast cells in the lamina propria,
beneath the basement membrane, in subjects with
diisocyanate OA, compared to normals (Saetta et
al, 1992). It seems clear that eosinophils are
major effector cells of diisocyanate-induced
asthma. Our failure to induce antigen-stimulated
RANTES secretion in cultured PBMCs does not
preclude that this chemokine is produced locally
in the airways or that other cytokines and medi-
ators may be important in stimulation of
eosinophilic migration and activation as a re-
sponse to injury.

In conclusion, the HRF bioassay appears to
detect a cell-mediated immune response to the
diisocyanate hapten in subjects with diisocyan-
ate-induced asthma. At least some of the long-
lasting effects of diisocyanate-induced OA are
likely to be explained as specific T cell sensitiz-
ation to the diisocyanate hapten after chemical
binding to an endogenous carrier protein.
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Abstract

Biological monitoring of exposures to carcinogenic compounds in the workplace can be a valuable adjunct to
environmental sampling and occupational medicine. Carcinogen-DNA adduct analysis has promise as a biomarker
of effective dose if target organ samples can be obtained non-invasively. We have developed non-invasive techniques
using exfoliated urothelial and bronchial cells collected in urine and sputum, respectively. First morning urine
samples were collected from 33 workers exposed to benzidine or benzidine-based dyes and controls matched for
age, education, and smoking status. Sufficient DNA for 32P-postlabelling analysis was obtained from every sample.
Mean levels of a specific DNA adduct (which co-chromatographed with standard characterized by MS) were
elevated significantly in the benzidine-exposed workers relative to controls. In addition, workers exposed to
benzidine had higher adduct levels than those exposed to benzidine-based dyes. This study demonstrates the
usefulness of these non-invasive techniques for exposure/effect assessment. To be useful in occupational studies,
biomarkers must also be sensitive to exposure interventions. We have conducted topical application studies of used
gasoline engine oils in mice and found that the levels of carcinogen-DNA adducts in skin and lung can be
significantly lowered if skin cleaning is conducted in a timely manner. The combination of useful, non-invasive
techniques to monitor exposure and effect and industrial hygiene interventions can be used to detect and prevent
exposures to a wide range of carcinogens including those found in used gasoline engine oils and jet exhausts.
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1. Introduction

Controlling exposure to chemical carcinogens
in the workplace is difficult from the point of
view of the industrial hygienist because although
airborne exposure limits exist, only very low
levels are allowed. In addition, many carcino-
genic compounds are well absorbed through the
skin. Therefore, dermal exposure may account for
a significant fraction of total dose, yet not be
taken into account when only air sampling is
done. Biological monitoring is a reasonable alter-
native to air sampling under these circumstances.
Biological monitoring for carcinogens exists on
several levels. These are illustrated in Fig. 1 as
part of a proposed linear continuum between
external exposure and disease. If the concern
centers around the question of whether exposure
has occurred, then a marker of internal dose is
sufficient and wusually the easiest biological
marker to obtain. If there is an indication that
there are individual differences in response to an
internal dose then a marker of effective dose such
as carcinogen-DNA adducts, or early effects, such
as mutation frequency, may be more appropriate.
In the same regard it is more useful to obtain
data on the level of the marker in the target tissue
rather than a surrogate tissues such as blood

B e —

| INTERNAL DOSE |

—— ]
| EFFECTIVE DOSE |

INDIVIDUAL
SENSITIVITY

[ EARLY EFFECTS |

—]

F’RECLINICAL EFFECTS]

l DISEASE |

Fig. 1. Continuum between exposure and disease with poten-
tial biomarkers of naturalistic events indicated.

P-S—

lymphocytes because there might be a significant
difference in response to the carcinogen.

Measurement of carcinogen-DNA adducts in-
tegrates differences in absorption, metabolism
and, if the levels in the target organ can be
measured, distribution of the reactive form of the
compound. While carcinogen-DNA adducts are
the ultimate mutagens, there is a low probability
that a particular carcinogen-DNA adduct will
produce a neoplasm, due to the size of the
genome and the relative small size of the critical
targets. Carcinogen-DNA adduct measurements
may, therefore, have a role in disease prevention.
If adducts are detected and subsequent exposure
terminated, then presumably there will be a re-
duced probability of disease. If, however, there is
chronic, uninterrupted exposure to the carcino-
gen prior to the adduct measurement, then the
reduction in potential risk would be small as
disease is probably a function of total area of
cumulative lifelong DNA damage.

Sensitive techniques have been developed to
monitor carcinogen-DNA adducts in human tis-
sues. Among the most useful is 32P-postlabelling
(see Talaska et al., 1992a for review). This tech-
nique has proven useful in experimental models
with animals exposed to a wide variety of car-
cinogens. It is an extremely sensitive technique;
adducts have been detected reproducibly at levels
of from 1-10 per genome, although the absolute
recovery of each adduct likely differs. And, when
used in conjunction with other analytical tech-
niques, *2P-postlabelling has been used to chemi-
cally identify certain DNA adducts in human
tissues (Talaska et al., 1991a; Zeisig and Moller,
1995). In this paper we discuss the use of 32P-
postlabelling to monitor exposure to carcinogens
in the human urinary bladder.

Most carcinogens encountered in occupations
affect organs which are usually thought to be
unamendable to non-invasive sampling. A list of
some of these agents and their target organs are
found in Table 1. Lung and urinary bladder are
two major targets for occupational carcinogens.
And, while it is difficult if not impossible to
obtain samples of tissues from these organs non-
invasively, we reasoned that since cells from the
lung and urinary bladder regularly exfoliate, it
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Table 1
Human target organs for several occupational and environ-
mental carcinogens

Carcinogen Target organ
Aflatoxin Liver
4-Aminobipheny! Urinary bladder
Benzene Hematopoietic
Benzidine Urinary bladder
Bis(chloromethyl)ether Lung

Nasal cavity, larynx
Urinary bladder
Lung, skin

Liver, lung

Isopropyl oils
2-Naphthylamine
Benzo[a]pyrene
Vinyl chloride

might be possible to collect these cells and use
them to monitor exposure and effects within the
tissue. Although estimates vary considerably, the
lifespan of both urinary bladder and lung cells
has been reported as being about 100 days
(Clayson and Lawson, 1987; Cotes and Steel,
1987).

2. Experimental validation

The exfoliated urothelial cell technique for
DNA adduct analysis was developed in a dog
model. This species was chosen because dogs are
non-acetylators and therefore model the effects in
the group of humans, slow acetylators, thought
to be at greatest risk for aromatic amine-induced
urinary bladder cancer. The animals were treated
with 5 mg/kg 4-aminobiphenyl orally, 5 days per
week and for as long as 10 weeks. The complete
methods and results of this study have been
presented earlier (Talaska et al.,, 1990). The sali-
ent findings were that specific 4-aminobiphenyl
adducts were detected in the exfoliated urothelial
cells of the animals very soon after treatment.
These results suggest that exposure to these cells
was intraluminal, a finding that corroborates
other reports indicating that the voiding interval
is directly correlated with the levels of adducts
seen in the bladder following intravesicular treat-
ment (Kadlubar et al,, 1991). Adduct levels in-
creased with increasing dose and reached steady
state after approximately 6 weeks of chronic

exposure. The adduct levels at steady state ap-
peared to reflect the levels in the bladder
urothelium when the animals were sacrificed.
These data indicated that this approach might
prove to be feasible for human studies.

3. Environmental studies

Tobacco smoke is the most important cause of
urinary bladder cancer in the population. To-
bacco smokers are thought to be at least a 2-fold
increased risk for bladder cancer (IARC, 1986).
We have also reported earlier the results of a
study of 47 smokers and controls from whom
exfoliated urothelial cells were obtained for car-
cinogen-DNA adduct analysis (Talaska et al,
1991b, 1992b; Vineis et al, 1994). We saw that
there were increased levels of carcinogen-DNA
adducts in smokers over non-smokers, but that
this increase was not statistically significant be-
cause of the wide variability, especially in samples
later identified as controls. However, the data
from the smokers alone was examined, positive
correlations were noted between specific DNA
adducts in exfoliated urothelial cells, the amount
of tobacco smoked, and the levels of mutagens
excreted into urine. Most importantly, there was
a good correlation between a putative 4-
aminobiphenyl-DNA adduct and the corre-
sponding 4-aminobiphenyl-hemoglobin adduct.

4. Occupational studies

The first report of carcinogen-DNA adducts in
exfoliated urothelial cells was a case study of a
worker with an accidental and massive exposure
to  methylene-bis-2-chloroaniline ~ (MOCA)
(Kaderlik et al.,, 1993). This study indicated that
within 4 h of the accidental exposure extremely
high levels of MOCA-DNA adducts were seen in
the exfoliated urothelial cells. These levels de-
clined rapidly within 24 h, then declined much
more slowly over the next 72 h. The rapid ap-
pearance of the adduct in exfoliated cells also
suggested that exposure to the active compound
occurs intravesicularly and not through the
blood because if the latter were true, it would be
anticipated that adducts would only slowly ap-
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pear as the germinal layer of cells divided and
migrated into the lumen.

We have recently presented the results of a
study investigating DNA adducts levels in ex-
foliated urothelial cells in a group of workers
exposed to benzidine and benzidine-based dyes
(Rothman et al, 1995). We saw that, overall,
workers with exposure to benzidine or benzidine-
based dyes had levels of adducts nine-fold higher
than controls. However, when workers were seg-
regated into benzidine and dye workers a dra-
matic effect was seen. The average levels of a
specific DNA adduct, which shared chromato-
graphic behavior with N-(deoxyguanosin-8-yl)-
N'-acetylbenzidine, were 24 times higher in ben-
zidine production workers than they were in
controls (P < 0.001), while the average levels of
the same adduct in the dyeworkers were not
significantly elevated over controls. It is note-
worthy that the predominate DNA adduct was
the acetylated benzidine adduct. This suggests
that acetylation is important in the activation of
this aromatic bis-amine.

5. Intervention studies

5.1. Used gasoline engine oils

Used gasoline engine oils (UGEO) contain a
variety of polycyclic aromatic hydrocarbons
(Grimmer et al.,, 1982, 1983). The published lit-
erature indicates that UGEO induce skin cancer
in mice treated chronically and carcinogen-DNA
adducts are formed in the skin following topical
application (Carmicheal et al., 1990). UGEO
present a particular problem to an industrial
hygiene program because the low volatility of the
carcinogenic components and the fact that there
is often significant contact with the skin preclude
the use of air sampling to predict exposure. For
the epidemiologist, auto-mechanics are a difficult
population to study because many are probably
never exposed to UGEO as they have specialties
like tire, brake and air conditioning service.
Therefore, the chances of misclassification of per-
sons into an “exposed” group on the basis of job
title is high. In addition, most auto shops employ
only a few mechanics. Biological markers of effec-
tive dose would probably be more valuable under

DNA ADDUCTS IN THE LUNGS OF MICE
TREATED WITH UGEO
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Fig. 2. DNA adducts in the lungs of mice treated topically
with used gasoline engine oil. Oils were applied to the shaved
skins of groups of animals, then the skins were cleaned at
various times with one of two cleaners. The cleaning intervals
(in h) are indicated on the x axis. Carcinogen-DNA adduct
levels were determined and the total adducts plotted.

these circumstances to reduce exposure misclas-
sification and to measure the effects of interven-
tion strategies. We treated animals with one or
five treatments of 50 ul of UGEO and determined
the levels of carcinogen-DNA adducts in the skin,
lungs and urinary bladders. We saw that adducts
could be measured in each organ following only
one treatment with this material and that adduct
levels increased with five treatments. We then
conducted studies to determine the efficacy of
cleaning the skin in a timely manner in reducing
the levels of carcinogen-DNA adducts in both the
skin and lungs of treated animals. The animals
were cleaned at 0.5, 1, 2, 4, or 8§ h following
application in order to simulate the frequency
with which different mechanics might clean their
hands. Two cleaning agents were used, one a
propylene glycol-based cleaner, the other a petro-
leum-based cleaner. Figs. 2 and 3 show that when
cleaning with either cleaner was performed soon
(0.5 or 1 h) after the exposure, carcinogen-DNA
adducts from UGEO were significantly reduced.
On the other hand, if cleaning was delayed until
8 h after the application, then the levels of car-
cinogen-DNA adducts were not significantly dif-
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DNA ADDUCTS IN THE SKIN OF MICE
TREATED WITH OILS
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Fig. 3. DNA adducts in the skins of mice treated topically
with used gasoline engine oil. Treatment conditions are as
given in Fig. 2.

ferent than if cleaning was never done. The same
effect was seen in both skin and lung. These data
indicate that it is possible to intervene in a
carcinogenic exposure and significantly reduce
the levels of DNA damage in target organs by
some relatively simple measures. Frequent clean-
ing is currently recommended, but not always
practiced in the occupation. These data could be
used as a positive reinforcement for frequent
cleaning in the workplace.

Fig. 4 displays data for individual adducts by
tissue type. This figure displays adduct distribu-
tion in lung and skin as a function of the percent
of total adducts seen in that tissue. It appears
that while the same adducts are seen in both
tissues, there are differences in tissue distribution
of adducts. This finding suggests that the skin
acts as a selective barrier to the passage of certain
carcinogens, while others are able enter the circu-
lation and interact with the distant targets like
the lung.

6. Future studies and directions
Since the lung is also a major target for occu-

pational carcinogens we have embarked on a
program to utilize cells exfoliated from the lung

RELATIVE PROPORTIONS OF UGEO
DNA ADDUCTS IN LUNG AND SKIN
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Fig. 4. Relative proportions of used gasoline engine oil-related
DNA adducts in lungs and skin of treated animals. The data
shown is from animals whose skin was not cleaned following
application.

and collected in sputum samples for carcinogen-
DNA adduct analysis. We have done some ex-
ploratory studies which showed that the type and
quantity of specific DNA adducts was the same
in the cells from sputum and brush biopsies for
the same individual.

The incorporation of the use of exfoliated
urothelial and bronchial cell techniques and the
intervention studies we described above into a
comprehensive occupational carcinogen human
monitoring program is the future direction of this
program. The urinary bladder appears to be a
target for the activity of the carcinogens in
UGEDO. In addition, epidemiological studies have
suggested that auto mechanics may be at in-
creased risk for cancer of the urinary bladder. We
plan to use non-invasive DNA adduct monitor-
ing techniques as tools to measure the success of
interventions with cleaning, barrier creams and
combinations thereof in populations of auto
mechanics exposed to UGEO.

Other populations of interest for studies would
include persons exposed to jet and diesel ex-
hausts, both of which contain significant concen-
trations of polycyclic aromatic hydrocarbons
(PAH) and nitro-PAH. These latter compounds
are related to the aromatic amines in that they
are reduced to the corresponding N-hy-
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droxyamines by many biological systems (Del-
clos et al,, 1990).

Conclusions

The advent of sensitive techniques to monitor
the level of carcinogen-DNA adducts has made
possible non-invasive monitoring of target tis-
sues. These techniques can be used in interven-
tions studies. Once the day-to-day variability in
response under steady-state conditions is known
for groups of individuals, it should be readily
possible to determine the number of samples
from each person needed to have a precise esti-
mate of the individual effect.
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Possible health risks from low level exposure to beryllium
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Abstract

The first case of chronic beryllium disease (CBD) at the Rocky Flats Environmental Technology Site (Rocky
Flats) was diagnosed in a machinist in 1984. Rocky Flats, located 16 miles northwest of Denver, Colorado, is part
of the United States Department of Energy (DOE) nuclear weapons complex. Research and development operations
using beryllium began at Rocky Flats in 1953, and beryllium production operations began in 1957. Exposures could
have occurred during foundry operations, casting, shearing, rolling, cutting, welding, machining, sanding, polishing,
assembly, and chemical analysis operations. The Beryllium Health Surveillance Program (BHSP) was established
in June 1991 at Rocky Flats to provide health surveillance for beryllium exposed employees using the Lymphocyte
Proliferation Test (LPT) to identify sensitized individuals. Of the 29 cases of CBD and 76 cases of beryllium
sensitization identified since 1991, several cases appear to have had only minimal opportunistic exposures to
beryllium, since they were employed in administrative functions rather than primary beryllium operations. In
conjunction with other health surveillance programs, a questionnaire and interview are administered to obtain
detailed work and health histories. These histories, along with other data, are utilized to estimate the extent of an
individual’s exposure. Additional surveillance is in progress to attempt to characterize the possible risks from
intermittent or brief exposures to beryllium in the workplace.

Keywords: Beryllium; Health; Surveillance; Sensitization; Exposure

role (Jones and Williams, 1983; Rossman et al.,
1988; Kreiss et al., 1989). The pathogenesis of
CBD is believed to be a cell-mediated hypersen-
sitivity reaction to beryllium bound to tissue
proteins. According to the criteria established by
the Beryllium Case Registry, a diagnosis of CBD
included at least four of the following six condi-
tions with one of the first two conditions re-
“*Corresponding author, Tel: 303-966-8373; Fax: 303-966- quired: (1) significant beryllium exposure; (2) the
2873. presence of beryllium in lung tissue, lymph nodes

1. Introduction

Chronic beryllium disease (CBD) is a chronic
granulomatous disorder of the lungs following
the inhalation of beryllium, in which a specific
cell-mediated immune response plays a central

0300-483X/96/$15.00 © 1996 Elsevier Ireland Ltd. All rights reserved
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or urine; (3) evidence of radiologic interstitial
lung disease; (4) lower respiratory tract disease
with a clinical course consistent with CBD; (5)
obstructive or restrictive ventilatory defects or
decreased carbon monoxide diffusing capacity;
and (6) non-caseating granulomas on lung biopsy
(Hardy, 1957; Hardy et al., 1967). Currently,
hypersensitivity to beryllium as demonstrated
through the lymphocyte proliferation test (LPT)
is required as one of the criteria for the diagnosis
of CBD (Jones and Williams 1983; Rossman et
al., 1988; Kreiss et al., 1989).

In 1949 the United States Atomic Energy
Commission (AEC) implemented a beryllium ex-
posure standard of 2 ug/m? of air as a time-
weighted average (TWA) and a ceiling of 25
pg/m? based on investigations of known carcino-
genic metals (EPA, 1987). The Occupational
Safety and Health Administration (OSHA) adop-
ted an 8-h TWA of 2 ug/m?® for beryllium. The
American Conference of Government Industrial
Hygienists (ACGIH) established 2 pug/m? as the
Threshold Limit Value (TLV) for beryllium. The
National Institute for Occupational Safety and
Health established an evaluation criterion level of
0.5 pg/m?3 for beryllium exposure and a TWA of
2 pg/m3 (NIOSH, 1972).

The decreasing number of CBD cases reported
to the Beryllium Disease Case Registry in the
1970s seemed to indicate that the 2 ug/m* expo-
sure limit had been effective (Sprince and
Kazemi, 1980). However, a high percentage (2%)
of the cases of occupational CBD had been
diagnosed in secretaries employed in beryllium
plants or laboratories who should have received
minimal exposure to beryllium (Eisenbud and
Lisson, 1983).

Since 1957 when beryllium production oper-
ations began at Rocky Flats, 39 of 72 production
buildings have contained some type of beryllium
operation, although one building contained the
majority of these operations. Beryllium produc-
tion operations consisted of foundry and casting,
shearing, rolling, cutting, welding, machining,
sanding, polishing, assembly, and chemical analy-
sis. The potential for occupational exposure to
beryllium occurred to varying degrees in these 39
buildings. '

From 1957 through 1984 the primary method
for beryllium exposure assessment at Rocky Flats
was fixed airhead sampling. Fixed airhead samp-
ling filters were attached to beryllium production
machines to provide air sampling within a few
feet of the worker’s breathing zone. In addition,
fixed airhead sampling filters were randomly po-
sitioned in areas that contained beryllium oper-
ations. Personal breathing zone sampling was
employed to monitor beryllium work processes
following the diagnosis of the first case of CBD
at Rocky Flats in 1984.

Investigations of a stratified population of
Rocky Flats employees from 1987 through 1991
have led to the identification of 23 cases of CBD
and an additional three cases of beryllium sensi-
tization (Kreiss et al., 1993). The identification of
CBD in an employee who had no identifiable
contact with beryllium raised the concern that
low level beryllium exposure might lead to beryl-

lium sensitization and CBD.

This paper describes an ongoing program to
identify and assess beryllium sensitization and
CBD in current and former Rocky Flats em-
ployees. The BHSP uses the LPT for the detec-
tion of beryllium sensitization, B-reader eval-
uated posterior/anterior chest X-rays to identify
individuals with radiographic findings possibly
related to CBD, and medical evaluations for
CBD at two major medical centers experienced
in diagnosing CBD. The BHSP has demon-
strated the need for periodic beryllium sensitivity
retesting for individuals who previously tested
LPT negative, and has identified cases of beryl-
lium sensitization and CBD in individuals that
appear to have had only minimal opportunistic
exposures to beryllium.

2. Methods

2.1. Beryllium exposure assessment at Rocky Flats

A hierarchial system of job and building expo-
sure factors was modified to provide relative
estimates of beryllium exposure (Viet and
Torma-Krajewski, 1995). Job factors (0 through
10) were assigned to jobs held by beryllium-
sensitized and CBD cases by Rocky Flats indus-
trial hygienists, based on the potential for beryl-
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lium exposure relative to a job factor of 10 for a
beryllium machinist. When an individual worked
more than one job, the job with the greatest
factor was used to designate their job factor as
long as the individual was in that job for a
minimum of one month. Building factors (0
through 10) were assigned for all buildings by
Rocky Flats industrial hygienists based on the
potential for beryllium exposure relative to a
factor of 10 for the main beryllium production
building. When an individual worked in several
buildings, the building with the greatest factor
was used to designate their building factor as
long as the individual worked in that building for
a minimum of one month. Job and building
factors were given equal weight in determining a
composite beryllium exposure factor for each
beryllium-sensitized and CBD case. The compos-
ite beryllium exposure factor was obtained by
multiplying the job and building factors. As the
relationship between the level of beryllium expo-
sure required and the length of time/frequency of
beryllium exposure which results in beryllium
sensitization is not known, this method was
chosen for estimating relative exposure among
the CBD and beryllium-sensitized population.
Job titles and buildings where work was per-
formed by beryllium sensitized or CBD cases
were obtained from personnel records, industrial
hygiene personal breathing zone sampling re-
cords, medical records, and from completed
BHSP questionnaires. :

A review of historical personal breathing zone
beryllium sampling data revealed a very limited
amount of sampling data was ever collected for
individuals sensitized to beryllium or diagnosed
with CBD. As a result, no attempt was made in
this investigation to assign potential beryllium
exposure values to either the building or job
exposure factors for the sensitized or CBD popu-
lations. General assumptions regarding the rela-
tive potential for exposures to beryllium for jobs
and buildings will be discussed.

To further assess the potential for beryllium
exposure in workers at Rocky Flats, a random
sample of fixed airhead samples was selected
from the main beryllium production building

(Barnard and Torma-Krajewski, 1994). The main -

beryllium production building was chosen as it
had the highest potential for employee exposures
to beryllium over the longest period of time, and
a wide variety of beryllium production oper-
ations occurred in this building between 1957
and 1993. In addition, beryllium foundry and
casting operations took place in this building
from 1965 through 1975. Over half of the fixed
airhead samples collected at Rocky Flats between
1957 and 1993 were from this building. The
random sample (n = 7455) was obtained from
fixed airhead samples from two beryllium pro-
duction rooms within the main beryllium pro-
duction building. The sample consisted of two
fixed airhead samples per month per machine for
18 beryllium production machines for the period
1970 through 1988.

Fixed airhead beryllium samples (n = 102) and
personal breathing zone beryllium samples
(n = 102) from the main beryllium production
building were matched by production machine
number for January 1984 through February
1986. A matched pairs analysis was used to
determine if there was any relationship between
fixed airhead beryllium samples and personal
breathing zone beryllium samples (Barnard and
Torma-Krajewski, 1994).

2.2. Surveillance population

Twenty-three cases of CBD have been diag-
nosed from a cohort of Rocky Flats employees
(n = 954) tested prior to the implementation of
the BHSP in June, 1991. These prior investiga-
tions had focused on employees with job descrip-
tions that had been identified as having known
beryllium exposure potential, although one case
of CBD was diagnosed in an employee who had
no identifiable contact with beryllium (Kreiss et
al,, 1993). As the result of this CBD case, and
after initial attempts of identifying employees
with the potential for beryllium exposure at any
level proved difficult, it was decided to allow
employees of Rocky Flats to self-identify as hav-
ing had the potential for exposure to beryllium
and to participate in the BHSP.

2.3. Lymphocyte proliferation test (LPT)
The peripheral blood lymphocyte proliferation
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test (LPT) which measures lymphocyte prolifer-
ation in response to beryllium salts (beryllium
sulfate, beryllium fluoride) in vitro is elevated in
individuals with CBD and in those sensitized to
beryllium (Jones and Williams, 1983; Rossman et
al,, 1988; Kreiss et al, 1989). This lymphocyte
proliferation in response to beryllium salts was
demonstrated by Hanifin et al. (1970), and by
Deodhar et al. (1973). Current data suggest that
this proliferative response is a specific and sensi-
tive method for testing for beryllium sensitization
(Jones and Williams, 1983; Rossman et al., 1988).
The use of bronchoalveolar lavage lymphocytes
for the LPT has aided the diagnosis of CBD
(Rossman et al., 1988).

The peripheral blood LPT was used to identify
beryllium- sensitized individuals in the BHSP.
Three laboratories with recognized expertise in
performing beryllium LPTs analyzed submitted
peripheral blood specimens. An individual was
considered berylljum sensitized when two con-
secutive peripheral blood LPTs were found to be
positive from one LPT laboratory or any two
LPT laboratories in combination. If an individ-
ual was found to have a positive peripheral blood
LPT on a single test, they received a second
blood draw. Blood specimens were sent to two
LPT laboratories to confirm the positive LPT. If
the second LPT was found to be positive at either
laboratory, the individual was listed as sensitized
to beryllium. An individual was also listed as
sensitized to beryllium if the bronchoalveolar
lavage LPT was positive, but the peripheral
blood LPT was negative.

2.4. Beryllium health surveillance program
administration

The BHSP is a voluntary participation pro-
gram offered to all current and former employees
of prime contractors, subcontractors, DOE, and
various temporary Crafts and Trades Union em-
ployees of Rocky Flats. An LPT Informed Con-
sent and BHSP Questionnaire Informed Consent
were developed with input from the various par-
ticipant groups, reviewed by the Rocky Flats
Human Subjects Review Committee, and ap-
proved for use by the Legal Departments of
Rocky Flats and the DOE.

Each BHSP participant provided a signed
BHSP Questionnaire Informed Consent, a signed
LPT Informed Consent; and a completed self-
administered BHSP questionnaire containing
medical and occupational history questions. Par-
ticipants received a venipuncture with 30 ml of
blood collected for the peripheral blood LPT
(60-90 ml collected for quality control speci-
mens), and a posterior/anterior chest X-ray for
B-reader review.

2.5. Chest X-rays

Posterior/anterior chest X-rays were evaluated
according to the International Labor Organiz-
ation (ILO) classification system for radiographs
of pneumoconioses by board certified radi-
ologists who were certified B-readers (Interna-
tional Labor Organization, 1980). The presence
of noncaseating granulomas and/or mononuclear
infiltrates is consistent with CBD (Freiman and
Hardy, 1970). Abnormal profusion of small
opacities was defined as profusion greater than or
equal to 1/0. Chest X-rays submitted for B-reader
evaluation were returned to the Rocky Flats
Medical Director who scored each from the in-
formation provided by the B-reader radiologist(s)
according to the following scheme: (1) no abnor-
mality; (2) an abnormality not associated with
CBD, profusion 0/1 or less; (3) an abnormality
possibly associated with CBD, profusion 1/0 or
greater. Participants with a chest X-ray abnor-
mality possibly associated with CBD, profusion
1/0 or greater, were contacted and informed of
the availability of additional diagnostic pro-
cedures for a determination of CBD, and subse-
quently referred for a CBD medical evaluation.

2.6. Medical evaluations for CBD

All beryllium-sensitized individuals and all in-
dividuals with a small opacity profusion of 1/0
or greater on chest X-ray were offered a thorough
medical evaluation at one of two major medical
facilities in the United States with experience in
the diagnosis of CBD. Referrals for CBD medical
evaluations were made for any of the following
reasons: (1) beryllium-sensitized — peripheral
blood LPT positive on two separate test dates or
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one test date by two laboratories; (2) borderline
peripheral blood LPT positive on three test
dates; (3) single peripheral blood LPT positive
(positive only on one day at one beryllium con-
centration) at one or more laboratories on three
test dates; (4) chest X-ray with small opacity
profusion of 1/0 or greater; and (5) clinical symp-
toms consistent with CBD (results from periph-
eral blood LPT and chest X-ray previously found
negative).

Following the identification of beryllium sensi-
tization, a diagnosis of CBD in the BHSP re-
quired a positive bronchoalveolar lavage LPT,
and histologic evidence of pulmonary granu-
lomatous disease. CBD was diagnosed without
evidence of peripheral blood sensitization (two
positive peripheral blood LPTs) if a positive
bronchoalveolar lavage LPT result was obtained,
and there was histologic evidence on biopsy of
pulmonary granulomatous disease. A probable
diagnosis of CBD includes a history of exposure
to beryllium or relevant documentation of work-
ing in a building or area with the potential for
beryllium exposure and two of the following: (1)
beryllium sensitization as measured by the pe-
ripheral blood LPT; (2) a positive bronchoalveo-
lar lavage LPT; or (3) evidence of granulomatous
disease by chest X-ray or CT scan.

2.7. Three-yearlone-year beryllium health
surveillance program retesting

In August 1993, the DOE approved LPT re-
testing for those current Rocky Flats employees
who had not been tested for 3 years or more and
who previously tested LPT negative. Current and
former employees were also offered retesting if
they had previously received an unconfirmed
positive LPT result. Current and former em-
ployees with a profusion of 0/1 were offered a
1-year LPT retest and chest X-ray to determine
if changes occurred in their LPT results or in
their profusion of small opacities. All individuals
with a profusion of small opacities of 1/0 or
greater who completed a clinical evaluation for
CBD, but for whom no definitive diagnosis was
reached, were offered a 1-year LPT retest and
chest X-ray. Periodic LPT retesting allows for the

identification of LPT negative to positive conver-
sions, and also identifies false negative LPT re-
sults.

Current and former Rocky Flats employees
who had previously participated in the BHSP
were contacted by telephone and offered 1-year
or 3-year retesting. Contacting previous partici-
pants by telephone allowed individuals to ask
questions regarding the BHSP in general, and to
ask questions concerning the 1-year and 3-year
resting phase of the program. It was believed that
telephone contact with participants, as opposed
to contact through the mail, would provide indi-
viduals with an avenue to voice concerns regard-
ing beryllium sensitization and CBD, and to
voice their opinion regarding their participation
in the BHSP.

3. Results

3.1. CBD and beryllium sensitization cases

Table 1 shows the characteristics of the BHSP
surveillance population tested between June 1,
1991 and March 31, 1995. During this period
1885 current Rocky Flats employees received
their initial LPT as a participant in the BHSP.
Six cases of CBD have been diagnosed in current
employees, and 22 current employees have been
identified as beryllium-sensitized as the result of
double positive LPTs. During the same time
period, 2512 former Rocky Flats employees re-
ceived an LPT as a participant in the BHSP. Of
this group, 22 individuals have been diagnosed
with CBD, and 47 former employees have been
identified as beryllium-sensitized as the result of
repeat positive LPTs. Individuals identified as
sensitized have diagnostic evaluations for CBD in
progress. The total sensitization rate (CBD and
sensitized cases) for the tested cohort (n = 4397)
was 2.21%. The CBD rate was 0.64% and the
beryllium sensitization rate was 1.57%.

Three-year/one-year LPT retesting has result-
ed in the identification of one case of CBD and
nine cases of beryllium sensitization out of the
518 current and former employees retested (Table
1). The total sensitization rate (CBD and sensi-
tized cases) for the three-year/one-year retested
cohort of 1.93% is not statistically different from
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Table 1
Beryllium health surveillance population (BHSP)

Initial  1-Year/

LPT 3-year
LPT

Current Rocky Flats employees

Number contacted 8772 512

Participation forms returned 3902 n/a

Number requesting participation 1932 452

BHSP participation completed 1885 452

Outcome

CBD 6 1

LPT positive (sensitized) 22 7

CBD and sensitization percentage 1.49 1.77
Former Rocky Flats employees

Number contacted 9865 74

Participation forms returned 3602 n/a

Number requesting participation 2826 66

BHSP participation completed 2512 66

Outcome

CBD 22 0

LPT positive (sensitized) 47 2

CBD and sensitization percentage 2.75 3.03
Current and former employee CBD 221 1.93

and sensitization percentage

the rate observed from initial LPT findings. After
completing CBD medical evaluations, one of
these individuals was diagnosed with CBD, and
the nine remaining sensitized individuals will be
offered annual CBD medical evaluations.

Of the 29 cases of CBD identified, seven cases
had no evidence of granulomas on biopsy, and
no biopsy was performed for another five cases as
the result of complicating medical conditions.
These 12 cases were categorized as probable
cases of CBD rather than confirmed cases of
CBD.

Of the 518 individuals (452 current employees,
66 former employees) who participated in one-
year/three-year retesting, nine had a prior bor-
derline or positive LPT, 34 had a chest X-ray
with a opacity profusion rating of 1/0 or greater
after ‘B-reader evaluation, and 475 had a prior
negative LPT findings. Of the ten individuals
who were identified as sensitized after LPT re-
testing, nine of these individuals had prior nega-

tive LPT findings. The remaining individual had
a prior borderline positive LPT that was not
confirmed as positive in initial testing,

Of the B-reader reviewed chest X-rays for the
29 individuals diagnosed with CBD, only one
case had a small opacity profusion of 1/0 or
greater, one had a small opacity profusion of 0/1,
and the remaining 27 were rated as 0/0. For the
78 beryllium- sensitized cases, B-reader chest X-
ray results revealed three cases with small opacity
profusion of 1/0, one case with a small opacity
profusion of 0/1, and the remaining 74 cases were
rated as 0/0. To date, only one case of CBD has
been identified where chest X-ray findings were
indicative of CBD not already suggested by the
peripheral blood LPT.

Current employees of Rocky Flats who were
identified as sensitized to beryllium or who were

diagnosed with CBD were notified of the poten--

tial hazards related to further exposure to beryl-
lium at any level. Employees with CBD were
transferred to work areas where there was no
potential for exposure to beryllium. Individuals
who are sensitized to beryllium are offered medi-
cal evaluations on an annual basis to monitor for
the development of CBD. Individuals diagnosed
with CBD are offered medical evaluations on an
annual basis to monitor the progression of the
disease, and to provide treatment where appro-
priate.

3.2. Beryllium exposure assessment at Rocky Flats

Table 2 shows the building, job, and composite
beryllium exposure factors that were assigned to
the CBD cases, and Table 3 shows the building,
job, and composite beryllium exposure factors
that were assigned to the beryllium-sensitized
cases. Beryllium sensitization and CBD cases
occurred in a wide variety of job and building
exposure categories at Rocky Flats, and were
diagnosed in occupational groups previously
demonstrated susceptible in an earlier beryllium
health study at Rocky Flats (Kreiss et al., 1993).
From these data it is apparent that a wide range
of potential beryllium exposures occurred in
these populations. Several cases of CBD and
beryllium sensitization  were identified in jobs
that were considered to have had only minimal
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Table 2

Current and former Rocky Flats chronic beryllium disease cases

Job title(s) Beryllium exposure factors
Building factor Job factor Composite factor

Current cases

Custodian, metallurgical operator 10 10 100
Air filter technician, electrician 10 8 80
Electrician, electrical technician 10 8 80
Sheet metal worker 10 7 70
Labor pool, radiation protection technician 10 5 50
Janitor, decontamination, clerk packer, machine operator, 10 4 40

modification technician
Radiation protection technician, health physics technician, 8 5 40
safety committee, safety technical advisor

Former cases

Machinist 10 10 100
Machinist 10 10 100
Machinist, maintenance machinist 10 10 100
Machinist, tool maker 10 10 100
Labor pool, chemical operator, metallurgical operator 10 10 100
Electrician, planner, foreman, maintenance supervisor 10 8 80
Instrument repair, electrical technician, electrician 10 8 80
Janitor, equipment operator, sheet metal worker 10 7 70
Sheet metal worker 8 7 56
Toolmaker, inspector 10 5 50
Janitor, radiation monitor, foreman health physics 10 5 50
Janitor, chemical operator, machinist apprentice 10 4 40
Labor pool, machinist apprentice, truck driver 10 4 40
Laborer, janitor 10 3 30
Chemical engineer 7 2 14
Engineer 10 1 10
Stenographer, secretary, administrative support 10 1 10
Secretary 8 1 8
Chemical operator, waste treatment, maintenance electrician 1 8 8
Laboratory technician 3 2 6
Chemical operator 1 3 3
Design engineer 2 1 2

opportunistic exposures to beryllium since these
individuals were employed in administrative
functions rather than primary beryllium oper-
ations.

More than 500000 fixed airhead samples were
collected from 1957 through 1993, and from 1957
through 1984 served as the primary method for a
general characterization of employee exposure(s)
to beryllium. Fixed airhead samples were col-
lected on a daily basis from production machines
to provide beryllium monitoring within a few feet

of the worker’s breathing zone. To monitor am-
bient beryllium levels in rooms that contained
beryllium operations industrial hygienists and
production engineers randomly positioned addi-
tional fixed airhead filters. Beginning in 1984
after the identification of the first case of CBD in
a beryllium machinist, breathing zone sampling
was used to monitor changes in beryllium levels
as the result of changes in beryllium work pro-
cesses and procedures, as well as changes in
beryllium production equipment. However, as a
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Table 3
Current and former Rocky Flats beryllium-sensitized cases

Job title(s) Beryllium exposure factors
Building factor Job factor Composite factor

Current cases
Machinist, foreman machining, security 10 10 100
Machinist, tool maker 10 10 100
Equipment operator, decontamination foreman 10 10 100
Janitor, electrician, maintenance 10 8 80
Inspector, maintenance machinist 10 7 70
Tool grinder, quality engineer 10 7 70
Stationary operating engineer, laundry worker 10 7 70
Pipefitter, modification machinist 10 6 60
Pipefitter, maintenance 10 6 60
Clerk packer, sheet metal worker 8 7 56
Quality assurance inspector 10 5 50
Quality assurance specialist 10 5 50
Janitor, decontamination, pipefitter 7 6 42
Janitor, lubrication worker 10 4 40
Tool maker 10 4 40
Tool maker, program engineer, developmental engineer 10 4 40
Chemical operator, radiation monitor, laboratory technician, 7 5 35

waste technician
Laborer, clerk packer, material handler, non-destructive test 10 3 30

technician
Metallurgical engineer 10 3 30
Laborer, radiation monitor 5 5 25
Chemical operator, program management 7 3 21
Engineer 10 1 10
Engineer 10 1 10
Labor pool, modification center 10 i 10
Standards engineer, tool and gage engineer, manufacturing

engineer, facilities quality engineer 3 2 6
Laboratory technician 2 3 6
Pipefitter 1 6 6
Labor pool, janitor, chemical operator, radiation monitor 1 5 5
Carpenter 3 1 3
Former cases
Machinist 10 10 100
Machinist 10 10 100
Maintenance machinist, toolmaker apprentice 10 10 100
Machinist, supervisor machining 10 10 100
Janitor, Radiographer, experimental operator 10 10 100
Chemical operator, experimental operator 10 10 100
Sheet metal worker 10 10 100
Sheet metal worker 10 10 100
Electrician 10 8 80
Maintenance electrician 10 8 80
Janitor, chemical operator, metallurgical operator, engineer 8 10 80
Janitor, clerk packer, sheet metal worker 10 7 70
Sheet metal worker 10 7 70
Electrician 8 8 64
Parts inspector, tool and gage inspector 10 5 50
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Table 3 (Continued)

Job title(s) Beryllium exposure factors
Building factor Job factor Composite factor

Guard, inspector, procurement 10 5 50
Laundry, maintenance, inspector 10 5 50
Janitor 10 4 40
Janitor, clerk packer, material analyst, radiation protection technician 7 5 35
Janitor, assembler 8 4 32
Metallurgical analyst, foreman, supervisory engineer 10 3 30
Metallurgist, research specialist 10 3 30
Maintenance pipefitter 5 6 30
Waste process engineer, waste management, technology support

engineer 7 3 21
Sheet metal worker, construction 3 7 21
Chemist, foreman, engineer 10 2 20
Laborer, laboratory technician, chemist 10 2 20
Cooperative engineer 10 2 20
Laboratory technician 8 2 16
Guard, fire-fighter 5 3 15
Design technician 10 1 10
Clerk, secretary 10 1 10
Plutonium laboratory, waste management 5 2 10
Chemical operator 3 3 9
Secretary 8 1 8
Heating and air-conditioning operator, boiler operator 8 1 8
Cost accountant, auditor 8 1 8
Key punch operator 8 1 8
Pipefitter 1 6 6
Pipefitter, welder, sheet metal worker 1 6 6
Clerk, secretary 5 1 5
Clerk 5 1 5
Laborer, warehouse clerk 1 1 1
Manufacturing engineer, production engineer i 1 1
Engineer 0 1 0
Purchasing manager 0 1 0
Personnel manager 0 0 0
Administrative support 0 0 0
Production technician 0 0 0

result of this sampling scheme a limited number
of personal breathing zone beryllium samples
were collected for the majority of CBD and
beryllium-sensitized cases. Personal breathing
zone sampling from 1984 through 1993 yielded
more than 1700 samples.

