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PREFACE

The Eighth Conference on Environmental Toxicology was
held in Dayton, Ohio on 4, 5, and 6 October 1977. Sponsor
was the University of California, Irvine under the terms of
Contract F33615-76-C-5005 with the Aerospace Medical Research
Laboratory, Aerospace Medical Division, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio. Arrangements
were made by the Toxic Hazards Research Unit of the University
of California, Irvine, and the papers presented at this Con-
ference by personnel of the University of California, Irvine
represent research conducted under the cited contract. Ralph
C. Wands*, Director, Advisory Center on Toxicology, National
Research Council, National Academy of Sciences, Washington,
D.C. served as Conference Chairman, and Mrs. Lois Doncaster,
University of California, served as Conference Coordinator.
Special acknowledgement is made to Ms. Sharon Hinton, Univer-
sity of California, Irvine who typed the entire proceedings
and to Ms. Mildred Pinkerton, Aerospace Medical Research
Laboratory, who edited and prepared all copy for printing.

*Now affiliated with the Cosmetic Ingredient Review, Washing-
ton D,C.
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INTRODUCTORY REMARKS

ENVIRONMENTAL TOXICOLOGY FROM ANOTHER PERSPECTIVE
Colonel Roy L. DeHart, USAF, MC

Commander
Aerospace Medical Research Laboratory
Wright-Patterson Air Force  Base, Ohio

Ladies and Gentlemen, I am pleased to have this oppor-
tunity to welcome you to this Eighth Conference on Environ-
mental Toxicology. The University of California, in collab-
oration with the Aerospace Medical Research Laboratory, has
structured for you a program which should prove informing
and intellectually stimulating. In reviewing the programs
of previous conferences, I note that in the past this place
in the program was occupied by an expert. We have all heard
the classical definition of an expert--"an individual from
out of town, carrying a briefcase, with a stack of 35 milli-
meter slides." This morning I meet none of these prerequis-
ites. I am neither from out of town, nor have I a briefcase,
and to your good fortune, I have no slides. However, having
accepted your invitation, I do have some introductory remarks.

A number of years ago, the late Adlai Stevenson, while
an Ambassador of the United Nations, was invited to speak at
a luncheon at the Washington Press Club. He began much as I
have, thanking those responsible for inviting him, but he
continued "...Having accepted an invitation to appear before
you, I have an obligation to speak. You, the audience, have
an obligation to listen. My only hope is that we each com-
plete our assigned tasks at approximately the same time."

I would like to bring to you this morning a perspective
perhaps different from that which will permeate this confer-
ence. The perspective comes not from the workbench, the
laboratory, or university or government research institutions
but from the world of health care application and practice.
Among the popular concerns of our culture today is environ-
mental toxicology. Weekly we are informed by the printed
word, visual scene, or verbal impact of new hazards to life,
ours or our progeny. As a former hospital commander and
practicing physician, I have been asked by patients and
commanders for an opinion, a recommendation, or comment on
some newly discovered toxic hazard to health. A brief review
of a number of events will make my point. Cyclamates and




bladder tumors; exhaust products and aerosols and the ozone
layer; hexachlorophyll in soaps used on babies; carbon diox-
ide and the greenhouse effect; saccharin and bladder tumors;
Tris in children's sleepwear; artificial color additives in
food products; chlorinated surface water and cancer, and PPB
in cattle feed. I can appreciate the anxiety in the general
public generated by such pronouncements. It appears that we
are exposed to environmental toxins at home, at work, or at
the beach; where we eat, we play, we drlnk we breathe Yes,
even in our sleep . : : _

"25% of U.S. Workers Exposed to Job Hazards, Survey Shows.

By David Burnham, New York Times Service.

Washington - An extensive survey of occupational hazards
has found that while at work, one out of four Americans
is exposed to some substance thought to cause death or
dlsease "

fewer than 5 per cent of the places where people
work have industrial hygiene services, active plans to
prevent or reduce the exposure of employees to hazard-
ous substances and such physical condltlons as radiation
and excessive noise. :

"John F. Finklea, Head of the National Institute of
Occupational Safety and Health which conducted the sur-
vey, said in response to an inquiry that the study pro-
vided new evidence that exposure to chemical hazards was
'pervasive in a large number of occupations' and that
the availability of such preventive services as indus-
trial hygiene was 'not what 1t should be, especially in
the smaller firms.'" - ~

"In discussing the costs involved, according to one
government analysis...it could cost as much as $54
billion to provide warnings and health surveillance
services to the 21 million Americans now believed to
be exposed to harmful conditions while working."

"A major problem in completing the survey, which was
based on inspections between 1972 and 1974, was that
about 70 per cent of the substances found were identi-
fied by trade names rather than chemical composition,
so that frequently neither the employer nor the employee
knew of the potential hazards."

These anxieties are frequently brought by the patient to
the attention of the physician in the hope there will be some
reassuring word.




Let's move for a moment from the individual to the
industrial environment just mentioned. Charged with the
responsibility of the total community health, the Directors
of Base Medical Services on our Air Force bases must assure
a safe working environment to protect both our military and
civilian workforce. Rules and regulations must be complied
with. Threshold 1imit values cannot be exceeded, yet the
mission must be accomplished. All too frequently, it appears
that exposure levels are based on the technology available
to identify a substance with little concern for epidemiologi-
cal evidence. There appears to be a growing zero-exposure-
mentality without regard to established dose-response curves.
Impact of arbitrary zero-exposure levels will be to reduce
efficiency, raise costs, or halt production, affecting not
. only the Air Force, but all major industry. As investigators
and scientists, you have two responsibilities: one to your
science, and one to the public. In your deliberations, con-
sider carefully both responsibilities. At some point, a
physician such as myself, a plant manager, or a mother, may
have to explain and interpret the results of your investiga-
tive efforts. :

One final comment regarding maintaining a perspective.
Given the regulatory power and the ability to motivate, I
could rapidly and effectively significantly reduce morbidity
and mortality in the United States. The epidemiological evi-
dence is clear. The results of retrospective and perspective
studies are undeniable. The recommended solution is simplis-
- tic and individualistic, the cost benefits definable. What
actions are necessary to bring forth such miracles and improve
the health of our Nation? Stop smoking; wear seatbelts; main-
tain physical fitness. Simple, inexpensive, noncontroversial
actions, yet they may never be attained nationally.

From the diversity and timeliness of the program, it
appears that your two-and-one-half days will be well spent.
On behalf of General Unger, the Commander of the Aerospace
Medical Division, and myself, I wish you another successful,
outstanding, and stimulating conference.

10




SESSION I

OCCUPATIONAL HEALTH ASPECTS OF COAL CONVERSION

Chairman

James H. Sterner, M.D. v
Clinical Professor of Occupa-
tional Medicine ‘
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PAPER NO. 1

COAL CONVERSION TECHNOLOGY
D. G. Levine

Exxon Research and Engineering Company
Baytown, Texas

INTRODUCTION

At present there are large disproportionations between
domestic fossil energy uses and domestic fossil energy re-
sources. The extent of these disproportionations is shown
in Table 1. Currently, oil and gas account for 74% (46 +
28) of the total energy consumed in quads/year in the U.S.,
but these two fuels comprise only 7% (4 + 3) of U.S. re-
sources. On the other hand, while coal is providing 20%
of the fuel required for today's energy consumption, coal
is by far the dominant energy resource in the U.S. Shale
presently does not contribute to U.S. energy usage, and its
potential as a resource, while significant relative to oil
and gas, is considerably less than coal. '

TABLE 1. DOMESTIC FOSSIL ENERGY PICTURE

CURRENT U.S. USAGE U.S. RESOURCES
% OF TOTAL % OF
QUADS/YR*  ENERGY CONSUMED QUADS  FOSSIL RESOURCES
oiL 33 46 950 4
GAS 20 28 900 3
COAL 14 20 23000 86
SHALE 0 0 1800 7
ALL FOSSIL 67 94

I I —
1 QUAD IS 1015 BTU's

BASED ON 1977 STATISTICAL ABSTRACT (U.S. 1975); ERDA PRESENTATION,
FEB., 1976 ACS SYM.(U.S. 1975)
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The disproportionations between domestic fossil energy
usage and resources are also strikingly apparent in a com-
parison of domestic supplies. This comparison is shown in
Table 2. Resources of o0il and gas, which are providing 74%
of current usage as noted previously, are sufficient for 35
years of domestic energy supply at the current usage rate
(without imports). 1In sharp contrast, coal resources are
equivalent to 1600 years of domestic energy supply at the
current usage rate. These data almost certainly define the
role of coal in our energy future. As our most abundant
source of energy, the growth of coal appears to be desirable.

TABLE 2. DOMESTIC FOSSIL ENERGY PICTURE

CONSUMPTION, % YEARS DOMESTIC SUPPLY
OF CURRENT USAGE AT CURRENT USAGE RATE
OIL & GAS 74 35

COAL 20 1600

BASED ON 1977 STATISTICAL ABSTRACT (U.S. 1975); ERDA PRESENTATION,
FEB. 1976 ACS SYM.(U.S.1975) ’

It is clear that the data presented thus far do not take
into account the large volumes of foreign crude oil imported
into the U.S. today. These volumes are quite large having
reached a level of 40-50% of our current crude requirements.
However, this circumstance does not negate the future of do-
mestic coal in our fuel picture. Imported crude oil has and
will continue to provide substantial energy to the U. S. do-
mestic market, but overriding questions of security of supply
and the stabilization of world-wide crude reserves point to
the need for increased coal utilization in the U.S.

As abundant as our coal resources are, coal is not di-
rectly suitable for all of our domestic uses. Our economy
and technology require the availability of various forms of
fuels, not just BTU's. This is illustrated in Table 3. Only
in the case of electricity generation is coal directly suitable
as a fuel. For household/commercial, transportation, and some
industrial uses clean energy in the form of gas and liquids is
required. Hence, there is a need for the development of im-
proved coal conversion techniques.

13




TABLE 3. FUEL CONSUMPTION BY MARKET VECTOR

DIRECT COAL
PERCENT SUITABILITY
HOUSEHOLD/COMMERCIAL 19 NO
TRANSPORTATION 26 NO
INDUSTRIAL 27 SO.ME
ELECTRICITY GENERATION 28 ‘ YES

APPROACHES TO COAL CONVERSION

The conversion of coal to both liquids and gases is
essentially a process for adding hydrogen to coal. This
is apparent from the fact that the hydrogen/carbon atomic
ratio for coal is below 1.0 while this ratio for aromatics
and fuel oil is about 1.0; for paraffins in gasoline, about
2.2; and for methane (natural gas), 4.0. From a simplistic
view, the process conditions for hydrogen addition must be
severe enough to break carbon-carbon bonds in the large
molecules in the coal, producing fragments with which the
hydrogen then reacts. Coal conversion chemistry includes
three types of processing approaches: liquefaction, pyroly-
sis, and gasification. The conditions for conducting these
processes are shown in Table 4. In liquefaction, these con-
ditions are moderately high temperatures and high pressures,
700-900 F, and 1000-3000 PSIG. In gasification, higher tem-
peratures and moderately high pressures, 1300-1800 F, and
V500 PSIG, are required. The conditions for pyrolysis are
temperatures between those of liquefaction and gasification
(900-1200 F) and low pressures, n50 PSIG. The very high
temperatures (3000 F+) and atmospheric pressure used in
direct coal utilization or combustion differ appreciably
from the conditions employed in the coal conversion tech-
niques. :

14




TABLE 4. COAL CONVERSION CONDITIONS

~ SEVERITY SEVERITY
TEMPERATURE, °F PRESSURE, psig
LIdUEFACT|0N 700 -900 1500
PYROLYSIS ‘ 900 - 1200 .‘ 50 +
GASIFICATION 1300 - 1800 C 500

DIRECT UTILIZATION 3000 + ‘ 0

Although the origins of the present petrochemical in-
dustry can be traced to coal pyrolysis, this conversion
technique will probably not be used to produce the major
gquantities of liquids and gases needed to augment our oil
and gas resources. For this purpose, direct coal lique-
faction and gasification are more likely.

Liquefaction Processes

While coal liquefaction has a lengthy history dating
from the coking of coal (pyrolysis) in the mid-1800's in .
Germany and England, direct coal liquefaction process de-
velopment began in Germany in the mid-1920's with work on
the Pott-Broche process. Germany also developed the
Bergius process in the 1930's which used a catalyst to
effect hydrogen addition. Although not a direct coal con-
version process, the Fischer-Tropsch process developed in
Germany in the early 1920's produced liquids from synthesis
gas (CO + H;) to which the coal was first converted. It is
significant that all three of these processes provided gaso-
line and oil for Germany during World War II.

Subsequent to World War II, there has been widespread
activity in coal liquefaction process development in the U.S.
The level of this activity has generally varied with the es-
timate of domestic petroleum reserves; in recent years the
level has been quite high. : ‘

While only one coal liquefaction process is operating
commercially today - the indirect Fischer-Tropsch process -
development work has been carried out on a number of direct
coal liquefaction processes. Three of these on which devel-
opment is continuing are described below.