The data in Table 4 show the number of
samples and the mean concentration of beryllium
obtained from the random sample of fixed air-
head beryllium samples for the years 1970

through 1988. These data from two beryllium
production rooms of the main beryllium produc-
tion building indicate that exposure levels were
below the established 2.0 ug/m* TLV for beryl-
lium. Table 4 also shows the number of personal
breathing zone beryllium samples and the mean
concentration of beryllium for January 1984
through February 1986. Analysis was performed
on 102 matched fixed airhead and personal
breathing zone beryllium samples. These data
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Table 4

Beryllium sampling: main beryllium production building 19701988

Year Fixed airhead

Personal

Number of samples Mean (ug/m?)

(random sample)

Number of samples Mean (pg/m?)

1970 308 0.31
1971 402 0.36
1972 430 0.36
1973 430 0.42
1974 416 0.23
1975 432 0.16
1976 431 0.11
1977 432 0.12
1978 431 0.13
1979 369 0.10
1980 410 0.16
1981 426 0.14
1982 432 0.16
1983 432 0.27
1984 423 0.23
1985 396 0.16
1986 290 0.18
1987 255 0.03
1988 310 0.05

33 1.09
51 1.20
62 0.46
16 0.19

also support the fact that following the identifi-
cation of the first CBD case, and the installation
of a new air filtration system in the main produc-
tion building in 1986, beryllium exposure levels
declined as measured by fixed airhead and per-
sonal breathing zone sampling. The mean con-
centration of beryllium from fixed airhead data
was 0.16 pg/m?> (standard deviation = 0.33) with
a 95% confidence interval of 0.10-0.22 ug/m?3,
and the mean exposure level to beryllium from
breathing zone data was 1.04 ug/m® (standard
deviation = 1.25) with a 95% confidence interval
of 0.79-1.29 ug/m3. There was no correlation
(r* = 0.029) between fixed airhead and personal
breathing zone beryllium samples (Barnard,
1994).

4. Discussion

The BHSP participants tested from June 1991
through March 1995 (n = 4397) were comprised

of 42.8% current employees and 57.2% former
employees of Rocky Flats. Nearly fifty percent
(49.5%) of current Rocky Flats employees re-
quested participation in the BHSP, and partici-
pation was requested by 78.5% of former Rocky
Flats employees. Based upon these rates, it ap-
pears that former employees had an increased
level of concern regarding exposure to beryllium
and related health effects. However, this increased
participation rate might also have been because
former employees had not previously had the
same opportunity to receive testing for beryllium
sensitivity as current employees.

The sensitization rate (CBD and sensitized
cases) for the population that received both in-
itial LPT and one-year/three-year LPT retesting
(n = 4397) was 2.43%. This rate is comparable to
the sensitization rate for a previously studied
beryllium-exposed population (n=954) at
Rocky Flats which was 2.5% (Kreiss et al., 1993).
It is important to note the previous study popu-
lation was a stratified random sample of current
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Rocky Flats employees selected based upon a
significant opportunity for exposure to beryllium,
and the current BHSP study population is com-
prised of current and former employees with any
level of exposure to beryllium.

The usefulness of the peripheral blood LPT on
a routine basis to monitor a beryllium-exposed
population for the development of beryllium sen-
sitization and CBD was demonstrated in the
BHSP study population. Because of the potential
for false positive LPT results, a beryllium-sensi-
tized individual is identified as one in whom two
consecutive positive LPTs have been found. Re-
testing to confirm initial positive LPTs greatly
diminishes the likelihood of falsely identifying
individuals as being beryllium-sensitized when
they are not.

The overall value of posterior/anterior chest
X-rays evaluated by B-reader radiologists as a
means for the identification of CBD appears
limited. The chest X-ray is insensitive and non-
specific for the diagnosis of CBD. Based upon
these data, the posterior/anterior chest X-ray
should not be used as the sole means of screening
for CBD and/or beryllium sensitization.

Job titles and buildings where work was per-
formed by CBD cases and by individuals identi-
fied as beryllium-sensitized were obtained from
personnel records, industrial hygiene records,
medical records, and from completed BHSP
questionnaires. An evaluation of the job and
building factors of the beryllium-sensitized and
CBD cohorts suggests that exposure to beryl-
lium at levels below the TLV of 2.0 ug/m® may
result in beryllium sensitization. This may be
particularly important for individuals who may
be more sensitive to beryllium exposures than
the general population (Richeldi et al, 1993).
Job and building exposure factors assigned
by the Rocky Flats Industrial Hygiene Depart-
ment were given equal weight in creating com-
posite factors. As the relationship between the
level of beryllium exposure required and the
length of time/frequency of beryllium exposure
which results in beryllium sensitization is not
known, this method for estimating relative
exposure among the CBD and beryllium-
sensitized populations seems appropriate. The
long latency period for the development of beryl-

lium sensitization and/or CBD and the potential
for continued low level exposures over time
makes the determination of a safe level difficult.
It is possible that many of the beryllium sensitiz-
ation cases with limited potential for exposure to
beryllium may have resulted from a significant
number of excursions above the TLV of 2.0
p/m® which were not detected, or cases of sensi-
tization occurred at levels significantly below the
TLV.

No attempt was made to assign beryllium
exposure values to either the building or job
exposure factors for the sensitized or CBD popu-
lations as personal breathing zone sampling
data was never collected for the majority of
these individuals. In general the relative potential
for exposures to beryllium was the greatest for
employees in machining and metallurgical oper-
ations, and the least for administrative positions.
Of note was the high relative exposure potential
for jobs in maintenance, and a variety of crafts
and trades. Cases of beryllium sensitization and
CBD were found in jobs with composite expo-
sure factors ranging from 100 to 0. This demon-
strates the need for ongoing beryllium health
surveillance for employees in all jobs that have
the potential for exposure to beryllium.

The need for LPT retesting has been demon-
strated through the identification of ten cases of
beryllium sensitization in individuals who previ-
ously tested normal (n = 518). These ten individ-
uals between 1989 and 1991 had negative
peripheral blood LPT results. One of these indi-
viduals, following a medical evaluation, has been
diagnosed with CBD. Although there is no stan-
dard for retesting, we have established a 3-year
retest frequency for individuals who previously
were negative on the peripheral blood LPT.
More frequent retesting, for example annually,
may be recommended if prior clinical findings or
recent symptoms suggest CBD. These ten LPT
retest cases represent either of the following situ-
ations: (1) LPT negative to positive conversions;
(2) the identification of prior false negative LPT
results.

As the use of beryllium continues to increase in
aerospace, electronics, and a variety of other
industries, the health surveillance of beryllium-
exposed populations becomes vitally important
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to occupational physicians and to epidemiol-
ogists in occupational settings. Occupational
physicians in industries that use beryllium and/or
beryllium alloys should strongly consider the
potential for employees to develop beryllium sen-
sitization and CBD even though routine health
monitoring is provided. It is important to recog-
nize that for some employees exposure to beryl-
lium at levels below the TLV might cause disease.
We have reported on a population of employees
where applicable safety exposure requirements
for beryllium were maintained yet beryllium sen-
sitization and CBD occurred. We have also re-
ported cases of sensitization and CBD in
employees with jobs that were thought not to be
of concern because of their minimal opportunity
for exposure to beryllium.

The Rocky Flats BHSP is a health surveillance
program conducted by an industrial Occupational
Medicine department in which cases of beryllium
sensitization and CBD are identified and tracked
in current and former employees who have been
occupationally exposed to beryllium. The BHSP
has provided and will continue to provide impor-
tant information for occupational physicians and
private health care professionals concerning the
design, implementation, and ongoing manage-
ment of a program for the detection of beryllium
sensitization and CBD in populations at risk.
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Sampling and analysis of airborne resin acids and solvent-soluble
material derived from heated colophony (rosin) flux:
a method to quantify exposure to sensitizing compounds
liberated during electronics soldering
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Abstract

Components of colophony (rosin) resin acids are sensitizers through dermal and pulmonary exposure to heated
and unheated material. Significant work in the literature identifies specific resin acids and their oxidation products
as sensitizers. Pulmonary exposure to colophony sensitizers has been estimated indirectly through formaldehyde
exposure. To assess pulmonary sensitization from airborne resin acids, direct measurement is desired, as the degree
to which aldehyde exposure correlates with that of resin acids during colophony heating is undefined. Any analytical
method proposed should be applicable to a range of compounds and should also identify specific compounds
present in a breathing zone sample. This work adapts OSHA Sampling and Analytical Method 58, which is designed
to provide airborne concentration data for coal tar pitch volatile solids by air filtration through a glass fiber filter,
solvent extraction of the filter, and gravimetric analysis of the non-volatile extract residue. In addition to data
regarding total soluble material captured, a portion of the extract may be subjected to compound-specific analysis.
Levels of soluble solids found during personal breathing zone sampling during electronics soldering in a Naval
Aviation Depot ranged from below the “reliable quantitation limit” reported in the method to 7.98 mg/m>.
Colophony-spiked filters analyzed in accordance with the method (modified) produced a limit of detection for total
solvent-soluble colophony solids of 10 pg/filter. High performance liquid chromatography was used to identify
abietic acid present in a breathing zone sample.
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1. Introduction

Colophony (rosin) is a natural product derived
from pine resin with wide applications in indus-
trial processes, including use in many commercial
fluxes and use as “rosin core” solder in elec-
tronics soldering (Enos et al,, 1968; American
Conference of Governmental Industrial Hygien-
ists, 1992). The chemical constituents and their
proportions in colophony are species dependent
and vary widely, depending not only upon the
pine resin source, but also on the method of
extraction (Joy and Lawrence, 1967). In terms of
gross chemical makeup, rosin has been reported
to consist of about 90% resin acids and 10%
neutral matter, with about 90% of the resin
fraction being isomeric forms of abietic acid
(CyH30,), and the remaining 10% a mixture of
dihydroabietic acid (CyH3,0,) and dehyd-
roabietic acid (C0H»0,) (Enos et al., 1968; The
Merck Index, 1983c). Levopimaric, pimaric, pa-
lustric, neoabietic acid and other isomers of these
acids have been reported as rosin fraction consti-
tuents (Enos et al, 1968; Joy and Lawrence,
1967). The neutral fraction reportedly contains
stilbene and terpene derivatives, aldehydes, and
several hydrophenanthrene-based hydrocarbons
(Enos et al., 1968). Rosin is a solid at room
temperature. Joy and Lawrence (1967) reported
the melting point range for 18 specific resin acid
compounds to be 24-219°C, with the melting
point for abietic acid (2 common resin acid
constituent) at 172-175°C.

Airborne material termed “rosin smoke” con-
sists of respirable particles (Hatch and Gross,
1964). Fawcett et al. (1976) described asthmatic
reactions to solder fume exposures attributed to
airborne flux material. A number of subsequent
studies identified respiratory effects among elec-
tronics industry workers with occupational expo-
sure to heated airborne rosin flux. (Burge et al.,
1978, 1979a,b, 1980; Perks et al., 1979; Burge,
1982a,b; Reilly et al.,, 1994). Two of these studies
included bronchial provocation challenges show-
ing ’positive” responses to either heated rosin
core solder or heated colophony alone, and “non-
sensitized” workers showing no significant reac-
tion (Burge et al, 1978, 1980). Another study

identified respiratory effects in a factory where
rosin was heated to manufacture “flux-cored”
solder (Burge et al, 1981). In the preceeding
studies of occupational asthma related to air-
borne colophony contaminants, the specific air-
borne compounds which caused the pulmonary
sensitization were not identified.

Gas and liquid chromatography have been
applied to identify low molecular weight car-
boxylic acids and aldehydes derived from heated
rosin (Drugov and Murav'eva, 1976; Guenier et
al., 1984), but the full range of airborne com-
pounds derived from heated flux has not been
established (Burge, 1984; Lesage and Perraul,
1993).

Several literature citations recognize exposure
during soldering with rosin flux as a potential
source of contact allergy (Widstrom, 1983;
Mathias and Adams, 1984; Goh and Ng, 1987).
A large volume of literature reports that dermal
exposures to natural and modified resin acids are
associated with contact allergy. Several citations
offer thorough reviews of rosin-associated con-
tact allergy (Karlberg, 1988; Hausen et al., 1989).

Abundant data show airborne contaminants
from heated rosin to be pulmonary sensitizers,
and resin acids found in rosin to be skin sensi-
tizers. In spite of this, no work has been per-
formed to characterize the types and levels of
airborne resin acids (Lessage and Perrault, 1993)
or minimally degraded derivatives which are like-
ly aerosolized as solids when rosin is heated to
vaporization and cooled rapidly (as in soldering).

Possibly due to inadequate characterization of
airborne solids derived from heated rosin, for-
maldehyde exposure is widely used as a surrogate
when measuring personal exposure to airborne
“rosin core solder pyrolysis products” (Burge,
1984; U.S. Department of Labor, 1989; Lessage
and Perrault, 1993). Use of the formaldehyde
standard protects against irritation, but the ac-
tual correlation between airborne solids and for-
maldehyde may not be significant (Burge et al.,
1981; Burge, 1984; Lessage and Perrault, 1993),
and remains undefined.

A review of existing and past workplace air
contaminant standards for rosin-derived con-
taminants reflects the uncharacterized nature of
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the contaminants. Existing standards are based
exclusively on exposure to formaldehyde, pro-
duced as rosin is thermally degraded (usually
during soldering of electrical connections and
circuits). Irritation from formaldehyde is cited as
the significant criterion in setting exposure stan-
dards and guidelines for exposure to airborne
“rosin core solder pyrolysis products” (U.S. Na-
tional Institute for Occupational Safety and
Health, 1988; U.S. Department of Labor, 1989;
American Conference of Governmental Indus-
trial Hygienists, 1992). Prior to a judicial decision
staying enforcement of updated Permissible Ex-
posure Limits (PELs), the U.S. Occupational
Safety and Health Administration (OSHA) PEL
for “Rosin Core Solder Pyrolysis Products” was
given as 0.1 mg/m>, measured as formaldehyde
(U.S. Department of Labor, 1989). The US.
National Institute for Occupational Safety and
Health (NIOSH) Recommended Exposure Limit
(REL) is 0.1 mg/m?, 15 min ceiling, measured as
formaldehyde (U.S. National Institute for Occu-
pational Safety and Health, 1988). No American
Conference of Governmental Industrial Hygien-
ists (ACGIH) Threshold Limit Value (TLV) is
cited in the 19941995 TLV booklet, although
exposure reduction to levels “as low as possible”
is recommended (American Conference of
Governmental Industrial Hygienists, 1994).
Australia, Belgium, and the United Kingdom
also regulate exposures to “Rosin Core Solder
Pyrolysis Products” at 0.1 mg/m? (as formalde-
hyde) (International Labour Organization, 1994).
NIOSH testimony to OSHA examined the pro-
posed PEL for rosin core solder pyrolysis prod-
ucts as a formaldehyde issue and recommended
the ceiling limit based upon NIOSH views of
formaldehyde as a carcinogen (U.S. National
Institute for Occupational Safety and Health,
1988). In recognition of the need to examine
exposure to airborne resin acids, the ACGIH
notes: “the TLV Committee currently has this
substance under review, because the decomposi-
tion products, including the resin acids
(colophony), have been identified as substances
that produce occupational asthma and irritation”
(American Conference of Governmental Indus-
trial Hygienists, 1992).

Due to the demonstrated role of resin acids as
a class in dermal sensitization and the observed
pulmonary sensitization from heated rosin, resin
acids should be examined as possible pulmonary
sensitizers produced during the use of rosin flux.
To accomplish this, a direct sampling and ana-
lytical method is needed to quantify solids de-
rived from heated rosin, and if possible, the
actual resin acid compounds present in a
worker’s breathing zone.

1.1. Proposed sampling and analytical method to
measure rosin aerosol

A well-defined, direct and reproducible samp-
ling and analytical method to evaluate exposure
to aerosol derived from heated colophony will
enable the collection of exposure data and corre-
lation with outcomes such as occupational
asthma. There are three desirable characteristics
of an acceptable analytical method for airborne
resin acids and other rosin-derived solids: (1) the
method must be sensitive to a potentially com-
plex and variable assortment of airborne
colophony solid contaminants; (2) the method
should be reasonably simple and relatively inex-
pensive; and (3) an acceptable method will also
allow recognition and quantification of specific
resin acid compounds collected. These points
form the basis for the sampling and analytical
method presented in this paper.

A well-defined sampling and analytical method
for coal tar pitch volatiles is the basis for pro-
posed sampling and analytical methodology to
measure airborne resin acids: OSHA Method 58
(US. Department of Labor, 1986) collects air-
borne solids derived from heated “coal tar pitch.”
Coal tar is obtained by the distillation of coal,
and the pitch is composed of a high percentage
of polynuclear aromatic hydrocarbon (PNAH)
compounds (The Merck Index, 1983a). Coal tar
pitch and rosin share several similar characteris-
tics: both are soluble in non-polar solvents and
are essentially insoluble in water. Resin acids, like
many coal tar PNAH compounds are expected to
rapidly recondense after vaporization, providing
filtrable particulate air contaminants. Fig. 1 pro-
vides examples of a variety of resin acids poten-
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REPRESENTATIVE RESIN ACIDS
AND POLYCYCLIC AROMATIC HYDROCARBONS

(1) ABIETIC ACID, mw: 302.44, mp: 172-175C
COOH.CHy

CHy
CH
(3) PIMARIC ACID, mw: 302.44, mp: 217-219C
yCHg ~COOH

(5) DIHYDROABIETIC ACID, mw: 304.46
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(7) BENZO{a]PYRENE, mw: 240.22, mp: 179C

(8) CHRYSENE, mw: 228.29, mp: 254C

Fig. 1. Representative resin acids and polycyclic aromatic hydrocarbons.

tially found in rosin as well as several PNAH
compounds.

OSHA Method 58 sampling collects airborne
particulates on a glass fiber filter at a flow rate of
2.0 l/min. Analysis provides gravimetric data
through benzene extraction of the filter and vac-
uum-heating of a portion of the extract in a tared
cup to provide an estimate of “benzene soluble
material” trapped on the filter. A portion of the
extract is also available for further analytical
work such as high performance liquid chroma-
tography (HPLC) with an ultraviolet detector
(used when analyzing for polynuclear aromatic
hydrocarbons of interest in coal tar pitch vol-

atiles). The analogous approach explored in this
work is to subject a portion of the filter extract
to HPLC analysis using methodology already
developed for analysis of the major components
of unmodified rosin in technical products (Ehrin
and Karlberg, 1990).

2. Materials and methods

2.1. Preliminary personal samples

Preliminary personal samples were collected in
accordance with OSHA Method 58 collection
media and flowrates (U.S. Department of Labor,
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1986). Samples were collected during microm-
iniature soldering and repair of laminated aircraft
electronics cables and associated connectors.
This work involved intermittent-to-steady solder-
ing with the workers often using a stereomicro-
scope to provide low power magnification of the
connections being soldered. The soldering in-
volved rosin core solder and rosin flux (rosin
dissolved in isopropyl alcohol). These operations
were chosen for sampling because the authors did
not have access to “assembly line” type elec-
tronics soldering, where potential maximum ex-
posures to rosin flux by-products might be
expected. These worker exposures were thought
to be representative of a lesser but still significant
potential due to the use of the stereomicroscopes
(which placed the worker breathing zone almost
directly into the visible soldering fume). Sample
duration ranged from 270 to 365 min, and en-
compassed essentially all exposure for sampled
personnel on a given day.

Measuring 37 mm in diameter with 1.0 um
pore size, binder-free glass fiber filters (SKC
brand) as received from the manufacturer were
used with personal sampling pumps (Dupont
P2000, Gilian “Gil-Air’) to collect these prelimi-
nary personal samples. Pumps were calibrated
before and after sampling, and with all samples
collected, the “before” flowrate was within at
least 5% of the “after” flow rate. Several devi-
ations from Method 58 were taken for the pre-
liminary samples: (1) during collection, samples
were not protected from light (a precaution to
prevent photochemical changes to the polycyclic
aromatic hydrocarbons normally sampled with
Method 58); (2) for these personal samples only,
sample and blank filters were shipped in samp-
ling cassettes to an American Industrial Hygiene
Association-accredited U.S. Navy industrial hy-
giene laboratory and removed by laboratory per-
sonnel prior to analysis; (3) the laboratory uses
spectrophotometric grade cyclohexane for filter
extraction instead of benzene, for safety purposes
(Harrison and Thomas, 1987).

2.2. Analytical sensitivity, gravimetric method
Filter and solvent blanks were examined in the
author’s laboratory before spiked samples were

prepared to produce the analytical calibration
curve for gravimetric analysis. Seemingly high
filter blank levels and high filter blank deviation
about the mean blank values.were observed with
glass fiber filters as received from the manufac-
turer. Soxhlet extraction of filters removed sol-
uble material on the filters prior to further
gravimetric method precision and limit of detec-
tion determinations. Clean-up of the filters was
carried out using dichloromethane (DCM) and
was allowed to proceed for at least 12 h.

Several mass values (with five spiked glass fiber
filter replicates each) were prepared to produce
an analytical calibration curve for the gravimetric
method. A known mass of Brazilian colophony
was dissolved into pesticide grade DCM (Curtis
Matheson Scientific) in a glass volumetric flask,
bringing the total volume of the solvent/
colophony mixture to a pre-determined level,
yielding a 2.0 mg/ml solution. The Brazilian
colophony was obtained as a representative
sample of rosin used by a major U.S. manufac-
turer of rosin-core solder. Glass fiber filters were
spiked with known volumes of this solution,
allowed to dry, and were then subjected to the
extraction procedures described in the following
paragraph.

The analysis to estimate analytical sensitivity
of gravimetric samples derived from rosin in-
volved the following procedures: 2-ml polytetraf-
luoroethylene (PTFE) cups (Cahn Scientific)
were cleaned using an ultrasonic bath, with tetra-
hydrofuran (THF), for 5-10 min and were then
rinsed twice in clean pesticide grade THF (Curtis
Matheson Scientific). The cups were placed onto
a numbered aluminum marker, which was placed
into an oven preheated to 40°C under 20" Hg
vacuum for 1 h. The cups were allowed to cool to
room temperature and were then weighed to the
nearest microgram on a precision analytical bal-
ance (Cahn Scientific, Model C-31). The spiked
glass fiber filter to be analyzed was placed into a
pre-cleaned scintillation vial with a PTFE-lined
cap, and 3.00 ml of pesticide grade DCM was
added. The scintillation vial was then sealed with
a lid and the filter/vial was shaken for 60 min.
Pre-cleaning of the scintillation vials involved
rinsing three times with about 3 ml of pesticide
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grade THF, followed by complete drying of the
vials. After extraction, each sample extract was
then filtered through a 13-mm pure PTFE filter
(SKC, 5 um pore size), held in a stainless steel
holder (Cole-Parmer) attached with a Luer-Lok/
reg/ fitting to a glass syringe barrel. Between
analyses of filters with different spiked mass, the
syringe barrel, filter holder and filter were disas-
sembled and sonicated in THF for 1-2 min,
followed by rinsing in pesticide grade THF, fol-
lowed by drying of the reassembled system with
ambient air under pressure. The air was introduc-
ed at about 10 psi through a hole in a rubber
stopper fitted into the syringe barrel. The filter
extract was then filtered through the above sys-
tem to remove any non-dissolved particulate
from the extract with a clean PTFE filter. This
was followed by a rinse with about 3 ml pesticide
grade DCM, and gentle compressed air drying
between each sample analyzed. A 1.00 ml portion
of the resulting filtrate was then placed into a
tared PTFE cup, which was placed into the
preheated oven at 40°C. The oven was taken to
a vacuum of 15" Hg, with a small amount of air
flow into the oven allowed for 2.0 h to clear out
solvent vapors. During the last hour of oven
evaporation, the air flow was secured, but oven
temperature and vacuum were maintained as
before. Following cooling of the cups in a dessi-
cator for about 10 min, the cups were reweighed
to the nearest microgram, and results were re-
corded.

The outside areas of cups and the weighing
area of the microbalance were brushed with an
anti-static brush prior to weighing. Also, in addi-
tion to the cups receiving filter extract, two other
types of blanks were routinely run: solvent
blanks, consisting of cups treated as described
above, except that 1.00 ml of pesticide-grade
DCM was placed directly into these cups. Bal-
ance blanks were treated as above, except that no
solvent of any kind was added to these cups
between weighings.

The preceeding analyticical procedures deviate
from OSHA Method 58 in three ways: (1) dich-
loromethane was used as the extraction solvent
instead of benzene; (2) filtered ambient air was
used instead of nitrogen to push the extract

through the 13-mm PTFE filter; (3) the amount
of solvent placed into the PTFE cups for evapor-
ation was 1.00 ml instead of 1.5 ml.

2.3. Chromatographic separation and
identification of collected abietic acid

The methods described by Ehrin and Karlberg
(1990) were used to accomplish a separation of
resin acids collected from several personal
samples. The following chemicals and reagents
were used in this procedure: abietic acid, techni-
cal grade (Aldrich Chemicals), acetonitrile,
HPLC grade (Aldrich Chemicals), acetic acid,
analytical grade (Aldrich Chemicals), and meth-
anol, HPLC grade (Aldrich Chemicals).

An abietic acid standard was prepared from
102.50 mg of the acid dissolved in 10.00 ml of
50:50 (v/v) acetonitrile and methanol mixture. A
calibration curve was prepared by diluting this
solution with the same mixture to final concen-
trations of 0.103, 1.03 and 10.3 mg/ml. Three
personal samples were collected as described
above under “Preliminary Personal Samples”,
and sample extracts were prepared as described
for the determination of sensitivity of the
gravimetric method. A portion of extract was
then subjected to HPLC separation. Prior to
analysis, the extracts were reconstituted with 50/
50% (V/V) acetonitrile and methanol mixture.

The HPLC system used was a Hewlett-Pa-
ckard (HP) model 1050 fitted with a HP OD-5A
column packed with 5 um spherical C-18 bonded
silica particles and with a diode array detector set
at 242 nm for abietic acid. The diode array
detector was additionally set to collect the full
range of 190 to 350 nm spectra during the run to
assist in method development. A solution of
acetonitrile (70% in volume) and a gradient mix-
ture of 70 mM acetic acid (30 to 25% at the 10
min point) and methyl alcohol (0 to 5% at the 10
min point) was used as the mobile phase, with a
flow rate of 1.5 ml/min and approximately 1500
psi of pressure at 30°C. The mobile phase ratio
was held at the 10 min concentration until the
end of the chromatographic run. Methyl alcohol
was introduced to alleviate crystallization of resin
acids which was noted during the method devel-
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opment phase. An initial test run with a 10-ul
injection was found to saturate the detector at
the high level standard. A 5-pl injection of the
10.3 mg/ml solution (51.5 ug total abietic acid)
was found to give a suitable maximum response.

3. Results

3.1. Preliminary personal samples

The modifications to the OSHA sampling
method described in Materials and methods (Sec-
tion 2.1) were judged to be insignificant for the
preliminary samples, as the major purpose of
these samples was to evaluate potential for total
exposure to compounds soluble in non-polar
solvents during soldering. Photo-reactions could
chemically alter rosin-derived solids trapped on
the filter but should not significantly alter the
weight of the recovered material. Sample results
reported by the laboratory for the 13 samples
ranged from below 33.1 pug/filter (the reliable
quantitation limit reported in OSHA Method 58)
to 7.95 mg/m3. An apparently lognormal dis-
tribution of sample results was graphically con-
firmed using methodology of Leidel et al. (1977),

Table 1
Analytical sensitivity: gravimetric method
Mass recovered (ug)

Solvent Filter Pre-extracted
blanks blanks filter blanks
0 37 8
0 22 10
0 40 6
6 61 7
6 34 12
3 100 16
0 46 10
Mean 2 49 10
A 3 26 3
R.S.D. 0.53 0.34

and is shown in Fig. 2. The geometric mean for
these samples was 0.352 mg/m? with a geometric
standard deviation of 5.67 mg/m>.

3.2. Analytical sensitivity, gravimetric method
As shown in Table 1, filter blanks, extracted as
described in Materials and methods (Section 2.2)
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Fig. 2. Preliminary field samples, cyclohexane soluble solids. Exposures during microminiature soldering with rosin flux/rosin-core
solder. Gravimetric analysis-OSHA method 58, personal samples, fully daily exposure (non-TWA), sample duration from 270 to
365min, non pre-extracted filters used. Geometric mean = 0.352 mg/m3, geometric standard deviation = 5.67.
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Fig. 3. Calibration curve —gravimetric analysis. n = 5 for each mass value spiked, for blanks n = 7. y=104x — 223, S, = 3 ug;
LOD = 10 pg/filter using LOD = kS, /slope of calibration curve; 99% prediction intervals shown.

for determination of analytical sensitivity,
showed a marked improvement in both reduction
of the blank signal as well as improvements in the
dispersion of filter blank replicates when pre-
extracted filters were used. The mean filter blank
mass recovered was reduced from 49 to 10 ug per
filter. Also, a decrease of the standard deviation
(S) of filter blank replicates, from 26 to 3.4 ug was
observed when comparing pre-extracted filters
with filters used as received. The S values of
pre-extracted and non-pre-extracted filter blanks
were calculated to be significantly different using
a one-tailed F-test (P < 0.025). As the two types
of filters had different S-values, a direct r-test
between the replicate means for the two types of
filter blanks was not possible. Using a ¢-table, the
two-sided 99% confidence interval for the pre-
extracted filter blank mean was.estimated at
10 + 4.7 pg/filter, well below the mean of 49 ug/
filter observed for the non-pre-extracted filter
blanks. The reduction in filter blank variation
brought about by pre-extraction gave a decrease
in the relative standard deviation (R.S.D.) of the
measurements from 0.53 to 0.34. In the portion of
the study involving solvent blanks, where 1.00 ml

of pesticide grade DCM was added directly to
seven pre-tared PTFE cups, the solvent blank
mean recovered mass was 2.1 ug with § = 2.9,

Fig. 3 provides the analytical calibration curve
produced for gravimetric analysis of rosin-spiked
filters based upon five replicates at each concen-
tration, except for blanks where n = 7. In one of
the simpler estimates of the limit of detection
(LOD) recommended by Long and Wineforder
(1993), the LOD is equal to 3Sy/m, where
Sp = the blank standard deviation, and m = the
slope of the analytical calibration curve. If a slope
of 1 is assumed, then non-pre-extracted filters
would yield a theoretical LOD of 77 pg/filter (a
calibration curve based upon non-pre-extracted
filters was not prepared, due to the high § value
of the non-pre-extracted filter blanks). Using pre-
extracted filters with the measured reduction in
Sy and the analytical calibration curve obtained,
the corresponding LOD was determined to be 10
pg/filter. Based upon the preceding, the use of
pre-extracted filters with their significantly im-
proved precision may be warranted if low levels
of airborne rosin-derived material are expected in
the workplace to be sampled.
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Fig. 4. Calibration curve, abietic acid —HPLC analysis. n =3 for each mass value injected onto column; y =
= 13 ng using LOD = kS, /slope of calibration curve; Sy 50, as S, k = 3; 99% prediction intervals
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shown.

Use of balance blank cups showed good agree-
ment between replicate balance blank cups on a
specific analytical oven run. Average balance
blank pre- and post-differences were usually only
about 1 or 2 ug (lighter) after an oven run,
although on one run the post balance blank
average was 26 ug lighter. This difference could
be attributed to moisture driven off in the vac-
uum oven. We attempted to control this variable
through the use of a dessicator to store cups
before weighing after initial cleaning and vacuum
heating. The average balance blank difference for
a given oven run was added back to all cups
weighed on that run. The general close agreement
between the two balance blank cups in each run
provided control against variables which were
not quantifiable, such as balance drift and moist-
ure.

3.3. Chromatographic separation and
identification of collected abietic acid

An initial calibration run of the HPLC at the
previously mentioned conditions was completed
using the three standard levels. The results are
found in Fig. 4.

1848x + 503,

Abietic acid was detected in at least one of
three personal monitoring samples collected and
analyzed. However, the concentration of the
abietic acid was below the LOD of the HPLC at
the given conditions. In order to detect abietic
acid in the sample, a large volume injection (100
ul) was necessary. Such a large injection caused a
significant shift in retention time. However, the
iso-absorbance spectra were consistent with
abietic acid standard.

A stable automated analytical method with
improved detection parameters for abietic acid
and other colophony residues is in preparation.

4. Discussion

Environmental surveillance has been cited as
“the most effective means of identifying problem
areas, directing control efforts, and subsequently
measuring the impact of prevention strategies”
(U.S. National Institute for Occupational Safety
and Health, 1986). In order to accomplish this,
monitoring of exposures from heated rosin
should focus on compounds likely to be present
in the airborne material, especially those known
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to posses sensitizing properties. To date, airborne
resin acid concentrations have not been exam-
ined in this context. Analytical work with com-
pounds derived from heated rosin is summarized
below: gas chromatography work by Drugov and
Muraveva (1976) characterized low molecular
weight carboxylic acids and aldehydes vaporized
by heating rosin with a soldering iron. Guenier et
al. (1984) measured 24-dinitrophenylhydrazine
(DNPH) adducts of acetone, acetaldehyde and
formaldehyde along with other relatively low
molecular weight compounds produced by ther-
mal decomposition of rosin at several tempera-
tures and adsorption on DNPH-coated silica gel
in a pyrex sampling tube. The resulting DNPH
derivatives were measured by gas and liquid
chromatography. Osina (1975) used a spec-
trophotometric method to measure “colophony
aerosol” from colophony used in high tempera-
ture fiberglass .production. This non-specific
method involved. acetone, ethanol or acetic acid
extraction of sample filters, reaction with p-
(dimethyamino)-benzaldehyde in concentrated
sulfuric acid, and spectrophotometry at 455 nm.

Burge et al. (1981) postulated that as the major
fraction of rosin and known sensitizers, intact
resin acids were likely responsible for pulmonary
sensitization from heated rosin, as occupational
asthma was found in a rosin core solder manu-
facturing plant where rosin was heated to tem-
peratures of only 140°C, insufficient for pyrolytic
decomposition. Reported in the same paper,
Burge et al. attempted to measure the com-
pounds thought to be directly responsible for
pulmonary sensitization, rejecting formaldehyde
measurements commonly used at that time (as
currently). Instead, sampling and analytical pro-
cedures based upon Osina’s non-specific method
to measure “colophony aerosol” exposure were
used. An attempt was made to correlate breath-
ing zone aldehyde and colophony levels meas-
ured simultaneously. Colophony levels in air
reportedly ranged from 0.01 mg/m3 to 3.44 mg/
m3 with poor correlation between measured
colophony levels and those of aldehydes. The
researchers reported that higher airborne
colophony levels “accompanied exposure to

heated colophony and subjective estimates of the
fume.” Sampling rates, volumes and specific de-
tails of “colophony” analytical methods were not
specified. Airborne aldehyde levels were reported-
ly sampled with a 0.05% solution of 3-methyl-2-
benzolthiazolone hydrochloride which forms a
blue cationic dye after reaction with aliphatic
aldehydes in an acidic solution. Subsequent spec-
trophotometric analysis for aldehydes was per-
formed using the “modified method” of Hauser
and Cummin (1964).

The authors agree with Burge’s assessment
(1984) that formaldehyde exposure is not the
desired variable to examine in issues of pulmon-
ary sensitization from heated rosin but do not
agree with the use of a non-specific measure such
as the spectrophotometric measurements for air-
borne colophony described in the preceding
paragraph. As different resin acids and other
compounds potentially present may absorb en-

“ergy at differing wavelengths, spectrophotometric

colophony measurements will vary depending on
the exact resin acids and other constituents ac-
tually aerosolized, which could be quite variable.

The bulk of the work performed regarding the
identification and sensitizing potential of
colophony resin acids has been in the field of
contact dermatitis (skin sensitization). Hausen et
al. (1989) report guinea pig skin sensitization
from several “chromatographically pure” resin
acid compounds (two of which are shown in Fig.
1) potentially present in colophony: abietic,
podocarpic, levopimaric, and tetrahydroabietic
acids were shown to be capable of sensitization.
Karlberg et al. (1985), using chromatographic
methods, purified commercially available abietic
acid and found the chromatographically pure
compound to be a greatly reduced sensitizer in
the guinea pig model. It also produced no reac-
tion among 10 human subjects sensitized to
colophony (Karlberg et al., 1985). Further work
by Karlberg et al. (1988) chromatographically
isolated 15-hydroperoxyabietic acid from “com-
mercial quality” Portuguese colophony and
showed this reportedly stable compound to be a
strong skin sensitizer in the guinea pig model.
Hausen et al. (1990, 1993) examined 20 com-
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pounds produced by photo-oxidation of rosin
and resin acid compounds through exposure to
sunlight for periods of up to 6 months. Two of
these compounds were considered significant
based upon the amounts recovered and their
sensitizing ability: 8,12-peroxydo-A13(14)-dihyd-
roabietic acid and 12-hydroxyabietic acid.
Similar sampling and analysis methods as used
in NIOSH Methods 5506 and 5515 for polycyclic
aromatic hydrocarbons were considered for this
work. These methods employ PTFE filters to
collect PNAH particulate and XAD-2 resin tubes
to capture vapor phase PNAH components, fol-
lowed by extraction of the filter with one of four
solvents and desorption of the XAD-2 resin tubes
with toluene. The NIOSH methods offer extrac-
tion with either acetonitrile, benzene, cyc-
lohexane, or DCM, based upon “maximized
recovery” of area samples (which must be sub-
mitted along with the personal samples and ex-
tracted before analysis of the personal samples to
select the best solvent for the particular material
sampled). Following extraction, aliquots of the
samples are analyzed by HPLC or capillary col-
umn gas chromatography (U.S. National Insti-
tute for Occupational Safety and Health,
1994a,b) Although potentially more thorough
due to the use of a solvent chosen specifically for
the material sampled, and the use of a sorbent
tube to capture vapor phase contaminant, the
NIOSH methods do not provide for total
gravimetric analysis of the solvent soluble ma-
terial (although this data could be provided from
the NIOSH methods by additional use of OSHA
Method 58 procedures after extraction). Also, the
NIOSH methods are more complex as written
with eight area samples required to provide data
for selection of the extraction solvent. The analy-
sis of the sorbent tube (front and back sections)
with yet another solvent adds significantly to the
cost and complexity of these methods. Potential
sublimation (The Merck Index, 1983b) of the
smaller molecular weight PNAHs (2-3 ring com-
pounds, i.e. naphthalene, anthracene, and to a
lesser extent flouranthene and phenanthrene) off
the PTFE filter makes this aspect of the NIOSH
method necessary if one wishes to include these

compounds in analysis. However, rosin compo-
nents such as abietic and other resin acids are not
expected to enter the vapor phase at room tem-
perature, and filtration alone (as in the proposed
adaptation of OSHA Method 58 for their capture
and analysis) should be sufficient.