+ Solvent Refined Coal (SRC) Process - Figure 1

In SRC-I, dried and crushed coal is slurried with a
heavy recycle solvent and preheated. In the presence of
molecular hydrogen, the coal is dissolved to form a prod-
uct consisting of light oil, heavy oil, and solids. The
reaction conditions are 825 F and 1000-1500 PSI. Separa-
tion and cooling of the heavy oil yield the solid solvent
refined coal, which is reduced in both ash and sulfur and
is improved over the source coal as a solid fuel.

While SRC-I as developed yields a solid fuel as the
primary product, SRC-II is being developed to produce
liquids as a major product. The approach to achieve this
objective is to recycle some of the product slurry (which
contains part of the ash from the original coal feed) in
lieu of recycle solvent as in SRC-I to the dissolver. Sig-
nificant liquid yields have been reported from this approach.

A 6 T/D pilot plant has been in operation in Wilson-
ville, Alabama since January 1974, and a 50 T/D pilot plant
has been in operation at Ft. Lewis, Washington since 1975.
Recent operations in the latter unit have been concerned
with SRC-II.

PREPARED > GAS
coa—1 DISSOLVER o} mistiLLATION |
(ASH-CATALYZED) > REFINED COAL
X PRODUCT
t SOLVENT BOTTOMS
RECYCLE B
< v
FLUE GAS
BOILER ™> "cLEANUP

HYDROGEN

ASH

Figure 1. Solvent refined coal process.
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« Coal Liquefaction Catalytic Process - Figure 2

In this process dried and crushed coal is slurried
with a recycle solvent and preheated. The slurry and a
hydrogen stream are reacted in an ebullating bed reactor
containing a catalyst. The reaction conditions are 850 F
and 3000 PSI. Synthetic crude, recycle solvent, light
gases, and solids-containing bottoms are separated. These
products, excluding the recycle solvent, are handled by
processing the synthetic crude in a petroleum refinery,
by using the light gases as a plant fuel, and by using
the bottoms to manufacture hydrogen.

The process has been demonstrated in a 3 T/D pilot
plant. A 200-600 T/D demonstration plant to be built at
Catlettsburg, Kentucky is scheduled for operations in late
1978.

PREPARED —> GAS
o> e TN > DISTILLATION
(CATALYTIC) % COAL LIQUIDS
5 T PRODUCT
ENT
L0tV BOTTOMS
HYDROGEN HYDROGEN ASH
MANUFACTURE

CIAL

Figure 2. Coal liquefaction -~ catalytic process.
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+ Coal Liquefaction - Exxon Donor Solvent Process -

Figure 3

In this process crushed coal is slurried with a hydro-
genated donor recycle solvent and preheated. The slurry
and a hydrogen stream are reacted at 840 F and 2000 PSI.
Product liquids, recycle solvent, light gases, and solids-
containing bottoms are separated. The recycle solvent is
reacted with hydrogen in a fixed bed catalytic hydrogena-
tion step prior to its return to the reactor. The light
gases are used to produce hydrogen, and the bottoms are
subjected to flexicoking to produce additional liquids and
low BTU gas for plant fuel. The product liquids can be
used either as fuel oil or upgraded by catalytlc hydro-
genation to a synthetlc crude.

This Exxon process has been demonstrated in a 1 T/D
pilot plant. The development program is continuing with
laboratory and engineering studies and a 250 T/D pilot unit
scheduled to be in operation in Baytown, Texas early in
1980.

‘ L —> GAS
———p{ LIQUEFACTION > DISTILLATION
PREPARED | (NON-CATALYTIC) , COAL LIQUIDS
COAL x PRODUCT
SPENT
DONOR
SOLVENT - | BOTTOMS
A __j
SOLVENT HYDROGEN FLEXICOKING/
HYDROGENATION HYDROGEN
(CATALYTIC) MANUFACTURE |—3 ASH

Figure 3. Coal liquefaction - donor solvent process.
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Gasification Processes

The history of coal gasification is slightly longer
than that of coal liquefaction, dating from the first gas
producer built in 1832. Water gas, carburetted water gas,
and coal gas were subsequent developments. Use of these
products from coal for domestic and industrial heating
ultimately gave way to natural gas as that fuel became
economically attractive and plentiful. As in the case of
coal liquefaction, it has only been in recent years that
the projected decrease in natural gas reserves has focused
attention on the application and/or development of coal
gasification processes.

Currently there are two generic approaches to coal
gasification with steam: thermal and catalytic. The
Lurgi and Koppers-Totzek thermal processes are commercial, |
and there are numerous other thermal processes under de-
velopment. The Exxon catalytic coal gasification process
is entering the development stage. Both the thermal and
catalytic techniques are described below.

+ Coal Gasification - Thermal - Figure 4

In the Lurgi version of this process, heat is gener-
ated by oxygen injection in the bottom of the reactor;
coal particles (1/8"-1/4") enter the reactor at the top
and ash is withdrawn at the bottom. The process operates
at a maximum temperature of 2000 F and 300-500 PSI. At the
high reaction temperature, coal reacts with steam fed to
the reactor to produce a mixture of hydrogen and carbon
monoxide. This mixture is subjected to further processing
(shift and methanation) to yield the final product. Low
BTU gas instead of medium BTU gas can be produced if air
is used in place of oxygen.

002
H2S
GASIFIER 1
1800°F 350 psi
AU Ha +CO SHIFT & CHg
Ho0 +C Ho +CO > p R ‘
’ I ? GAS CLEANU METHANATION (SNG)
Heat o
02+ C CcO02 l l
A WATER Ho0
NH3
oIr & TAR
OXYGEN STEAM  ASH COAL DUST

Figure 4. Coal gasification - thermal.




In the Koppers-Totzek process, pulverized coal (-200
mesh) and oxygen are injected at the bottom of the reac-
tor; ash is also withdrawn from the bottom of the reactor.
The process operates at a maximum temperature of 3300 F
and at atmospheric pressure. As in the case of the Lurgi
process, further processing of the gas from the reactor is
required.

. Exxon Catalytic Coal Gasification - Figure 5

In this process, coal is crushed, impregnated with a
solution of alkali metal salts, dried, and charged to a
fluid bed gasifier operating at 1300 F and 500 PSI. The
coal is gasified with a mixture of steam and a recycle
stream of hydrogen and carbon monoxide. Preheat is supplied
by a conventional gas-fired furnace. The process does not
require a source of oxygen, and downstream shift and methana-
tion steps are not required. The process involves catalyst
recovery and reuse.

COz
H2S
GASIFIER 1
1300°F 500 psi
COAL > 21,0 +2C — > GAS CLEANUP » SEPARATION —705*;?;)
CHg +C0» g
MAKEUP
CATALYST | ASH + WATER, NH3, COAL DUST
CATALYST RECYCLE GAS
RECOVERED! ™
CATALYST le—{  CATALYST  [q_ wureR Ha + CO
{ STEAM
ASH

Figure 5. Coal gasification - catalytic.

Predevelopment work on the process in a 10-15 1lb/hour
unit is scheduled to be complete by the end of the year, and
planning is in progress to continue the development in a pro-
gram utilizing a 1 T/D process development unit.
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As our domestic energy source shifts toward coal,
the compositional differences between coal and natural
gas and crude 01l will require certain adaptations in the
conversion processing of coal and in the use of coal
products. The higher concentrations of nitrogen and inerts
(ash) in coal versus natural gas and crude oil, as shown in
Table 5, present difficult but not insoluble problems.
In addition, since the liquid products from coal are high
in aromatics, this characteristic will be beneficial in
some applications (motor gasoline) and detrimental in
others (jet fuel).

TABLE 5. COMPOSITION OF FOSSIL FUELS

TYPICAL WEIGHT PERCENT IN

NATURAL GAS CRUDE OIL COAL
CARBON ' .75 85 .70
HYDROGEN 25 13 ‘ 5
SULFUR 0 2 4
NITROGEN 0 0.1 1
OXYGEN 0 0.1 10
INERT 0 ppm 10

At this time, differences between converted coal and
crude oil as energy sources appear to be of degree rather
than kind. Problems (such as the health and safety as-
pects of this emerging industry) resulting from these
differences need to be defined and resolved in an evolu-
tionary manner if the technology is to be in place when
we need it. The solutions should be developed in a cost/
effective and collaborative manner. Sensational and exag-
gerated approaches will not be constructive. There is,
however, no doubt that liquid and gaseous products from
coal will find their place in our energy picture.
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SUMMARY

TABLE 6. OVERALL

U.S. NEEDS COAL CONVERSION INDUSTRY

TECHNOLOGY IS BEING DEVELOPED

SHIFT TO COAL REQUIRES ADAPTATION

NEED COST/EFFECTIVE APPROACHES |

As shown in Table 6, the status of U.S. coal con-
version technology may be summarized as follows:

* Domestic energy needs require a coal conversion
industry.

+ The technology for that industry is being devel-
oped now.

+ The shift to a coal conversion technology will
require adaptation from both processing and
product usage standpoints.

* And finally, the successful development of a coal

conversion industry will result only from cost/
effective approaches.
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PAPER NO. 2

DEFINING AN ADEQUATE INDUSTRIAL HYGIENE PROGRAM
FOR COAL CONVERSION TECHNOLOGY IS A COMPLEX PROBLEM*

N. E. Bolton

Oak Ridge National Laboratory
operated by
Union Carbide Corporation
Oak Ridge, Tennessee

TABLEyl. THE ESSENTIAL ELEMENTS OF AN ADEQUATE
INDUSTRIAL HYGIENE PROGRAM FOR ANY GIVEN PROBLEM INCLUDE:

Informing employees of the hazards.

Installing effective engineering controls.
Establishing protective clothing requirements.
Monitoring exposures (both air and skin).
Maintaining adequate records.

Interfacing with medical.

OO W

TABLE 2. AN EFFECTIVE INDUSTRIAL HYGIENE PROGRAM FOR
ANY NEW PROCESS DEMANDS A FAMILIARITY WITH THE
TECHNICAL LITERATURE.

1. Identify all areas of concern.
2. What's known about similar processes?
3. Relate this knowledge to present problem.

TABLE 3. THE PROCESS CHEMISTRY MUST BE SHARPLY
DEFINED AND UNDERSTOOD.

1 What chemicals are likely to be present?
2 At what points in the process?

3. Where are leaks most likely to occur?

4 Are control techniques available to prevent exposure?

NOTE: Armed with this information you can proceed in an

orderly manner to identify specific tasks involved and develop
a health protection program.

*This paper was prepared for oral presentation and only the
visual aids were submitted for publication.
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TABLE 4. WHAT ARE THE MAJOR PROCESSES
PRESENTLY ENVISIONED?

1. Gasification
2. Liquefication
3. Pyrolysis

TABLE 5. GASIFICATION INVOLVES TWO BASIC PROCESSES:

1. Air blown for low BTU gas.
2. Oxygen blown for high BTU gas.

TABLE 6. PRIMARY STEPS IN LOW BTU GASIFICATION INCLUDES:

Coal prep.

Gasifier.

Process gas and tar/oil fraction.
Cleanup of both streams.
Recombine gas.

Fire in boiler.

CCbh wor

TABLE 7. SCHEMATIC OF A SIMPLE GASIFIER INCLUDE
PRIMARILY 5 ELEMENTS:

AR
COAL PREP]—¥— - [GASTFIER J——>[GAS]
=)

IO [SEPERATOR]
SEPERATOR]
TAR/OIL ; g

¢
SPECIAL BOILER ——»{B0ILER]

o

NOTE: So what industrial hygiene problems can be identified/
envisioned at each step ?
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TABLE 8. TWO PROBLEMS ARE APPARENT IN THE COAL
PREPARATION AREA:

1. Noise from crushers.
2. Coal dust.

NOTE: Both can be adequately managed with existing techniques.
These problems can be reduced to defining the severity of the
problem and using engineering controls to reduce exposures to
an acceptable level. '

TABLE 9. FUGITIVE ENVISIONS (LEAKS) IN THE GASIFIER
AREA PRODUCE POSSIBLE EXPOSURES TO:

PNA's and condensable organics.
Sulfur compounds. :
CO, NHj;, H,S, etc.

Metal carbonyls (Fe & Ni).

oD

TABLE 10. SIMILAR EXPOSURES ARE POSSIBLE IN THE
SEPARATOR AREA AND THE GAS BOILERS.

PNA's and condensable organics.
Sulfur compounds. ’
CO, NH;, HzS, etc.

Metal carbonyls (Fe & Ni)

W

TABLE 11. THE CARCINOGENIC POTENTIAL IS THE MAJOR CONCERN.

1. By contact during maintenance.
2. By inhalation as a result of a leaking system.

TABLE 12. STANDARDS SPECIFIC TO THE CARCINOGEN PROBLEM
SUGGESTED BY NIOSH OR PROMULGATED BY OSHA INCLUDE:

1. Total particulate - 0.2 mg/m
2. PPOM* - 0.2 mg/m
3. BaP - (tentative) - 0.0002 mg/m’

*Benzene soluble fraction of total particulate. Sometimes
called CTPV and/or PNA's. Coal tar pitch volatiles (CTPV)
or polynuclear aromatics (PNA's).

Adequate standards exist for the other potential industrial

hygiene problems and for the most part control technology
has been shown effective.
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TABLE 13. EXISTING SURVEILLANCE TECHNIQUES FOR COAL
CONVERSION TECHNOLOGIES INCLUDE:

1. Surface contamination by longwave UV light.
2. Air analyses for PPOM, total particulate, BaP
and other selected PNA's

TABLE 14. MEDICAL SURVEILLANCE IS AN ESSENTIAL
ELEMENT IN ANY HEALTH PROTECTION PROGRAM.

Specific to coal conversion technology and in addltlon to
routine physical exams are:

1. Skin eXaminations.
2. Sputum cytology tests.

TABLE 15. THE ESSENTIAL ELEMENTS OF AN ADEQUATE INDUSTRIAL
HYGIENE PROGRAM FOR COAL CONVERSION TECHNOLOGY INCLUDE:

Informing employees of the hazards.

Installing effective engineering controls.
Establishing protective clothing requirements.
Monitoring exposures (both air and skln)
Maintaining adequate records.

Interfacing with medical.

OOk WwNRH
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PAPER NO. 3

TOXICOLOGY -~ RESULTS OF EXPOSURE OF MICE AND MEN TO
COAL HYDROGENATION PRODUCTS

C. S. Weil

Carnegie-~-Mellon University
Pittsburgh, Pennsylvania

The material presented here today was first published
in some detail in four articles in the Archives of Environ-
mental Health, 1, 181-233, 1960. However, it was decided
that republication in these proceedings would be useful in
view of the renewed interest in coal conversion.

The first commercial coal hydrogenation plant was built
in Leuna, Germany, in 1926 and, with later improvements,
products were evolved somewhat comparable in quality to those
derived from petroleum oils. In that country, a total of 12
hydrogenation plants were built which supplied, eventually,
approximately 85% of the aviation gasoline for Germany in
World War II. These plants, however, did not produce chemi-
cals. In the early 1930's, Union Carbide began such experi-
mentation and in 1952, after 17 years of research, engineering
and the operation of laboratory-sized plants, the first large-
scale pilot plant production of chemicals from coal hydrogena-
tion was begun at Institute, West Virginia. The design capacity
was 300 tons of coal per day. The coal was bulldozed onto a
belt conveyer, ground in the primary crushing equipment, and
then pulverized to a smaller size in secondary equipment.
After being dried to remove moisture, the coal dust was mixed
with o0il to form a paste. This coal-in-oil paste was pumped
to its maximum pressure, followed by preheating to the desired
temperature, for feed to the hydrogenation reactor or 'lique-
fication unit". The preheated paste was reacted with hydrogen
in a pressure converter at high temperature and pressures.

The hydrogenated coal paste was then treated to remove
the unreacted solids. The product that remained was broken
down into four main streams; the light oil stream, said to
boil up to 260 C; the mlddle oil strean, descrlbed as boiling
between 260 and 320 C; the heavy o0il stream boiling above
320 C, which was recycled either as pasting o0il or distilled
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to obtain polycyclic aromatic hydrocarbons; and the pitch
stream, a hot molten material which solidified at 200 C;
this was the residue after all volatile materials had been
removed. The chemicals separated from these various streams
were listed by Sexton (Table 1).

TABLE 1. AROMATIC AND ALIPHATIC CHEMICALS

Heavy Products Light Products
Separation Unit Separation Unit
Heavy Oil Stream Stabilizer Overhead Fraction
Anthracene Pentane
Dihydroanthracene Pentene
Phenanthrene Cyclopentene
Pyrene Hexane
Chrysene Methylcyclopentane
Perylene Heptane
Picent Heptene

Hexene
Middle 0Oil Stream Benzene
Dimethylnaphthalenes
Biphenyl
Acenaphthene
Fluorene

Investigation of potential carcinogenicity of the streams
was undertaken by the Chemical Hygiene Fellowship of Carnegie-
Mellon University to determine whether a problem existed. Sub-
sequently, a plant medical director, with the cooperation of
the plant safety engineers and product supervisor, initiated
preventive medical measures to combat the problems as deline-
ated by the information supplied from the animal experiments.
The industrial hygienists attempted to measure the extent of
the exposure which was sometimes noticeable in the plant as
fume formation (Ketcham and Norton, 1960).

The following is a summary of the carcinogenic studies
performed. The literature in the field of experimental car-
cinogenesis of chemicals derived from coal and of synthetic
products similar in structure is voluminous. The relationship
between experimental cancer in or on laboratory animals, on
the one hand, and cancer produced on man by the same material,
on the other, is scanty. A historical background of industrial
carcinogens has been presented in a book by Eckardt. Such
materials as soot, shale oil, certain aromatic amines, chromates,
asbestos, coal tar, and isopropyl oil, as well as physical
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agents such as X-ray and certain other radiations have

been implicated as producing occupational cancer. Eckardt
has presented evidence of the reduction in carcinogenic
activity by the removal of a carcinogenic oil from the skin
of a mouse with soap and water. He also reported the fail-
ure of six so-called protective creams to prevent mouse sk1n
cancer.

Male mice, primarily C3H, were used in our studies.
The fur was removed, starting at 90 days of age, from the
back of the mice by the use of electric clippers. The mice
received three applications per week - one brushful of each
chemical being applied to the midline of the back on Monday,
Wednesday, and Friday of each week. Observations were made
for papillomas and carcinomas during each painting period and
the readings were summarized every month. Groups of 30 mice
were used for each material.

A positive and at least one negative control group were
painted and examined with each study. The former consisted
of applications of 0.2% methyl cholanthrene in benzene, while
the latter were applications of the solvent used, such as ben-
zene, or of water alone. All materials were applied undiluted
if liquids or in solution in a proper solvent if a solid. The
mice were observed until death or at least until the end of
their 450th day of age.

Samples from several streams and residues of the coal
hydrogenation process were applied to the skin as described.
Additional special studies were performed. One was the appli-
cation of either of two barrier creams to the back of the mice
one hour before the painting with pasting oil - the coal-in-
0il paste to be discussed at length later. Similarly, four
hours after painting with pasting oil, the efficiency with
which this material was removed with soap or with one of two
soapless cleansers was studied. A sponge was used to apply
the cleanser to the skin. The mouse was then rinsed with
water and dried with cleansing tissues. Another study was
performed to see the effect of dilution of pastlng 0il with
benzene. .

In each case, when a tumor was seen on the skin, a plot
of its position was made and a record of its progress was
kept. The median tumor or cancer latent periods were calcu-
lated, using a method suggested by Horton. These latent
periods are the lengths of time necessary to reach a 50% tumor
or cancer index. These indices are 100 times the number of
mice with skin tumors or with cancers divided by the "effec-
tive'" group, where '"effective" group is the number of mice
given adequate exposure.
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It would have been desirable to test all of the streams
and products of the coal hydrogenation process at one time,
using one stock of mice. This was not possible for two rea-
sons: (1) large enough groups of mice were not available,
and (2) changes were made in the process. Therefore, some
comparisons of two highly carcinogenic materials that were
painted in several of the studies should indicate if the
factors of stock and of time would radically affect compari-
son of results. .

A positive control carcinogen, methyl cholanthrene, was
used in six of the studies in which coal hydrogenation chemi-
cals were painted. As is apparent in Table 2, the final tumor
and cancer indices were not affected by the stock of mice used.
If tumors start at a sufficiently early stage in the life of
the mice, essentially all of those alive will develop papil-
lomas and carcinomas when painted with a carcinogen of this
potency. More important than these indices is the median
latent period, the time in days for the average mouse (50% of
the effective group) to develop tumors.

TABLE 2. EFFECT OF DIFFERENT STOCKS OF MICE ON
CARCINOGENIC POTENCY OF METHYL CHOLANTHRENE (M.C.)*

Study Tumor Cancer Median Latent Period, Days
No. Mice Index Index Tumor Cancer

4 C3H-JAX 100 100 145 190

5 R.A.P. 96 82 105 165

6 - R.A.P. 89 89 118 165

7 C3H-R 92 84 » 144 168

11 C3H-JAX 100 97 114 138

12 C3H-JAX - 100 97 111 150

*All were painted 0.2% in benzol.

While there was some variation in these periods, it does
not seem to be related to the stock of mice used. As these
studies were all performed at different times, as well as with
different stocks of mice, it is remarkable that the agreement
of these latent periods is so close. The data in Table 3 are
indications of the relative potency of pasting oil, the "oil"
used to carry the ground coal. With the exception of sample
3, the tumor and cancer indices of the pasting oils are simi-
lar. Sample number 3 was a purchased coal tar (creosote) oil
which was blended with the plant-produced pasting o0il as re-
quired to maintain a proper vehicle balance. All of the mice
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that received this sample had died by the end of the
eighth month of painting. Its potency, as measured by
the median latent period of methyl cholanthrene divided
by that for the coal tar oil, was similar to those of the
various pasting oil samples. Among the pasting oils, the
potency of the later produced and tested sample, number 4,
appeared to be somewhat higher than the two previously
tested. All, however, were high. Aspastingoil was re-
cycled and, therefore, subjected to repeated contact with
coal at high temperatures and pressures, this probable
increase in potency is logical.

TABLE 3. POTENCY OF DIFFERENT SAMPLES OF
UNDILUTED PASTING OIL (P.O)

After One Year Median Latent Period M.L.P. of M.C. X 100
Sample Study Tumor Cancer (M.L.P.), Days M.L.P. of P.O.
Number Number Mice Index Index Tumor Cancer Tumor Cancer
1 4 C3H-JAX 100 100 225 245 64 78
2 7 C3H-R 94 67 225 318 64 53
3* 7 C3H-R 67% 42%* 165 246 87 68
4 11 C3H-JAX 100 20 114 150 100 92
4 12 C3H-JAX 78 56 123 180 90 83
4 15 C3H-R 100 64 144 240 —-— -

*Purchased cresote oil, used to mix with coal tar oil. All mice dead within eight months.

As the potency of methyl cholanthrene and of pasting
0il did not vary much with different stocks or in the dif-
ferent studies, it is assumed that differences between the
results of painting samples from the various streams and
products of coal hydrogenation units were measures of the
potency of these samples. Figure 1 is a diagrammatic
presentation of the tumor and cancer indices of samples of
15 of these coal process materials after one year of paint-
ing. The two products, heavy and light oil, produced only
papillomas. As the former was too viscous to test undiluted,
it was painted as a 10% suspension. Tumors were found until
8 months but none from the 8th to 12th month with this
product. The light o0il product took one and one-half years
to give the tumor indices listed; at one year those of 13
and o for tumor and cancer, respectively, were noted.
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Figure 1. Products, stream and fractions of coal hydrogenation

process tested (with boiling points and tumor indices indicated).

The light o0il stream and eight fractions of this
stream were all without tumorigenic action. No tumors
whatsoever were found on the skin of these mice. All,
with the exception of phenolic pitch, were tested undi-
luted. This pitch was also the only fraction of the light
0il stream which had a boiling point range above 260 C.

Experimenters as early as 1921 showed that the higher
boiling fractions of tar (over 300 C) produced the highest
proportion of skin carcinomata experimentally. This was
more recently discussed by Combes, Hueper and others. The
findings of the carcinogenic activity of certain coal hy~-
drogenation materials verify this temperature relationship.
The middle oil stream, light o0il stream residue, pasting
0il, and pitch product were all carcinogenic for mice.
Pitch product, the residue boiling higher than 450 C, was
tested 10% in benzol. Two samples resulted in tumor in-
dices of 54 or 77 and cancer indices of 12 or 69. The
numerical results are semiquantitative as are those of
any biological assay. The potency of the 10% residue, when
expressed as percentage of the 0.2% methyl cholanthrene
control, was 42% for tumors and 43% for cancers.
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Table 4 is a presentation of the fact that for the other
three carcinogenic materials, the tumor indices and potencies
increased and induction periods decreased as their boiling
points rose. '

TABLE 4. RELATIONSHIP OF CARCINOGENICITY AND BOILING
POINT RANGE OF ALL STREAMS EXCEPT LIGHT OIL

Mean Values of

M.L.P. of M.C.
M.L.P. of Material X 100

Boiling Point Tumor Cancer

Material Range, C Index Index Tumor Cancer
Middle 0il Stream 260 to 320 46 15 35 31
Light 0il Stream Residue 260 to 380 66 38 46 45
Pasting Oil 320 to 450 94 75 80 76

Pasting oil, it has been seen, was as highly carcino-
genic as any other fraction. As this recycled material was
as likely to be contacted by the workers as any of the other
streams or products, detailed studies were performed to find
the effect on carcinogenicity of diluting the oil, of prevent-
ing its contact with the skin, or of removing it from the skin
after contact.