Concerning the use of DCM instead of ben-
zene as specified by Method 58, cyclohexane has
been proposed as a replacement for benzene in
the gravimetric analysis of coal tar pitch volatiles
due to the-health concerns associated with ben-
zene exposure (Harrison and Thomas, 1987).
Cyclohexane was found by Hekmat et al. (1994)
to provide significant solvation of coal tar pitch,
although benzene and dichloromethane were bet-
ter suited for solvent extraction of glass fiber
filters spiked with coal tar pitch volatiles. dich-
loromethane recovered a broader range of com-
pounds than cyclohexane and a greater mass of
coal tar pitch material than either benzene or
cyclohexane. Benzene was not chosen as the filter
extraction solvent in this study. Benzene soluble
materials must be examined for OSHA compli-
ance questions concerning coal tar pitch volatiles
(by definition of the OSHA PEL), although any
other suitable solvent could be used, and others
may be preferable as recognized by the NIOSH
methods 5506 and 5515 previously cited. In the
interest of uniformity, we chose to use dich-
loromethane due to its commonly acknowledged
solvent properties and its non-flammability, as
opposed to benzene with its attendant health and
flammability risks (Aksoy et al, 1974; Vigliani,
1976), and cyclohexane, which is also quite flam-
mable.

Future work to characterize resin acids and
other rosin-derived solids collected on glass fiber
filters should more closely follow OSHA Method
58 with respect to protection of sample from light
and use of nitrogen instead of filtered ambient air
to filter sample extracts. These steps are not
critical if a compound is expected in relatively
high concentrations (such as abietic acid, which
is a major component of rosin), or if only
gravimetric information is desired. However,
complete characterization of compounds present
on the filter should be carried out with these
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precautions to minimize photochemical reactions
and air oxidation of trapped analyte.

5. Conclusion

Our proposed sampling and analytical pro-
cedure based upon OSHA Method 58 is sensitive
to solvent-soluble particulate produced during
soldering with rosin flux. The presence of resin
acids in a personal breathing zone sample was
confirmed using an HPLC technique. The expo-
sure distribution for total solvent-soluble ma-
terial seen from the 13 personal breathing zone
samples gives a glimpse at the gross exposure
problem posed by the use of rosin flux. Addi-
tional work should be undertaken on a larger
scale with efforts to correlate measured exposures
and reported medical effects. Additional labora-
tory efforts are needed to more fully characterize
airborne resin acids and their derivatives to
which workers are exposed. This should be fol-
lowed by toxicological evaluations of the com-
pounds found. A gravimetric standard for
airborne resin acids may be desirable if gravimet-
ric exposure data can be correlated with adverse
health effects. The gravimetric standard may be
made contingent upon the recovery and
chromatographic determination of a level of
abietic or other resin acid deemed significant.
This would be similar to the current OSHA
standard for coal tar pitch volatiles, which de-
pends upon the chromatographic analysis of one
or several PNAH compounds at levels in excess
of the PEL (U.S. Department of Labor, 1989).
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Abstract

A new methodology for estimating the probabilistic risk from acute toxic exposures is planned as a support tool
for the Air Force at the Eastern and Western Ranges. Two such methodologies are programs entitled the Launch
Area Toxic Analysis program (LATRA) and the Cold Spill Toxic Risk Analysis program (COSTRA). These
programs combine probabilistic models of an accident (when applicable), release cloud formation and dispersion
(appropriate to the toxic substance and accounting for meteorological conditions), and new exposure-response
functions (ERFs) for sensitive and normal exposed populations. These ERFs, anchored on specific exposure
standards, estimate the probability of a given severity of health effect in a particular population as a function of the
concentration or dose to which it is exposed. The further development and acceptance of these ERFs by the
toxicology community, especially for different sensitivities, are key concerns addressed in this paper.

Keywords: Exposure-response functions (ERFs); Toxic risk; Rocket launches

1. Introduction COSTRA similarly treats toxic materials storage

and handling accidents.

The programs are intended to assist the Air
Force in ensuring health and safety while avoid-
ing undue limitations of deterministic exposure
standards. This will be done by replacing worst-
case modeling of exposed areas (“toxic corri-
dors™) with predictions of the probabilities of
possible numbers of affected individuals. Expo-
sures, especially just above a standard, that could
impose a launch hold, on a risk basis may merely
imply small probabilities that small numbers of
individuals could be affected to a minor degree.
Furthermore, the programs produce risk charac-

*Corresponding author. terizations in the same terms as for other launch

Methods for estimating the probabilistic risk
from acute toxic exposures are planned to pro-
vide new support capabilities for the Air Force at
the Eastern and Western Ranges. LATRA is the
Launch Area Toxic Risk Analysis program.
COSTRA is the Cold Spill Toxic Risk Analysis
program. LATRA develops the mean number of
casualties and the complete risk profile (curve of
the probability of exceeding each possible num-
ber of casualties) from the toxic effluents in
normal and failed missile and space launches.
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hazards, allowing for commonality in risk-based
launch decisions.

LATRA and COSTRA combine probabilistic
models of an accident (when applicable), release
cloud formation and dispersion (appropriate to
the toxic substance and accounting for meteoro-
logical conditions), and new exposure-response
functions (ERFs) for normal and sensitive ex-
posed populations. These ERFs, anchored on
specific exposure standards, estimate the prob-
ability of a given severity of health effect in a
particular population as a function of the concen-
tration or dose to which it is exposed. The further
development and acceptance of these ERFs by
the toxicology community, especially for different
sensitivities, are key concerns focused upon in
this paper.

2. LATRA

The LATRA program has been developed for
the Air Force to provide comprehensive assess-

CONCENTRATIONS VS. TIME

L.L. Philipson et al. | Toxicology 111 (1996) 239-249

ments of casualty risks from possible toxic
emissions from a space or missile launch (Haber
et al. 1992; Hudson et al. 1993; Chrostowski et al.
1994; Conley et al. 1994). As illustrated in Fig. 1,
LATRA’s procedures are:

(1) Prompt the user to enter or modify the input
data via menu options. The data files include the
vehicle failure rates file, the rawinsonde meteoro-
logical profile, and the population library con-
taining population counts or percentages by
receptor (population center) area, sensitivity cat-
egory, and shelter type.

(2) Initiate a scenario with the occurrence of a
normal launch, with toxic exhaust (hydrogen
chloride, HCI) from solid booster rockets, if pres-
ent; or of a particular accident mode, involving a
conflagration or deflagration and the formation
of a toxic: cloud of HCI and nitrogen tetroxide
(N,0,) (disassociating to nitrogen dioxide,
NO,), occurring at a particular altitude in flight,
with the mode’s corresponding probability.

(3) Randomly sample relevant meteorological
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Fig. 1. LATRA toxic risk modeling.
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parameters’ values to continue each scenario with
a specific sample case of these values, accounting
for the correlations in them.

(4) Run a dispersion model (such as REEDM)
(Bjorlund, 1985) with the normal launch or acci-
dent and meteorological parameters selected as
inputs, to predict for each given emission the
resulting distribution of concentration versus
time of the toxic substance of concern (HCl
and/or NO, ) across the set of exposed receptors.

Model the concentrations that result in the

interiors of several types of structures at the
receptors.
(5) At each receptor and for each structure type,
apply an exposure-response model to each popu-
lation subgroup or subpopulation (at present:
children, aged, and bronchitics; healthy adults)
with a particular level of susceptibility to health
effects from the toxic substance, and for each
considered level of severity of such health effects
(at present: at least mild, at least significant,
fatal).

Derive thereby the probability of occurrence of
each level of severity of effect for each subgroup,
versus their predicted level of exposure (peak or
time weighted average concentration, or dose, as
appropriate). (If exposure to a combination of
several materials is involved, derive the combined
probability of effect). Fig. 2 exhibits examples of
exposure-response functions that have been de-
veloped thus far. At each receptor, this probabil-
ity is the parameter of a binomial distribution for
the total number of individuals in the subgroup
at the receptor who suffer at least that severity of
effect.

(6) Convolve the binomials by adding their
means and variances at the receptors to obtain
the mean and variance of an overall approximat-
ing normal distribution (based on the Central
Limit Theorem) of the total number of the people
suffering some severity of effect. (Alternative
means for obtaining the convolutions can be
applied when the population sizes and exposures
are such that the normal approximation is not
satisfactory.) A distribution has now been de-
rived for the number of casualties for each sub-
group/severity and for the total population for
the scenario that began with a particular accident
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Fig. 2. Examples of log-probit exposure-response functions
for NO,.

mode, if applicable, vehicle altitude, and case of
meteorological parameter values.

(7) Aggregate these distributions over the scen-
arios by discretizing them and then adding their
frequencies in each discrete interval weighted by
the probabilities of occurrence of the scenarios.
The results are aggregated discrete distributions
for the mission. The weighted sum of the means
of the scenarios, i.e. the mean of each mission
distribution, is the mission casualty expectation,
E, for each subgroup/severity and overall.

(8) Derive a risk profile for the mission for each
subgroup/severity and for the overall population
from the corresponding distributions by comput-
ing for each given number of casualties the sum
of the probabilities of all numbers of casualties
equal to or greater than the given number.

(9) Express the effects of multiple toxic exposures
from a given launch accident in combined risk
profiles by developing joint probabilities of effect
from the individual toxics’ probabilities of effect
(assuming their independence). This assumption
is probably conservative because of the high level
of correlation that can be expected among the
individual toxic exposures. However, it neglects
any possible synergistic effects of the multiple
exposures.

(10) Apply the joint probabilities of effect to the
population categories.

(11) Generate the resulting casualty distributions
and risk profiles as before.
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The foregoing procedures have been imple-
mented and risk profiles produced for a number
of launches at the Eastern and Western Ranges.
Examples are shown in Figs. 4 and 6. These and
all subsequent risk profiles should be considered
illustrative only, with the object of illuminating
the difference to health and safety management
between deterministic hazard and probabilistic
risk criteria. The profiles exhibit the probability
per launch of any possible number of children,
aged, and bronchitics, or of healthy adults, suffer-
ing at least a given severity of effect from one-
hour exposures to HCI at concentrations with
predicted peaks. The expected numbers of people
in each subpopulation and overall populations
who suffer an effect (i.e. at least mild) are the E¢
values shown.

The examples shown are for a Peacekeeper
ICBM launch at Vandenberg Air Force Base.

L.L. Philipson et al. | Toxicology 111 (1996) 239-249

Fig. 4 shows the profiles for a normal launch of
the large solid fuel rocket. Fig. 6 shows the
profiles for a modeled accidental conflagration
on the pad. (Only HCI is considered in this
example). Figs. 3 and 5 show the corresponding
deterministic isopleths, computed with the
REEDM dispersion model (Bjorklund, 1985)
for several levels of peak concentration. (In
operational applications, in order to account
for wind direction uncertainty, sectors + 20°
about the isopleths are defined as “toxic corri-
dors” to be avoided when their exposure levels
exceed specified standards). Comparing the set of
isopleths with the corresponding sets of risk
profiles evidences how the risk modeling, es-
pecially when specifications of the size of the
sensitive subpopulation and of potential shelter-
ing are taken into account, can ease the launch
decisions.

OPERATION 0 T-5.5 HR. SOUNDING
HCL ISOPLETHS

NORMAL LAUNCH

CALCULATION HEIGHT = 0.0 (M)

# = MAXIMUM CONC. = 1.993 PPM
+ = CLOUD STABILIZATION POINT
RUN TIME: 1913 01/18/95

a8 JULIUS (1988)

GUADALUPE

HCL CONCS‘:{LREAHON PPM 1 e GEO-BOUNDARY \‘
mm————— POL-BOUNDARY N
A - 1.00E+00 ----—- ROADS \
KILOMETERS \

Fig. 3. Predicted HCl isopleths for a normal launch of Peacekeeper, Vandenberg AFB, 1-18-95, T-5.5 Hr. weather forecast.
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Fig. 4. Risk profiles for the effect of HCI for normal launch of
Peacekeeper, Vandenberg AFB, 1-18-95, T-5.5 Hr. weather
forecast.
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3. Exposure-response functions

The ERFs comprise the key module of LATRA
or COSTRA. An ERF translates dispersion
model output for individual or combined air-
borne toxic substances into the probability of a
given health effect on an individual at a given
location, with a given susceptibility, to a given
level of severity. The specification of ERFs and
assessments of the uncertainties in them is the
central topic of this paper. The properties and
multiple factors of ERFs are elaborated upon in
greater detail below.

3.1. Properties of ERFs
Fig. 7 shows examples of alternative ERFs that
have been employed to the present. They define,

OPERATION 0 T-6.5 HR. SOUNDING
HCL ISOPLETHS

CATASTROPHIC ABORT AT T+0. SEC.
CALCULATION HEIGHT = 0.0 (M)

#= MAXIMUM CONC. = 299.2 PPM

+ = CLOUD STABILIZATION POINT
RUN TIME: 1915 01/18/95

\\\
\\
.
AN
AN A
N
i
» JULIUS (1988)

HCL CONCENTRATION PPM
VALUE

GUADALUPE

A - 1.00E+00 AFB >,
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e

forecast.

Fig. 5. Predicted HCl isopleths for an aborted launch (conflagration of pad) of Peacekeeper, VAFB, 1-18-95, T-5.5 Hr. weather
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Fig. 6. Risk profiles for the effect of HCl for Peacekeeper
aborted launch 1-18-95, T-5.5 Hr. weather forecast.

for exposures over a one-hour period to any
given concentration of nitrogen dioxide (NO,),
the probability that an individual in one of the
two susceptibility subgroups or subpopulations
that have been treated will suffer at least a mild
health effect. Working definitions of the sub-
populations and effect severity levels are dis-
cussed later.

Log-probit (equivalent to log-normal) func-
tions of the character described in Eisenberg et al.
(1975) and ten Berge et al. (1986), for example,
are one generic form for ERFs. Estimates of
symmetric lower and upper percentiles specify
them. The fundamental procedure for estimating
these lower and upper percentiles is employing all
available information to make defensible judg-
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Fig. 7. Examples of alternative exposure-response functions.

LINEAR (.01)

ments of: (1) the exposure level below which
essentially no one in the subpopulation would suffer
the given severity of effect; and (2) the level above
which essentially everyone would. Such judgments
may be considered integrations of all of the vari-
ous kinds of judgments now made in the
modeling of toxic responses to establish exposure
standards (National Research Council, 1982). In
Fig. 7, the lower percentile estimate for the sensi-
tive subpopulation is the NRC Committee on
Toxicology’s (COT’s) Short-term Public Emerg-
ency Guidance Level (SPEGL), 1 ppm ceiling
over one hour of exposure to NO,.

Extended linear functions that pass through
the origin are alternative ERF forms that require
the estimation of only one percentile. Note that
they are conservatively above the log-probit (and
essentially any other applicable form) in the low
exposure range.

The functions are cut off at the percentiles,
becoming 0.0 below the lower percentile and 1.0
above the upper percentile, in response to the
assumption that the two percentiles are specified,
respectively such that essentially no one is af-
fected at lower concentrations and essentially
everyone is affected at higher concentrations.

Finally, depending on the toxic substance,
Time-Weighted Average Concentration, or integ-
rated dose, may replace Peak Concentration as
the independent variable. Also, if exposure time
variation is important, this is taken into account
by defining a set of ERFs for each of a selection
of exposure times.

For carcinogens, linear functions without
threshold cut-offs that pass through the 0.01
percentile and the origin have been employed.
The 1/10000 level is based on the guidance level
for “acceptable” life-time incremental risk of can-
cer from a single exposure (Committee on Toxi-
cology, 1984-88).

3.2. ERF factors

The factors that enter into the specification of
ERFs are:
¢ Analytical form of the function
o Selection of the independent variable, with its
pertinent exposure time
¢ Definition of the susceptibility subpopulations
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o Definition of the health effect severity levels
o Estimation of the function’s required percen-
tiles (or other parameters)
e Analysis of uncertainties

The resolution of these factors is accomplished
in the present methodology by expert judgments
tempered by relevant data availability. These
judgments, the processes by which they were
made, and the capacity for their improvement are
the central concerns of this article.

3.2.1. Analytical form

It has been seen that log-probit and linear
functions have been treated up to now. The
log-probit has precedent in some previous toxic
response modeling (Eisenberg, 1975; ten Berge,
1986; Davies, 1989). It is particularly easy to
quantify if two symmetric percentiles are es-
timated. The linear function can be a useful
conservative approximation when an estimate of
only a single percentile, such as a maximum
exposure standard, is available. This form is the
preferred model for carcinogens. Other forms are
possible, including the logistic and Weibull. The
most suitable form depends in general on the
toxic substance and the characteristics of the
exposed population. It is feasible with LATRA
and COSTRA to include assessments of the vari-
ations in their outputs as they may result from
the use of different possible forms. It is likely,
however, that only unimportant variations will
result at low exposure levels.

3.2.2. Independent variable

The ERFs defined thus far for HCI and NO,
exposures of the general public have been an-
chored on the COT’s SPEGL, interpreted as a
ceiling concentration over one hour of exposure.
Time-weighted average concentrations have been
proposed by (USAF) Armstrong Laboratory for
application in the Three-Tier Model (Table 1)
(Poitrast, 1993) for certain hydrazines in “cold-
spill” accidents, and for other than the more
sensitive individuals. Dose (integrated concentra-
tion over time that may include an amplification
exponent on the concentration) is another alter-
native for the independent variable of an ERF.

The choice depends, of course, on a judgment of
the nature of the physiological response to the
toxic substance (von Niedling, 1979; von Nied-
ling and Wagner, 1979; Clewell et al, 1988).
Different responses for different exposure times
may require a set of ERFs for each of a selection
of times over the range of concern.

3.2.3. Susceptibility subpopulations

At present, two subpopulations have been dis-
criminated as to their sensitivity to exposure to
HCl and N,0,/NO,: (1) children, aged, and
bronchitics; and (2) healthy adults. Reasonable
judgments were able to be made of their ERFs’
lower and upper percentiles on the basis of the
experimental data and their available interpreta-
tions (Clayton and Clayton, 1982; Committee on
Toxicology, 1984-88; Guzelian et al, 1992).
‘Equally important census and epidemiological

Table 1
Recommended limits for use in the three-tier model®

N.O, (as NO,)®
Tier 1: 25 ppm (1/2 IDHL), ceiling
Tier 2: 5 ppm (EPA LOC), ceiling
Tier 3: 1 ppm (SPEGL), ceiling

UDMH (also applies to Aerozine-50)
Tier 1: 25 ppm (1/2 IDHL), ceiling
Tier 2: 5 ppm (EPA LOC), ceiling
Tier 3: None

MMH (also applies to Aerozine-50)
Tier 1: 25 ppm (1/2 IDHL), ceiling
Tier 2: 0.52 ppm (SPEGL), 1 h TWA
Tier 3: None

Hydrazine
Tier 1: 40 ppm (1/2 IDHL), ceiling
Tier 2: 2 ppm (SPEGL), 1 h TWA
Tier 3: None

Hydrogen chloride®
Tier 1: 50 ppm (1/2 IDHL), ceiling
Tier 2: 5 ppm (TLV), ceiling
Tier 3: 1 ppm (SPEGL), ceiling

*Populations (on-base) exposed to Tier 1 levels or above
warrant immediate isolation/evacuation; those exposed to
Tier 2 levels or above have some risk of adverse effects to
average individuals; those exposed to Tier 3 levels or above
have some risk of adverse effects to sensitive individuals.
*“Hot spill” substances treated by LATRA. Others “cold
spill” hypergols treated by COSTRA. .
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(Evans et al, 1987) data were available that
enabled estimates of the numbers of individuals
in these two subpopulations in the areas neigh-
boring the launch facilities. These estimates were
perhaps of the same order of accuracy as the
population estimates made for the analyses of the
other launch hazards.

The issue of present concern, and the main
issue of this conference, is the potential for im-
provement in the delineation of the subpopula-
tion as a function of the toxic substance. It is has
been proposed, for example that differences in
susceptibility can be expected depending on gen-
der and ethnicity. Other categorizations may be
possible and worthwhile to evaluate. However,
unless, (1) the associated ERF percentile judg-
ments can be made for each of the categories, and
(2) the census and other data required to estimate
the sizes of such subpopulations are available, the
finer categories would have to be reaggregated
for the risk analyses. The loss of information that
would resuit could possibly be compensated for
by extending the ranges of uncertainty consid-
ered for the ERF percentiles.

3.2.4. Health effect severity levels

Three levels have been defined thus far for HCI
and N,0,/NO, exposures:
e Mild: no organic damage, temporary irritation
o Significant: organic damage, treatment required
e Fatal: irrelevant for possible exposures in
launches

These definitions are evidently ambiguous to a
degree and should be revisited and refined if
necessary. Nevertheless, they have reasonable re-
lationships to the definitions of a casualty for the
other launch hazards. Most importantly, they
have loose but meaningful associations with in-
terpretations of the available experiment data
and judgments about them reported by the COT
and others (e.g. Clayton and Clayton, 1982; Na-
tional Research Council, 1994).

As with the delineation of susceptibility sub-
populations, increasing the resolution of the se-
verity levels is worthwhile providing that the

ERF percentiles can be estimated meaningfully

for each level.

3.2.5. ERF percentile estimates

The appendix to this article contains summa-
ries of the derivations of the percentile estimates
made for the HCl and NO, log-probit ERFs
assumed to date. These, as well as the other ERF
factors that have been discussed, are under re-
view and may be expected to be refined.

The present HCl and NO, percentile estimates
are reasonable judgments of the peak concentra-
tion over a one-hour period of exposure such
that, as has been said, on the one hand essentially
no one in a given susceptibility subpopulation
would suffer a given level of severity of health
effect and, on the other hand that essentially
everyone would. The judgments are anchored on
the COT’s SPEGL as the lower percentile for a
Mild effect or worse in sensitive individuals
(children, aged, bronchitics). They otherwise de-
rive from the animal and human experimental
data and interpretations published in the reports
on the COT’s considerations of HCl and N,O,/
NO, (Committee on Toxicology, 1984-88),
supplemented by references in Patty (in Clayton
and Clayton, 1992), and checked against data in
IRIS (Calabrese and Kenyon, 1991). Other stu-
dies have recently been made of the effects of HCI
and their probabilities, which may add to the
data (Patrick, 1991; Kamrin, 1992). The results to
date (Haber et al., 1992; Hudson et al., 1993;
Conley et al., 1994) are summarized in Table 2.

For other toxic substances, including the hy-
drazines, only linear ERFs have been defined
thus far. The single percentile estimates they
require for each subpopulation and severity level
have been established either as SPEGLs where
they are available, or in relation to the EPA’s
LLOCs and NIOSH’s IDLHs (US EPA, 1987,
Clewell et al., 1988; Chrostowski et al., 1994).

ERFs remain to be considered for the com-
bined effect of multiple toxics. In the present risk
modeling, the individual ERFs have been re-
tained. A compound probability of effect is then
derived under the assumption that the individual
effects operate independently. This is conserva-
tive in the derivation of the number of individuals
affected to a given severity level. However, it
neglects the possible synergy of the effects that
may increase the level of severity above the
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Table 2

Summary of present estimates of percentiles of NO, and HC] ERFs*

Subpopulation NO, HCl1

Mild Significant Mild Significant

1% 99% 1% 99% 1% 99% 1% 99%
Children, aged, bronchitics 1 5 35 67 1 3 3 30
Healthy adults 1.5 25 5 100 3 30 30 300

*Peak concentration, ppm; 1-h exposure.

individual levels. Further consideration of these
factors is anticipated.

3.2.6. Uncertainties

No risk analysis is complete without an asscss-
ment of the effect of data and, as feasible,
modcling uncertaintics on the outputs. LATRA
and COSTRA provide effective vehicles for quan-
titative uncertainty analyses. In particular, the
uncertaintics in the judgments made to specify a
set of ERFs can be cvaluated as to their impacts
on the values of casualty expectation and the risk
profiles produced by the models. The implication
to the acceptability of the unavoidably imprecisc
ERF judgments is important. The range of opin-
ions of thc toxicologists who induce the judg-
ments can be treated explicitly as a range of
uncertainty. In a formalized procedure involving
a pancl of experts, if this proves to be desirable,
the range can be reviewed and iteratively revised.
The final result will be bounds on the LATRA/
COSTRA predictions that will illuminate the
confidence with which a launch decision can be
madec.

4. Conclusion

LATRA and COSTRA arc intended to provide
significant new risk management tools for the
two ranges. In particular, LATRA can provide a
new dimension of flexibility for the Range Com-
manders in their launch commit decisions by
replacing deterministic overly-conservative haz-
ard limits by probabilistic assessments of poten-
tial casualiies. A critical need for the application

of these models, however, is the establishment of
exposure response functions that are recognized
and accepted by the toxicology community. This
article has proposed how this may be done effec-
tively.
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Appendix: Estimates of ERF percentiles for NO,
and HCI NO, estimates (one-hour exposure)
COT data

(a) Fatal Cs, 174 ppm (Referencing Book, 1983).
(b) Mild reversible 1o irreversible pulmonary
function cffccts, up to 5 ppm.

(c) Short-term or substantial chronic tissue dam-
age, functional impairment, aggravation of other
discase processes, 5 to 100 ppm.

(d) Irreversible lung damage or death, above 150
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(e) Increase in airway resistance (healthy and
bronchitic), reversible if single exposure, about
1.5 ppm.

(f) Decreased diffusing capacity and increase in
alveolar-arterial pO, (oxygen partial pressure)
difference, reversible if single exposure, about §
ppm.

(g) Recommended Short-term Public Emergency
Guidance Level (SPEGL), 1 ppm.

Patty data (Clayton and Clayton (1982), refer-
encing the American Council of Governmental
and Industrial Hygienists (ACGIH) and the
World Health Organization (WHQ))

(h) Fatal pulmonary edema, 100 ppm (ACGIH)
(i) Pulmonary edema with lung lesions, 50 ppm
(ACGIH)

(i) Respiratory irritation and chest pain, 25 ppm
(ACGIH)

(k) Increased airway resistance, 3—6 ppm (WHO)

Percentile estimates for healthy adults

Fatal: Csy, 174 ppm (data item (a) above); Cy,
100 ppm (h) ,

Intermediate probability, 150 ppm (d)
Statement (d) is considered consistent with state-
ments (a) and (g), but does not add new informa-
tion for the percentiles.

Note that Cs is given not Cqg. However, from a
property of the lognormal,

Cg9 = C50*/Cos = 300 ppm

Significant: Cy;, 5 ppm (c); Cgg, 100 ppm (c)
Intermediate probability, 50 ppm (i)

As above, (i) is considered consistent with (c).
Mild: Cgy;, 1.5 ppm (e); Cgg, 25 ppm ()
Intermediate probabilities, 5 ppm (b), (f) and 3-6
ppm (k)

Percentile estimates for children, aged, and bron-
chitics

Item (e) indicates a 1.5 ppm airway-resistance-
increased threshold for bronchitics (as well as
healthy) individuals. The COT has established a
SPEGL of 1 ppm that presumably safeguards the
sensitive subpopulation, bronchitics and children
and the aged, still more. A conservative view is
adopted here to replace for the sensitive sub-
population the healthy adults’ 1.5 ppm Cy; with
the SPEGL of 1 ppm (g), a one-third decrease in
value. This same decrease is applied to the per-

centiles of the exposure-response function for
significant or fatal effect on healthy adult individ-
uals to obtain reasonable, probably conservative,
corresponding percentiles for bronchitics and
children. For the 99-percentile for mild effect, 5
ppm is chosen based on items (b) and (c). The
results are:

Fatal: Cy, 67 ppm; Cyg, 200 ppm

Significant: Cy,, 3.5 ppm; Cqq, 67 ppm

Mild: Cy,, 1 ppm; Cgq, 5 ppm

HCI estimates (one-hour exposure)

COT data

(a) Short-term Public Emergency Guidance
Level (SPEGL) = 1 ppm.

(b) Mouse RDjsy (median dose giving 50% de-
crease in respiratory rate) ~309 ppm. This
(rounded to 300 ppm) corresponds to intolerable
sensory irritation and incapacitation in humans.
(¢) 0.1 Mouse RDsy; =30 ppm causes slight
stinging and burning of eyes, nose, and throat.
(d) 0.01 Mouse RDj5; =3 ppm causes very slight
to no irritation.

(e) The COT recommends a maximum concen-
tration of 20 ppm for one hour for a worker
Emergency Exposure Guidance Level (EEGL).
(f) The COT recommends 100 ppm for a 10 min
EEGL.

(g) 1000-2000 ppm is “dangerous for even short
exposures” to humans.

Patty data

(h) Human volunteers found concentrations of
50-100 ppm for 1 h barely tolerable (consistent
with (c)—(b) range above)

(i) Throat irritation occurred at 35 ppm for brief
exposures (consistent with (e) and (c) above).

() 10 ppm was considered maximum concentra-
tion for long exposures (not inconsistent with (d)
above).

(k) Immediate irritation of nose and throat, but
no lasting effects, occurred at 5 ppm (consistent
with (d) above).

Percentile estimates for healthy adults

Mild: Cy;, 3 ppm (d); Cgg, 30 ppm ()
Significant: Cyy, 30 ppm (c); Cyg, 300 ppm (b)
Fatal: Cyy, 1000 ppm (g)**; Coq, 2000 ppm (g)**
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Percentile estimates for children, aged, bronchitics
Mild: Cy;, 1 ppm (a); Cge, 3 ppm (d)

Significant: Cyy, 3 ppm (d); Cgg, 30 ppm (c)
Fatal: Cy, 300 ppm*; Cgg, 600 ppm*

Notes: *Obtained from “healthy adults” values
by dividing by 3, the ratio of the “healthy adults
mild effect” 1 percentile to the COT’s SPEGL
that protects the most sensitive subpopulation.
**Probably conservative, since these concentra-
tions are considered “dangerous,” not necessarily
fatal.
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Abstract

Whether people become ill after encountering environmental pollutants depends on the magnitude of their
exposure and their capacity to respond. Exposure and intrinsic response capabilities vary within the population.
Those that become ill when the general population remains largely unaflected are considered to be highly
susceptible. The U.S. Environmental Protection Agency (USEPA), responsible for protecting the public from
environmental pollutants, has developed risk assessment procedures to assist in evaluating the likelihood of health
effects. However, the Agency’s ability to evaluate the risk faced by highly susceptible populations is often hindered
by the paucity of adequate health effects data. Response variability can be assessed with animal models and human
epidemiological studies. Although animal models are useful when evaluating the effect of gender and developmental
stage on susceptibility, inbred rodent strains underestimate the genetic and lifestyle-induced variability in
susceptibility found in human populations. Epidemiological approaches are the preferred source of information on
variability. This paper reviews the epidemiological literature from the perspective of a risk assessor seeking data
suitable for estimating the risk to highly susceptible populations. Epidemiological approaches do not measure the
full range of population response variability. Rather, “susceptibility factors” are evaluated either as risk factors or
by focusing on the susceptible population, e.g. children. Susceptibility factors due to genetics, developmental stage,
gender, ethnicity, disease state and lifestyle are most frequently encountered. Often, the information describing the
health impact of the susceptibility factor is incomplete due to, (1) a failure to consider factors modifying
susceptibility; (2) inadequate exposure data; (3) a failure to evaluate the health impact of the susceptibility factor.
In addition, for a given exposure agent, several susceptibility factors may be relevant. While incomplete data
describing susceptibility factors limits the opportunity for quantitative estimations of risk, available information can
supplement qualitative evaluations and risk management.
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1. Introduction

The US. Environmental Protection Agency
relies on risk assessments to predict the likeli-
hood of adverse health outcomes and make deci-
sions about permissible levels of contaminants.
Yet, pollutant-induced illness continues to affect
highly susceptible members of the population.
Permissible levels of respirable air particulate
increase the incidence of asthma-related hospital
visits (Schwartz et al,, 1993) and the prevalence
of bronchitis in asthmatics (Dockery et al., 1989).
Evidence that subpopulations continue to be-
come ill after compliance has been attained has
lead to a reevaluation of the scientific and pro-
cedural underpinnings of the risk assessment pro-
cess.

At their most fundamental level, risk assess-
ments use existing toxicological response data as
a standard curve to estimate health effects at
projected levels of exposure. A complete estimate
of the distribution of risks requires that variabil-
ity in toxicological response as well as exposure
variability be incorporated into the risk assess-
ment.

Variability in exposure has been acknowledged
in risk assessments by incorporating point esti-
mates representing different locations in the pro-
Jected exposure distribution. Risk estimates may
be based on the maximally exposed individual
(MEI) (USEPA, 1992), the reasonable maximum
exposure (RME) which is the magnitude of expo-
sure that should not be exceeded by more than
5-10% of the population (USEPA, 1989) and the
theoretical upper bounding estimate (TUBE)
which is the level of exposure expected to exceed
all individual exposures (USEPA, 1992). An al-
ternative to point estimates is to use the exposure
variability to model probability distributions of
risk (Bogen and Spear, 1987; Lambert et al,
1994).

Response variability is difficult to measure in
human populations and until recently, risk as-
sessment guidelines have not provided detailed
procedures for estimating the risk for susceptible
populations. Cancer risk assessment guidelines
assume that all members of the population have
equivalent responses (USEPA, 1986). Risk assess-

ments for non-carcinogens account for response
variability by dividing by an uncertainty factor
(Barnes and Dourson, 1988). These policies are
undergoing re-evaluation and current directives
acknowledge the contribution of response varia-
bility to risk and promote the evaluation of
exposure and risk to susceptible individuals and
populations (USEPA, 1995a,b). Despite the his-
torical lack of guidance for incorporating infor-
mation on susceptible populations into risk
assessments, risk assessors have generally used
data from the most sensitive population when it
is available. The failure to estimate risk to suscep-
tible populations is due to more to deficiencies in
the toxicological database than to inadequate
risk assessment policies.

Data on response variability can be obtained
from either animal models or human epi-
demiological studies. Animal models are often
the only source of dose response information and

so have been invaluable in risk assessments. Due

to extensive inbreeding, commonly used strains
of mice are more than 97% genetically
homozygous (Phelan et al., 1992) which limits
their suitability as models of human response
variability. Factors suspected of modifying risk,
particularly those with a genetic basis such as
cytochrome P450 polymorphisms, often have no
exact rodent equivalents (Gonzalez and Gelboin,
1993).

Due to conflicting requirements, the study de-
signs used with animal models cannot easily be
modified to evaluate variability. Carcinogenesis
bioassays require statistically significant cancer
rates which is accomplished with dose ranges
that approach the maximum tolerated dose (Lai
et al., 1994). Nongenetic contributors to variabil-
ity, such as stress, disease, and diet are kept to
minimum and are rarely studied as independent
variables.

While many of the disadvantages of response
data from animal models can be avoided by using
human data, there are also disadvantages to
epidemiological approaches. The observational
rather than experimental nature of epidemiology
results in investigations that are subject to the
vagaries of access to records, timing, exposure
monitoring records, and subject recall.
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This paper describes the susceptibility data
obtained from epidemiological studies by sum-
marizing, (1) how variability is described and the
relationship between population variability and
susceptibility factors; (2) the categories of suscep-
tibility factors that contribute to differences in
response; and (3) whether epidemiological studies
provide the dose-response information needed to
calculate the risk to susceptible populations?

2. Population variability and susceptibility factors

Phenotypic heterogeneity in human popula-
tions is readily apparent. Height, weight, skin,
hair and eye color are highly variable due to both
genetic and environmental factors. Biological re-
sponse to contaminants is also heterogeneous
because of differences in uptake, absorption, dis-
tribution, biotransformation and excretion capa-
bilities. Variability also depends on the groups
being compared. Breathing rates, which deter-
mine uptake, vary 1.8 to 2.5-fold between adults
(Ashford et al., 1990) and 65-fold between adults
and infants (Kacew, 1992). Biotransformation by
detoxifying enzymes is also highly variable. In-
terindividual differences in enzyme activity ex-
ceed 1000-fold for cytochrome P450 2D6 which
metabolizes tobacco smoke nitrosoamines
(Kaisary et al, 1987) and 350-fold for gluta-
thione-S-transferase-u which metabolizes arene
oxides (Bell et al., 1992). When the variability in
each of the steps leading from exposure to health
outcome is combined, large differences in suscep-
tibility may be possible (Hattis and Silver, 1994).

How do epidemiological studies measure sus-
ceptibility and variability? In order to under-
stand the nature of the data presented in
epidemiological studies, it is instructive to con-
struct the idealized cumulative incidence curve as
shown in Fig. la. In this hypothetical scenario,
the level of exposure that caused illness is known
for every member of a population of 500. Re-
sponse variability, represented by the arrow, is

~ the range of exposures eliciting illness. In this

example, the response variability spans slightly
more than 1000 exposure-years.
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Fig. 1. Susceptibility, variability and susceptibility factors
demonstrated in a hypothetical cumulative incidence curve.
(a) Population response variability. (b) Susceptibility as a
function of population risk. () Comparison of risk in popu-
lations with and without susceptibiltiy factor A.
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Fig. 1b shows the risk curve obtained by divid-
ing the number of cases by the size of the popu-
lation (Bogen and Spear, 1987). While
susceptibility can be defined simply “as the state
of being readily acted upon” (C. Kimmel, per-
sonal communication), it is often expressed as
risk. The risk curve, then, can be used to charac-
terize the relative levels of susceptibility present
in the population. When exposure reaches 200
exposure-years, the population risk of illness is
less than 0.1. Highly susceptible individuals be-
come ill when the overall population risk is low.

While the curve in Fig. 1b appears to be ideal
for estimating risk in a similar population, many
aspects of susceptibility cannot be assessed. First,
when considering those that became ill when the
population risk was low, it is not possible to
distinguish inherent susceptibility from the
stochastic processes which play a role in many
illnesses such as cancer (Pitot, 1993). Second, it is
impossible to predict whether an individual or
group is highly susceptible. While it is possible to
ascertain that 10% of the population will become
ill, there is no way to determine which 10% of the
population is at risk. This reduces the opportun-
ity for risk-reducing interventions.

Real-world limitations in measuring exposure
adds an additional layer of uncertainty to the
example. Unless exposure levels are known with
a high degree of confidence, it is difficult to
distinguish the relative contribution of exposure
and susceptibility to illness. While a very rare
disease suggests that susceptibility is a factor,
overlooked exposures encountered in the work-
place or through hobbies may be responsible for
the illness.

In practice, the full range of variability or
susceptibility indicated by the arrows in Fig. 1a
and b, respectively, is a difficult quantity to
measure. The upper boundary of exposure caus-
ing illness is rarely attained, while the lower
boundary of exposure causing illness is difficult
to observe due to the small number of people
affected.

An alternative to measuring the range of varia-
bility in population response is to select sub-
populations on the basis of identifiable traits and
compare their risk, as shown in Fig. 1c. Compari-

son of subpopulations on the basis of identifiable
factors replicates epidemiological approaches for
analyzing risk factors. Out of the hypothetical
population, 36 individuals who became ill when
the population risk was less than 0.15 were ran-
domly designated as having Factor A which was
“suspected” of modifying the risk of illness. The
remainder of the population does not possess
Factor A. Comparison of the risk sustained by
the two populations suggests that those with
Factor A tend to be at a higher risk of illness.

Factor A is analogous to a risk factor, a
variable that modifies the likelihood of disease.
Risk factors measure the effect of exposure, loca-
tion, and behavior as well as susceptibility. If a
risk factor describes intrinsic traits related to
susceptibility, the risk factor can be referred to as
a “susceptibility factor”.

Epidemiological approaches which measure
part of the response variability as susceptibility
factors have several inherent limitations. Due to
the limits of sensitivity and power, only suscepti-
bility factors having a relatively large impact on
disease risk are detectable. A known susceptibil-
ity factor influences rather than determines risk.
As seen in Fig. 1c, individuals without Factor A
may become ill at lower exposure levels than
those with Factor A.