Table 5 indicates the effect of diluting pasting oil with
benzene. The tumor and cancer indices were similar with all
but the 0.4% concentration of the oil. Even at this dilution
40% of the mice had papillomas and 15% had carcinomas. The
columns to note, however, are the median latent periods.

These increased as the concentration of pasting oil decreased.
It took 114 days for the average tumor-bearing mouse to develop
a papilloma with the undiluted pasting o0il as compared to a
year, or more than two years, for those painted with the 2% or
the 0.4% dilutions of the oil.

TABLE 5. EFFECT OF DILUTION OF PASTING OIL ON
ITS TUMOR PRODUCTION

Concentration of Maximum No. of Tumor Cancer Mean Latent Period, Days
Pasting 0il in Benzol Months Painted Index Index Tumor Cancer
100. 0% 3] 100.0 89.5 114 150

50.0% 11 85.4 50.0 147 231

10.0% 12 100.0 95.2 180 234

2.0% 22 88.9 51.8 384 474

0.4% 21 40.0 15.0 >630 >630
0.2% Methyl Cholanthrene 6 100.0 96.6 114 138
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The question arose of the relative importance of the
concentration or of the total dosage the mice received. To
attempt an answer to this, the concentration was used that
was slow in tumor production but still resulted in a high
percentage of mice with tumors, namely, 2% pasting oil in
benzene. Table 6 lists the relationship between painting
the mice with one or five brush strokes per day with 2%
pasting oil versus one brush stroke of 10% pasting oil.
Theformer produced fewer tumors and the median latent per-
iods were delayed with this one brush stroke, 2% concentra-
tion. Five brush strokes of 2% pasting oil, however, increased
tumor production and resulted in a shorter latent period. This
was still not as short as that for one brush stroke of 10%

pasting oil.

TABLE 6. EFFECT OF DILUTION AND TOTAL DOSE OF
PASTING OIL ON ITS TUMOR PRODUCTION

Appearance of
Maximum First Tumor

Concentration No of Brush- No. of Months No. of Median Latent
of Pasting strokes per Months of Mice Tumor Cancer Periods, Days
0il in Benzol Painting Painted Painting Alive Index Index Tumor Cancer
2.0 1 22 7 28 41.7 25.0 >660 >660

2.0 5 19 6 23 100.0 81.2 259 376

10.0 1 17 4 27 91.7 79.2 198 252
100.0 1 11 3 26 100.0 63.6 144 240

As diluting the pasting oil was ineffective in preventing
tumors from it, even +though this did lengthen the induction
periods, attempts were made to prevent skin contact by barrier
creams or to remove the oil by the use of waterless soaps or
soap and water. These are summarized in Table 7. An extraneous
infection invaded these mice concurrent with their treatments.
Thus the results on waterless soap 1 were inconclusive. For
most of the other groups, however, the infection came late
enough in the study to allow comparisons. In each case the
final tumor indices were practically 100% and in the majority
the cancer indices were high. The barrier creams, applied one
hour before the pasting oil and in two groups followed in four
hours by a soap and water wash, did not appreciably delay the
time of tumor production as measured by the median latent
period. In each case when soap and water were used a slight
additional delay appeared.

34




TABLE 7. EFFECTS OF CERTAIN BARRIER CREAMS AND SOAPS ON
TUMORS PRODUCED BY PASTING OIL

Maximum

Hour of Application of No. of Median Latent
Barrier Pasting Soap and Months Tumor Cancer Period, Days
Cream 0il Waterless Soap Water (S.W.) Painted Index Index Tumor Cancer
1-0 hr. 1 hr. later 10.0 88.5 46.2 132 234
1-0 hr. 1 hr. later 4 hr. later 11.0 100.0 61.5 186 258
2-0 hr. 1 hr. later 5.5 85.7 35.7 29 (180)
2-0 hr. 1 hr. later 4 hr. later 11.0 100.0 77.7 132 210
0 hr. 8.0 77.8 55.6 123 180
0 hr. i-4 hr. later 6.0 34.6 7.7 (246) -
0 hr. 1 and S8.¥. both 4 hr. later 6.0 9.1 0.0 _— ——
0 hr. 2-4 hr. later 11.0 94.4 88.9 174 210
0 hr. 2 and S.¥. both 4 hr. later 12.0 '93.8 87.5 270 279
0 hr. 4 hr. later 11.0 100.0 100.0 222 240
Methyl cholanthrene
0.2% in benzol 6.0 100.0 26.7 111 159

The mice that received waterless soap 2 had a slightly
longer median latent period than those without this treat-
ment. When this was followed by a soap and water wash the
induction period was further lengthened. These latter times
were similar to those for soap and water alone, which ap-
peared to be as effective a treatment as any other. It must
be re-emphasized, however, that none of these barrier creams
or wash treatments did more than sllghtly delay the appear-
ance of tumors.

Men were unavoidably exposed during the operation and
maintenance of the unit. In 1955, 3 years after the startup,
the first suspected skin cancer was observed on the buttock
of a 36-year-old man. In Henry's (1947) statistics on 1,335
pitch and tar workers, the shortest time for a papilloma to
develop was eight months, and for an epithelioma, 10 months.
The longest interval of time from the onset of work to the
manifestation of an epithelioma was 73 years in his report.
The maximum number of cases in his series appeared after 20
to 24 years of exposure.

The shortest exposure in the coal hydrogenation series
of cases in which cancer of the skin developed (pathologically
confirmed) was after nine months. The clinical effects are
summarized by Sexton (1960b). During the period of operation
of the coal hydrogenation units, from May 1952 to July of
1956, a total of 359 men were assigned regularly to work in
this plant area. Their median age was 36 years. Fifty-one
men, in quarterly or semi-annual inspections, presented 63
recorded skin abnormalities. Forty-three of these cases were
diagnosed as precursors of skin cancer; 10 men were diagnosed
as having cutaneous cancer. Their ages varied from 29 to 46

years with a median of 38 years of age. The incidence was’
compared on the crude basis, as well as the age-adjusted bases
for the West Virginia population and for the population of the
United States.




It was reported that the normal skin cancer incidence
is 30 to 40 per 100,000 per year. The incidence in the coal
hydrogenation unit was at least 20 times higher than expected.

The unit was shut down in July 1956. The incidence we
have discussed was until the end of December 1958. The men
have been followed since then ~ at first there were 1 to 2
new cases of skin cancer (small, malignant) every year.  Now
the incidence is about 1 every 5 years. There has been no
evidence of increases in systemic (including lung) cancers.
UCC was going to do an epidemiolo gical study when NIOSH an-
nounced they planned this. They visited the area over a
year ago, discussed their plan but haven't followed up with
an epidemiological study as yet (10-3-77).

Therefore, this study was considered important, not in
that it reported a new industrial carcinogen, but rather in
that it is one of the few reported instances where cancer was
suspected before a unit started; where the products as soon
as available were tested experimentally for their carcino-
genic action and this suspicion confirmed; where the workers
in the unit were thoroughly warned of these results, urged to
avoid contact, provided with information about the procedure
to use to remove contamination from the skin and provided
with changes of clothing; and where, even with all of these
precautions, careful medical examination of these men at
repeated intervals did uncover an unusually high number of
cases of skin cancer. Thus, this study helped confirm the
value of animal experimentation in predicting areas of cau-
tion for industrial and other human exposure. It also indi-
cates that extreme care must be practiced in the handling of
a similar process and that exposure must be held to a minimum.

Cancer is dosage-related. Time to tumor is also dosage-
related. Therefore, if contact is minimized, risk will be
minimized.
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PAPER NO. 4

OCCUPATIONAL HEALTH COSTS VS. BENEFITS IN COAL CONVERSION
M. L. Cohen

National Institute for Occupational Safety and Health
Rockville, Maryland

This is not the usual sort of cost vs. benefits analy-
sis. Macroeconomic and microeconomic concerns will not be
generated. I will not delve into the variables that make up
complicated algorithms of total cost ''guesstimates' such as
medical treatment and supply costs, insurance premiums paid
by both employers and employees, lost time-lost productivity-
lost profits projections, and litigation costs where settle-
ments are sought. You are not about to hear of discounted
dollar factors and year 2000 costs in terms of 1977 dollars.
Furthermore, as a health scientist, I cannot accept the econo-
mists' penchant for assigning dollar values to human life and
suffering for the purpose of creating benefit tiers derived
from various cost alternatives.

I am pleased, however, to discuss the relationship be-
tween profitable operations and adequate health protection.
I will also address relative cost factors for occupational
safety and health investments made before plants are con-
structed compared to future costs after the industry is built.
I hope to impress upon you certain guidelines that can be used
in industrial and research decision making now, while the
somewhat embryonic coal conversion (coal gasification and
coal liquefaction) industry is developing with a prognosis
for hearty growth.

First, let us explore some recent examples of the costs
that have resulted from the need to retrofit industrial fa-
cilities as a result of evidence of occupational diseases.

In the case of vinyl chloride, we learned that the most cost-
effective means of production is not necessarily the most

hazardous. 1In 1974, industry contractors projected costs as
high as $65 billion for compliance with the proposed Federal
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standard of 1 part vinyl chloride per million parts of air.
However, capital costs of one large company for compliance
with the standard approximated $34 million, while this com-
pany recovered costs by leasing its clean-up technology
(Epstein, 1976). A second company documented economic
advantages of compliance, due to the recycling of recovered
vinyl chloride (Epstein, 1976). Thus, the industry first
saw crippling investments in the $billions, and spent
$thousands fighting increased regulation. In the end, the
industry may reap $millions through more efficient produc-
tion and sales of control technology. This is the defini-
tive "best-case'" situation.

A second example is the styrene-butadiene rubber indus-
try. In the 1940's with 90 percent of the natural rubber
supply cutoff, the Federal government financed the building
of 15 styrene-butadiene rubber plants (Morton, 1973). Three
decades later, we are finding that styrene-butadiene rubber
employees have a six-fold risk, as compared with other rubber
workers, of dying of cancer of the lymphatic and hemopoietic
systems (McMichael et al., 1976). New occupational safety
and health regulations probably will be developed accordingly.
Research and development of control technology, and retrofit
of existing styrene-butadiene rubber plants will be expensive,
but they are essential for worker health protection.

To bring the matter of retrofit costs per occupational
health needs directly into coal conversion technology devel-
opment, consider the experience of the Synthetic Fuels Pilot
Plant at Cresap, West Virginia. This Office of Coal Research
coal liquefaction facility was operated in the 1960's. It
was plagued by fires and leaks, and as a result surfaces were
contaminated with carcinogenic coal tars (Evans, 1977). Since
1974, the plant has been completely renovated at a cost of
$13.5 million (U.S. ERDA, 1976). Much of this cost reflects
the installation of new pumps and piping to reduce leakage,
and the installation of equipment to meet environmental
protection standards. In this case, better process engineer-
ing was also a major factor in promoting better occupational
safety and health.

What are the safety and health hazards in coal conver-
sion plants, and what measures can be taken to protect workers
in these facilities? Injury-producing hazards are seen pri-
marily as the potential for explosions or fires, and leaking
hot gases or liquids. Workers may be exposed to toxic agents

39




by inhalation of gases or airborne particulates, by absorp-
tion through the skin following deposition of airborne mate-
rial or by contact with contaminated surfaces, and by acci-
dental ingestion. In maintenance operations, liquid and
solid residues may be encountered which would not constitute
normal operational hazards (NIOSH, 1977).

The range of toxicants and the resulting possible health
effects is extremely wide, from simple chemicals like carbon
monoxide to complex mixtures of organic carcinogens. This
situation is further complicated by the special problems
associated with carcinogens: 1long latent periods before
effects are observed, doubt about '"safe" levels, and uncer-
tain multiagent interactions (NIOSH, 1977).

Full protection for workers cannot be assured by pro-
tective measures, monitoring procedures, and/or medical tests
that are simply the sum total of controls for each individual
toxicant. The complexity of the potential hazards calls for
innovative control strategies (NIOSH, 1977).

A comprehensive occupational safety and health program
consists of safe work practices, engineering controls, pro-
tective equipment and clothing, workplace monitoring, medical
examinations and record keeping, a health education program,
personal hygiene, and enforcement of regulated areas.

Figure 1 is a sample job safety analysis form, which
represents a safe work practice that should be required for
all routine operations. Such a form is a tool that allows
the safety supervisor to assess the hazards and necessary
precautions associated with each specific job in the coal
conversion facility. It is also a simple method to inform
workers and the responsible shift supervisor of the safety
equipment and rules that apply to specific job steps. Main-
tenance tasks should also include safe work permits, signed
in advance by both the shift supervisor and safety officer
(NIOSH, 1977).
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JOE DESCRIPTION HE~NOWG
JOB HAZARD ¢ J =
BREAKDOWN I CORPONERT BUTCOTNG
REVIEWED BY PREPARED BY —BATE
INDUSTRIAL SAFETY
AT TRITYACS REVIEW DATES I :
SAFETY EQUIPMENT REQUIRED T00LS & EQUIPMENT REQUIRED JOB PREPARATION
HAZARDOUS MATERIALS RELATED REQUIREMENTS

RADIATION WORK PROCEDURE  YES [ No []

NUCLEAR SAFETY SPEC. YES ] NO [

JOoB STEP HAZARD SAFETY RULES AND SAFE PRACTICES

Figure 1. Job safety analysis sample form.
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Figure 2 shows a sample pump and shut off valve ar-
rangement that constitutes a simple but highly effective
engineering control. Shutoff valves that are strategi-
cally located in the piping design of a plant are a guard
against accidental exposures downstream of maintenance
operations or '"nonroutine operational events' such as
purge gas pressurization during startup or shutdown
(NIOSH, 1977). It is no more difficult or costly to de-
sign a plant initially in this fashionthan it is to design
a plant without these built-in hazard controls.

(>
M

P— - | ) 1 :

Figure 2. Pump and shutoff valve. Source: NIOSH Recommended
Health and Safety Guidelines for Coal Gasification Pilot Plants.

Figure 3 depicts a sample layout for clean and dirty
locker rooms that can assure good personal hygiene among
workers in a coal gasification facility. The objectives
are to prevent plant soiled work clothing or gear from con-
taminating clean street or work clothing, and to assure that
these items are not taken from the plant facility. The lat-
ter is especially important for keeping tar-contaminated
work clothing out of the family laundry. Again, it is neither
more difficult nor more costly to design available locker
room space with health protection in mind than it is to de-
sign these facilities without concern for reducing hazardous
exposures.
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TO PLANT
CLOSED CONTAINER FOR DISPOSAL
OF GROSSLY CONTAMINATED CLOTHING

} v T T T T TITTT
u / LOCKERS_FOR WORK BOOTS Figure 3. Sample

HARD HATS, OTHER SAFETY EQUIP

g e o Joyout for clean
CLOSED CONTAINER FOR PLANT . and dlrty IOCker
SOILED OUTER CLOTHING rooms. Source:
ONE-MAY NIOSH Recommended
N Health and Safety
} SHOWERS Guidelines for
] Coal Gasification
F Pilot Plants.

CLEAN PLANT
CLOTHES
LOCKERS STREET CLOTHES
LOCKERS

HEEREEN

~——— CLEAN SIDE ——{«— CONTAMINATED SIDE —

IITTTY  [TTTITTTITTTITT

These three examples emphasize careful forethought in
developing standard operating procedures and designed-in
engineering controls and personal hygiene facilities.

They demonstrate the need to accomplish occupational safety
and health objectives prior to constructing coal conversion
facilities.

Research and development for control technology must be
accomplished now, simultaneously with process development
for the conversion of coal to liquid and gaseous fuels.
Dollars spent to build margins of safety into these facilit-
ies will always be few relative to the dollars required to
retrofit later. The building of safe plants today will also
help to assure the future integrity of coal conversion plants,
and thereby help to protect the investments made in this in-
dustry. Additionally, the investment now for built-in worker
protection will likely pay dividends in increased production
efficiency. Thus, for the coal conversion industry, occupa-
tional health costs on the "front end'" actually are benefits
in terms of dollars saved from process efficiency, minimized
retrofit, and reduced human illness and injury.
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To conclude, let me emphasize that we have a tre-
mendous opportunity from a public health perspective
with respect to the development of the coal conversion
industry in the United States. For the most part, there
. should be no surprises. We have a good idea of what the
hazards associated with this technology are likely to be,
and we can readily determine the research and development
needs for further hazard identification and control. In-
vestments can be made now to design hazard control tech-
nology into these industrial facilities. Shareholders
should not reap annual dividends, and consumers should
not receive lower cost products at the expense of the work-
ers whose toil produces the profits and products. If
occupational health and safety considerations are properly
addressed in the initial development of coal conversion
technology, then these plants will not, hopefully, contri-
bute to serious health problems 20 to 30 years from now
for today's workers.
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OPEN FORUM

DR. STERNER (University of California, Irvine): I
would like to ask Mr. Levine if we are likely to end up
with a number of different successful operations or dif-
ferent methods of coal conversion or do you think it will
funnel down so that one or two methods will survive? Are
the various processes competitive enough so that perhaps
a number of systems will be evolved?

MR. LEVINE (Exxon Research and Engineering Company):
I think there will be several commercial processes for
liquefaction and for gasification. I don't think there
will be a proliferation of processes. I think the chemis-
tries of the various processes will be very similar. If
you look at the fundamental physics and chemistry of the
processes, they just can't be very different. There will
be differences in the way that you handle the materials but
basically the chemistries will be the same. As of right
now, there is just the thermal commercial process for
gasification. I think that it will not be done at extremely
high temperatures. They will have to be done somewhere
under 2000 degrees. I think that from the toxicologist's
viewpoint you will have a workable situation to deal with.
There probably won't be a wide range of chemical processes
with a large number of operations for either liquefaction
or gasification. There is one caveat I would like to make
about the area of pyrolysis. I didn't speak in great detail
about pyrolysis because if you want to make liquid or gaseous
fuels you are going to use a liquefaction or gasification
process. DPyrolysis can be an attractive process in combina-
tion with other approaches and specifically with respect to
gasification. 1It's very attractive to get some of the liquids
off of the feed before you gasify. I think there could be
much more variability in the chemical species formed with
pyrolysis.

DR. CULVER (University of California, Irvine): My gques-
tion is for Mr. Bolton. Has any positive result come out of
your efforts to use sputum cytology as a method for monitoring?

MR. BOLTON (Oak Ridge National Laboratory): Let me ans-
wer that indirectly. When we went into this program, we
established some very rigid specifications for the control
group. We matched them, almost perfectly, from the standpoint
of hourly payrolls, from the standpoint of education, and other
factors with the coal processing workers. The one positive
finding that came out of that program was a diagnosis of one
in situ carcinoma in the control group which has been treated
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and the prognosis for this employee looks pretty good.

It was a case of early detection of a tumor that was not
apparent on x-rays. It was found in the sputum cytology
tests. We have not, at this point, found a sufficient
number of metaplasias to make any kind of statement about
it. If you look at the sputum cytology studies conducted
at the uranium mines in the west, the statistics are ex-
tremely impressive. There's a correlation between smoking
and radon exposure, for example, compared with nonsmoking.
It's just undeniable that this test is extremely important.
It's not a test that anyone submits to eagerly. 1It's like
most medical examinations. It has some discomfort and we
get a certain amount of resistance to being tested. We
have, therefore, made it a mandatory job requirement.

DR. STERNER: Let me just suggest on that particular
point, once you get a positive test or worse yet, a ques-
tionable test, then you have to have the individual undergo
bronchoscopy. You have to get down into the lung and find
out what is involved. Then you really begin to get into
difficulty. Bronchoscopy is an invasive type of clinical
procedure which can cause not only the individual a great
deal of difficulty but the management of the medical surveil-
lance program a considerable amount of difficulty.

MR. BOLTON: The other problem is that the program
has to be designed in a fail safe mode. If we find a person
with marked atypia, that person is going to be removed from
further exposure. We will follow his condition but we are
not going to further expose him to the chemical process.

MR. WANDS (National Academy of Sciences): 1I'd like
to address a couple of questions to Mr. Levine. Will there
be changes of processes depending upon the kind of coal that
is used? For example, are the vast beds of brown coal sus-
ceptible to these kinds of conversions? Do they basically
differ in either their products or their risks? And the
second question I would like to ask concerns the waste
products of the various processes. What kind of problem do
they present occupationally and environmentally? ‘

MR. LEVINE: On the question related to the coal feed,
coal is high variable. It is an extremely important considera-
tion in the process development. There are cases, which we read
about recently in the newspaper, of processes being developed
on one coal which had subsequent serious problems when applied
to another type of coal. I can't answer the question in detail
because I don't think there is one simple answer. 1I'll try to
select some examples. There are pronounced differences in
eastern coals and western coals in the U.S. but I believe that




you will be able to handle all these coals eventually with

the kinds of processes that I outlined in my presentation

for liquefaction. Among gasification procedures, the ther-
mal processes seem to be very sensitive to coal feed. These
are other companies' processes so I won't make a comment on
more of the specific differences. The work that we've done

on a catalytic process suggests that it tends to make coals
look more similar. We feel that one of the contributions

we could make to this industry would be to find a more
pervasive type of process technology for gasification. The
catalyst approach does directionally do that. You mentioned
the brown coals, and although I can't address myself to

brown coal specifically, I don't know of any coal that can't
be converted. I think the judgement on using various coals

is basically economics. There will be some coals that won't
be attractive economically. The second question asked was
about the waste products. A very simple way of looking at
that problem was shown in the next to the last slide I used.
When you think of our energy, the system is a big box and

you are pumping coal, gas and liquids into it. At some point
down the road, you might see past some of those gases and
crude oil. Part of them could be replaced by additional coal
input. And then inside of that box, you might see another

box which is the coal. Some of it goes to direct energy utili-
zation which is what we're doing now, and some of it goes to
conversion which is not being done on a very large scale right
now. As a result of that second box, there would be some waste
products introduced into the system. One would be ash disposal
which is the same ash disposal resulting in direct energy utili-
zation from coal. The question raised was what is the differ-
ence between that ash and the ash you would get from a conver-
sion process? Some of the gasification processes convert all
the carbon. There are no major differences in the ash that

we know about. The inorganics are still there. There are
possible subtle differences which I don't think we are aware
of yet. What the impact of this will be, I'm not really pre-
pared to answer. I certainly am not going to tell you there
are no problems, but I think we should be persuaded by the
fact that it is not a new operation and these are not new
materials. There isvalidity in the fact that they should be
safe for a land fill type of operation. The other changes are
you have higher sulfur content in the ash with the conversion
processes, and with the sulfurization process, there is a net
gain during conversion. What happens to nitrogen is a ques-
tion mark. In some product applications, you want to remove
nitrogen because it is harmful to either the hardware that

you are going to use or it would not meet an emission stan-
dard. There is a technology to remove the nitrogen oxides
from effluent wastes from the processes used. Again, the
solution is a question of dollars.
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MR. WANDS: I guess one of the things that I was con-
cerned about in the waste products is that many of our coals,
particularly those from the midwest region, are relatively
high in trace metals which are somewhat hazardous. These
may be concentrated in the ash and thus might be a source of
environmental pollution of a different magnitude entirely.

Is this a potential problem we should be concerned with?
And secondly, are these then going to be utilizable re-
sources of raw materials for further processing for re-
covery of special components such as the trace metals?

MR. LEVINE: The concentration of the heavy metals
in the ash has been defined in terms of the loading. I
don't have that data with me.

DR. NEWILL (Exxon Corporation): I think that whether
there is a problem depends on the kind of disposal system
that you're thinking of using. At the present, with the
relatively small amounts of waste produced, it's probably
going to be a land fill disposal system in places where
the waste is protected from leeching into ground water
supply. During the pilot plant phase, that's the way we
will handle waste disposal. 1In the later phases, I think
this problem will be given a great deal of consideration
and we will solve how we are going to dispose of the waste
before going into commercial production. We're concerned
about concentrating inorganics also, and concerned enough
that we're going to be sure that they don't get into the
general environment.

MR. LEVINE: In response to the second part of the
question, I don't believe that the concentrations of the
heavy metals are great enough right now for serious con-
sideration for recovery.

MR. BOLTON: The recovery of metals from ash has
been looked at. While on the surface it looks like it
might be economical, it isn't. The problem is in the
form that the materials are present. It is virtually
impossible to refine them out in any economical fashion.

MR. WANDS: This is not a new or unique problem
perhaps, but at least there is a question for further study
in the near future.

MR. BOLTON: I don't think that the ash from coal
conversion processes is as available as the fly ash from
coal power plants.
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MR. HASS (Argonne National Laboratory): I'd like
to direct several questions to Mr. Weil. One, were your
mice exposed to light in any way? Two, since benzene
exposure has been linked with leukemia, did you look for
that particular endpoint? And thirdly, have there been
any other studies that corroborated any of your results?

MR. WEIL (Carnegie-Mellon Institute): The natural
light was northern light into the laboratory. This was
back in the 1950's so we did not have fluorescent lighting.
I covered benzene during the presentation. We only used
that for the three very, very viscous samples. Benzene
was really not involved in the response observed. It is
a vehicle that was used in the mouse skin painting studies.
We try to avoid its use and select something else if we
can. Thirteen of these sixteen materials were tested un-
diluted with no benzene involved. These skin cancers found
were caused by the polycyclic hydrocarbon in the coal prod-
ucts from coal hydrogenation. If there have been any re-
peat studies, I am not aware of them. Our experience has
been that any organic material heated high enough will pro-
duce carcinogenic moieties.