Similarly, patients with bladder cancer from
arylamine exposure include both slow (more sus-
ceptible) and fast (less susceptible) acetylators,
and many exposed slow acetylators never devel-
op cancer (Vineis and Ronco, 1992). Individual
susceptibility is determined by a complex inter-
play of intrinsic and environmental factors. Epi-
demiological studies are able to identify the
impact of only a few of them.

3. Categories of susceptibility factors

If risks are to be fully assessed for diverse
segments of the population, all relevant suscepti-
bility factors should be included. Most existing
reviews of factors influencing susceptibility have
focused on single factors such as genetics (Gon-
zalez and Idle, 1994), ethnicity (Kalow et al.,
1986), age (Calabrese, 1986), gender (Calabrese,
1985) or susceptibility to a single category of
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Table 1
Categories of susceptibility factors

Class Susceptibility factors Exposure Health effect

Constitutive susceptibility factors

Genetic Slow acetylation Arylamines® Bladder cancer

Ethnicity European Sunlight® Melanoma

Gender Male DBCP* Sterility

Age 12-16 Weeks gestation Methylmercury? Neurological
retardation

Acquired susceptibility factors

Disease state Asthma Sulfur dioxide® Bronchoconstriction

Quality of life Cigarette smoking Asbestos' Lung cancer

DBCP, dibromochloropropane.
*Kadlubar et al., 1992.
®Reintgen et al., 1982.
Whorton et al., 1979.
9Mortensen, 1992.

Jaeger et al., 1979.

fCoultas and Samet, 1992,

health effects such as pulmonary disease (Brain et
al., 1988) or cancer (Idle et al,, 1992).

The categories of susceptibility factors shown
in Table 1 can be classified as either constitutive
or acquired. Constitutive categories of suscepti-
bility factors, such as genetics, ethnicity, develop-
mental stage, and gender are demographic
characteristics of a population that are fixed or
change in a predictable fashion, as with develop-
mental stage. In contrast, susceptibility factors
due to disease state and quality of life are ac-
quired through the situations and events encoun-
tered during the course of life. The prevalence of
acquired susceptibility factors may change over
time as diets improve or as people take up
cigarette smoking. The distinction between ac-
quired and constitutive factors is made because
the options for risk management differ. With
constitutive susceptibilities, the proportion of the
population with the factor is fixed. As an
example, susceptibility to methylmercury due to
gestational age will be a characteristic of all
fetuses and so exposure must be controlled. In
contrast, steps to reduce susceptibility factors
that are acquired may be feasible and even desir-
able. For example, better understanding of the
etiology and management of asthma may reduce

its role as a factor mediating susceptibility to the
health effects of air contaminants such as sulfur
dioxide. Similarly, cigarette smokers are highly
susceptible to cancer when exposed to asbestos
(Coultas and Samet, 1992). While lowering expo-
sure is certainly desirable, reducing the size of the
susceptible population by providing incentives to
stop smoking is also productive.

The categories of susceptibility factors shown
in Table 1 were compiled from the epidemiologi-
cal literature. In addition to the well-known
susceptibility factors associated with genetics and
developmental stage, susceptibility factors attribu-
table to ethnicity, gender, disease state, and qual-
ity of life were also frequently encountered.
Susceptibility factors can influence the magnitude
of response (e.g. level of enzyme activity) as well
as the type of response possible (e.g. teratogenic
effects, death of spermatogonia). An effort was
made to formulate categories according to natu-
ral divisions so a given susceptibility factor falls
clearly into one of the categories with a minimum
of overlap. However, any individual or group will
have traits that place them into more than one
category (e.g. elderly white female).

Genetic susceptibility factors include genetic
syndromes (e.g. ataxia telangiectasia), heritable
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defects in DNA repair and tumor suppressor
genes, and polymorphisms of strategic proteins.
The latter includes enzymes that metabolize envi-
ronmental contaminants, enzymes responsible for
normal metabolic processes and mixed histocom-
patibility factors. Molecular biology techniques
have made it possible to easily identify gene
variants that modify xenobiotic metabolism.
Among them is the NAT2 gene which governs
acetylation and influences susceptibility to blad-
der cancer (Kadlubar et al.,, 1992).

Ethnicity often overlaps with genetics since
gene frequencies are closely tied to ethnic origin.
For example, one of the alleles conferring a slow
acetylator phenotype is found only in African-
American populations (Bell et al., 1993a). Non-
Mendelian traits with the potential to influence
susceptibility have also been identified, e.g. dif-
ferences in pulmonary function (McDonnell and
Seal, 1991). One of the few examples of suscepti-
bility due to ethnicity is seen amongst Europeans
who are at higher risk of developing melanoma
when exposed to sunlight than Africans (Rein-
tgen et al, 1982). In general, risk factors asso-
ciated with ethnicity are prone to confounding by
unidentified susceptibility and exposure factors
associated with socioeconomic status.

Susceptibility factors related to reproduction
were not included as an independent category
but were divided into developmental stage and
gender.

Developmental stage includes all stages of the
life span from conception to death. As such, the
category includes susceptibility factors related to
prenatal development, infancy, childhood, ma-
ture adults and the elderly.

Susceptibility factors due to gender include but
are not limited to those related to the reproduc-
tive organs and capabilities. Men exposed to
dibromochloropropane (DBCP) may lose pri-
mary spermatogonia and become sterile
(Whorton et al,, 1979). Gender-related hormonal
differences can affect susceptibility. Menopause in
women mobilizes bone lead stores (Silbergeld et
al,, 1989) while animal models suggest that the
greater susceptibility of females to dioxin-induced
liver cancers is due to estrogens (Huff et al,
1994).

Disease state includes both infectious and
noninfectious conditions that modify response to
environmental contaminants. Previous infection
with hepatitis B increases the likelihood of devel-
oping liver cancer when exposed to aflatoxin
(Wu-Williams et al., 1992).

Susceptibility factors related to quality of life
are diverse and include modifiers of host re-
sponse such as stress, exercise, nutrition, expo-
sure to other contaminants and habits such as
smoking and illicit drug use.

4. Do epidemiological studies provide the
dose-response information needed to calculate the
risk to susceptible populations?

As summarized in Table 1, the epidemiological
literature describes many examples where re-
sponse to contaminants is reported to be modi-
fied by susceptibility factors. The question risk
assessors face is whether the literature provides
data that can be used to estimate toxicological
response, preferably in the form of dose response
or cumulative incidence curves. If so, a risk
estimate can be formulated using the responsive-
ness of the highly susceptible population.

Fig. 2 shows the types of data needed to
describe the toxicological response of a highly
susceptible population: susceptibility factor(s),
exposure, and health effects. This information can
be assembled from cross-sectional, case-control
or cohort studies. In practice, causal inference is
difficult to establish in cross-sectional studies and
most information on susceptibility factors comes
from case-control or cohort studies. Case reports
can be used if exposure levels were also evalu-
ated. A well-documented case report of infant
methemoglobinemia formed the basis for the
EPA’s reference dose for nitrate in drinking water
(USEPA, 1991b).

In cohort studies, which more closely approxi-
mate experimental approaches than other epi-
demiological designs, the study population is
chosen on the basis of exposure. As shown in Fig.
2a, factors modifying susceptibility are analyzed
as risk factors. The response observed in groups
with and without the susceptibility factors are
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Fig. 2. Data needed to characterize the dose-response rela-
tionships associated with susceptibility factors. (a) Compari-
son of response in groups with and without susceptibility
factors. (b) Dose-response assessed in a population possessing
a factor associated with susceptibility.

usually compared as odds ratios or relative risks.
Alternatively, dose response data may be taken
directly from the population with the susceptibil-
ity factor, as shown in Fig. 2b. This is necessary
when the susceptibility factor has no analog in
the general population, as with developmental
stage. Fetuses, but not adults, are at risk of
developmental neurological damage when ex-
posed to methylmercury (Mortensen, 1992).

Controlled-exposure experiments, which are a
variant of the cohort design, can be used to study
the short term acute effects of non-carcinogens.
This design permits the selection of a study
population on the basis of susceptibility factors.

In case-control studies, cases are chosen on the
basis of illness and a comparable population
without the illness serves as controls. The fre-
quency or magnitude of factors associated with
susceptibility can be compared in the cases and
controls. The inference that a highly inducible
form of cytochrome P450 1A1 modifies suscepti-
bility to lung cancer is based on its higher fre-
quency in patients than in controls (Nakachi et
al, 1991).

Several types of the deficiencies are encoun-
tered when seeking dose-response information
for highly susceptible populations. They include:

4.1. Failure to evaluate potential susceptibility
factors

Epidemiological studies may fail to incorpor-
ate potential susceptibility factors into their
analysis. For example, occupational epi-
demiological studies were reviewed for data that
could be used to determine whether non-whites
were at a greater risk for occupational cancers.
The authors found 182 articles that included race
in their analysis. Of these, 61 were case-control
studies that matched on race, making it imposs-
ible to determine the effect (Kipen et al., 1991).

Controlled-exposure experiments can be used
to study the acute and reversible health effects of
non-carcinogens. Participants can be selected in
a manner that permits evaluation of a variety of
susceptibility factors. Many of the problems as-
sociated with epidemiological studies can be
avoided, particularly uncertainties regarding the
magnitude and duration of exposure. Since expo-
sures are known, responses due to differences in
susceptibility can be distinguished.

Ozone, one of the seven criteria air pollutants
regulated by the USEPA (USEPA, 1986), is a
pulmonary irritant that has been extensively
studied in controlled-exposure experiments.
Ozone is formed by photochemical processes and
is a major contributor to the poor air quality
encountered in urban areas. Despite evidence
that the current allowable level may not be
protective, more than 90 million Americans live
in areas that exceed the regulatory standard
(USEPA, 1993). Sensitive populations include
people with asthma and children (Balmes, 1993).
Pulmonary damage consistent with exposure to
ozone was found in the lungs of 80% of otherwise
healthy Los Angeles area youths (ages 14 to 25)
who were autopsied after accidental deaths
(Sherwin, 1991).

Table 2 summarizes possible susceptibility fac-
tors reported or analyzed in 32 controlled expo-
sure studies performed between 1988 and 1994.
Subjects were exposed for up to 1 h to levels of
ozone near the regulatory limit of 0.12 ppm.
Pulmonary function tests, measurements of air-
way responsiveness and indicators of inflamma-
tion in the upper and/or lower respiratory tracts
were used to assess the effects of ozone exposure.
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Table 2
Susceptibility factors assessed in 32 controlled studies of acute
pulmonary changes detected after ozone exposure 1988—1995

Susceptibility factor ~ Reported Analyzed
No./32 % No./32 %
Gender
Females only 2 6.2) —
Males only 16 (50.0) —
Males/females 14 (40.6) 3 9.4)
Not reported 0 ©0) —_
Age
<18 2 6.2) —
18-39 23 (19.4) 1 3.1
>40 0 ) -
More than 1 age
group 7 (21.9) 1 3.1
Not reported 0 0) —
Ethnicity
African Am/white 1 3.1 1 3.1)
White 3 (9.4) —
Not reported 27 (84.4) —
Disease
Ozone responsive 2 6.2) 2 (6.2)
Asthma 8 (25.0) 3 94

While constitutive factors such as gender and
developmental stage (age) were reported, their
impact on susceptibility was usually lost since
few studies included them as variables in their
analyses. Over half of the studies examined males
between the ages of 18 and 39 whose ethnicity
was not reported.

Of the studies that analyzed potential suscepti-
bility factors, age had the largest effect and was
inversely correlated with pulmonary function
(Drechsler-Parks et al., 1989; McDonnell et al.,
1993). The effects of gender were contradictory.
Ozone produced no differences in pulmonary
function when males and female subjects were
compared (Drechsler-Parks et al., 1989). In con-
trast, a greater decrement was found in female
subjects when compared to similar studies evalu-
ating males (Messineo and Adams, 1990). Race
was evaluated in only one study and had no
impact on the outcome (Seal et al, 1993)
although significant differences in pulmonary
baseline values have been reported between
Americans of African vs. European ancestry

(McDonnell and Seal, 1991). A small proportion
of the population was found to be “ozone respon-
sive” based on the magnitude of their pulmonary
deficits after exposure (Schelegle et al., 1989).
Several studies examined whether asthma modi-
fied sensitivity to ozone and found no effect
(Koenig et al, 1990; Weymer et al., 1994). This
survey indicates that the opportunities for evalu-
ating susceptibility factors for ozone were not
fully exploited despite the use of controlled expo-
sure study designs.

In summary, dose-response information may
be unavailable because data on the risk factors
modifying susceptibility were not collected or
analyzed.

4.2. Incorrect identification of susceptibility
Sfactors: confounding

Risk factors can be incorrectly classified as
susceptibility factors because of confounding.
Confounding occurs when a variable is related
both to the putative susceptibility factor and to
the adverse health outcome. Ethnicity is often
misinterpreted as a susceptibility factor. A notori-
ous example is the excess lung cancer mortality
detected amongst African-American coke oven
workers in the years 1952-62 (Lloyd et al., 1970).
The steel industry concluded that African-Ameri-
can workers were more susceptible to lung cancer
than white workers (Draper, 1991). Subsequent
analysis indicated that differences in exposures
due to racially based job assignments had con-
founded the outcome. Of those employed at the
site, 19% of African-American employees com-
pared to 3% of white employees worked topside
of the coke oven where the concentration of
carcinogens was the highest (Lloyd, 1971). Simi-
lar errors are possible when considering morbid-
ity and mortality from contemporary environ-
mental exposures. Correlation of Toxic Release
Inventory and census data suggests that African-
Americans, Asians and Hispanics are more highly
exposed to air contaminants than whites (Perlin
et al,, 1995). Future investigations of the relation-
ship between ethnicity and air pollution will need
to account for the differential exposures to avoid
confounding. '
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The use of aggregate risk factors may also
confound the relationship between a putative
susceptibility factor and health effect.
Socioeconomic status, annual income and level of
education are aggregate risk factors which act as
surrogates for specific measurements of variables
related to susceptibility, exposure and lifestyle.

The role of ethnicity as a susceptibility factor
for cancers with an environmental component is
often obscured by the use of aggregate variables.
A review of 10 studies found that the difference in
cancer incidence between African-Americans and
whites was nominal after adjustment with aggre-
gate indicators based on census tract, income,
level of education and urban residence (Gorey
and Vena, 1994). In contrast, another study
found that the differences in cancer mortality
between affluent African-American and white
populations persisted after adjustment by median
family income, another aggregate variable. In
fact, mortality rates in affluent African-Americans
from Suffolk county (New York) did not differ
from those found in African-Americans nation-
wide (Polednak, 1990).

The evaluation of ethnicity as a susceptibility
factor for bladder cancer induced by cigarette
smoke also produces contradictory results. The
outcomes of three recent case control studies
suggested that, compared to whites, African-
Americans are more (Burns and Swanson, 1991),
less (Harris et al., 1990) or equally (Hartge et al.,
1993) susceptible to cigarette smoke-induced
bladder cancer. The role of ethnicity as a suscep-
tibility factor was evaluated by adjusting with
aggregate risk factors such as marital status,
professional and education (Harris et al., 1990) or
occupational category (Hartge et al., 1993). The
Burns and Swanson study, which found African-
Americans to be more susceptible to smoking-
induced bladder cancer, calculated an odds ratios
based on the aggregate variable of occupational
category. Neither carcinogen exposure nor sus-
ceptibility factors that modify the metabolism of
bladder carcinogens were evaluated in any of the
three studies.

These examples suggest that “hidden” con-
founders encountered when using aggregate risk
factors may obscure the role of susceptibility and

exposure risk factors. As a result the role of
ethnicity as a susceptibility factor for cancers in
general or for specific cancers such as bladder
carcinomas cannot be determined.

Confounding of susceptibility factors is not
restricted to those associated with ethnicity.
Aflatoxin and hepatitis B modify cancer risk by
functioning as both exposure and susceptibility
factors. Aflatoxin-contaminated food and hepati-
tis B infection each can increase the risk of
hepatocellular carcinoma (HCC). Together, their
effect is interactive (Wu-Williams et al, 1992).
People positive for hepatitis B antigen and ex-
posed to aflatoxin face a much higher risk of
HCC than people exposed to only one of the
factors. A recent hypothesis suggests that a die-
tary factor which increases the activation of
aflatoxin, rather than aflatoxin per se, is respon-
sible for the augmented cancer risk (Campbell,
1994). If so, the relationship between the suscep-
tibility factor (hepatitis B) and health effect
(HCC) may be confounded by an unidentified
nutritional susceptibility factor which modifies
the effect of the exposure to the carcinogen
aflatoxin. If this proves to be the case, suscepti-
bility information intended for risk assessments
should include populations where both hepatitis
B status and the nutritional susceptibility factor
have been surveyed.

4.3. Susceptibility factors with questionable
environmental etiology

The role of probable susceptibility factors in
contaminant-induced asthma is particularly con-
voluted. Air pollutants, particularly ozone
(Balmes, 1993) and environmental tobacco
smoke (Chilmonczyk et al,, 1993) may play role
in the etiology of asthma. At issue is whether
African-American children are more susceptible
to asthma when exposed to air pollutants than
white children. Compared to white children,
asthma prevalence is 26% greater (White et al,,
1994) and mortality 3—4 times higher (Marder et
al., 1992) in African-American children. During
periods of high ozone concentrations (exceeding
0.11 ppm), asthmatic African-American children
visit hospital emergency rooms more frequently
(White et al., 1994). Several alternative relation-
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ships may explain these differences in the occur-
rence and severity of asthma:

o Susceptibility due to ethnicity: African-Ameri-
can children may be more susceptible to asthma
than white children. If this alternative is true,
environmental exposures would not play a role in
the occurrence of asthma.

o Ethnic susceptibility factor: African-American
children may be more susceptible to asthma after
exposure to environmental pollutants than white
children.

o Confounding due to other susceptibility factors:
the susceptibility observed in African-American
children may not be due to ethnicity per se but to
other factors which modify susceptibility. Poss-
ible modifiers include respiratory disease due to
overcrowding (Marder et al.,, 1992), diet, medical
care, and stress (Rumbak et al., 1993).

e Confounding due to differential exposures: Af-
rican-Americans live predominantly in urban
areas with higher levels of ozone (USEPA, 1990).
Exposure can also come from unexpected local
sources. Children from low-income families with-
out air conditioners may have higher exposures
because their windows are left open during epi-
sodes of high ozone levels (White et al., 1994).

e Asthma morbidity and mortality are due nei-
ther to exposure or susceptibility factors, but to
differences in disease management and access to
emergency medical care.

There is currently no consensus over the role
of African-American ethnicity as a susceptibility
factor for the development of air pollution-in-
duced asthma. While arguments regarding the
plausibility of these alternatives can be made, the
purpose of this example is to demonstrate the
complexity of identifying valid susceptibility fac-
tors.

4.4. Incomplete exposure data

Epidemiological studies may document the
health impact of susceptibility factors but not the
associated exposures. Many xenobiotic de-
toxifying enzymes are polymorphic. The level of
enzyme activity expressed, or phenotype, can
have a great impact on metabolic capabilities.
Populations with the “susceptible” phenotype of
several polymorphic enzymes are at a higher risk

of lung, colon, bladder cancer than those with the
“resistant” phenotypes as seen in Table 3. Activa-
ting enzymes that occur polymorphically include
cytochrome P450 1A1 (CYP450 1A1), CYP450
1A2, and cytochrome P450 2D6 (CYP450 2D6)
while conjugating enzymes include N-acetyltran-
sferase (NAT2) and glutathione-S-transferase-u
(GSTM1) (Idle et al., 1992).

Although the genetic basis of enzyme polymor-
phisms and their impact on susceptibility have
been thoroughly studied, less is known about
etiologic agents. Since many cancers are relative-
ly rare, most polymorphic genes are evaluated in
case-control studies where the relevant exposures
are difficult to identify because they occurred
years earlier. Exceptions include cigarette smoke
and CYP 1A1 (Nakachi et al., 1991), arylamines
and NAT?2 (Cartwright et al., 1982; Hein, 1988),
and asbestos and CYP 2D6. The association
between asbestos and CYP 2D6 has not been
replicated in subsequent studies (Caporaso et al.,
1989).

The identity of the missing exposure agent
cannot be deduced. While few exposure agents
have been linked to the enzymes responsible for
the modified risk, in vitro studies indicate that
many different chemicals may be substrates.
Nearly 20 substrates have been identified for
CYP 2D6 alone (Wrighton and Stevens, 1992).
Establishing that a chemical acts as a substrate
for a polymorphic enzyme does not implicate it
as the unidentified exposure agent.

Although a population with specific enzyme
polymorphism may clearly be at enhanced risk,
the inability to establish the identity of the causal
agent precludes the use of this information in risk
assessments. By necessity, risk assessments, as
well as risk management and the regulatory ap-
paratus are organized around characterizing and
controlling contaminants whose identity is
known.

Documentation of the magnitude of exposure
may be missing. Genetically conferred defects in
reducing enzymes and hemoglobin variants are
often cited as increasing susceptibility to illnesses
caused by oxidizing agents. Populations with
sickle cell trait, glucose-6-phosphate dehydrogen-
ase (G6PD) deficiency, alpha,-antitrypsin,
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Table 3
Correspondence between substrates and documented exposures in probable genetic susceptibility factors predisposing to cancer

Polymorphic gene Enzyme substrates Epidemiologically linked Cancer risk
(susceptible phenotype) exposures
CYP450 1Al (highly inducible) PAHs Cigarette smoke 7.3 Lung®

CYP450 1A2 (highly inducible)

Nitrosoamines
Arylamines

CYP450 2D6 (extensive metabolizer)
N-Acetyltransferase (slow acetylator)

Glutathione-S-transferase-u PAHs, aflatoxins

(deficiency)

Nitrosoamines, aflatoxin,
arylamines, PAHCs

Cigarette smoke >2 Colorectal®

Cigarette smoke, asbestos 2.8-18 Lung®
Arylamines 2 Bladder?,

2 colorectal®
Cigarette smoke 1.7-3 Lung/,

1.7-6 bladder®

CYP, cytochrome; PAHs, polycyclic aromatic hydrocarbons; PAHCs, polyaromatic heterocyclics.

aCosma et al., 1993.
bNakachi et al., 1991.
“Caporaso et al., 1989.
dCartwright et al., 1982
‘llett et al., 1987.
"Nazar-Stewart et al., 1993.
Bell et al., 1993b.

methemoglobin reductase, and beta thalessemia
have been assumed to be highly susceptible des-
pite the lack of supporting evidence (Calabrese,
1984; Ashford et al., 1990). Although erythrocytes
taken from G6PD deficient individuals are ex-
tremely sensitive to oxidizing agents in vitro
(Amoruso et al., 1986), the exposure levels re-
sponsible for health effects have not been re-
ported. The USEPA shelved a recent attempt to
develop a reference dose for naphthalene because
only a case report lacking quantitative exposure
data was available (H. Choudary, personal com-
munication).

4.5. Incomplete documentation of adverse health .
outcomes

Often, putative susceptibility factors are identi-
fied before their impact on risk is investigated
epidemiologically. Many susceptibility factors re-
lating to the “quality of life” fall into this cat-
egory. For instance, trace metals such as
selenium, copper, and iron act as enzyme coO-
factors and are essential to the function of
xenobiotic detoxifying enzymes such as cytoch-
rome P450s (Sipes and Gandolfi, 1986). While it
is plausible that dictary deficiencies in micronu-

trients alter enzyme function, their effect on hu-
man susceptibility has not been estimated.

The existence of factors modifying susceptibil-
ity may also be inferred from inter-individual
differences in response called biomarkers. The
changes detected as biomarkers may be early
predictors of adverse health effects. Table 4 lists
several potential susceptibility factors. The bio-
markers associated with the susceptibility factors
listed in the table provide evidence that there are
substantial functional differences in metabolism
within the population. Biomarkers measured in
vitro show that approximately 11% of the popu-
lation is sensitive to clastogens based on the
induction of sister chromatid exchanges (SCEs)
(Wiencke et al, 1991); the capacity to repair
damaged guanine varies from 3- to 5-fold
(D’Ambrosio et al., 1984); and erythrocytes from
people with sickle cell trait and G6PD deficiency
are extremely sensitive to oxidizing agents
(Amuroso et al.,, 1986; Kuypers et al,, 1990). The
degree to which these differences affect risk can-
not be directly evaluated because the relationship
between the biomarker and adverse health effect
has not been established.

Polymorphic detoxifying enzymes that have
not been evaluated epidemiologically include
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Table 4

Putative susceptibility factors based on differences in biomarker response

Putative susceptibility factor

In vitro treatment

Biomarker

Unknown?

DNA repair capability®

Sickle cell trait®

G6PD deficiency?

Paraoxonase polymorphism®
Sulphotransferase polymorphism"

Diepoxybutane
Nitrosoamines
Peroxides

Ozone, nitrogen dioxide
Organophosphates
Arylhydroxylamines, phenols

SCE inducibility
0°-Methylguanine-transferase variability
Erythrocyte fragility

Erythrocyte glutathione depletion
Enzyme variability

Enzyme variability

G6PD, glucose-6-phosphate dehydrogenase; SCE, sister chrom
*Wiencke et al., 1991.

*D’Ambrosio et al., 1984.

“Kuypers et al., 1990,

4Amuroso et al., 1986.

“Li et al., 1993.

Mdle et al., 1992,

paraoxonase (Li et al, 1993), sulphotransferase,
UDP-glucuronsylfransferases, and N-methyl-
transferase (Idle é; al., 1992). Paraoxonase me-
tabolizes organophosphate pesticides such as
paraoxon and chlorpyrifos. Interindividual varia-
bility in paraoxonase activity exceeds 100-fold in
humans (Mutch et al., 1992). Despite the demon-
strated difference in metabolic capabilities, para-
oxonase activities have not yet been correlated
with systemic toxicity. It is possible that the
missing health outcome could be supplemented
by an appropriate animal model where the rela-
tionship between exposure, biomarker, and
health outcome is known. The level of para-
oxonase activity differs substantially between spe-
cies and may predict the degree of cholinesterase
inhibition and systemic toxicity produced by ex-
posure (Li et al, 1993). A model using this
relationship could be used to estimate the risk to
human populations based on their paraoxonase
activities. While human health effects data are
preferable, this strategy permits utilization of
existing information.

4.6. Multiple susceptibility factors
Characterization of the variability in response
to a contaminant requires the analysis of several
susceptibility factors as demonstrated in the fol-
lowing example. Heterocyclic amines, which

atid exchange.

cause colon cancer, are activated by the enzyme
cytochrome P450 1A2 (CYP 1A2). After activa-
tion, the product undergoes NAT2-mediated
conjugation. A recent case-control study of
colorectal cancer patients found no differences in
the proportions of the susceptible phenotypes for
either CYP 1A2 or NAT2. When individuals
having the susceptible forms of both enzymes
were identified, they were 2.79 times more likely
to be cases than controls (Lang et al., 1994).
Thus, the risk for those having the more suscep-
tible phenotype for both activating and conjugat-
ing enzymes exceeds the risk found in people who
have the susceptible phenotype for only one of
the enzymes.

Lead constitutes a rare example where the
dose-response relationship has been thoroughly
studied epidemiologically. Numerous studies
have measured health outcome as a function of
an intermediate endpoint, blood lead levels
(BLLs). BLLs unambiguously identify the expo-
sure, correspond to internal dose once steady-
state is reached, and are highly correlated with
adverse health outcomes.

Exposure to lead can produce reproductive,
neurological, and cardiovascular damage (Gold-
stein, 1990; Preuss, 1993). Table 5 lists many of
the susceptibility factors known to modify the
risk of lead-induced toxicity.
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Table 5
Susceptibility factors modifying the neurological effects of lead

Category Susceptibility factor Health outcome modified
Age Prenatal® Neurological and neuromuscular damage
Early childhood:
immature nervous system®,
efficient GI absorption®,
aerosol retention®
Gender Boys® Recovery from neurological damage
Girls® Neuropsychological effects
Women' BLL, systemic toxicity
Genetics 8-ALA polymorphism® BLL, systemic toxicity
Ethnicity d-ALA1 BLL, systemic toxicity

polymorphism ¥
Aggregate factors”
SES status/dietary calcium!

Quality of life

BLL, systemic toxicity
BLL, systemic toxicity

ALA, aminolevulinic acid; BLL, blood lead levels; SES, socioeconomic status.

“Bellinger et al.,, 1990.
bPreuss, 1993.

‘DeRosa et al., 1991.
9Bellinger et al., 1990.
*McMichael et al., 1992.
fSilbergeld et al., 1989.
fWetmur et al., 1991.
"Bellinger et al., 1990.
iMahaffey et al., 1986.

Early development is associated with suscepti-
bility to lead-induced neurological damage.
While neurotoxicity has been demonstrated in

adults, the magnitude and types of toxicity are -

different. In children, lead exposure is manifested
as impaired behavioral, cognitive, and motor
function. As recently as 1991, BLLs below 25
ug/dl were assumed to protect from neurological
damage. Currently, deficits are thought to occur
with BLLs below 10 ug/dl with a calculated
threshold of less than 1 pg/dl (Schwartz, 1994).
The size of this highly susceptible population is
staggering. Between 3 and 4 million children
between the ages of 0.5 to 5 years old have been
estimated to have BLL levels greater than 15
ug/dl (Crocetti et al., 1990).

Children are highly susceptible because of their
developing nervous systems (Needleman and
Gatsonis, 1990; Bellinger et al., 1991; Dietrich et
al,, 1993), greater gastrointestinal uptake (30—
50% in children, 7-15% in adults) (Preuss,

1993), and high retention of inhaled aerosol (De-
Rosa et al., 1991).

Gender influences on susceptibility are age-
linked. When controlling for childhood exposure,
boys recovery more slowly from the cognitive
delays produced by prenatal exposure (Bellinger
et al.,, 1990), while girls from age 2 to 4 appear to
be more sensitive to neuropsychological effects
than boys (McMichael et al, 1992). In women,
menopause results in mobilization of bone lead
stores which is detected as an increase in BLL in
the absence of additional exposure (Silbergeld et
al., 1989).

A genetic trait is relevant when considering the
risk posed by lead exposure. 6-Aminolevulinate
dehydratase is a polymorphic enzyme involved in
heme biosynthesis. While both alleles, ALA1 and
ALA2, produce enzymes that are inhibited by
lead, the ALA2 enzyme is inhibited to a greater
degree. Although reports have been inconsistent,
ALA2 homozygotes tend to have higher blood
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(Wetmur et al,, 1991) or bone lead levels (Smith
et al, 1995). Ethnicity is intertwined with this
genetic risk factor. The frequency of the sensitive
allele is 19% in whites and < 1% in African-
Americans (Wetmur et al., 1991).

Potential susceptibility factors related to
“quality of life” can be identified. Animal studies
indicate that dietary inadequacies can produce
augmented lead toxicity or tissue accumulation.
Vitamin B6 deficiency (McGowan, 1989), iron
deficiency (Hashmi et al,, 1989), protein defi-
ciency (Ghosh et al,, 1992), and maternal zinc
deficiency (Ashraf and Fosmire, 1985) have been
linked to enhanced toxicity in animal but not
human studies. Ominously, children from poor
families are likely to consume diets deficient in
calcium, iron, zinc, magnesium (Drake, 1992;
Johnson et al., 1994). Although BLLs in children
are known to be inversely correlated with dietary
calcium levels (Mahaffey et al., 1986), the effect of
other dietary deficiencies have not been epi-
demiologically determined.

Other susceptibility factors stemming from
quality of life are difficult to assess due to the use
of aggregate risk factors. Children from poorer
homes are more severely affected by prenatal lead
exposures than children from more affluent
homes. In this case, the sociodemographic char-
acteristics such as social class and income may
serve as a surrogate for an unidentified suscepti-
bility or exposure factor (Bellinger et al., 1990).

Despite extensive dose response information
for some susceptibility factors, such as those
relevant for childhood neurological effects, other
modifiers of lead toxicity related to quality of life
have not been studied in human populations.

5. Conclusion: implications for risk assessments

The failure to consider differences in suscepti-
bility may result in the promulgation of stan-
dards that are not protective for highly
susceptible segments of the population. The cur-
rent ambient air standard for respirable particu-
late is an example where children and people
with asthma continue to be affected at permis-
sible ambient levels. Yet, measurement of only

the population response variability is usually not
feasible and would do little to describe the popu-
lations at risk. What is critical for quantitative
risk assessment is the identification of the factors
contributing to susceptibility accompanied by
data describing the relationship between expo-
sure and illness for those factors.

Quantitative assessment of the risk to highly
susceptible populations may not be possible be-
cause parts of the dose response relationships for
the relevant susceptibility factor(s) are missing.
What first appears to be a rich literature, such as
that describing polymorphic detoxifying en-
zymes, may provide no usable dose-response re-
lationships for the risk assessor. Inadequacies
may be found in any of the constituents of the
dose response relationship.

The options for incorporating susceptibility
information into risk assessments depends on the
nature of the missing data. Obviously, risk can-
not be estimated for populations where the sus-
ceptibility factors have neither been identified nor
evaluated. Also, risk assessments are con-
taminant specific and so cannot evaluate the
impact of susceptibility factors where the expo-
sure agent is unknown. Whether some risk fac-
tors measure aspects of susceptibility may be
questionable, especially in situations where con-
founding due to unidentified exposure or other
risk factors is likely. Risk factors due to ethnicity
demonstrate that it may not be possible to disen-
tangle the role of susceptibility from other con-
tributors to risk.

When the available data does not support a
quantitative risk assessment, qualitative risk as-
sessments may be possible. Qualitative risk as-
sessments describe the risk to a population based
on, among other descriptors, their projected ex-
posures, behavioral characteristics and geo-
graphic location. The size of the susceptible
population is important for determining the im-
pact of the risk. Over 1 million African-Ameri-
cans are deficient in, G6PD and a small
decrement in function would have a great effect
on morbidity (Amoruso et al., 1986). Qualitative
risk assessments may be possible when the sus-
pected susceptibility factor has not been thor-
oughly evaluated (as with dietary factors), when
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health effects are known but exposure measure-
ments are unavailable (as with G6PD defi-
ciencies), and when biomarkers suggest the
presence of an unexamined health outcome (as
with diepoxybutane-induced SCEs).

Some incomplete dose-response data may be
used in quantitative risk assessments if the miss-
ing health outcome information can be extrapo-
lated from animal models. Susceptibility factors
associated with biomarkers may fall into this
category. Once validity of the animal model is
established, the relationship between exposure
and biomarker measured in human studies can
‘be supplemented by animal models of the rela-
tionship between a biomarker and the adverse
health outcome. This information can be used to
estimate the risk of health effects in human popu-
lation based on their biomarker response.

In the rare instances where multiple factors
contributing to susceptibility have been identifi-
ed, many are accompanied by significant data
deficiencies. Several susceptibility factors were
identified as influencing susceptibility to lead.
However, the role of the dietary factors in deter-
mining susceptibility have not been confirmed
and socioeconomic status is subject to confound-
ing. Even though lead is a well-studied toxicant,
the quantitative assessment of risk for susceptible
populations will be based on only some of the
known susceptibility factors. Most important,
while there is evidence that many different factors
may contribute to susceptibility to lead intoxica-
tion, their interaction has not been studied. Inter-
actions between the ALA polymorphism,
developmental stage, dietary deficiencies, and
gender are possible. As a result, the the most
susceptible population cannot be identified.

While many of the deficits in the data descri-
bing susceptibility may be unavoidable, epi-
demiological investigations can be designed to
evaluate variability in susceptibility. Controlled-
exposure studies can evaluate non-carcinogenic
susceptibility factors. Studies can identify suscep-
tibility factors by stratifying on the basis of
response and examining the biological basis for
the difference. Response variability can be ana-
lyzed in large cohorts with uniform exposure.
Future approaches to risk assessments may em-

ploy mechanistic models where the variability in
the intermediate steps between exposure and
health outcome are modeled using a combination
of animal and human, in vivo and in vitro end-
points.
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Abstract

Human variability can be addressed during each stage in the risk assessment of chemicals causing noncancer
toxicities. Noncancer toxicities arising from oral exposure to trichloroethylene (TCE) are used in this paper as a
case study for exploring strategies for identifying and incorporating information about human variability in the
chemical specific hazard identification and dose-response assessment steps. Toxicity testing in laboratory rodents is
the most commonly used method for hazard identification. By using animal models for sensitive populations, such
as developing fetuses, testing can identify some potentially sensitive populations. A large variety of reproductive and
developmental studies with TCE were reviewed. The results were mostly negative and the limited positive findings
generally occurred at doses similar to those causing liver and kidney toxicity. Physiologically based pharmacokinetic
modeling using Monte Carlo simulation is one method for evaluating human variability in the dose-response
assessment. Three strategies for obtaining data describing this variability for TCE are discussed: (1) using in vivo
human pharmacokinetic data for TCE and its metabolites, (2) studying metabolism in vitro, and (3) identifying the
responsible enzymes and their variability. A review of important steps in the metabolic pathways for TCE describes
known metabolic variabilities including genetic polymorphisms, enzyme induction, and disease states. A significant
problem for incorporating data on pharmacokinetic variability is a lack of information on how it relates to
alterations in toxicity. Response modeling is still largely limited to empirical methods due to the lack of knowledge
about toxicodynamic processes. Empirical methods, such as reduction of the No-Observed-Adverse-Effect-Level or
a Benchmark Dose by uncertainty factors, incorporate human variability only qualitatively by use of an uncertainty
factor. As improved data and methods for biologically based dose-response assessment become available, use of
quantitative information about variability will increase in the risk assessment of chemicals.
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1. Introduction

During risk assessment of chemicals causing
noncancer toxicities, the variability of human
populations, including sensitive individuals, can
be addressed in several ways. Toxicity testing in
animal models for sensitive populations can iden-
tify potential hazards for which dose-response
values, such as U.S. EPA’s reference dose (RfD),
would be required (see Table 1). Variations in
exposure patterns for human populations can be
described using Monte Carlo simulation
methods, but this will not be addressed further as
we will focus on chemical-specific issues. In-
creased use of biologically-based modeling
methods for developing dose-response values can
incorporate  quantitative information about
variability. Modern molecular and genetic tech-
niques facilitate the identification and quantitat-
ion of toxicokinetic and toxicodynamic factors
responsible for human variability including gen-
etic polymorphisms, induction or repression of
enzymes, disease states, and aging.

Dose-response assessment methods may be
divided into those for estimating doses and those
for relating the doses to the response. Methods

Table 1
Strategies for incorporating human variability in chemical
risk assessment

Risk assessment step Strategy

Hazard identification Testing in animal models for
potentially sensitivepopulations
In vitro assays

Toxicity testing with induced or

coexposed animals

Monte Carlo simulation of
population distributions of
activities, ages, etc.

Exposure assessment

Dose-response assessment Uncertainty factor for human
variability
Monte Carlo simulation of
pharmacokinetic variability using
PBPK modeling
Incorporating variability in
biologically based response
modeling

of dose estimation have included allometric
scaling and physiologically based pharmaco-
kinetic (PBPK) modeling. Response modeling
has moved towards more biologically based
methods, but this process is frequently hindered
by lack of knowledge of the mode of action which
leads to chemical toxicity. Therefore, default ap-
proaches have been used for evaluating the dose-
response relationship, such as the No-Observed-
Adverse-Effect-Level (NOAEL) or benchmark
dose (BMD) divided by uncertainty factors (UF).

This paper is a case study of noncancer toxici-
ties arising from oral exposure to trichloroethy-
lene (TCE). Trichloroethylene is a widely used
industrial chemical which, as a result, is a wide-
spread contaminant of soil and groundwater. It
has been the subject of much toxicity testing and
research which has created one of the most
extensive databases existing for an industrial
chemical (Davidson and Beliles, 1991; ATSDR,
1993). Most of the chronic studies focused upon
cancer endpoints, particularly mouse liver and
lung tumors and rat kidney tumors; however,
noncancer endpoints also have been extensively
studied.