DR. DREW (Brookhaven National Laboratories): Mr. Weil,
were the three viscous mixtures that proved to be carcino-
genic analyzed to identify common components?

MR. WEIL: No, we didn't conduct a complete analysis
of the mixtures. The coal hydrogenation process was under-
going continual change. In fact, the reason they didn't
succeed probably is that they may have moved from the
laboratory scale to a large pilot plant scale too rapidly.
The process kept breaking down and many of the workmen
were exposed to the products of the process.

DR. MAC FARLAND (Gulf Science and Technology Company):
One of the major problems that confront the toxicologist is
that when he's asked to study the carcinogenicity of the
coal conversion process, the operation may not be operational.
He must wait for a stabilized commercial process to be de-
veloped to collect a meaningful sample of the mixture or
mixtures to which workers or neighbors will be exposed before
beginning the animal experiments. The se¢ond major problem
lies in the reactivity of the products collected from the
coal conversion process streams. Some of the components of
the mixtures are phenolic compounds, and these are highly
susceptible to oxidative reactions. It's very disconcerting
for a toxicologist to undertake a skin painting study and
notice that the solution being tested has slowly changed from
a pale yellow color to a deep red. The question becomes one
of how much impact will that chemical change, shown by the
color change, affect the toxicological significance, particu-
larly when a dose response is being determined.
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DR. STEMMER (University of Cincinnati): We are very
concerned about the carcinogenicity of these products. We
are also interested in occupational exposures and air pollu-
tion hazards to the general population. Are there any stud-
ies being conducted that are addressed to these problems?

MR. BOLTON: I don't know if there are any ongoing
studies addressing the problem. There have been a number
of proposals submitted to attempt to assess the hazards
involved in the entire process. The proposals were to
study the complete process from removing the coal from the
ground to delivery of the finished product to the consumer.
I don't believe these proposals have been funded to date.

DR. STEMMER: If these products come to the market
in the timetable suggested by Mr. Levine, in the late 1980's
or early 1990's, will we begin then to look at their impact
on the populus?

MR. BOLTON: I sure hope we don't wait that long. We
should be doing that right now. There are, however, several
different problems to be examined in respect to air pollution
effects. Coal conversion processes for chemical manufacture
and coal for low BTU gasifiers are entirely different prob-
lems. The state of the art for low BTU gasification is only
in the early stages. There are perhaps 80 manufacturers for
low BTU gasifiers (70-100 ton per day maximum capacity).
Since these are state of the art and since changes in fuel
sources in one type of gasifier can result in variations in
waste products, it is impractical to conduct comprehensive
toxicology studies. The costs would be astronomical to test
all the variations possible.

MR. WANDS: Mr. Weil, you raised a point in your
presentation about the dose relationship and the time factor
involved. How long ago was it that the workers were exposed
at the pilot plant you studied?

MR. WEIL: The last exposure was in 1956.

MR. WANDS: That's over 21 years ago. Has there been
any increase in lung cancer among these workers since the
end of their exposure?

MR. WEIL: There has been no increased incidence of
lung tumors in this group. Perhaps I should say something
about the epidemiology studies proposed to be conducted on
these workers, about 350 in number. Although surveillance
on the workers has continued, the data have not been evalu-
ated statistically because NIOSH informed the plant medical
director that they wanted to perform the study approximately
1 year ago. As of yesterday, there has been no further word
from NIOSH so the data are untreated and the epidemiology
study hasn't been conducted.
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INTRODUCTION

It is estimated that fire causes 12,000 deaths, 300,000
injuries, and $11.4 billion in property damage each year in
the United States (National Commission on Fire Prevention and
Control, 1973). These figures show the United States to be
the industrialized world's leader in fire deaths per capita.
The rate for second-ranking Canada is only half that high.
Most fire victims die by inhaling smoke or tox1c gases well
before the flames have reached them.

One approach to decreasing fire deaths and property
damage has been to reduce the flammability of materials used
in building construction and transportation systems as well
as in their furnishings. 1In fact, flammability standards
have been established for numerous items such as carpets and
mattresses. Flame retardants are often used to meet these
standards. The number of flame retardants on the market has
increased dramatically during the past decade.

This approach to reducing flammability does not address
the problem of smoke and toxic gases. Flame retardants can
undergo pyrolysis when exposed to heat and may produce more
toxic products than under flaming conditions (Petajan et al.,
1975). Untreated wool produces primarily carbon dioxide,
water, carbon monoxide, and oxides of nitrogen under flaming
conditions; however, under pyrolysis conditions, hydrogen
cyanide and organic cyanides are produced. The deaths of
many aircraft crash victims have been attributed to poisoning
by combinations of carbon monoxide and hydrogen cyanide
(Mohler, 1975).

*This paper was adapted from a report (National Academy of
Sciences, 1977) prepared by the Committee on Fire Toxicology,
which was supported by the Consumer Product Safety Commission
and the National Aeronautics and Space Administration under
Office of Naval Research Contract N00014-75-C-0718.
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The state-of-the-art in fire toxicology is consider-
ably less developed when compared to other areas of toxi-
cology. Relatively standard approaches are used to evalu-
ate the toxicity of food additives, drugs, cosmetics, and
pesticides, but none have been developed to evaluate the
toxicity of combustion and pyrolysis products. The rapid
growth of the synthetic polymer industry has significantly
increased both the quantity and variety of materials af-
fected by fire. Investigations of the toxicities of com-
bustion and pyrolysis products, begun in the fifties, have
resulted in many publications dealing with the types of
gases produced from the different polymers. No standard
approaches have yet been developed to assist engineers in
the selection of materials by using the toxicity of com-
bustion/pyrolysis products as a criterion.

Recognizing the deficiencies in the area of fire toxi-
cology, the Advisory Center on Toxicology has assumed a
leadership role by establishing the Committee on Fire Toxi-
cology. With its support from the National Aeronautics and
Space Administration and the Consumer Product Safety Commis-
sion, the committee is studying this multidisciplinary
problem.

Based on its literature review, presentations by
selected researchers to the committee, and the experience
of its members, the committee concluded that there are no
acceptable screening tests to evaluate relative toxicities
of pyrolysis and combustion products of polymeric materials.
All present methods have one or more shortcomings. It further
concluded that the state-of-knowledge in fire toxicology pre-
cludes the establishment of a standard protocol for screening
materials. However, the committee has developed some guide-
lines that would limit the variables so that the data obtained
could serve as a basis for devising screening systems and re-
sults could be compared among laboratories.

GUIDELINES

To be practical, a screening method must be economical
and relatively easy to conduct. This probably eliminates
tests simulating a large-scale "real fire'" situation; how-
ever, it is important that the toxic pyrolysis/combustion
products produced in a screening system be representative
of those occurring in a ''real fire'". 1In addition, the
tests must be reproducible, sensitive and valid. Since the
screening system is designed to identify highly toxic mate-
rials and to rank materials, the primary toxic agent might
not be identified nor would the mechanism of toxicity be
determined. The results from screening systems for deter-
mining the toxicity of pyrolysis/combustion products are
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comparable to "range-finding" studies used to determine
the toxicity of chemicals. In many cases, a screening
system will not provide all the information required

about the material; however, the results should certainly
provide a sound basis for planning more definitive experi-
ments.

PYROLYSIS/COMBUSTION CONDITIONS

Since pyrolysis and combustion occur under an almost
infinite number of actual conditions, the laboratory situ-
ation should bracket likely conditions and should attempt
to simulate the worst case that could occur in "real' fires.
Fire reaction processes generally involve oxidation and/or
decomposition, so that the product molecules are breakdown
or oxidation products of the original material. The two
major variables are heat transfer to the sample--particularly
by radiation, which controls surface temperature--and the
availability of oxygen. The two extremes are free burning
of the sample with ready access of air and pyrolysis under
reducing conditions; therefore, specimens should be tested
under both pyrolysis modes and flaming combustion.

For the limited goal of a screening test, heat fluxes
(temperatures) should be chosen at three levels - one just
above that necessary to sustain pyrolysis, one just below
that required for flaming combustion with normal oxygen
concentration, and one that supports flaming combustion
when supplied with a source of ignition. If a furnace is
used, the static temperatures prior to introducing the
specimen should be recorded. If a radiant heat source is
used, the flux should be calibrated.

The heating mode is not specified in the committee's
recommendations since the chemical decomposition is not
governed explicitly by the mode of heat transfer. There-
fore, the apparatus for burning or pyrolyzing the sample
need not operate in a purely radiant or conductive mode;
rather, it should be reproducible and relatively simple in
construction, characterization and operation. For this
reason, the committee prefers a shallow furnace with a
weighable sample cup over elaborate radiant heating de-
vices. The furnace should provide a uniform temperature
in the sample region and be designed so that undue con-
densation and repyrolysis of the sample within the test
chamber are avoided. Temperature, radiation flux, or some
other characteristic parameter should be monitored to ensure
constancy of conditions. The cup should be of resistant
material such as quartz or aluminum oxide.
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The sample should be prepared in a standard manner
and its physical properties reported. Weight, volume,
subdivision, porosity and geometry should be recorded.
Sample size should be scaled so that it reaches the
specified test end point within 30 minutes. The sample
should be introduced rapidly into a preheated furnace
or a preset radiant flux. The time of pyrolysis or com-
bustion should be short compared with the animal exposure
time. Pyrolysis or combustion time and the weight and
character of any residue should be reported. The dose
should be expressed as the amount decomposed in the
chamber volume in units of mg/m3.

ANIMAL EXPOSURE CONDITIONS

A single chamber for both pyrolysis/combustion and
animal exposure is highly desirable. Both static and
dynamic chambers are feasible; however, the committee's
opinion is that the single static chamber with integral
pyrolysis furnace is a simple approach that provides more
realistic information. This not only approximates the
real fire situation but prevents large losses of combus-
tion particles and gases on the walls of any transfer
apparatus. The sample holder and pyrolysis elements
should be enclosed in the exposure chamber as close to the
animal area as practical, consistent with providing ther-
mal shielding from heat and hot gases. Adequate mixing
of toxic gases and particulates, either by convection or
mechanical agitation, is required. Other means of tem-
perature control at the location of the exposed animals
may include size of the chamber and the placement of the
pyrolysis/combustion unit.

The chamber should be airtight to prevent toxic gases
from leaking into the laboratory; however, there should be
a safety pressure relief diaphragm vented to a laboratory
hood. Construction materials should be inert and easy to
clean between runs. Glass is an excellent choice except
for fluoropolymers, which generate molecules that attack
the glass surface. Care should be taken to avoid reaching
explosive limits during pyrolysis. Safety precautions
should be outlined. Compliance by operating and cleaning
personnel should be enforced.

A small rodent species, such as the rat or mouse or
a combination of both, should be used as the animal models.
Enough animals must be used at each exposure condition to
give statistically valid results.
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The exposure time should range from 15 to 30 minutes,
preferably 30 minutes. Measurement of exposure time
should begin at the time pyrolysis or combustion is ini-
tiated. The temperature in the animal exposure chamber
should not exceed 35 C; however, the best means for con-
trolling temperature has not been determined.

In addition to temperature, carbon dioxide, carbon
monoxide, and oxygen levels should be monitored in the
chamber during exposure. The oxygen should be maintained
about 16%. This is usually accomplished by limiting sam-
ple size. Other expected toxic degradation products such
as hydrochloric acid or hydrogen cyanide should be moni-
tored. The optical density should be recorded as a measure
of smoke obscuration. Additional analyses for volatile
gases may be desirable as an indication of reproducibility
of pyrolysis/combustion and for deducing the mechanism of
intoxication.

END POINTS

The end points for toxicity tests in animals should be
applicable to the interpretation of effects in humans.
Incapacitation is considered to be the most important end
point as this is related to the ability to escape from the
fire. Next in importance would be the latent impairment of
organ function or damage to organ structure. Rats and mice
are generally used because of practical considerations.

In the opinion of the committee, the simplest and least
costly measurements should be those made frequently;
the more difficult or costly ones should be reserved for
understanding of mechanisms and resolution of special
problems that arise. The committee specifically recommends
that the chosen end points provide a measure of both inca-
pacitation and delayed effects. As a minimum, the end points
of a screening test should be as follows:

* Observation--Observations of animal behavior
and physical condition during and after expo-
sure are extremely important; thus, these
should be done by a qualified investigator.
Some type of quantitative test may be required
to evaluate observations made by the investiga-
tor.
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» Incapacitation--Incapacitation should be mea-
sured using a rotating wheel or an equivalent
test. Measurements should be reproducible,
sensitive, and valid. Packham et al. (1976)
have reported that the activity wheel and a
conditioned leg-flexion avoidance response
are reproducible paradigms for carbon monoxide
toxicity. Measurement of sensory irritation
may provide a basis for assessing incapacita-
tion. The rotating wheel or an equivalent
test is a tentative recommendation until a more
valid measure of incapacitation is determined.