Both oral and inhalation exposures have been
evaluted in risk assessments for TCE. Oral €xpo-
sures are most often associated with consumption
of water, while inhalation may occur during the
use of water for activities such as showering or by
exposure to TCE vapors in occupational settings.
This case study focused on concerns about expo-
sure via drinking water, although many TCE-
induced toxicities in animals are similar regard-
less of the exposure route,

The remainder of this paper describes stra-
tegies for incorporating variability into the pro-
cess of developing dose-response values for TCE.
First, toxicity testing can begin to identify poten-
tially sensitive populations. Secondly, we will
describe the use of data on human phar-
macokinetics and pharmacogenetics to provide
insights into human variability that could be
incorporated in pharmacokinetic modeling. Fi-
nally, experimental studies and interspecies com-
parisons can provide insight into variations in
responsiveness that can help inform decision
making about the use of uncertainty factors.
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2. Noncancer toxicity testing and identification of
potentially sensitive populations

Hazard identification is the first step in the risk
assessment process. It generally relies upon toxic-
ity testing in laboratory animals to identify po-
tentially sensitive populations. This can be done
by mimicking the exposure routes of concern and
by using animal models for specific sensitive
populations (Amdur, 1989).

Studies of a wide range of toxic endpoints and
biochemical changes have been reported using
oral exposure to TCE (ATSDR, 1993). Most
studies used corn oil gavage, which is a con-
founding factor responsible for altering the phar-
macokinetics of TCE as compared to drinking
water (Withey et al., 1983; Merrick et al., 1989)
and for altering lipid metabolism and other phar-
macodynamic processes. Few studies used water
as the vehicle due to poor solubility of the
compound, although some drinking water or
water gavage studies have used emulsifying
agents (Tucker et al., 1982). A few studies used
microencapsulated TCE given in feed (NTP,
1985, 1986). Because inhalation studies do not
utilize a vehicle, (comparison of inhalation and
gavage results using PBPK) models can help
separate out vehicle effects.

The best documented systemic effects from
TCE exposure are neurotoxicity, hepatotoxicity,
and nephrotoxicity in adult animals. Reproduc-
tive and developmental toxicity also have been
extensively studied; the largely negative results
are reviewed below. Except for neurological ac-
tivity, there is limited documentation of effects in
humans.

Central nervous system (CNS) depression re-
sulting from exposures to high concentrations by
inhalation has long been known, hence, the use
of TCE as an anesthetic in humans. Oral data for
neurotoxicity is very limited, particularly with
low doses and even with animals (Isaacson and
Taylor, 1989; Isaacson et al, 1990). Several
strains of rats exposed to 500 and 1000 mg/kg/
day in a lifetime corn oil gavage study had
clinical signs of CNS toxicity including transient

convulsions, although no effects had been ob--

served in a 13-week study (NTP, 1988). Only a

few neurobehavioral measurements included in
developmental studies gave positive results
(NTP, 1986). Too little data are available on
neurotoxicity associated with oral exposures,
particularly at low concentrations, to evaluate
how this effect might vary among different hu-
mans.

Hepatotoxicity has been associated with both
oral and inhalation exposures to TCE, particu-
larly in animals. Association of liver toxicity in
humans with TCE exposure has been limited
considering the extensive occupational and phar-
macological exposures (Davidson and Beliles,
1991). In two year chronic studies, mice exposed
to approximately 1000 to 2000 mg/kg/day by
corn oil gavage developed liver tumors (ATSDR,
1993). No liver toxicity was reported in either of
two chronic studies with four strains of rats
dosed by corn oil gavage 500 and 1000 mg/kg/
day (NCI, 1976; NTP, 1988). Short exposures (i.e.
weeks) resulted in liver toxicity in mice as in-
dicated by increased serum levels of liver enzymes
(Buben and O’Flaherty, 1985) and histopathol-
ogy (Elcombe et al., 1985). The most commonly
reported liver change was increased liver to body
weight ratio (fractional liver weight) at doses
above 100 mg/kg/day. Generally, this has not
been considered an adverse effect for risk assess-
ment, however, it may be interpreted as a bio-
marker or early indicator of liver toxicity
(Dourson, 1994; Barton and Das, 1996). Unfor-
tunately, there is too little data to know how the
variability between species compares to the varia-
bility of the human population for TCE-induced
liver toxicity.

Kidney toxicity has rarely been reported in
humans, though it is the major noncancer toxic-
ity reported in lifetime oral dosing studies with
both rats and mice (NCI, 1976; NTP, 1988). It is
believed to result from the formation of activated
metabolites of dichlorovinylglutathione which
arise in a metabolic pathway beginning with
conjugation of TCE with glutathione (Jaffe et al,
1984). This pathway has recently been shown to
be present in humans.

Reproductive and developmental testing has
become increasingly important because develop-
ing human fetuses and newborns are recognized
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as sensitive populations for some chemicals. De-
velopmental toxicity has been suggested to be
associated with human exposures to drinking
water containing chemical mixtures including
TCE (Davidson and Beliles, 1991). The hypoth-
esis suggested by the epidemiological studies,
currently has only limited support from experi-
mental studies of reproductive and developmen-
tal effects in rats, mice, and rabbits. A wide range
of endpoints have been evaluated, including male
and female reproductive success, teratogenicity,
and effects in the developing neonates exposed in
utero and/or post partum.

Both female and male reproductive function
have been studied in mice, rats, and rabbits.
Effects on implantation’s, litter size, fetal resorp-
tions or other similar measures of reproductive
success were not observed following exposures in
water, feed, or air (Schwetz et al, 1975; Dor-
fmueller et al.,, 1979; Hardin et al,, 1981; NTP,
1985; Cosby and Dukelow, 1992; ATSDR, 1993;
Dawson et al., 1993) except in two studies (Healy
et al,, 1982; NTP, 1986). Wistar rats exposed to
100 ppm TCE from days 8-21 of pregnancy had
increased fetal resorption and decreased litter size
(Healy et al., 1982). By contrast, exposure of
Long-Evans rats to 1800 ppm TCE during preg-
nancy produced no effects on resorption sites,
liver fetuses/litter, or fetal body weight (Dor-
fmueller et al., 1979). Rats fed microencapsulated
TCE in their diet showed only small changes,
characterized by the authors as resulting from
generalized toxicity and not specific effects on the
reproductive system (NTP, 1986). Predominantly
negative results were reported for alterations in
sperm morphology and sperm motility in mice,
rats, and rabbits (Hardin et al., 1981; Land et al.,
1981; NTP, 1985, 1986). Two NTP feeding stu-
dies reported increases in the organ weight ratio
of the testicles and epididymis in the high dose
group F, mice and rats (NTP, 1985, 1986). No
effects on the reproductive function of male rats
were reported except at a dose (1000 mg/kg) high
enough to cause neurobehavioral effects (Zenick
et al., 1984). These studies demonstrate that TCE
is not a significant reproductive toxicant in these
species.

Studies of developmental effects indicated that
TCE also was not a potent developmental toxi-
cant. Fetal or pup (day 0) body weights were
unaffected in five studies (Schwetz et al,, 1975;
Dorfmueller et al., 1979; Beliles et al, 1980; NTP,
1986; Cosby and Dukelow, 1992) and decreased
in two others (Healy et al, 1982; NTP, 1985).
Small changes in the growth of offspring resulting
from either exposure of the parental generation
or exposure of both the parents and the develop-
ing young have also been reported (Dorfmueller
et al,, 1979; Manson et al., 1984; NTP, 1986).

Minor skeletal anomalies have been inconsist-
ently’ reported. Incomplete ossification of the
sternum or other bones in mice, rats, and rabbits
at the end of pregnancy was described, though
the results were not always statistically signifi-
cant (Schwetz et al, 1975; Dorfmueller et al.,
1979; Beliles et al., 1980, Healy et al., 1982). No
skeletal anomalies were found in two inhalation
studies with Sprague—Dawley rats (Schwetz et
al,, 1975; Beliles et al., 1980) or a corn oil gavage
(250 mg/kg/day) exposure of B6D2F1 mice
(Cosby and Dukelow, 1992).

Reports of soft tissue anomalies were rare. The
study with Long-Evans rats exposed to 1800 ppm
reported a statistically significant increase (dis-
placed right ovaries); the effect was present in
those exposed during pregnancy only but not in
those exposed before and during pregnancy
(Dorfmueller et al, 1979). External hydro-
cephalus in rabbits has been reported, but it was
unclear if it was attributable to TCE exposure
(Beliles et al, 1980). A dose-related increased
incidence of eye abnormalities (reduced or absent
eye bulges) has been reported recently in one and
six day old pups born to F344 rats exposed to
TCE by corn oil gavage (Narotsky et al., 1995).
A minimal increase was reported at 320 mg/kg/
day increasing up to 30% incidence at 1125
mg/kg/day.

Increased incidences of cardiac malformations
have been reported recently (Dawson et al., 1990,
1993). TCE and dichloroethylene (DCE) caused
heart defects in 21% and 14% of fetuses, respect-
ively, as compared to control incidences of 3—4%
upon direct placement of chemical in the uterus
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of pregnant Sprague—Dawley rats (Dawson et
al., 1990). This was followed by drinking water
exposures of rats which showed about a 10%
increase in cardiac malformations over the
control incidence (Dawson et al, 1993). The
significance of this work may be in doubt due
to the similar small increase reported at both
doses tested (differing by almost 400-fold) and
because there was no clear relationship to the
timing of the exposure to TCE (e.g. during
pregnancy, prior to and during). However, the
significance of the results may be supported by
findings with TCA, a metabolite of TCE, and
by epidemiological studies. TCA caused cardiac
abnormalities when Long-Evans rats were
dosed by aqueous gavage (Smith et al., 1989).
These TCA exposures used bolus dosing with
concentrations much higher than the TCE given
in the drinking water study. An epidemiological
study reported increased incidences of cardiac
anomalies in children born to mothers drinking
water containing TCE and DCE (Goldberg et
al,, 1990). Identification of the mechanism re-
sponsible for the cardiac anomalies would clar-
ify the link to chemical exposures.

Limited developmentally related neurologic or
neurobehavioral changes occurred with TCE ex-
posure in rats and mice. Exposures included
various combinations of times prior to, during,
and post-gestation. Small decreases in myelina-
tion were reported (Isaacson and Taylor, 1989).
These biochemical changes might be anticipated
to cause behavioral alterations, but studies of the
behavior of F, generation animals were not con-
clusive. The NTP two-generational study of mice
found a transient alteration in one measure of
behavior in an open field test among F, mice, but
not in any of the other measures (NTP, 1986).
Inhalation exposure prior to and during gesta-
tion had no effect in tests of general activity levels
in F, rats (Dorfmueller et al.,, 1979). TCE expo-
sure through drinking water until 21 days after
birth was reported to increase exploratory behav-
ior in 60- and 90-day old males (Taylor et al,
1985). Increased activity on the running wheel
was also reported at 60 days. No consistent
pattern is evident from these results, so addi-

tional research is required to clearly demonstrate
effects due to TCE.

Overall, the large number of studies in several
species using various exposure routes and dur-
ations suggest that pregnant women and devel-
oping fetuses and infants are unlikely to be
particularly sensitive to TCE. Trichloroethylene
exposure caused limited reproductive or develop-
mental toxicity even at doses that caused kidney
or liver toxicity in chronically exposed adult
animals. Thus, limiting exposures based upon
toxicity’s in other organs should be adequate to
prevent reproductive or developmental effects.

3. Incorporating human variability into dose
modeling

Most of the toxicities of TCE are believed to
be due to its metabolites, so description of the
pharmacokinetic variability for the parent and
metabolites is important. Incorporation of this
metabolic information into the development of
dose-response values is best done using physio-
logically based pharmacokinetic (PBPK) models.
Sensitivity analyses of PBPK models for organics
have shown that estimates of metabolic rates are
particularly important (Clewell et al, 1994). A
few physiological parameters, such as ventilation
rates, are also important but since they are not
chemical specific they will not be discussed fur-
ther (Hattis and Silver, 1994). Efforts are under-
way in several laboratories to expand existing
models for the parent compound to incorporate
metabolites. One strategy is to link models for
TCE and it’s metabolites to describe the phar-
macokinetics occurring after dosing with each
compound (Clewell et al, 1995). This would
facilitate integration of the substantial toxicity
information available for TCE and each meta-
bolite.

The major steps in the metabolic pathway
for TCE are illustrated in Fig. 1. Two path-
ways begin with TCE, oxidation by cytochromes
P450 .and conjugation with glutathione. The
glutaghione transferase catalyzed conjugation in-
itiates a minor pathway that forms dichlorovinyl-
glutathione and subsequent metabolites. The
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Fig. 1. Metabolic pathways for trichloroethylene and its metabolites. Enzymes that can catalyze the reactions are indicated.

major pathway, mediated by P450, results in
the formation of trichloroacetaldehyde (chloral)
which spontaneously hydrates to form chloral
hydrate (CH). In vitro studies with microsomes
support the rearrangement of an iron-oxygen-
TCE complex in the P450 active site releasing
predominantly chloral and only small amounts of
trichloroethylene epoxide (Miller and Guen-
gerich, 1982). This appears to be a critical factor
distinguishing TCE from its mutagenic and
genotoxic monochlorinated analog, vinyl chlor-
ide (Clewell et al., 1995). A second split in the
metabolic pathways occurs with the metabolism
of CH. Oxidation of CH forms trichloro-
acetate (TCA), while reduction produces trich-
loroethanol (TCOH). The major pathway is
formation of TCOH followed by its glucuronida-
tion. The glucuronide conjugate and TCA are the
major urinary metabolites in all species studied.
Several other minor metabolites have also been
identified including dichloroacetate (DCA),
monochloroacetate, and oxalic acid (Lipscomb et

al., 1995). These reactions convert the volatile,
lipophilic parent into nonvolatile water soluble
compounds that are readily excreted.

Variability is frequently incorporated into
PBPK modeling using Monte Carlo simulation.
This method uses a description of the distribu-
tion of values for a parameter (e.g. a normal
distribution around the average body weight).
Random sampling of the distribution produces a
set of values that can then be sequentially used in
the PBPK model to determine the variation in
the output, usually a potential dose-metric for
use in subsequent dose-response modeling.

Descriptions of pharmacokinetic variability in
human populations could potentially be obtained
from several sources to provide the data needed
for Monte Carlo simulation and PBPK

modeling. Human pharmacokinetic data for TCE
and several metabolites could be utilized. Alter-
natively, estimates of the variability of human
metabolism could be obtained from in vitro stu-
dies using human tissues. Finally, descriptions of
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the variability of the enzymes involved in each
metabolic step could be used in the PBPK model.
Available data from each of these sources is
reviewed below.

3.1. Human pharmacokinetic data

Human pharmacokinetic data are available for
TCE, CH, TCOH, TCA, and DCA due to the
pharmacological uses of most of these com-
pounds (Wells et al, 1980; Allen and Fisher,
1993). Generally these studies used only a few
healthy adult subjects so there is little direct
information on variability, except with CH expo-
sure. Studies with CH have focused on three
populations, healthy adults, adults drinking
ethanol, and children.

Marshall and Owens (1954) described metab-
olism of CH in up to 18 individuals whose age,
sex, and health status were not specified. Individ-
uals were dosed for 5 to 20 days and the percent
of CH oxidized to TCA was estimated once
steady-state apparently had been reached. Oxida-
tion to TCA was normally distributed in this
population as determined by the Wilk-Shapiro
method (SAS Institute Inc, 1990) with a mean
and standard deviation of 25 + 9%. The maxi-
mum was 47%, while the minimum was 5%,
suggesting 10-fold variability in this process.
These data indicate 53 to 95% of CH was reduc-
ed to TCOH, but due to the conversion of
TCOH to TCA, these are minimum estimates of
CH reduction. A later study indicates that there
is also some daily variability for any single indi-
vidual which under conditions approximating
steady state appears to be less than 2-fold
(Owens and Marshall, 1955). Limited informa-
tion on variability was obtained from estimates
made in seven healthy males of the half-life of
TCA produced from CH. They ranged from 42 to
110 h with a mean of 75.3 but no further data are
reported (Sellers et al., 1978). These estimates of
variability do not address the contributions of
measurement error or limited sample size to the
apparent variability (Hattis and Silver, 1994).

Coexposure to CH and ethanol have long been
known to have greater clinical effects than expo-
sure to CH alone (Sellers et al., 1972). Studies in
limited numbers of healthy adults showed altered

pharmacokinetics for TCOH and TCA, as well as
for ethanol and its metabolites during coex-
posures. These studies are consistent with animal
data indicating that metabolism of ethanol in-
creases formation of TCOH from CH due to
increased formation of alcohol dehydrogenase
complexed with NADH (Shultz and Weiner,
1979). People receiving coexposures of TCE and
ethanol may represent a sensitive population
(due to metabolism through CH) though this has
not been clearly demonstrated.

Chloral hydrate has been used for sedation of
infants and children, including those born prema-
turely so pharmacokinetic studies have been re-
ported (Gorecki et al,, 1990; Mayers et al., 1991).
One study with 22 subjects suggested that the
half life of TCOH was more variable among
preterm infants compared to full term infants or
young children. These differences may result from
alterations in metabolism as the child develops,
such as changes in glucuronosyl transferase activ-
ity, or other effects, such as enzyme saturation.

3.2. In vitro data

Direct measurements of the variability of the
metabolism of TCE and its metabolites could be
made in vitro, but currently, no published data
are available. An 8-fold variation in the V,,, for

TCE has been found with microsomes from more
than 25 humans (Lipscomb et al., submitted).

3.3. Variability of metabolizing enzymes

Data describing the variability of phar-
macokinetically important factors such as en-
zymes, serum binding protein levels, or transport
protein could be used to quantitate variability in
humans, regardless of the chemical with which
they were obtained. Recently, this approach was
used with a PBPK model for 4-aminobiphenyl
(Bois et al., 1995). Data on the variability of some
enzymatic activities were available for 4-
aminobiphenyl as the substrate, but, often data
for the specific isoforms involved in the metab-
olism of 4-aminobiphenyl were unavailable.
Therefore, the authors relied upon any data for
variability of any isoform of the enzyme family of
interest.
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3.3.1. Trichloroethylene to chloral hydrate

Oxidation of TCE to trichloroacetaldehyde is
catalyzed by the cytochromes P450. Trich-
loroacetaldehyde is unstable in aqueous solution
and rapidly hydrates to chloral hydrate (CH) (a
dihydric alcohol). Data from rat liver prepara-
tions demonstrated that several P450s metabolize
TCE including members of the 1A, 2B, 2C, and
2E subfamilies (Nakajima et al., 1992). P450 2E1,
which is well conserved across mammalian spe-
cies, shows a preference (low K,,) for low-mol-
ecular-weight compounds including ethanol and
many volatile organic solvents. Currently, the
extent of involvement of human isoforms other
than 2E1 is unknown.

Interindividual variability of the activity of
P450 2E1 has been described in liver microsome
samples from several populations. Peter et al.
(1990) reported kinetic constants for 2E1-specific
chlorzoxazone (CZ) hydroxylation (V_,, and
K. and N-nitrosodimethylamine N-demethyla-
tion (NMDA) (approximate V,, for formalde-
hyde formation) in 14 unspecified human liver
samples. Based upon the Wilk-Shapiro test, the
results for the kinetic constants were normally
distributed. The coefficient of variance for both
V...« estimates was 45% (3.5 & 1.5 nmol CZ-OH
nmol ™! 2E1 min~! and 1.2 + 0.5 nmol mg™!
microsomal protein min~! NMDA) and 18% for
the K, estimates (389 + 6.9 uM). By contrast,
total P450 and immunologically estimated 2E1
levels were lognormally distributed in this same
population. Measurements of total P450 and CZ
activity have also been reported in 54 human
liver samples (Fig. 2) (ITAM, 1995). These data
also fit a lognormal distribution. Total P450
(nmol/mg microsomal protein) had a geometric
mean and standard deviation of 0.38 4 0.09,
while CZ hydroxylation (pmol mg ™! min~1') had
a geometric mean and standard deviation of
860 + 58. As more samples are reported, analysis
of individual subpopulations will become poss-
ible. '

The mean total P450 content (nmol/mg micro-
somal protein) in liver microsomes from Cau-
casians (0.43 nmol/mg) was about 1.5-fold higher

than in Japanese liver (0.26 nmol/mg) samples

(Shimada et al, 1994). Metabolism of 7-eth-
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Fig. 2. Graph of the total cytochrome P450 and 2E1 isoform
measured in microsomes from human livers showing the
general lack of correlation. Data generously provided by the
International Institute for the Advancement of Medicine
(I1AM, 1995).

oxycoumarin was positively correlated (0.84)
with immunological measurements of P450 2El1.
Mean 7-ethoxycoumarin activity (per mg pro-
tein) in male Caucasians and Japanese differed by
1.5-fold as did the total P450. No marked gender-
related differences were observed in either popu-
lation. P450 2E1 quantitated immunologically
varied nearly 10-fold among individuals. This
isoform accounted for an average of 6.6 4+ 2.9
(mean + S.D.) percent of total P450 present. The
percent of total P450 accounted for by 2E1 was
not affected by gender or age (12 to 73 years), nor
were differences in 2El-dependent metabolism.
The summary form in which the data is presented
in this paper does not allow determination of the
distribution or other information required for
Monte-Carlo simulation in a PBPK model.
Polymorphisms exist in the P450 2E1 gene, but
have not been demonstrated to alter its enzy-
matic activity. Restriction fragment length poly-
morphisms have been identified using enzymatic
digestion with Dral, Tagl, Rsal, Pstl and Mspl
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(Stephens et al., 1994). Examination of allelic
frequency in ethnic populations (European
Americans, African Americans and Taiwanese)
has revealed that certain alleles are positively
correlated with protection from lung cancer and
that these alleles are differentially distributed
among these populations (Uematsu et al., 1991).
However, in the absence of data relating these
polymorphisms to enzymatic activity their impli-
cations for PBPK modeling of TCE and its
metabolites remain unclear.

Ethanol ingestion, fasting/starvation, and dia-
betes result in induction of P450 2E1 in rodents
(Sato and Nakajima, 1985). Increased 2E1 activ-
ity results in increased toxicity of TCE, so people
with these conditions may represent sensitive
populations (Nakajima et al., 1988). Predicting
the effects of chronic exposure to ethanol is not
straightforward. Ethanol results in the induction
of 2E1, but it is also metabolized by P450 2E1 so
the individual chronically exposed to ethanol
may show increased activity of this isoform, but
the individual co-exposed to ethanol and a sec-
ond substrate for P450 2E1 may show decreased
metabolic conversion of either or both com-
pounds due to competitive inhibition. Ethanol
also affects the activity of other enzymes in this
metabolic pathway (e.g. alcohol dehydrogenase)
so it may represent a major contributor to varia-
bility in TCE metabolic pathways.

3.3.2. Trichloroethylene to dichlorovinylcysteine

Conjugation of TCE with the ubiquitous cellu-
lar nucleophile, glutathione, is the initial step in
the formation of dichlorovinylcysteine (DCVC).
The reaction is catalyzed by the glutathione S-
transferases (GST), a family of dimeric proteins,
mostly cytosolic in origin, which are present in all
mammalian species. Glutathione conjugates are
further metabolized to yield cysteine derivatives
which are excreted in.urine. Generally, the prod-
ucts of this conjugation pathway are less toxic
than the parent, but in some instances, this path-
way leads to more toxic metabolites, such as the
nephrotoxin, DCVC (Jaffe et al., 1984).

GST Theta class enzymes have been shown to
form conjugates with a number of chlorinated
low molecular-weight compounds (e.g. methyl

halides, methylene chloride) (Thier et al.,, 1991).
While the GST Theta enzymes have not been
conclusively demonstrated to be the enzymes
responsible for glutathione conjugation of TCE,
it seems reasonable to assume this given the
general characteristics of the identified substrates.
At least two Theta class GSTs have been isolated
in the human, one form in liver and another in
erythrocytes (Schroeder et al.,, 1995).

The distribution of transferase Theta enzyme
and gene has been evaluated. It is present in 60
to 75% of the human population and absent in
the remainder (Peter et al,, 1989; Pemble et al.,
1994). Hallier et al. (1993) correlated detoxifica-
tion with GST Theta levels in whole blood taken
from individuals classified as conjugators and
non-conjugators. Blood exposed to methyl bro-
mide, ethylene oxide or methylene chloride dem-
onstrated no increase in the occurrence of sister
chromatid exchange as compared to pre-expo-
sure when obtained from conjugators. Blood of
non-conjugators demonstrated a significantly in-
creased degree of sister chromatid exchange post-
exposure.

3.3.3. Interconversion of chloral hydrate and
trichloroethanol

Identification of the enzymes involved in oxi-
dations or reductions of aldehydes classically
relied upon nicotinamide cofactor (NADH and
NADPH) identification, patterns of inhibition,
and partial or complete purification. Studies in
rat liver and brain homogenates and subcellular
fractions demonstrated that cytosolic NADPH-
dependent aldehyde reductases and NAD-depen-
dent alcohol dehydrogenases were capable of
reducing CH to TCOH (Friedman and Cooper,
1960; Tabakoff et al., 1974; Ikeda et al., 1980,
1981; Ogino et al.,, 1990). The combination of
ethanol and CH resulted in changes in the me-
tabolism of both compounds (Sellers et al., 1972;
Shultz and Weiner, 1979). Shultz and Weiner
(1979) proposed that oxidation of ethanol by.
alcohol dehydrogenase formed an NADH-alco-
hol dehydrogenase complex that then reduced
CH to TCOH. These data suggest that the extent
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of involvement of each enzyme in rat is depend-
ent upon the cofactor balance and metabolism of
endogenous alcohols and aldehydes in the cells.
Normal redox status of the liver results in cofac-
tor concentrations of approximately NAD™* (0.8
mM), NADPH (0.4 mM), NADH (0.2 mM), and
NADP* (0.1 mM) (Hara et al, 1991), which
would appear to favor the aldehyde reductases as
the major enzymes contributing to CH reduction.

Another enzyme potentially involved in CH
metabolism, at least in lung, is carbonyl reduc-
tase (Hara et al, 1991). This enzyme utilizes
NADPH > NADH to catalyze reduction to
alcohols, but it can also oxidize secondary alco-
hols and chloral hydrate. Like alcohol dehyd-
rogenase, release of the nicotinamide cofactor
from this enzyme is slow, so cycling can occur. In
this case the cycling would take one CH molecule
to TCOH, followed by conversion of a second
CH to TCA returning the cofactor to its reduced
state. K

No information was located describing the
variability of ald¢hyde reductases or carbonyl
reductase in human populations. By contrast,
polymorphisms of several alcohol dehydrogenase
genes are known (Agarwal and Goedde, 1992;
Edman and Maret, 1992). Some 50% of Oriental
populations have an inactive enzyme that is not
found in Caucasian or Negroid populations.
These polymorphisms may be important in
chloral hydrate metabolism.

3.3.4. Metabolism of chloral hydrate to
trichloroacetate

The variability of the formation of TCA from
CH results from not only direct variation in this
step, but also indirectly, from variation in the
competing metabolic steps. Metabolism of CH is
dependent upon two forward pathways, oxida-
tion to TCA and reduction to TCOH, and the
back reaction forming CH from TCOH (Fig. 1).
Several papers report the formation of TCA from
TCOH, but this may represent the back reaction
(TCOH =CH =TCA) rather than an indepen-
dent metabolic pathway catalyzing the two oxi-
dations required for the conversion. Entero-
hepatic recirculation of TCOH-glucuronide re-

forming TCOH and alterations in serum binding
of TCOH and TCA could also affect the apparent
variability in the formation of TCA. Finally,
variability of the elimination of TCA would alter
its pharmacokinetics.

The enzyme(s) most likely involved in this step
are the aldehyde dehydrogenases (ALDH)
(Sladek et al., 1989). Alternatively, the potential
involvement of cytochromes P450 is suggested by
their ability to metabolize several cyclic al-
dehydes to carboxylic acids (Watanabe et al.,
1990, 1991). However, subcellular fractionation
studies found that microsomes were not the frac-
tion responsible for the majority of metabolism of
CH oxidation (Ikeda et al., 1980).

Mammalian ALDH are a multienzyme family
that are located in the cytosol, mitochondria, and
endoplasmic reticulum of many tissues and use
NAD*™ as a cofactor. Individual enzymes have
overlapping substrate specificity’s. Mouse liver
contains eleven ALDH and several others are
found only in other tissues (Dockham et al,
1992). Rat liver contains at least five isozymes
while human livers have at least seven ALDH
with varying substrate specificities (Dockham et
al., 1992). Genes for four human ALDH have
been characterized and polymorphisms have
been identified for at least two (Yoshida, 1992).

Contradictory results have been reported for
the role of ALDH in CH oxidation. Early studies
by Cooper and Friedman (1958) reported CH
oxidation to be a cytosolic activity. Cytosol and
mitochondria from rat may both be major con-
tributors to CH metabolism (Ikeda et al., 1980).
This subcellular distribution appears consistent
with that reported for ALDH: 34% mitochon-
dria, 37% cytoplasm, and 10% microsomes, and
19% 500 x g pellet (Crow et al., 1974). Cytosolic
rates were up to seven times faster in the presence
of NAD* than NADP™*. The specific activity of
the mitochondrial fraction was almost ten times
that of cytosol and was dependent upon NAD,
but not NADP™. These characteristics are very
similar to those repor-"t‘ed for other reactions
catalyzed by ALDH. In contrast, Sharpe and
Carter (1993) report that CH is not metabolized
by cytosolic and mitochondrial rat liver ALDH




H.A. Barton et al. | Toxicology 111 (1996) 271-287 281

as measured by conversion of NAD* to NADH.
They compared propionaldehyde, monochloro-
acetaldehyde, dichloroacetaldehyde, and trich-
loroacetaldehyde metabolism in vitro and found
monochloroacetaldehyde was metabolized at the
highest rate, followed by propionaldehyde and
dichloroacetaldehyde.

Inhibition of several ALDH by CH has been
reported by investigators using nonchlorinated
substrates. Chloral hydrate was a potent inhibi-
tor of ALDH activity in both cytosol and
mitochondria using D,L-glyceraldehyde as sub-
strate (Crow et al., 1974). Oxidation of aldophos-
phamide by a semipurified human ALDH was
noncompetitively inhibited by CH suggesting it
did not bind to the active site of this enzyme
(Dockham et al., 1992). Two other semipurified
ALDH were far less well inhibited. It is possible
that for some ALDH isoforms, CH is a relatively
poor substrate and thus appears to be an inhibi-
tor of much better substrates, while for other
ALDH it may not be a substrate.

The involvement of aldehyde dehydrogenase is
interesting from the perspective of human varia-
bility because polymorphisms of several genes
(ALDH1, ALDH2, ALDHS5) have been identified
(Yoshida, 1992). Several variants of ALDHI1
exist, including a form with severely reduced
enzyme activity. Mitochondrial ALDH2 activity
is lacking in approximately 50% of the Oriental
population, but is present in virtually all Cau-
casians and North and South American Indians
studied (Agarwal and Goedde, 1992). Multiple
alleles of the ADHS gene exist in Caucasians and
Orientals, but the genomic analysis has not yet
been extended to determining the properties of
the resulting enzymes.

Identification of the specific enzymes involved
in the oxidation of CH will improve our ability
to address human variability in this step. Because
TCOH, the reductive metabolite, is considered
the active metabolite causing sedation, polymor-
phisms of TCA formation might not have be-
come apparent in the clinical use of CH.
However, they would be important for under-
standing the variability of TCA formation and its
potential for toxicity.

3.3.5. Metabolism of trichloroethanol to chloral
hydrate andlor trichloroacetate

Trichloroethanol has been considered to be the
pharmacologically active sedative due, in part, to
its prolonged presence in plasma as compared to
CH which is often virtually undetectable. There-
fore, exposures to TCOH were carried out in the
studies of human CH pharmacokinetics (Mar-
shall and Owens, 1954; Owens and Marshall,
1955). TCA was formed as a product, as has also
been shown in rodents, however, there is insuffi-
cient information to describe the variability of
this step.

Reduction of CH to TCOH is sometimes de-
scribed as a reversible reaction. While this is
thermodynamically true, it appears likely that
different enzymes are involved in each direction.
Friedman and Cooper (1960) reported that they
were unable to oxidize TCOH in vitro using
rabbit liver alcohol dehydrogenase even when
they used extreme reaction conditions. Similarly,
Sellers et al. (1972) reported that they were un-
able to oxidize TCOH to CH in vitro using
purified horse liver alcohol dehydrogenase or rat
liver supernatant. Pulmonary carbonyl reductase
also does not catalyze oxidation of TCOH (Hara
et al., 1991).

Although there is no direct data showing how
TCOH is converted to TCA, the cytochromes
P450 have been shown to metabolize the fluor-
inated analog of TCOH, trifluoroethanol, to trif-
luoroacetaldehyde (Kaminisky et al, 1992).
Whether this is applicable to the chlorinated
analogs remains to be determined.

3.3.6. Trichloroethanol glucuronidation

These enzymes exist as a family of microsomal
isoforms in the rat, mouse and human. The
isoforms themselves exhibit somewhat overlap-
ping substrate activities, but other substrates are
isoform-specific. The lack of enzyme activity is
associated with severe metabolic disorders,
namely Crigler-Najjar (C-N) syndrome and Gil-
bert’s syndrome. Gilbert’s syndrome occurs in
6% of the human population and results from
reduced bilirubin-UDPGT activity (which may
be dependent on more than a single UDPGT
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isoform). A more severe condition known as C-N
syndrome affects bilirubin glucuronidation as
well. C-N Type I patients have a total absence of
UDPGT activity and prognosis is poor. C-N
Type II patients have extremely low bilirubin
glucuronidation capacity, but can be treated with
phenobarbital to induce enzyme activity. It is
thought that C-N Type II and Gilbert’s represent
the homozygous and heterozygous condition, re-
spectively (Ritter et al., 1991).

Inducers of UDPGT activity include treatment
with drugs (e.g. phenobarbital, phenytoin, dex-
amethasone, oral contraceptives), ethanol con-
sumption, and cigarette smoking (Bock et al.,
1994). Glucuronidation is an important elimin-
ation pathway for a large number of drugs and
interaction at this point in the pathway is a major
pharmacological consideration. The dietary in-
take of cabbage and Brussels sprouts results in
the induction of UDPGT, as these vegetables
contain compounds which are similar to PAH-
like inducers.

The identities of the UDPGT isoforms respon-
sible for conjugation of TCOH have not been
determined. Thus, no quantitative information is
available to describe the variability of this en-
zyme. Furthermore, it is unclear if there are
interactions between the conjugation of TCOH
and either drugs or endogenous substrates. Be-
cause TCOH-conjugation appears to be a critical
detoxification step, people in whom this might be
impaired might be more susceptible to TCE
toxicity.

3.4. Summary of pharmacokinetic variability
Several strategies for identifying potentially
sensitive populations and quantitatively descri-
bing pharmacokinetic variability have been dis-
cussed. There is qualitative information that
might be used to suggest specific populations
which could be at increased risk. However, there
are serious limitations in both the qualitative and
quantitative data and methods for analyzing
data. The identity of the isoforms involved in the
metabolism of TCE and its metabolites is one
major gap. Perhaps the most significant limita-

tion, however, is a lack of data relating phar-
macokinetic variability to alterations in toxicity.

4. Variability in response modeling

In general, response or pharmacodynamic
modeling is less well developed than is phar-
macokinetic modeling. This reflects the much
greater knowledge about the molecular details of
pharmacokinetics processes than exists about
molecular processes leading to toxicity. As a
result, most dose-response modeling has been
empirical, although there have been increasing
efforts to develop biologically based methods.

Recently alternative methods for noncancer
risk assessment have been proposed that try to
utilize more of the available dose-response data
rather than just using the dose considered a
No-Observed-Adverse-Effect-Level. These ap-
proaches include the benchmark dose (Allen et
al,, 1994) and categorical regression (Hertzberg
and Miller, 1985) methods. Approaches using
statistical curve fitting may provide a framework
within which to evaluate pharmacodynamic
variability by analyzing multiple datasets. How-
ever, surprisingly few adequate datasets are avail-
able for TCE-induced noncancer toxicity (Barton
and Das, submitted).

The modes of action for TCE-induced noncan-
cer effects have not been identified so there is
little that can be used to consider variability in
pharmacodynamics. One indication of potential
variability is the finding that preexposure of rats
to ethanol or phenobarbital leads to hepatoxicity
(Nakajima et al., 1988; Okino et al.,, 1991). Rats
exposed only to TCE do not develop hepa-
totoxicity. The role of ethanol in altering metab-
olism has been previously discussed and it is
possible that such pharmacokinetic effects are
responsible for the toxicity in rats. However, it is
also possible that these compounds alter the
pharmacodynamic processes in the liver. Chlor-
decone, for instance, increases the liver toxicity of
carbon tetrachloride by suppressing liver regen-
eration (Dalu and Mehendale, 1996). Further
studies of the processes of liver and kidney re-
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sponses to damage will be important for im-
proved pharmacodynamic modeling and deter-
mining human variability.

5. Use of uncertainty factors

Development of dose-response values for non-
cancer effects has largely relied upon the tradi-
tional uncertainty (safety) factor approach to
convert empirical evidence into acceptable expo-
sure levels for human populations. Variability is
addressed by the application of the uncertainty
factors (Dourson, 1994). One factor is explicitly
for the variability of the human population. In-
directly, application of the uncertainty factor for
interspecies extrapolation (e.g. the assumption
that humans are more sensitive than the tested
animal species) also may address issues of human
variability. Testing chemicals in a relatively wide
range of animals (i.e. not just rodents) can reflect
the kind of variability that is seen in the human
population (Amdur, 1989). Such data will, of
course, reflect variation in both the phar-
macokinetic and the pharmacodynamic pro-
cesses. Some data is available for TCE that
indicates, for instance, that the mouse is particu-
larly sensitive to increases in fractional liver
weight (Kjellstrand et al,, 1981; Davidson and
Beliles, 1991). Therefore, assuming that average
humans are more sensitive than mice and that
some humans are even more sensitive than the
average may not be appropriate.

Throughout this paper we have identified sev-
eral populations that may be at greater risk for
TCE-induced toxicity. Identification of sensitive
populations is largely speculative due to lack of
data, even for a chemical as well studied as TCE.
Because the use of uncertainty factors is driven in
large part by this lack of sufficient data, there will
always be a significant policy aspect to address-
ing sensitive populations in the development of
noncancer dose-response values.

6. Conclusions

Strategies are developing for identifying hu-
man variability and incorporating it into the

development of dose-response values (Hattis and
Silver, 1994). Toxicity testing for a broader range
of endpoints plays a role in recognizing poten-
tially sensitive populations, such as the develop-
ing young either before or after birth. Knowledge
about the metabolic pathways and other factors
influencing pharmacokinetics (e.g. binding pro-
teins, transport proteins) can be very helpful. It
can be combined with our increasing knowledge
of the variability of these factors in humans to
model variability using techniques such as
Monte-Carlo simulation in PBPK modeling. A
significant limitation however, is the current lack
of knowledge on how variability in TCE phar-
macokinetics influences alterations in toxicity. As
knowledge of pharmacodynamic processes grows
and biologically based modeling becomes an in-
creasing reality, it will become possible to incor-
porate variability into this process as well.

As efforts are made to incorporate a broader
range of scientific information into the develop-
ment of dose-response values and other aspects
of risk assessment, it is critical to have available
as broad a range of methods as possible. Using a
single method, such as the NOAEL/UF ap-
proach, provides a certain level of consistency
that is valuable. However, it can also obscure
very real differences between chemicals that fall
outside the range of factors directly considered in
this method. For instance, the NOAEL is fre-
quently discussed as a level at which there is no
risk, yet several analyses have shown that the risk
of an effect at the NOAEL is variable and de-
pendent upon the experimental design (Allen et
al., 1994). Thus, while the method is consistent,
the degree of protectiveness of the dose-response
values derived using this method is not equal for
all chemicals.

Other methods similarly have both strengths
and weaknesses. When sufficient dose-response
data are available, it may be preferable to use the
benchmark dose approach rather ‘than the
NOAEL (Barton and Das, submitted). Physio-
logically based pharmacokinetic modeling can be
combined with the NOAEL approach in some
cases to better incorporate scientific data when it
is available. The database for each toxic effect
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and each chemical will vary, so having a range of
usable methods can customize the development
of the dose-response value to incorporate the
greatest amount of scientific information while
protecting public health.
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Abstract

A sensitivity and uncertainty analysis was performed on the Reitz et al. (Toxicol. Appl. Pharmacol., 1990: 105,
443) physiologically based pharmacokinetic (PBPK) risk assessment model for chloroform. The analytical approach
attempted to separately consider the impacts of interindividual variability and parameter uncertainty on the
predicted values of the dose metrics in the model, as well as on liver cancer risk estimates obtained with the model.
An important feature of the analytical approach was that an attempt was made to incorporate information on
correlation between important parameters, for example, the observed correlation between total blood flow and
alveolar ventilation rate. Using the published PBPK model for chloroform, the best estimate of the average
population risk based on the preferred pharmacodynamic dose metric (PTDEAD), representing cell death, is
9.2 x 10~ 7; this estimate is more than 500-fold lower than the risk estimate of 5.3 x 10~* based on an alternative
pharmacokinetic dose metric (AVEMMB), which represents tissue adduct formation. However, when interin-
dividual variability was considered the range of individual risks (from the 5th to the 95th percentile of the
population) predicted with PTDEAD was extremely broad (from 3.0 x 1072 to 3.2 x 107%), while individual risks
predicted with AVEMMB only varied over a factor of four (from 1.9 x 107* to 7.4 x 10™#). As a result, the upper
95th percentile of the distribution of individual risk estimates based on the preferred cell death metric were within
a factor of three of the 95th percentile for the pharmacokinetic alternative. The crucial factor with respect to the
much greater variability of chloroform risk estimates based on cell death is that the dose metric, PTDEAD, is
exquisitely sensitive to variation of the parameters in the model defining the response of cells to the cytotoxicity of
chloroform. Unfortunately, these key parameters are also highly uncertain, as well as strongly correlated. As a result
it proved impossible to accurately quantify the additional impact of parameter uncertainty on the dose metrics and
risk estimates for chloroform. In general, however, the approach used in this study should be useful for
differentiating the impact of interindividual variability and parameter uncertainty on PBPK-based risk assessments
of other chemicals where the sensitivity, uncertainty, and correlation of the key parameters are more limited.
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1. Introduction

Chloroform, which is formed in drinking water
treated with chlorine (USEPA, 1985), has been
observed to induce liver and kidney toxicity at
relatively high concentrations (USEPA, 1985).
Several chronic studies have also demonstrated
that chloroform exposure increased the incidence
of liver and kidney tumors in mice and rats
(Eschenbrenner and Miller, 1945; NCI, 1976;
Heywood et al.,, 1979; Palmer et al., 1979; Roe et
al,, 1979; Jorgenson et al., 1985). A PBPK model
for chloroform has been developed by Corley et
al. (1990) and applied in a risk assessment con-
text to predict liver tumor incidence by Reitz et
al. (1990). The model describes the metabolism of
chloroform and the induction of cytotoxicity in
the liver after inhalation or oral (gavage or drink-
ing water) exposures.

The most important consideration with respect
to the use of PBPK modeling in risk assessment
contexts is the definition of dose metrics (also
called effective doses or dose surrogates) known
or assumed to be related to the endpoint of
interest. In the case of chloroform and liver
tumors, Reitz et al. (1990) considered two poss-
ible dose metrics. The first was a measure of the
average daily macromolecular binding in the
liver (denoted AVEMMB in the model, with
units of umol/l of liver/day). AVEMMB is a
proportion of total daily metabolism (volume
and time adjusted) determined by the parameter
FMMB as shown here:

AVEMMB = (24/T)*AM*FMMB/VL

where T is the duration of the simulation, AM is
the total amount of chloroform metabolized, and
VL is the volume of liver. The parameter FMMB
represents the fraction of metabolized chloroform
that binds to macromolecules.

The second dose metric considered by Reitz et
al. (1990) was a measure of the percentage of
liver cells dying as a result of any exposure; it
is denoted PTDEAD and depends on the rate
of macromolecular binding (FMMB*RAM/VL,
where RAM is the rate of chloroform metab-
olism), the resulting fraction of cells that will
eventually die (FRAC), and the rate at which

they die (KDIE):
PTDEAD
=100+ J [KDIExFRAC(RAM*+FMMB/VL)

— BASAL1]d:

where the limits of the integration are 0 and T,
and BASALI1 is the background rate of cell
turnover. PTDEAD depends on RAM*FMMB/
VL through the function, FRAC; FRAC(x) is the
probability to the left of x, for a normal distribu-
tion with mean MIDPNT and standard devi-
ation SIGMA. Both MIDPNT and SIGMA are
parameters of the chloroform PBPK model that
require estimation. If one considers the popula-
tion of liver cells to be normally distributed with
respect to their sensitivity to injury (in this case
injury associated with macromolecular binding
of chloroform metabolites), then FRAC(RAM=*
FMMB/VL) can be interpreted as the proportion
of those normally distributed cells with sensitivity
less than RAM«FMMB/VL.

The study reported here performed a sensitiv-
ity and uncertainty analysis of the Reitz et al.
(1990) chioroform PBPK model. In this analysis
the term variability is used to denote the vari-
ation from one individual to another with respect
to the values of the PBPK parameters; the term
uncertainty is used to denote the absence of
perfect knowledge about the means of the interin-
dividual variability distributions. Specifically, the
analysis considered the impacts of parameter
variability on the model-predicted values of
AVEMMB, PTDEAD, and AM. In addition, the
analyses characterized the effect of the variability
induced in PTDEAD on liver cancer risk esti-
mates. It was assumed for the sake of the analyses
that PTDEAD is the appropriate metric for
chloroform risk assessment and interspecies scal-
ing (Reitz et al, 1990), ie. it was assumed that
humans and test species are equally susceptible
when they experience exposures entailing the
same PTDEAD values. A sensitivity analysis was
conducted to determine the parameters to which
PTDEAD was more sensitive; uncertainty con-
cerning the mean values of those parameters and
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the effect of that uncertainty on risk estimates
(added to the uncertainty reflecting variability
alone) were also investigated.

It is important to note that the emphasis of this
study was on the nature of the approach to be
used rather than on the initial result obtained.
That is, the purpose of this effort was more to
explore the issues and identify the challenges
associated with performing a layered variability/
uncertainty analysis than to obtain a precise
estimate for chloroform. Details concerning the
methods of analysis are presented in the next
section.

2. Methods

The analyses described below were restricted
to chloroform exposure in mice and humans. For
the mice, the exposures simulated were those of
the 2-year chronic bioassays of the NCI (1976),
i.e. 238 and 477 mg/kg/day gavage in females and
60, 138 and 277 mg/kg/day gavage in males (5
days per week). Simulation of those exposures
allowed for the estimation of dose metric values
(and the associated variability and uncertainty)
that could be linked to observed liver cancer
incidences for dose-response assessment. The hu-
man exposure scenario, for which risk estimates
were derived, assumed that oral ingestion of
chloroform, at 1 ppm in drinking water, was the
only route through which humans were exposed.

2.1. Variability of PBPK model predictions

For each dose group of the mouse bioassays
and for the hypothetical human exposure scen-
ario, the variability of AM, AVEMMB, and
PTDEAD were determined. The variability was
estimated by:
(1) selecting an appropriate mean value for each
of the parameters in the PBPK model;
(2) for each parameter, specifying a distribution
around the mean value, intended to represent
only the variability from one individual animal
(or human) to another;
(3) running the PBPK model for each dose group
(or human exposure scenario) 500 times, each
run having a randomly selected vector of par-
ameter values.

This procedure was done twice for AM, the
first time including variability for the partition
coefficients and relative tissue blood flow rates,
and the second time ignoring that variability. In
both cases, the mean values of the parameters
required for AM estimation were set as shown in
Table 1, and the variability was represented by a
normal distribution with coefficients of variation
(CV, ie. the standard deviation divided by the
mean) as shown in Table 1. For the relative tissue
blood flow parameters and partition coefficients
in the first set of runs, the values from Reitz et al.
(1990) were used, normal distributions were as-
sumed, and CVs were set as shown below for
both mice and humans:

Parameter  Definition cv?

QRC Relative blood flow to rapidly 03
perfused tissues

QLC Relative blood flow to liver 0.15

QsC Relative blood flow to slowly perfused 0.3
tissues

QFC Relative blood flow to fat tissues 0.3

PB Blood/air partition coefficient 0.15

PRA Richly perfused tissue/air partition 0.15
coefficient

PLA Liver/air partition coefficient 0.15

PSA Slowly perfused tissue/air partition 0.3
coefficient

PFA Fat/air partition coefficient 0.15

“The rationale for the selection of CVs will be discussed in the
next section, “Selection of coefficients of variation.” (Section
2.2).

The mean values for all parameters were taken
to be the parameter values reported by Reitz et
al. (1990), except for the alveolar ventilation and
cardiac output, which were calculated in a man-
ner which considered their observed physiologi-
cal interrelationship (Astrand and Rodahl, 1970;
EPA, 1988). In both sets of runs, and throughout
the rest of the analyses described below, cardiac
output (with scaling constant QCC) and pulmon-
ary ventilation rate (with scaling constant QPC)
were assumed to be bivariate normal random
variables with mean values for QCC and QPC of
15 and 30, respectively, in mice, and 15 and 24,
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Table 1

Parameters required for AM estimation: Reitz et al. (1990) chloroform PBPK model

Mean
Parameter Definition Mouse Human Coefficient of
Variation
BWC Body weight (kg) 0.0285 70.0 0.15
VSC Relative volume of slowly perfused tissues 0.74 0.60 0.15
VLC Relative volume of liver 0.059 0.031 0.15
VRC Relative volume of richly perfused tissues 0.05 0.05 0.30
VFC Relative volume of fat tissue 0.06 0.231 0.30
VCC Relative volume of carcass 0.09 0.09 0.30
VMAXC Capacity of metabolism (mg/h—1 kg) 228 157 0.30
KM Affinity of metabolism (mg/I) 0.35 045 0.30
KASTOM Oral uptake rate constant (/h) 0.6 50 0.20
KRESYN Enzyme resynthesis rate constant (/h) 0.125 0.125 0.30
KLOSS Enzyme destruction rate constant (/h) 0.000572 0.0 0.30*

*Coefficient of variation for humans set to 0.

respectively, in humans. The CVs for both QCC
and QPC were set to 0.15 and the correlation
coefficient was set to 0.75, in both species. This
was achieved by defining two independent unit
normal random variables, QCCZ and QPCZ,
and relating them to QCC and QPC as follows:

QCC = QCCP + SIGMAC*QCCZ
QPC = QPCP + SIGMAP*{RHO*QCCZ
+ QPCZs(1 — RHO?)!/2}

These equations entail means equal to QCCP
and QPCP, respectively, which were fixed at the
appropriate values. The standard deviations,

SIGMAC and SIGMAP, were fixed at values
consistent with CVs equal to 0.15, and the corre-
lation coefficient, RHO, was fixed at 0.75. As with
the CVs for the other physiological parameters
discussed below, these values were selected to
provide a reasonable correspondence to observa-
tions (Astrand and Rodahl, 1970; EPA, 1988)
adequate for this preliminary study, but were not
directly calculated from experimental data.
Based on the results obtained with AM (see
Results, Section 3), the variability of the relative
tissue blood flow rates and partition coefficients
was ignored in the analyses with AVEMMB and
PTDEAD. However, there were additional par-

Table 2
Additional parameters required for AVEMMB and PTDEAD estimation: Reitz et al. (1990) chloroform PBPK model
Mean
Parameter Definition Mouse Human Coefficient of
Variation

FMMB Fraction of metabolism binding to tissue 0.003 0.002 0.3
MIDPNT Mean cell sensitivity ‘ 38 38 03

SIGMA Standard deviation for cell sensitivity 0.227 0.227 0.3

KDIE Cell-death rate constant 592 5.92 0.3

BASALL1 Endogenous cell turnover rate 1.08E-04 1.08E-04 0.3
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ameters that were required for estimation of
AVEMMB and PTDEAD; the means and
variabilities assumed for these parameters are
shown in Table 2. Normal distributions were
assumed for all of the parameters listed in
Table 2.

2.2. Selection of coefficients of variation

Although it is difficult, if not impossible, to
clearly separate variability from uncertainty in
the absence of specific data, in this analysis we
assumed some CVs for representing interin-
dividual variation around the values of the par-
ameters used by Reitz et al. (1990). Estimates of
the variabilities of the physiological parameters
were based to a large extent on the results of a
critical review of the physiological literature
(Stan Lindstedt, Northern Arizona University,
personal communication) conducted as part of a
Physiological Parameters Work Group effort
sponsored by the EPA and the ILSI Risk Science
Institute (ILSI, 1994). Typical variabilities of par-
tition coefficients and metabolic parameters
could be estimated from data for tetrachloroethy-
lene (Gearhart et al., 1993) and methylene chlor-
ide (Clewell, 1995). Nevertheless, there are a
number of parameters in the model for which
little or no data on variability are available.
Based on the available data and the rationale
discussed below, the CVs selected for represen-
ting interindividual variability were uniformly set
to either 0.15 or 0.3 (the one exception being the
CV for KASTOM).

The rationale for the selection of 0.15 and 0.3
as representative of typical variability was as
follows. For a normal random variable, the range
from (mean — 3+SD) to (mean + 3%SD) contains
almost all (more than 99.7%) of the values that
random variable can attain, where SD is the
standard deviation. If, for example, we were to
believe that interindividual variation could be
characterized by most values being between
mean/2 and 3+mean/2 (i.e. the variability is re-
stricted mostly to the mean + mean/2), then it
would be natural to set 3*SD % mean/2. This
would lead to a CV = 1/6, or 0.15 rounded off.
Similarly, if we were to believe that the interin-
dividual variability must be represented by a

broader distribution, then we could specify that
the variability is restricted mostly to the
mean + mean, which would lead to a CV of 1/3,
or 0.3 rounded off. These are the two CVs that
were used in this analysis: 0.15 for the parameters
for which less variability was assumed and 0.3 for
the parameters for which more variability was
assumed. For KASTOM, an intermediate value
for CV of 0.2 was used. The values selected are
for the most part similar to values used in previ-
ous studies (Portier and Kaplan, 1989; Bois et al.,
1990). Nevertheless, it has been truly said (Hattis,
1990) that “any estimate of the uncertainty of a
parameter value will always itself be more uncer-
tain than the estimate of the parameter value.”

2.3. Variability of risk estimates
For a chemical such as chloroform, for which
the cancer risk is based on animal bioassay

results, the estimation of risk depends on relating

dose and response on the basis of observations
for specific groups of animals (rather than for
individual animals). Therefore, the analysis of
variability of risk estimates was based on repre-
sentation of, (a) variability of group-averaged
dose metrics, and (b) variability of group re-
sponse rates.

For each dose group from the mouse bioas-
says, values of the PBPK model parameters in
Tables 1 and 2 (except for the blood flow rates
and partition coefficients) were sampled from the
distributions indicated in those tables, except that
the variances associated with the CVs shown in
those tables were divided by the number of
animals in the group to obtain the square of the
standard error of the mean (SEM?):

SEM? = Var/N = (CV*Mean)?/N

where N is the number of animals in a particular
group. The SEM? is the appropriate measures of
variability for the average value of a parameter
for N animals.

In addition, the number of responders in a
dose group was allowed to vary according to a
binomial distribution. The statistical parameters
of the binomial distribution for each group were
N, the number of animals in that group, and py,
the probability of response estimated for that
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group when the multistage model was fit to the
actual observations using the dose metrics ob-
tained with the mean values of the PBPK par-
ameters shown in Tables 1 and 2.

The two sampling procedures (of PBPK model
parameters to get sets of PTDEAD estimates and
of response rates) were repeated 500 times for
each sex of mice. The 500 sets of PTDEAD
estimates and 500 sets of response rates were
randomly matched, generating 500 dose-response
data sets. The one-stage version of the multistage
model (Crump, 1984) was fit to each dose-re-
sponse data set. A set of 500 PTDEAD estimates
associated with the human drinking water expo-
sure scenario (having the characteristics shown in
Table 3) was also generated and randomly
matched to the 500 multistage model fits. This
last matching resulted in 500 maximum likeli-
hood estimates of risk for the human drinking
water scenario of interest. The distribution of
these risk estimates provides an estimate of the
distribution of risks in a human population as a
result of interindividual variability.

2.4. Uncertainty of risk estimates

In addition to the variability represented in the
previous two analyses, we were interested in
characterizing the impact of uncertainty concern-
ing the true distribution of PBPK model par-
ameters. The parameters for such an inves-
tigation were selected by determining the ones to
which PTDEAD estimates were more sensitive,
i.e. by performing an analytical sensitivity analy-
sis on the Reitz model. That analysis determined
the percent change in the model output
(PTDEAD estimates) relative to the percent
change in the input (a specific PBPK model
parameter), the normalized sensitivity. The par-
ameters having normalized sensitivity greater
than 0.5 (relative change in the output greater
than 50% of the relative change in the input)
were candidates for the analysis of uncertainty in
risk estimates.

For the selected parameters, distributions for
the means were developed so as to represent the
uncertainty due to estimation of those means. To
incorporate the estimates of uncertainty in the
means, in addition to the interindividual variabil:

¥

ity around the uncertain mean assumed already,
the following two-stage procedure was applied.
First, 100 sets of means for the selected sensitive
parameters were sampled from the distributions
for the means. Second, for each of those 100 sets
of means, we generated 500 sets of “average”
PBPK model parameters (including PBPK
model parameters other than the sensitive par-
ameters), response rates, and PTDEAD values
associated with a human 1 ppm drinking water
scenario, in exactly the same manner as described
in the previous subsection. Thus, for each of the
100 sets of means, we generated the output that
would have allowed production of cumulative
probability plots for risk. The results of this
multi-layer analysis can be summarized by plot-
ting the cumulative frequency curve for variabil-
ity based on the best estimates of the means, and
then superimposing box-and-whisker plots of the
distribution of estimates for the 5th and 95th
percentiles from the 100 cumulative frequency
curves.

3. Results

3.1. Variability of PBPK model predictions

For both sexes of mice and for humans, the
inclusion of variability in the blood flow rates
and partition coefficients had little or no effect on
the output distribution of AM, estimating the
total amount of chloroform metabolized. That is,
within any given dose group the output variance
and the percentiles of AM obtained when blood
flow rate and partition coefficient variability was
ignored were essentially the same as when that
variability was included, suggesting that the
variability associated with the blood flow rates
and the partition coefficients is a very minor
contributor to variability in AM (see also the
results of the analytical sensitivity analysis be-
low). Because the proposed dose metrics
AVEMMB and PTDEAD (Reitz et al,, 1990)
depend on the blood flow rates and partition
coefficients only through their contribution to
AM, the subsequent investigation of variability
and uncertainty associated with estimates of
those metrics and with risk estimates was com-
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Table 3
Summary of distributions of AVEMMB and PTDEAD resulting from variability in PBPK parameters: human exposure®
AVEMMB PTDEAD
Run® Run®
A B A B
Mean 14x 1072 14 x 1072 6.5 x 107* 6.8 x 10~4
Variance 28 x 1073 2.7 x 10°°% 45%x 107 44 x 107¢
Percentiles
2 50 x 1073 50x%x 1073 0 0
5 63 x 1073 6.6 x 1073 0 62 x 10723
10 78 x 1073 8.1x 1073 43 x 10712 57 x 10712
25 1.1 x 1072 1.1 x 1072 12 x 1077 9.1x 1078
40 13x1072 1.3 x 1072 4.1 x 107 52 x 10"
60 1.5x 102 1.5x 102 79 x 1075 6.7 x 1075
75 1.8 x 1072 17 x 1072 39 x 107 32 x 1074
90 21 x 1072 2.1 %1072 1.6 x 1073 1.6 x 1073
95 24 x 1072 25%x 1072 29 x 1073 3.6 x 1073
98 27x 1072 2.6 x 1072 59 x 1073 7.0 x 1073

*The human exposure scenario is for consumption of drinking water with 1 ppm chloroform.
®Variability in blood flow rates and partition coefficients is not considered, but variability in the parameters listed in Table 2 is

considered.

pleted without considering variability in blood
flow rates and partition coefficients.

The results of the simulations also supported
the adequacy of 500 iterations per run; replicate
runs yielded remarkably consistent distributions
for AM in both mice and humans, as well as for
AVEMMB and PTDEAD in humans. In mice,
the lower ends of the distributions (the 2nd
percentiles) of AVEMMB and PTDEAD varied
- by several percent from run to run.

As shown in Table 3, when interindividual
variability was considered, the range of indi-
vidual human dose metric values predicted with
PTDEAD was extremely broad (from 0 to 7 x
10~3%), while individual dose metrics predicted
with AVEMMB only varied over about a factor
of five (from 5 x 1073 to 2.7 x 1072).

3.2. Variability of risk estimates

Distributions of risk estimates associated with
human consumption of drinking water con-
taminated with 1 ppm chloroform are displayed
in Figs. 1 and 2. The results shown are those
calculated on the basis of the female mice, which
yielded higher risk estimates than the males. Fig.

1 displays the estimated cumulative distributions
of risks based on the AVEMMB and PTDEAD
dose metrics. The cumulative distribution for risk
based on AVEMMB (circles) displays the classic
sigmoid shape for a cumulative distribution func-
tion. For risks based on PTDEAD (squares) that
shape is not apparent because the dose metric is
constrained (clipped) to lie between 0 and 100%

0.001

0.0008

00006 { ---—|-

Risk

0.0004

0.0002 / —

0

0 20 40 60 80 100
Percentile

Fig. 1. Distribution of risks in a population for a lifetime
exposure to 1 pg/l chloroform in drinking water, based on
AVEMMB (circles) and PTDEAD (squares): linear scale.
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Fig. 2. Distribution of risks in a population for a lifetime
exposure to 1 ug/l chloroform in drinking water, based on
AVEMMB (circles) and PTDEAD (squares): logarithmic
scale.

cell death. The human distribution of PTDEAD
was typically zero below the 2nd to 5th percentile
(see Table 3), while in several of the animal dose
groups, PTDEAD was clipped at 100% above
the 90th to 95th percentile. The left tail of the
human PTDEAD risk distribution includes ex-
tremely small values; the scale of the plot needed

Table 4
Normalized parameter sensitivity

to span the range of PTDEAD values associated
with human interindividual variability obscures
the lower half of that distribution. Fig. 2 displays
the same cumulative distributions as Fig. 1, but
using a logarithmic scale for the risk axis so that
the lower half of the PTDEAD distribution can
be observed.

The range of estimated individual risks across
the human population based on AVEMMB is
relatively narrow: from 1.9 x 10™% at the 5th
percentile to 7.4 x 107* at the 95th percentile,
with a mean of 44 x 10™% and a standard
deviation of 1.7 x 1074 The distribution of
predicted human risks based on PTDEAD, how-
ever, is extremely broad: from 3.0 x 107!3 at the
Sth percentile to 3.2 x 10~* at the 95th percen-
tile, with a mean of 0.6 x 10™* and a standard
deviation of 1.5 x 10~%,

3.3. Uncertainty of risk estimates

There is another layer of uncertainty asso-
ciated with risk estimates that is not represented
in the risk distributions presented above. That
layer of uncertainty is associated with the fact

AVEMMB PTDEAD

Mouse Mouse
Parameter” Lowest Highest Human Lowest Highest Human

dose dose dose dose
SIGMA —b — — 10.6 3.6 20.6
MIDPNT — — — —42 —4.7 —0.6
FMMB 1.0 1.0 1.0 4.6 438 1.3
KDIE . — — — 1.0 0.9 1.0
VMAXC — — — — 3.9 —
KLOSS — —0.5 — — -09 —
KASTOM — -0.5 — 34 — —
BWC — — — — -1 —
VLC -1.0 -0.7 —-1.0 —42 -38 ~0.8
VFC — — — — — 0.5

*See Tables 1 and 2 for parameter definitions. Parameters not listed had uniformly low (<0.5) normalized sensitivity.

"Less than 0.5 in absolute value,




B.C. Allen et al. | Toxicology 111 (1996) 289-303 297

that the statistical parameters defining the dis-
tributions used to represent interindividual varia-
bility of PBPK model parameters are themselves
only estimates. They are estimates based on finite
samples and hence have quantifiable precision.
For the present investigation, this layer of uncer-
tainty was investigated using the subset of PBPK
model parameters to which the dose metric
PTDEAD was most sensitive.

Table 4 summarizes the results of the analyti-
cal sensitivity analysis. PTDEAD appears to be
much more sensitive to the parameter values
than does AVEMMB. This is true not only for
SIGMA, MIDPNT, and KDIE (which affect
only PTDEAD and not AVEMMB) but also for
FMMB, VMAXC, BWC, and VLC. PTDEAD is
sensitive to VMAXC only when the dose is high,
i.e. when metabolism of chloroform is reaching
saturation. The results of this analytical sensitiv-
ity analysis are consistent with the results pres-
ented above with respect to the insensitivity of
the dose metrics to the blood flow rates and the
partition coefficients. Normalized sensitivity
greater than 1 (in absolute value) indicates am-
plification of input error or input variability.
Such amplification is a significant cause for con-
cern; therefore the parameters that were consider-
ed for the uncertainty analysis were those for
which amplification of error was apparent.

The physiological parameters BWC and VLC
(body weight and fractional volume of the liver)
were considered to be well characterized by their
respective  distributions representing interin-
dividual variability. That is, because these par-
ameters are easy to measure and can be
determined independently of the PBPK model,
we assumed that there was little or no uncertain-
ty about the mean values of the interindividual
variability distributions. Therefore, uncertainty
associated with BWC or VLC was not inves-
tigated. On the other hand, the values of the
parameter KASTOM (the rate of absorption of
chloroform from the stomach) used by Reitz et al.
(1990) were based on experience with other, simi-
lar compounds. Although uncertainty regarding
this parameter is probably significant, there were
no data available to address quantitatively the
level of uncertainty concerning the mean value,

so KASTOM was excluded from the uncertainty
analysis.

The remaining amplifying parameters were
VMAXC, FMMB, MIDPNT, SIGMA, and
KDIE. The distributions for the means of their
interindividual variability distributions were es-
timated as follows. In all cases, the means were
assumed to be normally distributed, because,
asymptotically, estimates of means of any dis-
tribution should be normally distributed accord-
ing to the central limit theorem (Bickel and
Doksum, 1977).

For VMAXC, it was determined from a com-
parison of reported values (Corley et al.,, 1990;
Gearhart et al.,, 1993) that a reasonable range for
the mean was 11 to 35 mg/h (scaled to a 1 kg
animal). With a best estimate of the mean of
VMAXC being 22.8 (Reitz et al,, 1990), a normal
distribution having variance equal to 37.5 en-
sures that 95% of the means will be between 11
and 35. That normal distribution was used to
characterize the distribution of the mean of
VMAXC.

The parameter FMMB represents the ratio
between the amount of chloroform bound to
macromolecules and the total amount of chloro-
form metabolized. Expressed in another way, it is
the slope parameter for a regression of macro-
molecular binding on amount metabolized. The
variance of an estimate of the slope parameter for
linear regression has been well studied in the
statistical literature; that variance has been used
here to characterize the uncertainty about the
value of FMMB. When applied to the same data
set used by Reitz et al. (1990) to estimate FMMB,
the variance for FMMB was determined to be 5.4
x 1077, This variance along with the mean value
estimated by Reitz et al. (1990), 0.003, was used
to define the normal distribution representing the
uncertainty concerning FMMB.

The remaining three key parameters, KDIE,
MIDPNT, and SIGMA are related to the cell-
killing effect of chloroform in the liver. The esti-
mates of these three parameters are correlated
with one another because they were simulta-
neously estimated from the same set of data; the
data available were not sufficient to provide inde-
pendent estimates of those parameters. The char-
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acterization of the uncertainty concerning those
parameter values took into account the correla-
tion by considering the uncertainty distributions
to be correlated trivariate normals. The means of
those distributions were chosen to be those es-
timated by Reitz et al. (1990): KDIE = 5.92,
MIDPNT = 38, and SIGMA = 0.227. The vari-
ance-covariance matrix for these parameters was
estimated by running the PBPK model using
those means and comparing the PTDEAD esti-
mates to the cell killing data used by Reitz et al.
(1990, see their Table 5). The software package
SCoPFit (National Biomedical Simulation Re-
source, Duke University) allowed estimation of
the variance-covariance matrix when the predic-
tions of the model were compared to the set of
reference data; the results of the SCoPFit run
were as follows:

VAR(KDIE) = 2.85 x 103
VAR(MIDPNT) = 3.27 x 103
VAR(SIGMAJ = 2.70 x 103
COV(KDIE, MIDPNT) = 3.05 x 103
COV(KDIE, SIGMA) = —2.56
COV(MIDPNT, SIGMA) = —2.68.

The values shown above were used for the
representation of the uncertainty concerning
KDIE, MIDPNT, and SIGMA. Unfortunately,
when mean values for these parameters were
selected randomly from the distributions de-
scribed above, a sizeable proportion of the KDIE
and MIDPNT simulated means were less than
zero. Because negative values of those parameters
are not biologically possible, simulations with
negative KDIE or MIDPNT mean values were
thrown out and replaced by other randomly
selected sets of values that had KDIE and
MIDPNT greater than zero. However, this re-
sampling process produced an undesired change
in the distributions of the parameters: the means
of the distributions were shifted to the right (to
higher values), reflecting the truncation of the
distribution on the left (at zero). As a result, the
predicted distributions for the dose metrics were
also shifted; for example, the median of the 95th
percentiles for the 100 distributions (0.014) was
substantially greater than the estimated 95th per-
centile obtained from the best estimates of the

means (2.7 x 10~%). Therefore, the results of the
uncertainty analysis could not be considered ac-
curate, and are not presented.

4. Discussion

The important features of the uncertainty
analysis approach presented here are that: (1)
unlike other analyses (Bogen and Spear, 1987;
Portier and Kaplan, 1989; Bois et al., 1990), an
attempt has been made to differentiate between
the impacts of interindividual variability and
parameter uncertainty; and (2) an attempt has
been made to account for correlation between
key parameters.

4.1. Variability of PBPK model predictions

From a biological plausibility viewpoint, it
should be'a matter of concern that for four of the
five animal doses, the distribution for the
PTDEAD dose metric reached the maximum
value (100% of the cells in the liver dying every
day) at the 90th or 95th percentile. That is, for a
small but significant portion of those distribu-
tions, PTDEAD had reached its maximum value.
This occurrence also impacts the risk estimate
distribution, since the risk depends on the ratio
of the dose metric in human and mouse. How-
ever, the more important point is that it is highly
unlikely that an animal could survive a chronic
exposure in which a large fraction of the cells in
its liver were being killed every day, so the upper
ranges of all of the PTDEAD distributions in the
mice are implausible.

4.2. Variability of risk estimates

The results of this risk distribution analysis can
be compared with the risk estimates calculated
by Reitz et al. (1990). In that paper, the 95%
lower confidence limits on the dose associated
with 1 x 1072 risk from chloroform in drinking
water were reported to be 10.8 mg/l, based on
female mice, and using the PTDEAD dose met-
ric. This lower confidence limit on dose for a
specific risk can be converted to an upper confi-
dence limit on risk for a specific dose. When this
conversion is performed, the value reported by
Reitz et al. (1990) corresponds to a 95% upper
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bound on risk of approximately 9.2 x 10”7 for a
dose of 1 mg/l. This risk estimate was also
verified using the linearized multistage model and
the chloroform PBPK model predictions for
PTDEAD based on the parameter values in Reitz
et al. (1990). This risk is a factor of 65 below the
mean of the risk distribution in this study
(6.0 x 107%) and more than 300-fold below the
95th percentile of the risk distribution (3.2 x
10~ 4). A similar comparison for AVEMMB pro-
duced much better agreement: 5.3 x 10~% based
on the preferred values, as compared to the mean
and 95th percentile of the risk distribution at
44 x 10”% and 7.4 x 1074, respectively. Unfor-
tunately, as pointed out by Reitz et al. (1990), the
AVEMMB dose metric does not provide a good
correspondence with the tumor incidence in the
animal bioassays, while the PTDEAD dose met-
ric does.

The difference between the risk estimates re-
ported by Reitz et al. (1990), and the correspond-
ing values in this analysis provides a measure of
the impact of model parameter variability on the
distribution of risk estimates. The wide disparity
in the case of risks based on cytotoxicity reflects
the fact that the use of a normal distribution of
cell responses in the calculation of the PTDEAD
dose metric in the Reitz et al. (1990) chloroform
model is a highly non-linear construct, greatly
amplifying the variation in several of the input
parameters. As a result, the distribution of risks
based on PTDEAD that is produced by varying
the chloroform model parameters is very broad.
In a similar analysis with a PBPK model for
methylene chloride (Clewell, 1993, 1995) the 95th
percentile of the risk distributions produced by
varying the pharmacokinetic parameters were
only a factor of four greater than the correspond-
ing risks predicted with the preferred parameter
values. In the case of chloroform risks predicted
on the basis of the cell death dose metric,
PTDEAD, this ratio is nearly 400. This consider-
able difference is consistent, however, with the
difference in the sensitivity of the two models to
their parameters. None of the parameter sensi-
tivities in the methylene chloride model were
greater than one (Clewell et al,, 1994). In con-

trast, several of the key parameters in the chloro-

form model evaluated in this study possessed
sensitivities for PTDEAD that were between 4
and 20 in magnitude (Table 4).

In summary, although the best estimates of the
average population risk (Reitz et al., 1990), based
on the preferred dose metricc PTDEAD, are
nearly three orders of magnitude lower than
those based on AVEMMB (on the order of 10~
vs. 10™%), the impact of parameter variability on
PTDEAD is so great that the 95th percentile of
individual  risks considering pharmacokinetic
variability were very similar (in the order of 10~
using either dose metric).

4.3. Uncertainty of risk estimates

The analyses reported here were not successful
in representing the contribution of uncertainty
about the means of the distributions for the key
parameters, ie. VMAXC, FMMB, KDIE,
MIDPNT, and SIGMA. As noted above, the
treatment of this uncertainty resulted in a shift in
the distributions of the 5th and 95th percentile
relative to the values of those percentiles ob-
tained when uncertainty about the means of
those parameters was ignored. If the treatment of
those uncertainties had been successful, the me-
dian of the 5th and 95th percentiles would have
been close to the value obtained when the uncer-
tainties were ignored.

The shift in the percentile distributions was a
direct result of the fact that the distributions
obtained for the means of KDIE and MIDPNT
(normals with means of 5.92 and 38, respectively,
and standard deviations of 53.3 and 57.2, respect-
ively) allowed negative values for those means. In
an attempt to overcome this biologically im-
plausible outcome, the negative values were re-
placed by resampling from the distribution of the
means, but this resulted in median values of the
means that were quite different from (greater
than) the values 5.92 and 38. Moreover, the
problem was exacerbated by the fact that
SIGMA was negatively correlated with both
KDIE and MIDPNT. When larger, positive
values of those two parameters replaced negative
values, the randomly selected replacement
SIGMA values tended to be less than those they
were replacing.
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The effect of changes in these sensitive par-
ameters on the predictions for PTDEAD in the
mouse and human, and the resulting impact on
the human risk estimate, can be understood by
referring to the sensitivities shown in Table 4. For
example when KDIE increases, both the mouse
and human PTDEAD dose metric are increased
to a similar extent (because the sensitivities are
similar). Therefore, the human risk estimate,
which depends on the ratio of the dose metrics in
the human to those in the mouse, is not likely to
be strongly effected. However, when MIDPNT
increases, the magnitude of the sensitivity of
PTDEAD in the mouse (4.2-4.7) is much greater
than in the human (0.6). Since all of the sensitiv-
ity coefficients for MIDPNT are negative, an
increase in MIDPNT always produces a decrease
in PTDEAD. The greater extent of the decrease
in PTDEAD in the mouse (due to its greater
sensitivity to MIDPNT) relative to the human
leads to an increase in the ratio of the human
dose metric to that of the mouse, and thus to an
increase in the risk estimate., On the other hand,
when SIGMA increases, the sensitivity of
PTDEAD in the mouse (3.6-10.6) is less than in
the human (20.6), and the positive sign of the
sensitivity coefficients for SIGMA indicates that
an increase in SIGMA produces an increase in
the dose metric. The greater extent of the increase
in PTDEAD in the human than in the mouse
leads again to an increase in the ratio of the
human and mouse dose metrics and thus to an
increase in the risk estimate.

The generation of negative values for the cell
response parameters was the result of the large
variance calculated for the distributions of the
cellular response parameters and the fact that the
normal distribution is unbounded on the left. It
might have been possible to overcome the diffi-
culty associated with negative values by the use
of lognormal distributions, which cannot pro-
duce negative values. However, the lognormal
distribution is highly skewed, with a significant
tail on the right, raising the concern that the
resulting risk distributions would still be artifac-
tually altered, but in a more subtle way, mis-
representing the actual effects of parameter
uncertainty. There is no basis for suggesting that

the cellular response parameters are lognormally
distributed, in fact it is unlikely that they are.

Despite the problems with the treatment of
uncertainty about interindividual variability dis-
tributions, it is possible to draw some con-
clusions about the effect of that uncertainty.
Clearly, the data set used to estimate the key
parameters KDIE, MIDPNT, and SIGMA fails
to provide very precise estimates of those par-
ameters. This is a crucial factor with respect to
uncertainty of risk estimates as long as the
PTDEAD dose metric is assumed to be the
measure appropriate for animal-to-human ex-
trapolation. PTDEAD is exquisitely sensitive to
KDIE, MIDPNT, and SIGMA. Unless and until
more data are available for estimating these key
parameters, uncertainty concerning the effect of
chloroform macromolecular binding on liver
cytotoxicity will limit our ability to get precise
risk estimates. Moreover, the results of the short-
term experiments used to estimate the relation-
ship between chloroform exposure and cytotoxic-
ity in the model of Reitz et al. (1990) do not
reflect the significant changes in tissue response
that occur as a result of chronic exposure to
chloroform (Larson et al., 1993, 1994). Additional
data on the cell proliferation associated with
chloroform exposure are now available (Larson
et al, 1993, 1994); these new data have been
obtained from subchronic exposures and provide
a much better representation of the bioassay
conditions.

4.4. Other uncertainties

This investigation illustrates the considerations
and procedures that are necessary to characterize
the impact of interindividual variability and
pharmacokinetic parameter uncertainty on risks
estimated with a pharmacokinetic model. How-
ever, the variability and uncertainty addressed by
the methodology presented here relate only to
the parameters of the PBPK model. These are
uncertainties that are more amenable to quanti-
tative treatment and therefore have been ex-
plored in greater detail, here as well as elsewhere
(Bogen and Spear, 1987; Farrar et al, 1989;
Portier and Kaplan, 1989; Bois et al.,, 1990;
Clewell, 1993, 1995). The other uncertainties that
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are more difficult to treat quantitatively, but
which could have an important impact on risk
estimates, relate to the structure of the PBPK
model, the choice of dose metric, and phar-
macodynamic differences among species, among
others. For example, the Reitz et al. (1990) model
assumes a particular structure for describing liver
cell sensitivities to chloroform macromolecular
binding, namely a normal distribution of sensi-
tivities. This particular structure is a construct
and other constructs are possible; until appropri-
ate experiments are conducted to support or
refute this representation, uncertainty will be as-
sociated with its use. An alternative model of
chloroform has been described (Beck et al., 1993)
that uses an empirical link between the average
rate of metabolism over the recent time period
and the number of cells dying, rather than imput-
ing a normal distribution to this relationship.

4.5. Possible refinements to approach

In several respects, the results of the analysis
reported here are only preliminary. As mentioned
earlier, the purpose of this effort was more to
explore the issues and identify the challenges
associated with performing a layered variability/
uncertainty analysis than to obtain a precise
estimate for chloroform. First, and most import-
antly, most of the values selected for the coeffi-
cients of variation and correlation for the model
parameters were only rough approximations
based on limited data and experience, as can
readily be seen from the rationale provided in the
methods section. The analysis would clearly be
improved by a more careful evaluation of actual
experimental data on the variation of the par-
ameters used in the model, particularly those to
which the model is more sensitive.