 Mortality--Deaths during exposure and those
occurring within 14 days postexposure should
be recorded. Postexposure observations and
mortality are a simple approach to investi-
gating delayed effects.

*+ Carboxyhemoglobin determination--Carboxyhemo-
globin levels should be measured at the end of
the exposure to determine if the toxic response
is due to carbon monoxide concentration or to
other toxic components in the combustion prod-
ucts. '

The second echelon should be used for more definitive
and mechanistic studies, and includes: blood pH, partial
pressures of oxygen and carbon dioxide, and blood cyanide;
electrocardiogram; respiratory record by plethysmograph;
organ functions; and gross and microscopic pathology.

The animal data obtained by some or all of these methods
should be interpreted as well as possible in terms of

human ability to see or to hear the direction for escape,
to judge a course of action, to move from or remain in

the area, and to avoid serious sequelae that affect the
heart, lungs, liver and kidney. This would pertain to
normal healthy people as well as to those especially 'at
risk' from preexisting conditions such as old age, coronary
heart disease, or other disabilities.

Toxicity data should be relatable to human capability
for escape and effective survival. This requires the com-
parison of different test materials with reference materi-
als. The latter may be either a defined material in common
use or a reference material, currently used for a particular
purpose, that is being considered for replacement by the new
material to be tested against it. 1In addition, the absolute
toxicity can sometimes be judged in relation to the fire
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conditions that might occur, the amount of material that
would be used, and the amount of this material evolved or
combusted under these circumstances.
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PAPER NO. 6

TOXICOLOGICAL ASPECTS OF A FIRE FATALITY STUDY
B. M. Halpin

Johns Hopkins University
Laurel, Maryland

SUMMARY

The work reported in this paper has been done under
grants from the National Science Foundation and presently
the Center for Fire Research/The National Bureau of Stan-
dards. The major collaborators involved in the toxicologi-
cal aspects of the program were:

Yale H. Caplan, Ph.D.

Roy Altman, Ph.D.

Bernard C. Thompson, Ph.D.
Russel S. Fisher, M.D.
Byron Halpin, B.S.

David Shapiro.

Results of examining human fire fatalities in respect
to their exposure to the toxic atmosphere are presented in
this paper. The discussion includes the gaseous and particu-
late fractions of the smoke present in a fire.

Carbon monoxide is shown to be the primary lethal agent
as a toxic gas, but hydrogen cyanide is also shown to be sus-
pect as a toxic hazard. The interactions of the two gases
are unknown and need to be explained.

Soot generated during the fire is the transport mech-
anism for such things as heavy metals. The results shown in
this paper indicate that significant levels of several heavy
metals are inspired during a fire. However, the role of the
heavy metals is not understood at this time.

INTRODUCTION

Death and injuries due to fires have been accepted as
a matter of fact in the United States for a long time. Sta-
tistics have been quoted annually as to the number of fire
casualties inflicted each year. However, the numbers are
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gross estimates, and although the estimate of the annual
figure of 12,000 deaths per year (America Burning: The
Report of the National Commission on Fire Prevention and
Control) is about to be revised sharply downward to approxi-
mately 8000 deaths (Fristrom, 1977; Derry, 1977) the number
will still be the best estimate available.

A major source of data upon which the above estimates
have been based is the death certificate count supplied by
the National Center for Health Statistics of HEW. However,
very few of the official death causes found on these death
certificates for fire victims result from a thorough autopsy.
Thus, there are several vital questions that must be ans-
wered such as do these people die as a result of the fire
and if so, what mechanisms are involved in such a fire death?

JHU/APL FIRE CASUALTY PROGRAM

The Fire Casualty Program of the Applied Physics Labora-
tory of The Johns Hopkins University (Berl et al., 1975) was
designed to attempt to address some of the specific problems
attendant with fire casualties. This program was started in
September of 1971. The major thrust of this program was to
attempt to gain an understanding of the problems associated
with fire victims who have died in fires in the State of
Maryland and have been exposed to the toxic atmosphere of
the fire. With this concept one recognizes that the toxic
atmosphere will be constituted in the gas and particulate
fractions of the smoke. One must further realize that there
will be physiological, biological, and toxicological reac-
tions involved.

The JHU/APL program requires close cooperation and
coordination of many organizations. Some of the significant
organizations involved are the State Fire Marshal's Office,
the State Medical Examiner's Office, and Baltimore City and
other local fire departments. There are six major areas of
participation in which the organizations function. They are:

1.  Program Coordination - APL/JHU coordinates the study.

2. Postmortem Analyses - The Maryland State Medical Exam-
iner provides detailed pathological and toxicological
analyses of fire fatalities for Maryland. The autopsies
are performed at the Baltimore facility of the State
Medical Examiner. Toxicological studies include tests
for carboxyhemoglobin and alcohol blood levels as well
as possible drug involvement. As a result of a special
blood cyanide study, a technique for obtaining accurate
and meaningful blood cyanide levels is anticipated.
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3. Field Investigations - The Maryland State Fire Marshal
and his staff, as well as local county and Baltimore
City fire investigators, provide standard in-depth
data about the physical aspects of fires. They also
notify an APL fire investigator who visits the fire
scene to attempt to obtain samples of materials that
were involved in the fire, soot samples, and the data
available from other investigators.

4. Biochemical and Chemical Analyses - Special analyses
are being provided to analyze the biological and other
samples obtained at the fire scene and during autopsies.
Special lung tissue and fluid outgassing, tracheobron-
chial trees, blood cyanide, heart and carbon monoxide
interactions, fire material, and soot studies have been
initiated to provide data that can be used in defining
the fire fatality problem. These analyses are provided
by the Medical Examiner's Office and APL/JHU.

5. Medical Analyses - The medical experts analyze the post-
mortem and biochemical data, when available, and provide
meaningful interpretations of the results. At this time,
a judgment is made about the cause of death. The Medical
Examiner's Office is the prime organization here.

6. Data Analyses -~ The total set of data for each case is
analyzed to try to tie together the physical, medical,
and other data in a comprehensive form. It is now that
one hopes meaningful conclusions about fire fatalities
can be drawn that will aid one in understanding the total
problem and suggesting practical solutions. This area
is primarily the function of the JHU/APL staff.

GENERAL RESULTS

There were some general results obtained during autopsy
that are pertinent to the toxicological aspects of the pro-
gram. The pathology indicated that the victims exposed to
the fire atmosphere had moderate to very heavy soot deposi-
tions in the respiratory system. There was sSevere edema and
pulmonary congestion in the respiratory system as well.

In approximately half of the cases, the blood carboxy- ,
hemoglobin level of the victim was over 50% which is the level
taken to be lethal. In another 30%, carbon monoxide plus some
other agent such as preexisting heart disease and severe
alcohol intoxication was considered to be the cause of death.
However, several of these findings are still being examined -
such as the heart interactions in an attempt to verify the
statements.
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STUDY PROTOCOL

A protocol was developed for the Fire Fatality Pro-
gram. A complete autopsy was performed at the Maryland
State Medical Examiner's facility in Baltimore, Maryland.
Samples of blood, urine, bile, liver, kidney, and spleen
were collected for toxicologic analyses including alcohol,
carbon monoxide, drugs and cyanide. These analyses were
conducted at the Medical Examiner's Office. Samples of
lung and trachea soot scrapings were collected and ana-
lyzed for gases and metals at the Applied Physics Labora-
tory.

CARBON MONOXIDE

Carbon monoxide is generated in all fires and must be
considered as the primary toxicant. Table 1 indicates the
distribution of the blood carboxyhemoglobin saturation levels
in victims reported on in this paper. These cases are a
subset of the overall case load. One can readily see that
about 59 percent had a level above the 50 percent saturation
point. These we believe were primarily victims of carbon
monoxide poisoning. The remaining 41 percent must be con-
sidered as having died for some other reason such as carbon
monoxide poisoning plus preexisting heart diseases or a pos-
sible combination of toxicants.

TABLE 1. DISTRIBUTION OF FIRE VICTIMS ACCORDING TO BLOOD CO.

COHb (%) Number of Victims %
0-9 38 13.1
10~-19 20 6.9
20~29 25 8.6
30-39 16 5.5
40-49 21 7.2
50-59 28 9.7
60-69 35 12.1
70-79 65 22.4
>80 42 14.5
Total 290 100.0

ALCOHOL INVOLVEMENT

Alcohol has been the only drug-like material found #to
be a problem. In fact it is a major problem in fatal fires
both from the standpoint of the fatal outcome as well as the
ignition of the fire. Table 2 indicates that a positive level
of blood alcohol was found in 130 of the victims. The data
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also show that 88 percent of these victims had a blood alco-
hol level that would be considered to be an intoxicating
level (> .1%). ,

TABLE 2. DISTRIBUTION OF FIRE VICTIMS ACCORDING
TO BLOOD ALCOHOL

Ale (%) Number of Victims %
.01-.04 10 7.7
.05-.09 6 : 4.6
.1-.14 20 15.4
.15-.19 33 25.4
.2-.24 21 16.1
.25-.29 19 14.6
.3-.34 . - 8 6.2
.35-.39 10 7.7
>.4 3 2.3
Total 130 100.0

The alcohol problem is further magnified when one con-
siders the fact that approximately 1/2 of the fires were
caused by 'careless smoking" and that in 2/3 of these fires
alcohol was involved. The heavy preponderance of the alco-
hol cases were males 30 years of age and above.

HYDROGEN CYANIDE

Hydrogen cyanide can be found in the products of com-
bustion of nitrogen containing materials such as wool, nylon,
polyurethane, etc. However, very little, if any, considera-
tion has been given to determining whether cyanide was present
in the fire victims prior to this study.

The available analytical techniques were examined (Alt-
man, 1976), and the methodology suggested by Valentour et al.
(1974) was modified and adapted to this study. This procedure
measures cyanogen chloride produced from CN with an electron
capture detector and a gas chromatograph. The blood cyanide
levels of the fire victims of this study have been measured
in this manner since mid 1975 (Caplan, 1977).
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NORMAL VALUES

A set of normal values were obtained by measuring blood
cyanide levels in 32 living subjects, 64 random postmortem
nonfire deaths and 22 impact injury airplane crash victims.
The results are shown in Table 3. The range of the readings
for the 118 cases was 0.00-0.22 pg/ml. Therefore, values
ranging from 0.00-0.25 ug/ml were considered normal for use
in further studies. '

TABLE 3. NORMAL BLOOD CYANIDE CONCENTRATIONS (ug/ml)

Number Mean Range S.D.
Random P.M. 64 0.05 0.00-0.22 0.04
Airplane Crash 22 0.06 0.04-0.19 0.03
Living 32 0.07 0.02-0.21 0.05

FIRE VICTIMS

The following material was taken directly from a report
prepared by Dr. Y. Caplan (1977) for the APL/JHU project.

Cyanide concentrations were determined in 256 fatalities
occurring during the period 1 January 1975 to 28 June 1977.
A distribution of the results of these analyses is shown in
Table 4. Normal concentrations (0.00-0.25 ug/ml) were found
in 30% of cases. Subtoxic concentrations (0.26-1.00 ug/ml)
were found in 35% of cases. These concentrations would not
be expected to elicit any biological effect although concen-
trations exceeding 0.26 ug/ml are indicative of the presence
of cyanide precursors in building materials. Possible toxic
concentrations (1.01-2.00 ug/ml) were found in 26% of cases
and probable toxic concentrations (2.01 pg/ml and above) were
found in 9% of cases. These concentrations are indicative
both of exposure and toxicity. Such concentrations may cause
interaction with other toxic substances and possible incapaci-
tation.

TABLE 4. DISTRIBUTION OF BLOOD CYANIDE CONCENTRATIONS IN
256 FIRE FATALITIES OCCURRING IN MARYLAND DURING THE PERIOD
1 JANUARY 1975 - 28 JUNE 1977

Cyanide Concentration (ug/ml) Number Percent
0.00-0.25 77 30
0.26-1.00 89 35
1.01-2.00 66 26
2.01 and above 24 9

256 100
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DISCUSSION

The detection of cyanide in concentrations exceeding
0.26 pg/ml in 70% of the fire fatalities is a clear indica-
tion of the widespread distribution of nitrogen containing
polymeric materials in the average building or vehicle.