Secondly, for the most part the sensitivity and
uncertainty analyses performed in this study were
univariate; that is, potential correlations among
most of the parameters were ignored. It should be
noted, however, that one of the novel features of
the approach used in this study was that the
correlations among what appear to be the most
important model parameters were indeed con-
sidered, and an attempt was made to deal with
them. Nevertheless, the more correct way to

perform the analyses would have been to use a
fully multivariate analytical approach through-
out.

Finally, the critical factors producing the
broad uncertainty of risk estimates from the
chloroform model are the sensitivity of the model
to the parameters defining the normal distribu-
tion of susceptibilities and the limited data avail-
able for their identification. The additional data
now available on the cell proliferation associated
with chloroform exposure (Larson et al,, 1993,
1994) could be analyzed in a manner similar to
that used by Reitz et al. (1990) to revise the
parameter estimates for the model. The impact of
the new parameterization on the predicted risks
and their associated uncertainty could then be
evaluated as described in this study. In addition,
the alternative model of chloroform (Beck et al,,
1993) specifically designed to make use of this
new data could also be evaluated. A comparative
evaluation of the two modeling approaches
would provide information on the extent to
which the new data and model structure reduce
the uncertainty associated with the incorporation
of cytotoxicity data into a risk assessment for
chloroform.

5. Conclusion

The present investigation has suggested an
approach that is appropriate for the separate,
quantitative treatment of variability and uncer-
tainty associated with risk assessments based on
a PBPK model. To incorporate estimates of
uncertainty in the means, in addition to the
interindividual variability around the uncertain
means, a two-stage procedure was described.
First, 100 sets of means for selected sensitive
parameters were sampled from the uncertainty
distributions for the means in both the animal
and the human. Second, for each of those 100 sets
of means in both species, 500 sets of the PBPK
model parameters (including the less sensitive
parameters) were sampled from their respective
variability distributions. Animal and human dose
metrics were then predicted with the PBPK
model using each of these 100 sets of 500 par-
ameter vectors, and the risks for each of the
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50000 cases were estimated using the multistage
model and resampled response rates. Thus, if
desired, cumulative probability plots for risk
could be generated for each of the 100 sets of
means. However, the results of this multi-layer
analysis can be summarized by plotting the
cumulative frequency curve for variability based
on the best estimates of the means, and then
superimposing box-and-whisker plots of the dis-
tribution of estimates for the 5th and 95th per-
centiles from the 100 cumulative frequency
curves.

An important feature of the analytical ap-
proach was that an attempt was made to incor-
porate information on correlation between
important parameters, for example the observed
correlation between total blood flow and alveolar
ventilation rate. The difficulties encountered in
this study of chloroform resulted from an un-
usual degree of sensitivity of the PBPK model
predictions to highly uncertain parameters.
Therefore, application of this approach to PBPK
risk assessments for other chemicals where par-
ameter uncertainty is less pronounced would still
seem to be appropriate and useful. The value of
the approach described in this investigation is
that it would allow the risk assessor and risk
manager to simultaneously visualize the disper-
sion of PBPK risk estimates induced by interin-
dividual variability and model parameter
uncertainty.
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Abstract

Risk assessment policy for evaluating environmental chemicals for their potential to produce reproductive system
failures is similar to policy for evaluating cancer-causing effects. The objective of reproductive system risk assessment
is to expand on the test standards that primarily focus on fertility endpoints and birth defects by using mechanism-
of-action studies and quantitative risk assessment methods. An understanding of the sensitivity of reproductive
system insult between animal species and from animal models to man is critical to developing risk assessment policy
and test standards. The reproductive process is complex and involves a number of maturation and sex cell
development processes. Sensitivity to insult varies throughout this process, especially during, (1) the development
of the conceptus, sperm and ova, (2) fertilization, (3) implantation, and (4) puberty. Reproductive failure has many
causes and clinical effects. Risk assessment policy is directed toward reducing the uncertainty associated with the
cause by providing a guide to understanding how dose, duration, and characteristics of the reproductive toxicant
affect the reproductive process.

Keywords: Developmental toxicology; EPA risk assessment policy; Extrapolating toxicity data; Reproductive

toxicology; Reproductive system risk assessment; Sperm staging

1. Introduction

Claude Bernard established the basic prin-
ciples for toxicologic evaluation more than 100
years ago. They remain as valid today as when
they were first written and are the foundation for
safety evaluation research and risk assessment.
This presentation will examine several of those
principles and relate them to the policies that are
shaping the current regulations which guide the
risk assessment of potential reproductive toxi-
cants.

Three of these principles are key factors in risk
assessment policy development:

(1) Physiologists must discover the laws of
“vital manifestations” or physiological functions,
and observation and examination are the only
methods of investigation.

(2) Toxicity to target organs is determined by
establishing approaches to defining the mechan-
ism of action of drugs and other chemicals.

(3) Cause and effect relationships are established
through developing an objective and a hypo-
thesis, conducting the examination and controll-
ing the variables.
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This review presents the major reproductive
risk assessment policies that are currently being
used. It also discusses the “new generation”
methodologies to improve the information relat-
ing to potential risk to sensitive populations; the
gametes, the conceptus and the adult male and
female.

2. Reproductive system risk assessment policy
development

The science relating to the toxic insult of the
reproductive system has been driven by the need
to prevent exposures from reproductive and de-
velopmental toxicants to sexually active adults.
Policies have evolved primarily through a series
of guidelines and regulations that rely on labora-
tory animal surrogate models and standardized
test standards that have been developed to link
the causes and clinical effects of reproductive
system failures (see references in Section I). The
Food and Drug Administration (FDA) issued the
original test standards in 1966. These guidelines
established the requirements for regulatory ap-
proval of new drugs under development. Segment
I Reproductive Effects Studies were proposed to
evaluate fertility in rats. Segment II Teratology
Studies were proposed to be conducted in a
rodent and non-rodent animal model to evaluate
birth defects and malformations in the offspring.
Segment III Perinatal and Postnatal Studies were
developed to evaluate potential toxicity to the
young during lactation and early development.
Multigeneration reproduction studies were also
recommended for some pesticides that could en-
ter the food chain of humans. A battery of
neurobehavioral tests was established at a later
date to evaluate potential developmental effects
on the sensory organs and the central nervous
system during pregnancy.

These tests have served the regulatory process
and society by using animal surrogates as test
models to avoid catastrophic toxic insult to the
human reproductive system. They have not been
revised since they were proposed and focus pri-
marily on fertility endpoints of malformations,
functional defects, growth retardation or death.

One approach for setting acceptable levels for
developmental toxicity risk has been to use safety
(uncertainty) factors. From a bioassay conducted
at several dose levels in both a rodent and a
non-rodent animal species, a supposedly safe
dose for humans is determined by dividing the
no-observable-adverse-effect level (NOAEL) by a
safety factor. It has been suggested that a safety
factor of 100 should be used when extrapolating
from animal study data to establish acceptable
human exposure levels (Lehman and Fitzhugh,
1954, Section VI). If the NOAEL is taken to be
a safe dose for the experimental animals, a safety
factor of 10 is suggested to allow for potentially
higher sensitivities of humans compared to the
experimental animals and another factor of 10 to
allow for differences in sensitivities among indi-
viduals. For irreversible effects, such as death or
malformation, an additional safety factor of 10 is
suggested (Jackson, 1980, Section VI). Even
though the safety factor of 100 is adequate to
account for interspecies and intraspecies differen-
ces in response, this does not necessarily result in
a risk-free dose because the power of the experi-
ment may not be adequate to detect subtle toxic
effects (Galor, 1989, Section VI). Although this
method is not foolproof for setting acceptable
levels for humans, it has provided a margin of
safety and has reduced the risk for most chemical
entities that have been evaluated by using these
standardized tests. Most teratological studies are
capable of detecting reproductive system disease
incidence of 10% or more. The reason for this
increase in sensitivity in humans to reproductive
system toxicants is not clearly understood but
is likely due to differences in metabolism and
mechanism of action of the hazardous chemical.
Warning labels are required for drugs and pesti-
cides to alert physicians and sexually active
humans to avoid contact with developmental
toxicants, especially during pregnancy. The pri-
mary regulatory concern today is that data gaps
exist for most of the chemicals in commerce, and
more than 4000 reproductive or developmental
toxicants for animals do not produce these effects
in humans. About 50 human reproductive system
toxicants have been reported to have caused
developmental toxicity in humans (Schwetz and
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Harris, 1993, Section I). The regulatory policy
has been largely based on preventing or reducing
exposure to the mother at or below safe levels
during the sensitive periods for fetal develop-
ment. Prevention of exposure to human toxicants
remains to be the most effective principle for
protecting the reproductive system from toxic
insult (see references in Section IV).

Since the promulgation of the FDA guidelines,
a number of position papers, guidelines or regu-
lations have been written to establish policy for
protecting humans from reproductive system
risks. Several of these policies are discussed in
this presentation and a list of policies is included.

3. Discussion

New risk assessment policy for going beyond
the current test battery to explore the processes
by which reproductive system failures and suc-
cesses occur has been promulgated (see references
in Section II). This policy, along with the devel-
opment of new models for expanded end points
that characterize mechanisms of sex cell matura-
tion and function, is providing scientists and
regulators better means for assessing chemical
risks. The U.S. Environmental Protection Agency
(EPA) has developed risk assessment guidelines
which were finalized in 1991 (see references in
Section I, 1991). These guidelines were based on
the same criteria for cancer risk assessment which
are routinely used today. These include:

(1) Hazard identification
(2) Dose-response assessment
(3) Exposure assessment
(4) Risk characterization

These guidelines define reproductive toxicity
and developmental toxicity and describe and
discuss the endpoints that need to be evaluated
in order to prevent adverse effects to the repro-
ductive system and process. The EPA guidelines
define reproductive toxicity as the occurrence of
adverse effects on the reproductive system that
may result from exposure to environmental

agents. Toxicity may be expressed as alterations
to the reproductive organs and/or the related
endocrine system. The manifestation of such tox-
icity may include, but not be limited to, alter-
ations in sexual behavior, onset of puberty,
fertility, gestation, parturition, lactation, preg-
nancy outcomes, premature reproductive senes-
cence, or modifications in other functions that
are dependent on the integrity of the reproduc-
tive system. Developmental toxicity is defined by
the EPA as the occurrence of adverse effects on
the developing organism that may result from
exposure before conception, during prenatal de-
velopment, or postnatally to the time of sexual
maturation. Adverse developmental effects may
be detected at any point in the life span of the
organism. The major manifestations of develop-
mental toxicity include death of the developing
organism, structural abnormality, altered growth,
and functional deficiency.

Fertility and ' reproductive function in both
males and females are evaluated in the laboratory
rat in the Segment I study. The reproductive
toxicity is evaluated by dosing both sexes with at
least three dose levels. Sexually mature rats are
dosed through a sperm cycle and female sexually
mature rats are dosed with three dose levels of
the test article for 14 days prior to mating. For
most chemicals, only one generation is required.
The offspring are then evaluated for individual
and litter effects of toxicity. The U.S. Food and
Drug Administration uses multigeneration stu-
dies for food additives to evaluate chemical ef-
fects on fertility, gestation, parturition, lactation
development and offspring development and re-
production. Segment II developmental toxicol-
ogy studies are conducted in a rodent and a
non-rodent species. Pregnant rats are exposed
during the period of organogenesis during days
6—15 of gestation, and pregnant rabbits are ex-
posed on days 6-18. The pregnant dams are
terminated one day prior to delivery, and the
pups are examined for viability, malformation,
and growth (Manson and Kang, 1994, Section. VI
Q). The International Harmonisation Committee
Guideline, (ICH, 1994, Section I), recommends
the supplementation of the standardized tests
with staging techniques and mechanism of action
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studies. Many of these new methods are de-
scribed in the references by Heindel and Chapin.
(Heindel and Chapin, 1993; Chapin and Heindel,
1993, Section VI C).

The risk assessment policy guidelines have
improved the earlier test standards by stating the
assumptions made in the risk assessment process
and standardizing the use of qualitative and
quantitative data in the hazard identification and
dose-response processes. The guidelines have also
helped to identify research needed for reducing
uncertainties and to fill data gaps. This informa-
tion is included in databases (see references in
Section 1V), and is used along with epidemiology
facts (see references in Section III), to perform a
reproductive risk assessment for potential repro-
ductive system toxicants.

The criteria that are used for cancer risk as-
sessment are used for the risk assessment of
reproductive and developmental toxicants with
the following additional assumptions:

(1) An agent that produces an adverse reproduc-
tive effect in experimental animals will potentially
pose a hazard to humans after sufficient expo-
sure.

(2) Reproductive effects are generally the same
across species except for pregnancy outcomes.
(3) All of the manifestations of developmental
toxicity are of concern, including growth alter-
ations, functional deficits and fetal death, in ad-
dition to structural abnormalities.

(4) A threshold is generally assumed for the
dose-response curve for reproductive effects.

Standardization of data collection has been the
primary objective of the International Har-
monisation Committee (IHC) guidelines that
were published in 1994 (IHC, 1994, Section I).
This document introduces the concept of “most
probable option” which is interpreted as optimiz-
ing the test parameters to reflect sound scientific
procedures. This includes determining the opti-
mal treatment period for both male and female
animal models and the conceptus so that expo-
sure to the toxicant occurs during the most
sensitive period of maturation and development.
The testing requirements will include general
screens to identify potential treatment-related ef-
fects and studies to characterize the nature, scope

and/or origin of the toxic effect. The screening
studies will remain essentially the same as with
previous guidelines. The characterization studies
include optimization of test designs for kinetic
and metabolism studies in pregnant/lactating
animals and male fertility assessment.

The ITHC recommendations for male fertility
assessment includes the requirement for dosing
animals prior to mating for at least one sperm
maturation cycle, and performing sperm evalu-
ation studies in addition to histological evalu-
ation. This is accomplished by incorporating
methods to evaluate sperm motility and mor-
phology using computer assisted techniques and
the staging of spermatogenesis (Russell et al.,
1990, Section VI C). This process can also be
used for oogenesis. The ovarian follicles are all
present when the female is born. They exist as
primordial follicles until they are individually
stimulated by hormones to develop into primary
follicles, secondary follicles, early tertiary follicles
and Graffian follicles. The oogenesis process in-
volves distinct mitosis and meiosis stages. Each
of these stages can be identified by characteristic
structures that demonstrate the maturation and
differentiation of the ova. The ability to deter-
mine the stage that the toxic insult occurred is a
primary consideration in understanding how the
reproductive failure was produced. The first sen-
sitive stage of the maturation process of the
gamete dictates the expression of the reproduc-
tive failure. The reproductive process is a con-
tinuum of cell growth and function. The usual
end point of a toxic insult early in the develop-
ment of the gamete is death to the gamete. Since
there are many millions of sperm being produced
simultaneously, there must be a massive insult to
a majority of the sperm. This insult is detected
by a loss of motility and normal morphology.
Human reproductive failure can result from only
a slight reduction in the number of viable sperm,
but the rat has been shown to be able to produce
offspring with viable sperm counts of approxi-
mately 20% of normal. Ova can insulted at any
stage of maturation, but the most rapid develop-
ment stages of meiosis when the Graffian follicle
is becoming functional is usually the most sensi-
tive period for toxic insult. The “trigger points”
for cause and effect relationships can occur at any
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point along the maturation process. The toxic
insult to the sperm can produce infertility by
interfering with the locomotion process or by
causing biochemical changes that interfere with
fertilization. The ova may lose viability and cause
infertility and early reproductive failure in animal
models and premature menopause in women.

Once the stage and cell types that are affected
are identified, biomarkers can be used to help
develop an understanding of the mechanism of
action that produced the adverse event. These
biochemical markers include hormones, enzymes,
DNA abducts, biochemical substrates and meta-
bolic pathway (cytochrome P-450) pathway
changes. These changes can be detected in the
plasma, or the tissues of the reproductive system
(see references in Section IX). This combination
of assessment of the gamete maturation process,
mating behavior, fertility, pre-implantation stages
of the embryo, and implantation provide data for
the most probable option risk assessment.

New methods models and processes have been
developed to help understand the mechanism of
action in the normal and abnormal reproductive
process in sensitive populations (see references in
Section VIII). A number of new biomarkers are
currently being used to define the reproductive
process and detect alterations in function that
result in reproductive failures (see references in
Section V). These are driving policy development
and are providing a body of information that is
providing the associations between causes and
effects in reproductive failure. By examining simi-
larities and common sensitivity patterns between
animal species and from animals to man, an
optimum risk assessment approach can be devel-
oped for environmental toxicants that affect re-
production.

New methods for utilizing all the data from
animal studies for extrapolating to man (see
references in Section VI A), and incorporating
statistical methods (see references in Section IX
A), have contributed to our ability to assess
reproductive system risk. Benchmarking, com-
parisons of fetal-to-adult effects (A/D Ratio), and
improvements in the reference dose calculations
and categorical regression procedures are all be-
ing considered for improving the value of the
animal data for scaling to humans (see references

in Section VI B). Standardization of test stan-
dards and comparisons of similar endpoints are
critical for making risk assessments from study to
study and from chemical to chemical.

Pharmacokinetic and pharmacodynamic prin-
ciples can be applied for gestational and lacta-
tional modeling using physiologically-based
pharmacokinetic (PBPK) procedures (see refer-
ences in Section IX B).

The ultimate goal of reproductive system risk
assessment policy is to provide a practical and
affordable method for reducing the risk from
toxicants to an acceptable level (see references in
Section VII). The challenge for regulators and
scientists is to reduce the variables in examining
potential risk factors and to link cause and effect
parameters to reflect real world scenarios.

4. Conclusion

This presentation has briefly reviewed the pro-
cess of reproductive risk assessment policy devel-
opment and how it relates to methods and test
standards that are being used to generate and
evaluate the data for regulatory decision making.
The conceptus and the adult male and female
that are attempting to produce offspring are the
most susceptible human populations to repro-
ductive system toxicants. The reduction in vari-
ables improves the process of extrapolating data
from experimental animals to humans. Reducing
exposure levels to an environmental chemical or
group of chemicals during sensitive periods
across the human population has been the objec-
tive of regulatory agency policies, especially since
1983. Dose, duration and characterization of the
risk factor(s) combined with the time of the insult
and mechanism of action for reproductive failure
are the primary factors in developing policies
that guide reproductive system risk assessments
(see references in Section VII).
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Abstract

Because of the heterogeneity of the human population, it is generally expected that there will be a broad range
of observed susceptibilities to the biological effects of exposure to chemicals or drugs. Often it is possible to
distinguish specific classes of individuals, such as infants or the elderly, who appear to be more susceptible to a
specific effect. Non-cancer risk assessments often address this variability by dividing the experimentally determined
acceptable exposure level by an uncertainty factor of 10 to protect sensitive individuals; cancer risk assessments
typically do not address this issue in any quantitative fashion. Physiologically based pharmacokinetic (PBPK)
modeling provides the capability to quantitatively describe the potential impact of pharmacokinetic factors on the
variability of individual risk. In particular, PBPK models can be used to determine the impact of differences in key
metabolism enzymes, whether due to multiple genotypic expression, such as cytochrome P450 polymorphisms, or
just due to normal variation in enzyme activities within the general population. Other potential modulators of
sensitivity which can be addressed quantitatively with a PBPK model include physical condition, level of activity,
disease states, age, hormonal status, and interactions with other chemicals and drugs. In each case, the PBPK model
provides a quantitative structure for determining the effect of these various factors on the relationship between the
external (environmental) exposure and the internal (biologically effective) target tissue exposure. When coupled with
Monte Carlo analysis, the PBPK model provides a method to assess the quantitative impact of these sources of
variability on individual risk (as opposed to average population risk) by comparing model-predicted risks over the
distribution of individual parameter values.

Keywords: Pharmacokinetic modeling; Risk assessment; Variability; Sensitive subpopulations

1. Introduction cidence of a rare form of liver cancer (Jones et al.,
1988; Simonato et al., 1991). Although an in-

It is a common observation that individual creased incidence is observed even in the lower
people do not respond in the same way and to exposure categories in these studies, most of the
the same extent to exposures to toxic chemicals. workers in the highest exposure group do not get
For instance, studies of workers exposed to vinyl cancer. This disparity results in part from the fact
chloride have repeatedly shown an increased in- that cancer is a stochastic process, but it is likely
that it also reflects the growing evidence that

*Corresponding author. some individuals are more susceptible than
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others to certain forms of cancer. As another
example, in a study of an inadvertent short-term
exposure of families to high concentrations of
manganese in their drinking water (Kawamura et
al,, 1941), it was noted that the greater the ages
of the exposed individuals, the more severe were
the symptoms. In fact, none of the children of
ages 1-10 showed any signs of intoxication, while

severe symptoms, including death, were observed

in the much older individuals.
2. Sources of interindividual variability

2.1. Exposure

The risk, if any, that a person will incur toxic-
ity as a result of chemical exposure, as well as the
magnitude of any injury, is of course determined
in part by the extent of the exposure. One of the
important trends in exposure assessment is the
growing use of Monte Carlo techniques, in which
a distribution of potential exposures is used in
place of a single “worst case” estimate to obtain
the anticipated distribution of risks in a popula-
tion (Hattis and Burmaster, 1994). Briefly, in the
Monte Carlo method a probability distribution
for each of the input parameters (concentrations
in various media and exposure pathway factors)
is randomly sampled, and the exposure assess-
ment is run using the chosen set of parameter
values. This process is repeated a large number of
times until a probability distribution for the
population has been created. To the extent that
the input parameter distributions adequately
characterize the variability in the inputs, and
assuming that the parameters are reasonably
independent, the resulting output distribution
will provide a useful estimate of the distribution
of exposures in the population.

It is important to note that a proper exposure
estimate must be based on the complete pattern
of exposure, including both the intensity and
duration, rather than just an average measure;
the delivery of a chemical to the site of toxicity
and the generation of the toxic effect are often
complex functions of the external exposure (Hat-
tis and Burmaster, 1994). Vinyl chloride is an
example of a chemical for which metabolism is
the limiting factor in the production of toxicity.

At low concentrations, the incidence of tumors is
clearly dose-related, but at exposures above satu-
ration of metabolism (around 250 ppm) little
further increase in tumor incidence is observed
(Gehring et al., 1978). Thus, exposure to 100 ppm
for 8 h per day would be much more potent than
exposure to 800 ppm for 1 h per day. Manganese,
on the other hand is an example of an essential
nutrient which has also been found to be toxic at
high exposure levels (Schroeder et al, 1966). In
this case, chronic environmental exposures with-
in the range of normal dietary intakes are unlike-
ly to be harmful because the element is under
homeostatic control; however, exposures suffi-
ciently high to disrupt homeostasis, even for a
short period of time, can lead to toxicity.

2.2. Response

In addition to interindividual differences in
exposure, there can also be large differences in
individual responses to a given exposure. The
variability of individual responses to a chemical
exposure is well known even in testing of highly
inbred animal species, in which interindividual
variability is greatly reduced compared to an
outbred species such as humans. This variability
of response is generally described by a probit
analysis in which the log of the exposure concen-
tration or dose is plotted against the proportion
of the population responding; the familiar LD+
and LCsy represent a central measure for the
observed distribution of responses. The point
here is that, under identical exposure conditions,
some individuals will evidence a response to a
particular chemical exposure and others will not.
A large number of factors come into play in
determining the likelihood that a particular indi-
vidual will display a toxic response from a given
exposure to a chemical. These can be divided into
two main categories: hereditary factors and envi-
ronmental factors.

2.2.1. Hereditary factors

The different susceptibility of individuals to
cancer has often been associated with a genetic
predisposition, e.g. retinoblastoma (Moolgavkar
and Knudsen, 1981). Genetic differences in the
enzymes responsible for activating or detoxifying
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Table 1
Variability in human cytochrome P450 isozymes*

Isozyme Assay Variability Inducible Evidence for Cancer
substrate (-fold) polymorphism impact

1A1 — : — Yes No Smoking

1A2 Caffeine 50 Yes No PAH

2C Mephenytoin — — Yes (3% poor) ?

2D6 Debrisoquine — — Yes ?

2E1 Chlorzoxazone 10 Yes Yes Halogenated

hydrocarbons
3A4 Nifedipine 20 Yes No Aflatoxin-B1

*Guengerich, 1989; Guengerich and Shimada, 1991.

carcinogens, and in the enzymes responsible for
DNA repair, can also cause some individuals to
be much more susceptible to carcinogenic chemi-
cals than others (Harris, 1989).

The mixed function oxidase enzyme system,
now referred to as cytochrome P450 (CYP), has
frequently been associated with the toxicity and
carcinogenicity of chemicals (Guengerich, 1989;
Guengerich and Shimada, 1991; Guengerich et
al., 1991). Studies have shown that the activity of
the CYP enzymes can vary by more than a factor

Table 2
Variability in human glutathione transferase isozymes

of ten between individuals (Sabadie et al., 1980;
Guengerich, 1989; Reitz et al., 1989), and that
there is a genetic difference (polymorphism) be-
tween individuals with high activity and low
activity that is associated with a different suscep-
tibility to cancer (Uematsu et al., 1991). Genetic
polymorphisms of the CYP enzymes across racial
and ethnic groups have been observed (Stephens
et al,, 1994), as have quantitative differences in
metabolic capacity (Shimada et al., 1994). Non-
invasive methods have been developed to deter-

[sozyme Assay Variability Inducible Evidence for Cancer impact
substrate polymorphism
Alpha (GST2) Cumene — No* Aflatoxin-B1°¢
hydroperoxide® (detoxification)
Mu (GST1) trans-Stilbene — Yes® Aromatic epoxides®
oxide® (40% deficient) (detoxification)
deficiency in lung?,
stomach®, and colon®
. cancer
Pi (GST3) Ethacrynic acid® “Wide™® Yes® No* Benzo[a]pyrene®
(detoxification)
expressed in tumors’
Theta 1,2-Epoxy-3- — Yes" (30% deficient)  Halomethanes®
(p-nitrophenoxy)- (deactivation)
propane®

"Mannervik and Danielson, 1988; PBoard et al., 1990; “Simula et al., 1993; “Zhong et al., 1991; “Strange et al., 1991; "Howie et al,,

1990; EMeyer et al., 1991; "Thier et al,, 1993.




318 H.J. Clewell III, M.E. Andersen| Toxicology 111 (1996) 315-329

mine the activity of an individual’s CYP enzymes
by measuring the metabolites of common drugs
in the urine (Berode et al., 1990; Peter et al., 1990;
Bock et al., 1994). Table 1 summarizes informa-
tion on several members of the CYP enzyme
family.

Another enzyme system of importance for the
toxicity and carcinogenicity of chemicals is the
glutathione transferase (GST) system (Coles and
Ketterer, 1990). However, as opposed to CYP
enzymes, which are often responsible for generat-
ing the toxic or carcinogenic metabolite, GST
enzymes typically serve as an important route of
detoxification (Mannervik and Danielson, 1988;
Simula et al., 1993). In particular, deficiency of
GST-p isozymes has been associated with in-
creased risk of cancer (Seidegard et al, 1986;
Strange et al, 1991; Zhong et al, 1991). In
contrast, for some chemicals such as methylene
chloride and ethylene dibromide the induction of
carcinogenicity actually appears to be associated
with DNA adducts from reactive intermediates
produced during metabolism by a different GST
isozyme, referred to as GST-0 (Guengerich et al.,
1987; Meyer et al., 1991). For the particular GST
isozyme implicated in this case, there is evidence
that a significant portion of the human popula-
tion possesses no detectable activity at all (Hal-
lier et al., 1990, 1993; Thier et al,, 1993; Pemble
et al, 1994) and are therefore at much lower, if
any, risk for the effects of chemicals which result
from metabolism by this isozyme. Table 2 sum-
marizes information on several members of the
GST enzyme family.

2.2.2. Environmental factors

The personal environment of an individual can
also greatly modify their risk from a chemical.
For example, drinking alcohol induces the activ-
ity of the same CYP 2E1 isozyme which plays the
major role in the metabolism, and therefore the
carcinogenicity, of chemicals such as vinyl chlor-
ide (Nakajima et al., 1990). Increased metabolism
can also result from exposure to other environ-
mental chemicals, such as the inducibility of CYP
1A1/2 by aromatics, or prescription drugs, such
as the induction of CYP 2B1 by phenobarbital

(Nakajima et al, 1990). Even dieting can en-
hance the metabolism, and therefore the carcino-
genicity, of environmental contaminants (Sato
and Namajima, 1985). Sex- and pregnancy-re-
lated variations in P450 content can also lead to
differences in the metabolic capacity for chemi-
cals (Nakajima et al., 1992; Fletcher et al., 1994).
For example, sex differences have been noted in
the metabolism of trichloroethylene in the human
(Nomiyama and Nomiyama, 1971), with females
excreting a larger proportion of the acid meta-
bolite and a smaller proportion of the alcohol
metabolite than males.

The activity of some enzymes, such as GST-a
and GST-n, can be detected in the fetus (Guen-
gerich, 1989), while others, such as GST-u and
CYP 2E1, cannot (Bolt et al., 1980; Guengerich,
1989). These differences have important implica-
tions for the likelihood of fetotoxicity and devel-
opmental effects from chemicals. For example, it
has been suggested that the fact that vinyl chlor-
ide was not a transplacental carcinogen in animal
studies may be due to the lack of CYP 2El
activity in the fetus (Bolt et al., 1980). Moreover,
as shown in Table 3, it is approximately a week
before rat pups achieve adult levels of this
isozyme. Thus metabolic status may also have an
impact on the probability of neonatal toxicity for
some chemicals. There can also be significant
changes in pharmacokinetics and metabolism in
the elderly (Birnbaum, 1987; Ritschel, 1988); as
shown in Table 4, some chemicals, such as the
chemotherapeutic methotrexate, are less effective-

Table 3
Metabolism of vinyl chloride vs. age in rats®

Maximum metabolism

(nmol/h/g)

Age (days)

0 8
1 19
2 51
3 65
4 62
8 92
Adult 111

“Bolt et al,, 1980.




H.J. Clewell III, M.E. Andersen/ Toxicology 111 (1996) 315-329 319

Table 4

Total clearance of selected drugs in elderly vs. young adults®

Drug Clearance ratio
(elderly/young adult)

Acetaminophen 0.75

Aspirin 0.7

Ibuprofen 1.1

Methotrexate 0.6

Theophylline 0.8-1.3

Valproic acid 0.95

Warfarin 0.85

*Ritschel, 1988.

ly cleared by the elderly, while others, such as the
analgesic ibuprofin, are not.

Other personal factors affecting the response of
an individual to a chemical include size, weight,
condition, fat content, and level of physical
activity. These factors effect the individual phar-
macokinetics (uptake, distribution, and elimina-
tion) of the chemical exposure (Wallace et al,
1989). For example, an individual with a large
proportion of fat will absorb more of a chemical
such as trichloroethylene, and retain it longer,
than a lean individual. This longer storage in-
creases the opportunity for metabolism to the
carcinogenic species. Studies on normal human
volunteers have shown significant variation in
individual pharmacokinetic behavior, and it is
clear that this variability in pharmacokinetic fac-
tors is an important component of the overall
interindividual variability of susceptibility to the
toxic effects of chemicals (Hattis et al.,, 1987).

There are still other factors such as disease and
hormonal status which could also affect the indi-
vidual risk from exposure to a chemical, either
because of an impact on pharmacokinetics or
metabolism, or due to other interactions. Estro-
gens, for example, have been associated with both
increased risk (for breast cancer) and decreased
risk (for colon cancer), and are also metabolized
by the CYP system (Guengerich, 1989). There-
fore, the possibility of interaction with environ-
mental chemicals includes metabolic inhibition
or induction, as well as tumor promotion or
repression. Pharmacokinetic and metabolic dif-
ferences alone cannot explain the overall inter-

individual variation in susceptibility observed in
exposed populations (Hattis et al, 1987, Hattis
and Silver, 1994). Clearly there are other, less well
understood interindividual differences, both ac-
quired (due to environmental exposures or dis-
ease states) and inherited (due to genetic
differences) that are also important determinants
of the individual risk for development of toxicity
from exposure to a chemical. However, to the
extent that we can quantitatively describe and
evaluate pharmacokinetic and metabolic vari-
ation, it will become increasingly possible to
estimate the range of risks in an exposed popula-
tion and to identify the factors which put individ-
uals at the greatest risk.

3. PBPK modeling of human variability in risk
assessment

Non-cancer risk assessment traditionally relies
on applied dose measures, such as concentration
of a chemical in inhaled air or in drinking water
associated with the threshold for a toxic effect.
Safety factors are then incorporated in an at-
tempt to address the uncertainties associated
with extrapolating across species, dose, duration,
and routes of exposure, as well as to account for
the potential impact of variability of human
response (Dourson and Stara, 1983). A major
disadvantage of this approach is that applied
dose measures ignore fundamental pharmaco-
kinetic processes which cause the relationship
between applied dose and effective tissue dose to
be complex and non-uniform across dose levels,
dose routes, and species. A more biologically
defensible risk assessment approach would be
one in which an internal measure of effective
tissue dose appropriate to each toxic endpoint
was used. The internal dose associated with no-
effect and low-effect levels in animals could be
compared with those for potential human expo-
sure scenarios.

While noncancer risk assessment makes use of
an uncertainty factor (typically 10-fold) to at-
tempt to account for the variability of human
response, cancer risk assessment as currently
practiced does not explicitly consider interin-
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dividual variability in setting an acceptable hu-
man exposure level. Cancer potency estimates
and risk specific doses reflect an estimate of the
average risk to a population, and do not provide
any information on the extent to which the risk
to an individual could differ from the population
average.

Physiologically based pharmacokinetic (PBPK)
modeling provides a methodology both for con-
sidering pharmacokinetic differences across spe-
cies when estimating human risk from animal
data, and for evaluating the impact of phar-
macokinetic variability on the dispersion of indi-
vidual risks. Advantages of applying PBPK
modeling in risk assessment have been discussed
both for cancer (Clewell and Andersen, 1985,
1989; NRC, 1987; EPA, 1989; Frederick, 1993)
and noncancer endpoints (Reitz et al, 1988a;
Beck et al,, 1993; Clewell and Jarnot, 1994). In
addition, the use of PBPK modeling has been
recommended to improve route-to-route extra-
polation (Gerrity and Henry, 1990) and the esti-
mation of risk for chemical mixtures (Mumtaz et
al, 1993). A number of excellent reviews have
been written on the subject of PBPK modeling
(Himmelstein and Lutz, 1979; Gerlowski and
Jain, 1983; D’Souza and Boxenbaum, 1988;
Leung, 1991). Briefly, PBPK modeling attempts
to describe the relationship between external
measures of applied dose (e.g. amount adminis-
tered or concentration in food, water, or air) and
internal measures of delivered dose (e.g. amount
metabolized or concentration in the tissue dis-
playing the toxic response), using as realistic a
description of mammalian physiology and bio-
chemistry as is necessary and feasible.

Simple pharmacokinetic approaches have oc-
casionally been used by regulatory agencies in
cancer risk assessment; for example, the use of
metabolized dose for trichloroethylene (EPA,
1985, 1987a). However, the only case to date
where an agency has used a full PBPK approach
was the EPA’s use of the model of Andersen et
al. (1987) in its latest revision of its inhalation
risk for methylene chloride (EPA, 1987b). Appli-
cation of the PBPK model for methylene chlor-
ide in a cancer risk assessment for occupational
exposure has also been described (Clewell, 1993,

1995; Dankovic and Bailor, 1993), and is current-
ly under consideration by OSHA (OSHA, 1991).
Cancer risk assessments using PBPK models
have also been described for perchloroethylene
(Hattis et al, 1986; Chen and Blancato, 1987;
Koizumi, 1989; Gearhart et al, 1993), ethylene
oxide (Hattis, 1987), butadiene (Hattis and Was-
son, 1987), ethylene dichloride (D’Souza et al.,
1987), trichloroethylene (Koizumi, 1989; Fisher
and Allen, 1993; Clewell et al,, 1994a, 1995a,b),
vinyl chloride (Chen and Blancato, 1989; Clewell
et al, 1995b,c), dioxane (Reitz et al, 1990a;
Leung and Paustenbach, 1990), chloroform (Re-
itz et al., 1990b), and ethyl acrylate (Frederick et
al, 1992). PBPK models have also been applied
in noncancer risk assessment (Clewell and Jarnot,
1994; Clewell et al., 1995d), as well as to derive
accurate Biological Exposure Indices for work-
place exposure monitoring (Leung and Pausten-
bach, 1988; Perbellini et al., 1990; Leung, 1992).

3.1. Uncertainty

One of the little recognized benefits of PBPK
modeling in risk assessment is its ability to quan-
tify the impact of pharmacokinetic uncertainty
and variability. As it relates to the issue of using
PBPK modeling in risk assessment, uncertainty
can be defined as the possible error in estimating
the “true” value of a parameter for a representa-
tive (“average”) animal or human. Variability, on
the other hand, should only be considered to
represent true interindividual differences. Under-
stood in these terms, uncertainty is a defect in
knowledge which can typically be reduced by
experimentation, and variability is a fact of life
which must be considered regardless of the risk
assessment methodology used. One of the at-
tractive features of PBPK modeling is that it
identifies those areas of uncertainty which are of
the greatest importance for a specific risk assess-
ment and which deserve further investigation.
For example, PBPK modeling identified the need
to measure human GST activity in order to refine
the risk estimate for methylene chloride (Ander-
sen et al.,, 1987; Reitz et al., 1988b, 1989). Several
investigators (Farrar et al, 1989; Portier and
Kaplan, 1989; Bois et al,, 1990; Clewell, 1993,
1995) have attempted to estimate the overall
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impact of parameter uncertainty in PBPK
models on risk assessment predictions using the
Monte Carlo method.

3.2. Variability

In the same way that it helps to illuminate
uncertainty in the risk assessment process, PBPK
modeling can also help to elucidate the potential
impact of human variability on the internal expo-
sure of an individual, as opposed to that of the
average population. In a series of publications,
Sato and coworkers have described the use of a
simple PBPK model to study the kinetics of TCE
and its metabolites in humans (Sato et al., 1977),
to evaluate the impact of changes in physio-
logical factors (Sato et al, 1991a) and environ-
mental factors (Sato, 1991) on the kinetics of
TCE in the human, and to predict the effects of
interactions with ethanol consumption on TCE
kinetics (Sato et al.,, 1991b). Other studies have
also used PBPK models for investigating the
impact of variations in the physiological or bio-
chemical parameters on the internal exposure to
a volatile chemical (Fiserova-Bergerova et al,
1980, 1984; Sato and Nakajima, 1987; Opdam,
1989a; Droz et al., 1989a,b), and for calculating
the respiratory input of a volatile chemical from
inhalation exposures (Opdam, 1989b; Opdam
and Smolders, 1989).

3.3. Linking pharmacokinetic and metabolic
variability to risk with PBPK models

The quantitative framework provided by a
PBPK model makes it a simple matter to inves-
tigate the impact of differences in pharmaco-
kinetic factors on personal risk. For example, a
higher breathing rate and cardiac output should
be used for occupational exposures involving
exertion than for more sedentary occupations
(Astrand and Rodahl, 1970). Using a PBPK
model for methylene chloride developed by An-
dersen et al. (1987), Dankovic and Bailor (1993)
were able to demonstrate that workers exposed
to methylene chloride under light working condi-
tions were at more than twice the risk estimated
for resting individuals (Table 5). They also exer-
cised the model to evaluate the risk implications

of the heterogeneity of human metabolic activity.

Table 5 )
Effect of activity on pharmacokinetic parameters and relative
cancer risk®

Parameter Flow rate (I/min)
Rest Light
work
Alveolar ventilation 7.0 174
Cardiac output 52 84
Liver blood flow 1.6 1.7
Relative lung cancer risk® 1 1.8

2Dankovic and Bailor, 1994.
*Based on the PBPK mode! of Andersen et al., 1987.

Table 6 shows the in vitro cytochrome P450 and
GST metabolic activities obtained for human
liver samples from four individuals. Again using
the PBPK model of Andersen et al. (1987), Dan-
kovic and Bailor (1994) calculated that if those
four individuals were exposed to methylene
chloride, their relative risk of lung cancer would
range from zero (for the individual lacking any
GST activity for methylene chloride) to 50%
greater than the average population risk estimate
(Table 6, last column).

3.3.1. Sensitivity analysis

To the extent that a particular PBPK model
correctly reflects the pharmacokinetic and meta-
bolic processes underlying the delivery of the
active form of a chemical to the target tissue,
PBPK modeling also provides a means for ident-

Table 6
Variation in relative cancer risk resulting from variation in
human metabolic activity for methylene chloride

Individual P450 GST Relative
activity® Activity® risk®
(nmol/min/mg) (nmol/min/mg) (GST, lung)

99 5.27 2.62 135
103 1.53 0.0 0.0
105 130 271 1.10
109 6.24 3.03 1.52

*Reitz et al., 1989; PDankovic and Bailor, 1994.
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Fig. 1. Normalized analytical sensitivity coefficients for the parameters in the PBPK model for vinyl chloride, based on model
predictions of the amount of vinyl chloride metabolized per liver volume per day. A sensitivity coefficient of 1 indicates that a
0.1% increase in the parameter produces a 0.1% increase in the prediction. Abbreviations: BW, body weight; VL, volume of liver;
QC, cardiac output; QL, relative liver blood flow; QP, alveolar ventilation; PB, blood/air partition coefficient; KA, ora! uptake
rate; VM, capacity of metabolism; KM, affinity of metabolism; RatGav, rat oral gavage (12 mg/kg/day); Ratlnh, rat inhalation
(50 ppm, 4 h/day); HumlInh, human inhalation (1 ppm, continuous); and HumDW, human drinking water exposure (1 ppm, 2

1/day).

ifying the important physiological and biochemi-
cal parameters affecting individual risk. Fig. 1
shows the results of a sensitivity analysis per-
formed on a PBPK model for vinyl chloride
(Clewell et al., 1995c). The analytical sensitivity
coefficients shown in the figure have been nor-
malized, that is they represent the fractional
change in output associated with a fractional
change in the input parameter. For example, if a
0.1% change in the input parameter resulted in a
0.2% change in the output, the sensitivity coeffi-
cient would be 2.0. The model output in this
analysis was the total amount metabolized,
divided by the volume of the liver; this is the

target tissue dose metric used to perform a risk
assessment for the liver effects (cancer or toxicity)
of vinyl chloride. Parameter sensitivities are com-
plex functions of the exposure scenario and ani-
mal being modeled, and can also vary over time
(Clewell et al.,, 1994b). In this case the normalized
sensitivities for four different exposure scenarios
are shown: oral gavage of rats (RatGav), inhala-
tion exposure of rats (RatInh), human inhalation
exposure (HumlInh), and human drinking water
exposure (HumDW). Parameters with nor-
malized sensitivity coefficients of less than 0.1 in
absolute value were omitted from the figure for
clarity.
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Note that none of the parameters display sen-
sitivities significantly greater than 1.0, indicating
that there is no amplification of variability from
the inputs (pharmacokinetic parameters) to the
output (risk). This is, of course, a desirable result,
since it indicates that small variations in phar-
macokinetics do not lead to wide differences in
individual risk. It can also be seen that of the 24
parameters in the vinyl chloride model, only
eight have a significant impact on risk predic-
tions based on any of the dose metrics: the body
weight (BW), relative liver volume (VL), cardiac
output (QQC), relative liver blood flow (QL), al-
veolar ventilation (QP), blood/air partition coef-
ficient (PB), oral absorption rate for oral gavage
(KA), and the capacity (VM) and affinity (KM)
for metabolism by CYP 2El.

Thus, the results of this sensitivity analysis
indicate that the most important pharmaco-
kinetic parameters affecting the human risk from
vinyl chloride exposure are:

— the blood/air partition coefficient (PB) and
pulmonary ventilation (QP), which determine the
uptake and elimination of vinyl chloride in the
lungs,

— the total blood flow (QC), the relative blood
flow to the liver (QL), and the capacity and
affinity of metabolism by CYP 2E1 (VM and
KM), which determine the rate of metabolism,
and

— the body weight and relative volume of the
liver (BW and VL), which determine the volume
of distribution for the reactive metabolites pro-
duced by CYP 2E1.

All of these parameters can be reasonably well
characterized from experimental data in both the
animal and the human, so the impact of phar-
macokinetic model uncertainty on the popula-
tion average risk estimates should be  small
compared to other sources of uncertainty in the
risk assessment process. However, the sensitivity
of the risk predictions to the human values of
some of these parameters also implies that the
risk from exposure to vinyl chloride could vary
considerably from individual to individual, de-
pending on their specific physiology, level of

activity, and metabolic capability, as demon-
strated above for methylene chloride.

3.3.2. Monte Carlo analysis

An estimate of the contribution of variability
in pharmacokinetics and metabolism to human
interindividual variability in susceptibility can be
obtained from Monte Carlo analysis, in roughly
the same way that variability in exposure assess-
ment is evaluated by this technique. In this case,
the PBPK model is run with parameter values
sampled from distributions chosen to reflect the
observed variation in each pharmacokinetic par-
ameter in the human population. For example
the distribution for VM, the capacity of CYP
metabolism, is based on the reported variation in
CYP 2E1 (Sabadie et al., 1980; Reitz et al., 1989;
Guengerich, 1989), while the distribution of PB,
the blood/air partition coefficient, is based on
repeated determinations for two chemicals,
PERC (Gearhart et al, 1993) and chloropenta-
fluorobenzene (Clewell and Jarnot, 1994). The
distributions of the physiological parameters
were obtained from the physiological literature
(ILSI, 1994). In the analyses described here, the
parameters were assumed to be independent; a
more accurate estimate of variability could be
obtained if the correlations among important
parameters were treated explicitly (Allen et al.,
1996). Each time the model is run with a sampled
set of parameter values, the appropriate dose
metric for the toxicity of interest is output and
the resulting risk estimate (for a cancer endpoint)
or acceptable exposure (for a noncancer end-
point) is calculated. This process is repeated a
large number of times (typically 200 to 500),
generating the distribution of risks or acceptable
exposures for the simulated population.

The results of this analysis for four chemicals
are shown in Table 7. The variability of cancer
risk estimates was estimated for three chemicals
and five human exposure scenarios: lung tumors
from occupational exposure to methylene chlor-
ide at the proposed OSHA Permissible Exposure
Level (25 ppm), and liver tumors from lifetime
contihuous exposure to trichloroethylene or vinyl
chloride in air or drinking water. Cancer risks
varied by roughly 3- to 12-fold from the 5th to
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Table 7

Predicted distribution of risks and effect levels in a population due to human variability in pharmacokinetics and metabolism

Chemical/effect Dose metric Risk metric Percentile in population
5% 50% 95%
Cancer effects
Methylene chloride®/ Amount metabolized by the Risk (per thousand) for an 0.15 (0.0) 0.5 1.9
lung cancer glutathione transferase occupational exposure
pathway/volume of liver to 25 ppm:
Trichloroethylene®/ Trichloroacetic acid area Risk (per million) for 11 33 82
liver cancer under the curve 1 ppb inhalation:
Risk (per million) for 0.4 1.7 40
1 ug/l in drinking water:
Vinyl chloride®/ Amount metabolized/ Risk (per million) for 3.5 6.8 10.8
liver angiosarcoma volume of liver 1 ppb inhalation:
Risk (per million) for 0.64 1.14 1.63
1 ug/l in drinking water:
Noncancer effects
CPFB?/liver toxicity CPFB area under the curve No-observed-adverse-effect level 2.6 1.8 1.1
in the liver human equivalent conc. (ppm):
Vinyl chloride/ Amount metabolized/ Lowest-observed-adverse-effect 27 19 10
liver toxicity volume of liver level human equivalent
conc. (ppm):

*Clewell, 1995; ®Clewell et al., 1994a; “Clewell et al., 1995c; Clewell and Jarnot, 1994; *Clewell et al., 1995d.

the 95th percentile. In the case of methylene
chloride, the range of risks is actually for the 70%
of the population possessing GST-0 activity,
since the risk for the 30% of the population
lacking this enzyme appear not to be at risk from
this effect. The variability in the acceptable hu-
man exposure for a noncancer effect is shown for
two cases: the human equivalent to the animal
no-observed-adverse-effect level for liver toxicity
from chloropentafluorobenzene and the human
equivalent to the animal lowest-observed-ad-
verse-effect level for liver toxicity from vinyl
chloride. In both cases, the 5th and 95th percen-
tiles of the simulated population differ by slightly
under 3-fold. These results are consistent with the
results of previous studies of human phar-
macokinetic variability (Hattis et al., 1987; Hattis
and Silver, 1994), which concluded that while
pharmacokinetic variation was an important
component of the observed interindividual varia-
bility of susceptibility, other factors must also
play a significant role.

4. Conclusion

Standard carcinogenic risk assessment calcula-
tions estimate chemical potency for an “average”
person, while noncancer risk assessments typi-
cally apply an uncertainty factor of 10 to account
for interindividual variability. In applying the
results of a risk assessment to an entire popula-
tion, no quantitative estimate of the impact of
intrapopulation variability on the potency of a
specific chemical effect can be made unless a
methodology is used which incorporates the fac-
tors which modulate individual response. For
example, the personal risk for many chemicals is
critically dependent on the individual’s metabolic
capability, but the standard risk assessment pro-
cess is poorly designed to incorporate this infor-
mation. One of the important contributions of
PBPK models to chemical risk assessment is that
they help to make key pharmacokinetic factors in
the process more explicit, and provide a means
for estimating the significance of these factors in
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the final risk estimate. The impact of human
pharmacokinetic heterogeneity on the range of
individual risks, as compared to the average
population risk, can be estimated by performing
a Monte Carlo analysis of the effect of the vari-
ation of human metabolic and physiological par-
ameters on the risks estimated with a PBPK
model. The results of this analysis indicate that
pharmacokinetic variability is an important, but
not the only, component of the observed interin-
dividual variability of human susceptibility to
chemical toxicity.
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Abstract

In the past few years, our knowledge of mammalian genomes has increased enormously. Our understanding of
the molecular basis of the normal cellular processes of DNA replication and repair and cell cycle control, together
with how their fidelity malfunctions as part of tumor development, has increased in parallel. This has led to a clearer
appreciation that there are subpopulations that have been generically described as being genetically or otherwise
susceptible to the induction of cancer or birth defects. The term susceptibility is a default option, since there clearly
will be a very broad range of sensitivities among the so-called susceptible populations, dependent upon the specific
underlying mechanism. This could lead to the conduct of risk assessments for each specific situation, involving both
genotypes of individuals and agents of concern. This would ideally take into account the effects on response of
various modifying factors, genetic and other. One advantage to be gained from this approach is the ability to
determine if a particular susceptibility places subpopulations at extreme risk as compared to the overall normal
distribution of risk in the population, or whether such a susceptible population presents a slight extension of the
upper bound of the risk distribution or lies within the normal distribution. In addition, the specific mechanism of
the susceptibility as related to exposure scenarios and the magnitude and demographics of the susceptible
populations need to be taken into account. Thus, the management of risk has to be linked to the specific risk
assessment. For many of the so-called susceptible populations an uncertainty factor of less than 10, even including
1, would be predicted to bring the risk within the normal distribution. It is hoped that as more mechanistic
information on susceptibility becomes available and a specific risk can be defined, the practice of risk management
will be considerably improved.

Keywords: Genetic susceptibility; X-rays; Ultraviolet light; Mutagenic chemicals; Safety factors

1. Introduction

The issue of how to account for interin-
dividual variations in susceptibility and sensitiv-
ity to cancer induction, especially where this has

* Corresponding author, Tel.: +919 558 1367; Fax: +919
558 1300; E-Mail: Preston@CIIT.org.

a genetic basis, has generally been treated in a
generic way for risk management purposes. There
is a tendency to combine all potential or known
sensitivity traits into a single category, and sug-
gest that a single safety factor (default option) be
applied to protect such individuals from the ad-
verse health effects of environmental or occupa-
tional exposures to chemicals and/or radiations.
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Such an approach will more than likely provide
an overestimate of allowable exposure in some
cases and an underestimate in others. The infor-
mation presented in this chapter is an attempt to
show how a unique risk assessment process and
risk management decision will need to be devel-
oped for each particular combination of sus-
ceptibility gene and agent of exposure. The
discussion will, by necessity, be only scratching
the surface of a very complex problem, but it is
hoped that it will provide an impetus toward the
development of a rational approach to risk
assessment for genetically susceptible/sensitive
populations. Since it is a concept paper it con-
tains relatively few references, but it is hoped that
this will not detract from its utility.

2. Susceptibility and sensitivity: what to do with
scientific knowledge

For the purposes of the present discussion the
emphasis will be on tumors as an endpoint and
cancer risk assessment and management as the
process to be developed. It will probably be
apparent that other noncancer endpoints such as
birth defects, and adverse neurological, develop-
mental and reproductive outcomes will be the
subject of similar deliberations. In this context it
is important to note that there is a distinction
between interindividual susceptibility and sensi-
tivity, one that should become apparent in the
subsequent section. For cancer, a genetic suscep-
tibility is indicated by an increase in the back-
ground frequency of a specific tumor type or
tumors overall. A susceptible sub-population will
carry a specific genetic alteration (or genotype)
compared to the mean of the general population.
In contrast, a genetic sensitivity is indicated by an
increase in a specific tumor type or tumors over-
all in response to an environmental stress. Such
stress might typically be exposure to certain
chemicals or exposure to ionizing radiation or
ultraviolet light. This distinction becomes of par-
ticular importance when expressing any added
risk from exposure in terms of background fre-
quency of tumors.

Having developed this working definition of

susceptibility and sensitivity, it is necessary to
determine what one would do with the knowl-
edge that a particular population subgroup has
an increased susceptibility and/or sensitivity to
carcinogenesis. An increased susceptibility would
indicate the potential for increased sensitivity,
but any risk assessment or risk management
decision would be made in the absence of knowl-
edge of response to a particular exposure and
would probably utilize only a default approach.
This would incorporate the use of somewhat
arbitrary, albeit conservative safety factors. An
observed or predicted increased sensitivity, on
the other hand, could be incorporated directly
into a risk assessment for the particular sensitive
population for comparison with the general
population. Attention should be given to infor-
mation on the possible role of a specific genotype
in the multistage cancer process. A risk manage-
ment decision would need to be attentive to the
relative magnitude of the sensitivity in relation to
the distribution of sensitivities in the general
population, the estimated or known size of the
sensitive population, and the likelihood of the
sensitive group receiving a specific exposure.
The aim of the risk management process with
the inclusion of sensitive populations is clearly
expressed by the Committee on Risk Assessment
of Hazardous Air Pollutants in Science and Judg-
ment in Risk Assessment (NRC, 1994, page 208):

It can be argued (in addition) that EPA has a responsibility, in
so far as it is practicable, to protect persons regardless of their
individual susceptibility (sensitivity) to carcinogenesis (we use
protect here not in the absolute, zero-risk sense, but in the
sense of ensuring that excess individual risk is within accept-
able levels or below a de minimus level).

Within this framework of protection, it is import-
ant to note that the descriptions of susceptibility
and sensitivity are not based on unique values of
an enhanced response, but rather on alterations
in the distribution of response seen in the normal
population, as described below. Thus, an ap-
proach for risk assessment, based upon this need
for considering distributions of risk, was pro-
posed by the Committee on Risk Assessment of
Hazardous Air Pollutants (NRC, 1994, page
208):
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EPA could develop a “default distribution” of susceptibility,
and then generate the joint distribution of exposure and cancer
potency [in light of susceptibility (sensitivity)] to find the upper
95th or 99th percentile of risk for use in a risk assessment.

This concept of distributions of risk is a recurring
one throughout the present chapter, since it pro-
vides a most important foundation to the devel-
opment of rational risk management approaches
for susceptible/sensitive populations, including
the means for incorporating a wide range of
different types of susceptibility and sensitivity.

The previous discussions are obviously
predicated on the conclusion that it is essential
that a much clearer understanding be obtained of
the basis for interindividual variations in suscep-
tibility and sensitivity at the cellular and molecu-
lar level in order to provide more reliable default
factors or to develop distributions of risk. In
some cases, there is an initial understanding of
underlying mechanisms, and progress clearly is
rapid (Cold Spring Harbor Symposia on Quan-
titative Biology, 1994).

Despite the need for mechanistic data on the
underlying basis for genetic susceptibilities and
sensitivities, there will remain a necessity to be
cautious about the interpretation of the data and
the extension into general rules. Examples of
pitfalls to the use of mechanistic data are pres-
ented in Genetic susceptibility and sensitivity:
what are we looking for? (Section 5).

3. The genetics of susceptibility and sensitivity

In order to incorporate the effects of genetic
susceptibility and sensitivity into risk assessment
models and risk management practices, it is de-
sirable to determine the extent of the concern. As
a general rule, most of the susceptibility or sensi-
tivity factors (e.g. genotypes) that are common in
the population tend to increase relative risk by
small amounts. Those conferring high relative
risk are present at a low frequency; this is par-
ticularly true for susceptibility for which back-
ground frequencies of cancer, for example, are
high. The question of paramount importance for
risk management would, therefore, seem to be,
“What do we know about relatively common
factors that might increase sensitivity by a rela-

tively large amount?” In other words, would
exposure to a particular chemical produce a
significant increase in cancer risk to the sensitive
group?

Largely as a consequence of the fact that a cell
has an intricate set of controls for maintaining
genomic and cellular integrity, there will be the
opportunity for mutations at any one of these
controls to jeopardize this integrity in one or
more ways. The fact that this happens relatively
rarely (or at least as evidenced by cancer fre-
quency, for example) is probably a consequence
both of genetic redundancy, whereby more than
one gene can control a single function, and the
ability of cells to undergo various types of repair,
particularly at the DNA level. However, the
probability of producing a mutation in genes
controlling genomic and cellular integrity can be
enhanced in a number of ways, any of which can
give rise to an increase in individual sensitivity or
susceptibility to cancer (or other adverse health
outcome). While the following list is probably
not all-inclusive, it covers the majority of factors
influencing individual sensitivity.

The dose of an exogenous agent will clearly
influence sensitivity to mutation induction. For
the present discussion the role of genetic controls
of target cell dose will be the area of focus. It is
appreciated however that, in terms of target tis-
sue dose a sensitive group can also be considered
to be one receiving a high exposure. Such situ-
ations have been covered in other chapters in this
volume.

There is a broad range of genetic polymor-
phisms in humans for xenobiotic metabolizing
and detoxifying enzymes, some of which have
been correlated with the frequency of a specific
tumor type. For example, the slow and rapid
acetylation of aromatic amines have been im-
plicated as cancer risk factors. The slow one has
been associated with bladder cancer in individ-
uals exposed to N-substituted aryl compounds in
the dye industry (Cartwright et al., 1982) and the
rapid one with colon cancer (Lang et al., 1986;
Tlett et al., 1987, Ladero et al., 1991). In a
somewhat different vein, the GSTT1 and GSTM1
polymorphisms (and the homozygous null
phenotypes) appear to control a relative sensitiv-
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ity to sister chromatid exchange induction in
cultured lymphocytes exposed to diepoxybutane
(DEB). In broad terms, DEB-sensitive individ-
uals are of the GSTT1 nuil phenotype, with there
being no influence from the GSTM1 genotype
(Norppa et al, 1995). It remains exceedingly
difficult to provide strong evidence for a causa-
tive relationship between a proximate event to
exposure, namely metabolism, and a distal event,
cancer. It should also be noted that assigning
relative risk factors based on a single genetic
polymorphism is perhaps begging the question in
overall terms since there are multiple metabolic
pathways and detoxification processes for any
particular chemical, all of which are under gen-
etic control.

It is difficult to determine if interindividual
differences in levels of DNA damage are due to
differences in dose, differences in DNA repair, or
to real differences in production of DNA damage.
It has been shown in molecular epidemiology
studies that there can be as much as a 150-fold
range in DNA adduct frequency among exposed
individuals (Harris, 1989). However, in general
the range of frequencies of adducts among indi-
viduals is unimodal, perhaps indicating the ab-
sence of genetically sensitive populations for
DNA damage induction itself.

There are essentially two outcomes for a DNA
adduct (or other forms of DNA damage); it can
be repaired by one of the several DNA repair
pathways, or it can be “replicated” by being
present in the template at the time of DNA
replication. The timing of the events of DNA
repair and replication is important for maintain-
ing genomic integrity. There is a requirement for
repair to precede replication in order to reduce
errors of replication from a damaged DNA tem-
plate. Thus, the rate of DNA repair and its
fidelity will help govern the potential for muta-
tion induction via misrepair and/or misreplica-
tion, and these characteristics will be genetically
controlled. Recent advances in understanding
DNA repair and replication through molecular
biology techniques have enabled us to begin to
appreciate the range and types of genetic suscep-
tibility and sensitivity through these processes
and even to identify individuals at potentially

increased risk. The next section will expand upon
this discussion. '

DNA replication is a complex process that
requires the coordinated action of many enzymes.
In addition, the timing of the whole process of
replication has to be exquisitely controlled be-
cause of the multiple replicons that are required
to replicate the genome in a few hours instead of
the one year that a single replication would
require (Su et al., 1995). It is more than likely
that mutations in the genes involved in conduc-
ting and controlling replication will have a broad
range of susceptibilities for background mutation
frequency and sensitivity to exposure to
mutagenic and some nongenotoxic chemicals.
However, at this time there is little information
to demonstrate the consequence of such errors at
the organism level. Several sophisticated studies
by Kunkel and colleagues (Thomas et al., 1991;
Kunkel, 1992; Boyer et al., 1993) have demon-
strated that a number of factors can influence
DNA replication fidelity in in vitro systems, and
alter mutation frequency. However, such infor-
mation currently remains beyond the bounds of
risk assessment.

In addition, it has been demonstrated that a
number of human disorders, particularly with an
irregular inheritance pattern, can arise from rapid
expansion of trinucleotide repeat sequences with-
in or outside coding sequences for specific genes
(Sutherland and Richards, 1995). This appears to
be due to replication errors as a consequence of
polymerase “stuttering”. Alterations in the rep-
licative polymerase could enhance the probabil-
ity of this occurring,

The recent cloning of a number of genes asso-
ciated with DNA repair has led to an enormous
expansion of our understanding of the process.
For example, several genes have been cloned that
are mutated in xeroderma pigmentosum (XP)
patients, and these patients show increased sensi-
tivity to ultraviolet light (UV) and the subse-
quent development of skin cancer. These genes
are, in fact, also associated with transcription (for
short review see Sancar, 1994). This finding also
provided an explanation of how pyrimidine
dimers are more rapidly repaired in the tran-
scribed strand of actively transcribed genes than
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in other regions of the genome (for short review
see Hanawalt, 1994; Chalut et al., 1994). At least
12 proteins are required for nucleotide excision
repair (NER), as shown by the elegant in vitro
reconstitution studies of Aboussekhra et al.
(1995). Thus, one would predict that there would
be a wide range of DNA repair capacities based
upon the possibilities for mutation in any one of
the genes involved in NER. Some will produce
major effects like XP, but others could be ex-
pected to produce minor effects that might have
gone undetected.

What would be the predicted outcome from a
reduction in DNA repair rate? For ultraviolet
light, this can be surmised from the experiments
of Tornaletti and Pfeifer (1994). A summary of
their finding is given in Fig. 1. They showed that
the hot spots for mutation in the p53 gene
following exposure to UV were at sites of slow
repair of pyrimidine dimers. Only some of these
sites were also hot spots for DNA damage. Thus,
a slowing of repair for a variety of different types
of DNA damage could increase the mutation
frequency. It is these somewhat more subtle
effects of mutations in required cellular processes
that have to be considered of particular sig-
nificance for genetic susceptibility, and the mag-
nitude of the sensitivity from exposure to
exogenous agents will determine the risk manage-
ment approaches (see Section 4).

Similar arguments to those made for sensitivity
as a result of alterations in NER hold for other
repair processes. For example, it has recently
been shown that mutations in one or more genes
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Fig. 1. A diagram of the p53 gene depicting the hotspots for
ultraviolet light-induced DNA damage, the slow spots for
DNA repair, and the hotspots for mutation induction (from
Service, 1994).

involved in mismatch repair can lead to genetic
instability and cancer, at least for hereditary
nonpolyposis colorectal cancer (for short review
see Modrich, 1994). This finding has led to the
concept of a mutator phenotype (perhaps muta-
tor genotype is more appropriate), whereby a cell
that is mutant for a specific housekeeping func-
tion would be particularly sensitive to the induc-
tion of mutations in the cancer pathway. This
type of genetic alteration is perhaps at the root of
genetic susceptibility and sensitivity (Parsons et
al., 1995).

For the purpose of the present discussion of
what constitutes genetic susceptibility and sensi-
tivity, the last of the cellular processes to be
considered that will affect this is accurate control
of the cell cycle. It has already been mentioned
above that a critical component of sensitivity to
mutation induction by DNA damaging agents is
the relationship between DNA repair and repli-
cation. In order to insure that maximal repair of
DNA damage takes place before replication is
initiated and before the cell enters mitosis, the
cell has developed an intricate system of check-
points most clearly described at the G,/S and
G,/M boundaries (Weinert and Lydall, 1993;
Cox and Lane, 1995). The prototypical cell cycle
checkpoint gene is p53. In simple terms, p53
serves to recognize DNA damage (assumed to be
DNA strand breaks) and binds to this to initiate
DNA repair (Bakalkin et al.,, 1994). At the same
time, it serves as a transcription factor to increase
expression of p21, a cell-cycle protein, that in-
hibits replication by binding to PCNA (Li et al,,
1994). The DNA repair function of PCNA is not
inhibited by p21l. The DNA-damaged induced
protein Gadd45 is also up-regulated by p53, and
it may stimulate excision repair and inhibit cell
replication (Smith et al., 1994). In this way the
cell cycle is checked at the critical G,/S boundary
and DNA repair is stimulated. p53 itself may well
be involved in DNA repair (Wang et al., 1995).
p53 is frequently mutated in human and to a
lesser extent rodent tumors, suggesting that loss
of cell cycle checkpoint function can contribute
to genetic instability (Livingstone et al., 1992).
Also, individuals with a germ line mutation in
p53 (Li-Fraumeni) are susceptible to the develop-




336 R.J. Preston] Toxicology 111 (1996) 331-341

ment of a range of tumors (Malkin et al., 1990).

It is, in some ways, interesting to contemplate
why the p53 checkpoint function has been “devel-
oped” in response to DNA damage from ionizing
radiation and similarly acting agents, when re-
pair of DNA strand breaks is relatively rapid and
the need for checking prior to replication less
critical. In fact, chromosomal alterations and
mutations induced by ionizing radiations in cells
irradiated in the G, phase and in unreplicated
DNA in the S phase are the product of misrepair
of DNA damage (Preston, 1995). It remains of
particular importance to understand any role of
p53 in response to DNA adducts and further to
determine if other genes are involved in checking
(recognition) and repair for these DNA damages.

There appear to be other associations between
cell cycle checkpoints or control and DNA repair.
For example, in yeast there is a G,/M checkpoint
that involves the MEC3 and rad24 genes (Lydall
and Weinert, 1995) and the recently cloned ataxia
telangiectasia (AT) gene has a sequence similarity
to phosphatidylinositol-3’ kinases that are in-
volved in mitogenic signal transduction and cell
cycle control (Savitsky et al., 1995).

Again, it is apparent that there is a wide range
of cell cycle control genes that can be mutated,
resulting in the potential for increased sensitivity
to mutation induction that might ultimately
translate into increases in cancer risk. In order to
combat this, cells have developed a degree of
redundancy to protect against damaging effects
from alterations in housekeeping gene function.
It is difficult at this time to determine what the
consequences are of only small changes in cell
cycle duration or control. It is this aspect of
genetic susceptibility and sensitivity that perhaps
requires the greatest attention in the context of
risk assessment and risk management. This will
require a better understanding of distribution of
risk and the potential for true outliers and the
underlying mechanisms responsible for these out-
liers.

4. Genetic susceptibility/sensitivity and
distribution of risk

When considering the impact of a genetically
susceptible or sensitive subpopulation on the risk

assessment process, it is most important to de-
scribe this in the context of the normal distribu-
tion of risk in the population. For the purposes
of the present discussion, it has been assumed
that risk in the population is normally distrib-
uted. The location of the relative risk for different
subpopulations in relation to the normal popula-
tion will depend upon the particular genetic
alteration conferring susceptibility and the agent
of exposure resulting in increased sensitivity to
tumor formation. The examples used stem from
the information presented in the preceding sec-
tion.

4.1. Genotypes that increase susceptibility and
sensitivity

Individuals who are heterozygous for the p53
tumor suppressor gene develop a variety of tu-
mors (Malkin et al, 1990). Similar data have

been shown for mice that are heterozygous for a

p53 “knockout” (Donehower et al., 1992), with
p53 homozygous knockouts developing tumors
(largely lymphomas) even earlier in life. Thus,
p53 heterozygous individuals are cancer suscep-
tible and their relative risk would be significantly
increased over the normal distribution (Fig. 2). In
addition, mice that are p53 +/ — are much more
sensitive than their wild-type counterparts to
tumor induction by a variety of chemicals (Har-
vey et al., 1993). Thus, it is reasonable to predict
that Li-Fraumeni individuals would be more

SENSITIVITY / SUSCEPTIBILITY
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of
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% B

Fig. 2. Predicted distributions for cancer risk in the general
population (pS3 +/+) and in p53 +/— individuals for
background (susceptibility) and induced (sensitivity) risk.
Upper case for SUSCEPTIBILITY and SENSITIVITY indi-
cates that both are predominant responses.

Probability of cancer
—_——
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sensitive than the average population to the in-
duction of cancer from carcinogen exposure. The
p53 +/— genotype represents an example of
genetic susceptibility and sensitivity. It is pre-
dicted that the frequency of Li-Fraumeni geno-
types is rare in the population, and so the
concern for overall risk management would be
relatively minimal.

4.2. Genotypes that increase sensitivity
Individuals who are homozygous for ATM
(mutated in AT) are at an increased risk of
developing cancer and are very sensitive to ioniz-
ing radiation. Such individuals are rare in the
population (1 in 40000 to 1 in 100000) and are
diagnosed phenotypically at an early age. Thus,
they would not be a significant component in risk
management. However, the individuals who are
heterozygous for ATM could represent about 1%
of the population. Even with the recent cloning
of the ATM gene (Savitsky et al., 1995), it is very
difficult to identify heterozygous individuals, ex-
cept for the obligate ones (parents of AT
children). It has been proposed that AT hetero-
zygotes are at increased risk of developing can-
cers of several types, particularly breast cancer
(Swift et al., 1991). It cannot be determined if this
is a susceptibility or a sensitivity (to ionizing
radiation). However, the reported increase re-
mains the subject of controversy. If AT hetero-
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Fig. 3. Predicted distributions for cancer risk in the general
population (AT +/+) and in AT —/— individuals for
background and X-ray-induced risk. The background and
X-ray-induced cancer risk for AT +/— is the subject of
discussion (see text). Upper case for SENSITIVITY indicates
that it is the predominant response.

zygotes are at increased risk, would that place
their cancer risk beyond the range of the normal
distribution (Fig. 3)? It could be argued that AT
heterozygotes are more sensitive to cancer induc-
tion by ionizing radiation than homozygous
wildtype, but this remains to be demonstrated.
Some recent studies by Scott et al. (1994) utiliz-
ing an assay for G, sensitivity to radiation-
induced chromosome aberrations indicated that
about 42% of women with breast cancer showed
a sensitivity that was similar to obligate AT
heterozygotes. This does not serve to show that
AT heterozygotes are more susceptible to radi-
ation-induced breast cancer but that predisposing
genes involved in processing DNA damage are
more likely to be present in breast cancer patients
and possibly causative, in part. What will be
necessary is to determine the magnitude of in-
creased sensitivity, the genes involved, and the
specific agents that might enhance this sensitivity.
With AT, for example, ionizing radiation is the
agent of concern. This highlights the fact that for
any particular genotype a risk assessment risk
management approach has to be cognizant of the
specific sensitivity, namely the agent involved.

4.3. Genotypes producing small increases in
susceptibility and sensitivity

Under Sections 4.1 and 4.2. above, the genetic
susceptibilities and sensitivities would be pre-
dicted to produce large increases in cancer risk,
placing the response well beyond the normal

Sensitivity / Susceptibility

' Decreased
Number

of DNA repair fidelity or
individuals DNA replication fidelity

Probability of cancer
— _—
Fig. 4. A predicted distribution for cancer risk in the general
population and for individuals with a decreased fidelity for
DNA replication or repair. Lower case for susceptibility and
sensitivity indicates that neither is the predominant response.
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distribution of risk. In addition, such genotypes
would be expected to be rare and the inducing
agent specific so that risk assessments could be
conducted for specific very minor subgroups on
an as needed basis. Perhaps of greater concern
are changes in necessary cellular processes such
as DNA replication or repair that cause only
minor increases in background mutagenicity but
would, for example, result in cancer risk that is at
the upper bound of the normal distribution (Fig.
4). The emphasis here is on genotypic alterations
that would result in relatively small changes in
DNA repair or replication fidelity, and does not
include ones such as xeroderma pigmentosum or
mismatch repair gene mutations (hMLH1 or
hMSH2, for example). For these individuals the
probability of sensitivity or susceptibility to can-
cer approaches 100%. In cases of more subtle
changes in repair or replication kinetics or fidel-
ity it is likely that there would be a small increase
in sensitivity to exposure to mutagenic chemicals
compared to wild-type genotypes, and a consist-
ent increase in cancer. The magnitude of such a
change is unknown, but the relative frequency of
genes causing subtle changes might well be quite
high. Thus, it is these genetic susceptibilities that
need to be the subject of intensive study, and that
should be of concern in the development of
realistic risk assessment models. This will allow
for “protective” risk management decisions to be
made. It is the increased sensitivity to risk in the
context of the normal distribution of risk, that is
being “protected”. This was considered to be the
appropriate approach by the NRC (1994).

5. Genetic susceptibility and sensitivity: what are
we looking for?

This final section will present three examples
to highlight the fact that it is very difficult to
predict genetic susceptibilities and sensitivities
and in particular to devise general principles.
Thus, it will be necessary to consider risk assess-
ments for individual genotypes in their genomic
context and in combination with exposure to a
specific agent or defined class of agents that have
a very similar mode of action.

3.1. Genes do not function in “splendid isolation”

In the previous section, it was noted that p53
serves as one of the cell cycle checkpoints and as
a component of the accompanying DNA repair.
In order to consider the potential impact of germ
line p53 mutations on subsequent cancer risk,
however, it is important to appreciate that p53 is
a component of a complex signaling pathway or
cascade. Several downstream elements such as
p21 and Gadd45 have been identified, with up-
stream elements being less clearly defined (Cox
and Lane, 1995). It has been proposed that the
AT gene product acts upstream of p53, p21, and
Gadd45 in response to gamma rays but not
methyl methanesulfonate (J. Hall, referenced in
Strike, 1995). This observation further empha-
sizes the fact that not only is there a number of
genes acting in concert along the p53 cascade,
but that this pathway has been largely defined for
ionizing radiation. The response of p53-deficient
cells and organisms to other agents is far less well
understood.

It should also be noted that the genetic status
of other genes in the p53 pathway, for example,
will influence responses in individuals who are
p53 heterozygotes. This same argument will hold
for any number of pathways leading to cell cycle
control, DNA repair, and signal transduction,
for example. Until the complete pathways and
various interactions are understood, it is necess-
ary to use caution in predicting susceptibility and
sensitivity from the presence of a single genotype
in an individual or population.

3.2. Predicting responses from alterations in
housekeeping genes

It would be expected perhaps that mutations in
a range of housekeeping genes, such as those
involved in DNA repair or replication, would
produce similar increases in susceptibility to can-
cer induction, and that risk assessments could
incorporate a single predicted susceptibility fac-
tor. While the information available on the effects
of alterations in such Hpusekeeping genes is not
readily available, one comparison can serve to
show that caution should be exercised in predic-
ting one from another. Transgenic mice that are
homozygous for the knockout of the DNA repair
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gene, ERCC-1, have nuclear abnormalities of
liver cells and die before weaning (McWhir et al,,
1993). In addition, they have elevated levels of
p53 as the cells attempt to handle the unrepaired
endogenously induced DNA damage. Thus, the
consequences of an absence of ERCC-1 are dras-
tic, even in the absence of exogenous exposure.

In rather sharp contrast, there is normal devel-
opment of mice that are homozygous for the
knockout of (ADP-ribosyl) transferase and thus
lack poly (ADP-ribosyl) action, a component of
DNA repair and maintenance of chromatin
structure (Wang et al., 1995). The only apparent
phenotypic response is a susceptibility to skin
disease in older mice, indicating a role for
ADPRT in response to environmental stress. The
impact of ADPRT mutations on genetic suscep-
tibility and sensitivity is difficult to assess, and
certainly hard to have predicted from the obser-
vations made for ERCC-1, another housekeeping
gene, and vice versa.

5.3. The comparative effects of different alterations
in a single cellular process

The third area that highlights the concept of
how to predict genetic susceptibility is that of
dissimilarity of response from alterations in sep-
arate components of one cellular process, par-
ticularly an essential one.

Three diseases in humans are associated with
defects in nucleotide excision repair: xeroderma
pigmentosum (XP), Cockayne’s syndrome (CS),
and trichothiodystrophy (TTD). In the case of
XP, there are eight known complementation
groups, XPA through G and ERCC-1. It has
recently been shown that each of these codes for
a protein involved in nucleotide excision repair,
and that the majority are either part of or asso-
ciated with the transcription complex TFIIH that
forms part of the repair complex (Sancar, 1994).
Mutations leading to loss of function. in any of
these genes gives rise to the XP phenotype which
is characterized by neurological abnormalities
and sunlight-induced photodermatosis including
skin cancer.

CS appears to be caused by mutations in the
CSA, CSB/ERCC6, XPB and XPD genes. These
mutations lead to an uncoupling of transcription

and repair, such that there is deficient repair of
UV-induced DNA damage in the transcribed
strand of active genes (Van Hoffen et al., 1993).
Patients with CS show photosensitivity, and
growth and mental retardation but no increase in
skin cancer.

TTD patients have mutations in XPB, XPD,
and XPG genes and quite possibly other subunits
of TFIIH or associated components of the repair
complex. They typically have brittle hair, mental
retardation and neuroskeletal abnormalities but
again no increase in skin cancer and photo-
sensitivity only in some cases (Stefanini et al.,
1993).

It is of particular interest to note that these
three syndromes involve mutations in the same
cellular process and in some of the same genes,
and yet the clinical manifestations are quite dif-
ferent. In fact, humans completely defective in
nucleotide excision repair can survive into early
adulthood quite normally in the absence of expo-
sure to sunlight and other mutagenic agents.

In this example all three syndromes exhibit
rather extensive clinical manifestations. However,
it is feasible to expect that there could be a range
of additional mutations in the NER complex that
would present much less severe phenotypes (sus-
ceptibility) but that would have increased sensi-
tivity to certain exposures. However, predicting
the particular outcome and/or severity is ex-
tremely difficult, as exemplified by the above
example for XP, CS, and TTD. This is an area
where more research can only enhance predicta-
bility.

6. Conclusions

Despite the extraordinary recent advances in
cellular and molecular biology that have en-
hanced our understanding of the basis for human
disease, the approaches for incorporating this
information into risk assessment and risk man-
agement activities are still in their infancy. In
particular, determining how to incorporate the
influence of genetic susceptibility and sensitivity
into the process is singularly difficult. To do so is
both critical and intractable.
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Some general principles have been presented in
this paper. The cellular activities that would
affect susceptibility and/or sensitivity have been
described, with the addendum that each should
be considered separately, as should any agent of
exposure. Risk should be considered as a series of
distributions, one for the normal population and
others for susceptible or sensitive subgroups. In-
creases in risk will then be a statistical compari-
son of distributions. ‘

It is further emphasised that caution needs to
be exhibited when using information obtained for
one phenotype or cellular process and pragmati-
cally assuming that the same response would be
produced by mutations in similar processes or by
different mutations in the same function.

Clearly the understanding of what constitutes
genetic susceptibility and sensitivity is an evolv-
ing process, as is linking the information ob-
tained to the science of risk assessment and the
practice of risk management.
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