A correlation of blood cyanide concentrations with
carbon monoxide saturation levels indicates that significant
cyanide findings were associated with high carbon monoxide
saturations. When cyanide was high, carbon monoxide was high;
when cyanide was low, carbon monoxide was low. Cyanide did
not apparently explain deaths not otherwise explained. How-
ever, cyanide's role as an intermediary agent causing inca-
pacitation and subjecting a victim to a prolonged exposure
to carbon monoxide has not been fully elucidated. In one
automobile fatality studied, the vehicle contained plastic
covered seats filled with urethane foam and padded dashboard.
The blood cyanide concentration was 3.13 ug/ml and the blood
was 18% saturated with carbon monoxide. Blood alcohol con-
centration was 0.22% and blood methadone was 0.03 mg/dl.
Alcohol and methadone were contributory to the accident.
Limited chest and bone injuries and the carbon monoxide were
insufficient to cause death. The cyanide concentration was
toxic and hence was the primary causative factor. It is
anticipated that the study of future cases will reveal similar
situations pointing more clearly to the toxic role of cyanide.
An additional similar situation has recently been observed in
a case in Virginia where a death resulted in a blood carbon
monoxide saturation level of 6% and cyanide concentration of
3.1 uyg/ml. The fire was of the smoldering type and no other
factors were evident.

HEAVY METALS

Scrapings of the soot deposition in the tracheobronchial
tree of the victims were collected for analysis for possible
heavy metal depositions. The analyses were performed by Mr.
D. Shapiro at APL/JHU.

The initial analyses were made on the total samples
provided. Each sample had varying amounts of soot, mucosa,
blood, etc. The samples were prepared for analysis with a
Varian atomic absorption device. Concentrations of heavy
metals were determined for 94 cases and the results are shown
in Table 5. As can be seen by the data, seemingly significant
levels of the metals were obtained even though the sample
weight was strongly biased by the items other than soot. Note
that Be and Bi were dropped from the analyses after 70 cases
were run and Cr and Zn were substituted in the analyses.
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TABLE 5. RANGE OF HEAVY METAL CONCENTRATIONS IN INTERNAL
SOOT SAMPLES FROM FIRE VICTIMS (NONSEPARATED: 94 CASES)

Metal Number of Cases Found Range (ug/g of Sample)
Sb 13 0-1479
Cd 66 0-121
Pb 50 0-767
Mn 8 0-28
Cu 76 0-376
*Bi 0 0
*¥Be 0 0
**Cr 0 0
**7Zn 20 42-444

*Bi & Be - 74 cases analyzed.
¥*%Cr & Zn - 20 cases analyzed.

: A technique was developed to separate the soot from the
rest of the debris in the samples. Thus, a more accurate
determination of the heavy metal deposition on the soot
could be made. The results of 8 cases analyzed in this
manner are shown in Table 6. One can readily see that the
upper limit on several of the metals increased significantly.

TABLE 6. RANGE OF HEAVY METAL CONCENTRATIONS IN INTERNAL
SO00T SAMPLES FROM FIRE VICTIMS (SEPARATED: 8 CASES)

Metal Number of Cases Found Range (ug/g of Sample)

Sb 1 0-779
Cd 8 0-474
Pt 6 0-3980
Mn 1 0-19
Cu 7 0-1214
Zn 8 0-8855
Cr 0 0
DISCUSSION

. There is no doubt that heavy metals are being introduced
into the bodies of people exposed to the toxic atmosphere of
fires. The major question is what does this finding mean
toxicologically? The belief is that there were no acute
results apparent in the victims studied, but these were short-

term deaths.

Nothing could be done during this study period to deter-
mine possible chronic effects of exposures by obtaining sam-
ples from survivors of the same fires. This question will
hopefully be examined in future work.

66



Therefore, the results as presented must be considered
by appropriate experts to determine what then happens as a _
result of the insult. The soots are taken into the respira-
tory and digestive tracts so consideration of possible
damage in either mode must be evaluated. ’

CONCLUSIONS

The fire atmosphere constitutes a serious threat to
human life from a toxicological view. The gases that are
present are at sufficient levels to cause death. The par-
ticulate matter is the transport agent for other toxic and
irritating substances.

Carbon monoxide is considered as the primary lethal
agent in a fire.

The role of hydrogen cyanide is not clear, but the
presence of the gas should be examined to determine what
sublethal amounts within the human body will do. The inter-
actions with other toxicants and the mechanisms involved
need to be explained.

Heavy metals are being transported into the body but
their role in either acute or chronic results is not under-
stood.
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PAPER NO. 7

THE ROLE OF ASPHYXIA IN THE INVESTIGATION OF ANIMAL
RESPONSES TO FIRE COMBUSTION PRODUCTS
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' and
W. A. Galster

University of Utah
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INTRODUCTION

Major effort in this laboratory has been directed toward
the development and evaluation of approaches to the assess-
ment of the toxicological effects resulting from exposure of
rats to smoke produced from burning materials. Special em-
phasis has been placed on utilization of only those physio-
logical and behavioral methods which are judged to be most
meaningful in view of the objectives of a first-tier screen-
ing protocol. Previous work led to the choice of incapacita-
tion (as determined by loss of the leg-flexion conditioned
avoidance response) and blood chemistry (COHb, O,HB, pH’PaCO5
and Py0,) as significant and relevant parameters in such a 2
screening protocol (Hartzell et al., 1976). Since death is
the classical observation in the field of toxicology, the
mortality resulting from exposure of subjects was also se-
lected, along with gross pathological examination of exposed
animals upon either death resulting from the exposure or sac-
rifice after fourteen days.

The combustion furnace and accompanying test conditions
chosen for this work were those reported by Potts and Lederer
(1977). The furnace is basically an electrically heated,
closed-end vertical tube which supplies conductive heat to
the sample. Combustion modes employed with this furnace may
be either flaming or nonflaming. The nonflaming mode is de-
fined as the maximum temperature at which a material can be
heated without autoignition occurring. The flaming mode is -
defined as the minimum temperature at which flaming combus-
tion can be initiated within 10 seconds and maintained in
the presence of a spark ignition source. These two conditions
represent those most likely to produce the maximum toxicologi-
cal effects. It is inherent in this method that materials are

'Industrial Research Associate, The Dow Chemical Company
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compared neither at equivalent heat fluxes nor at equiva-
lent temperatures. Materials are compared at their condi-
tions of maximum expected toxicity. Whether or not these
conditions are actually encountered in a real fire must be
further evaluated in assessing the overall hazard of a
particular burning material. Additional indepth rationale
for these combustion methods and conditions are discussed
by Potts and Lederer (1977).

THE EXPERIMENTAL PROTOCOL

Combustion of Materials

The conductive heat furnace described by Potts and
Lederer is utilized (1977). Materials are burned in both
the nonflaming and flaming modes as defined previously.
Sample weights are chosen such that nominal smoke concen-
trations, when contained in a 60-liter chamber, are 2.5, 5,
10, 20, 30 and 40 grams/cubic meter. Smoke concentrations
are determlned from the weight of sample consumed durlng the
combustion.

The Exposure Chamber

A 60-liter hexagonal acrylic chamber equipped with
multiple ports for exposure of rats in the head-only posi-
tion is employed. The furnace is attached to the bottom
plate of the exposure chamber, with the mouth of the quartz
combustion beaker essentially flush with the bottom of the
chamber. A Teflon®-coated aluminum cone is positioned
approximately 2 inches above the mouth of the combustion
beaker to shield exposed rats from direct flame radiation
and to aid in convection current mixing of combustion gases
and smoke. Exposed surfaces within the chamber are either
acrylic or Teflon®. Temperature monitoring and sampling
of the atmosphere for analyses are accomplished at positions
in the chamber representative of those occupied by the rats.

Combustion Atmosphere Monitoring

Combustion product atmospheres are sampled at S5-minute
intervals and analyzed by gas chromatographic methods for O,
CO;, and CO. Gas chromatographic analysis and/or specific
detectors are also employed as appropriate for determination
of HCN, HCl, acrolein, other aldehydes, and combustible hy-
drocarbons. :
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The temperatures to which the rats are exposed are
"monitored continuously. Chamber temperatures at the posi-
tion of the rats rise to about 34 C by the end of a 30-
minute exposure in the nonflaming mode. Chamber temperatures
during a flaming combustion can rise briefly to above 50 C
during the period of flaming, but decrease quickly to
approximately 35 C upon cessation of the combustion. De-
pending upon the nature of the material and the sample size,
the time during which rats are exposed to excessive tempera-
tures is normally no greater than 1-2 minutes.

Exposure of Animals

Four male Long-Evans rats weighing from 390 to 420
grams are placed in tubular restrainers and exposed in the
head-only mode to combustion product atmospheres for 30
minutes. Two of the four rats are equipped with arterial
cannulas to allow for the sampling of blood during the ex-
posure. All four rats are fitted with apparatus for moni-
toring of the conditioned avoidance response. The rats
undergo at least 15 minutes of conditioned avoidance re-
sponse training prior to the exposure. Up to 24 exposure
experiments are conducted in the course of the evaluation
of a material, up to 6 concentrations each in the flaming
and1ﬂuenonf1am1ng modes, with each exposure being dupli-
cated.

Physiological/Behavioral Monitoring of Animals

During exposure, the rats are monitored for performance
of the leg-flexion conditioned avoidance response. The per-
cent of total exposed animals from duplicate runs which lose
the response during the 30-minute exposure is observed at
each smoke concentration. The time when each animal loses
avoidance is recorded and assessed relative to its blood
chemistry at the time of the loss. These data aid in evalua-
tion of the causality of the incapacitation. Times to loss
of avoidance appear to have differing causalities and are not
used directly in the relative evaluation of material toxicity.
Variations in the times to loss of avoidance have been observed
previously in rats exposed to irritants and other common com-
bustion products (Hartzell et al., 1976).

The percent of total exposed animals from duplicate runs

that die as a result of the exposure is observed. The time
at which mortality occurs up to 14 days postexposure is noted.

71




Blood samples are taken from cannulated rats prior to
the exposure in order to establish control wvalues of blood
parameters and to assess the health of the animals. Sam-
ples are then obtained at the time of loss of the avoidance
response and at the time of death. Cannulated rats that
survive the 30-minute exposure are also sampled upon ter-
mination of the exposure. Blood samples are obtained by
cardiac puncture from noncannulated rats that die during
the exposure. Blood samples are analyzed for COHb, pH,
Paco, and Py content. Results aid in assessing the
causﬁllty of ﬁoth avoidance loss and death.

Upon termination of each exposure, surviving rats
are subjected to a gross neurological/behavioral examination
(e.g., righting reflex, startle response, etc.), observed
for 14 days, and then sacrificed. Necropsy is performed on
all rats upon death or sacrifice. ,

Data Analysis

Smoke concentration versus percent response for both
the avoidance response and mortality are plotted according
to the logarithmic-probability method of Miller and Tainter
(1944). Values for the ECy (concentration resulting in
loss of the conditioned avoidance response of 50% of the
subjects) and the LCs (concentration resulting in death of
50% of the exposed rats) are estimated graphically for both
the flaming and the nonflaming modes of combustion, along
with calculation of standard errors for each value.

Assessments of causality for both avoidance loss and
mortality are made for examinatin of blood gas data, patho-
logic findings, and combustion atmosphere compositions.

This protocol has been used for the evaluation of six
materials, including Douglas fir. It has been successful
in differentiating between materials and combustion condi-
tions exhibiting varying degrees of toxicity, some materials
indicating a high relative degree of toxicity, and others
exhibiting minimal relative toxicologic problems. Further-
more, a basis has been obtained from which the suspected
causality can be assessed.

The Role of Asphyxia

The syndrome of asphyxia is essentially characterized
by an inadequate supply of oxygen to tissues, accompanied
by elevated partial pressures of carbon d10x1de (PaCO ) in
the blood (hypercapnia)(Best and Taylor, 1973). The
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somewhat broader term of hypoxia, if further expanded to
include histotoxic anoxia (the inability of cells to utilize
oxygen), 1is suggested by data obtained thus far as the prin-
cipal causality of both incapacitation and death of subjects
upon exposure to fire combustion products.

Mortality data on a total of 46 rats exposed to a wide
range of smoke concentrations from a variety of materials
are shown in Table 1. . The mean carboxyhemoglobin (COHb)
saturation levels of the subjects at death is consistently
in the range of 60-90% for all the materials which do not
form HCN upon combustion. Thus, anemic hypoxia is strongly
suggested as the causality of death for these materials.

In contrast, mean COHb saturation levels at death as a re-
sult of exposure to rigid polyurethane foams are much lower
at 40%. The low COHb saturation levels, along with the
presence of as much as 200 ppm HCN in the combustion atmos-
pheres, are suggestive of histotoxic anoxia as contributing
to the cause of death, along with anemic hypoxia. With some
materials, postexposure deaths due to arterial hypoxia, pre-
sumably from edema, are also observed. In the materials
studied thus far, no evidence has been seen for causalities
of death other than the various forms of hypoxia.

TABLE 1. ANIMAL MORTALITY

% COHb At Death

Material . - Mode N

Douglas Fir .~ Nonflaming 6 84.0 % 4.2
Douglas Fir Flaming 6 91.6 + 1.6
Polystyrene Foam Flaming 7 75.2 t 2.4
Polystyrene Foam w/FR Flaming 5 65.9 + 2.9
Rigid Polyurethane Foam Flaming 12 40.9 + 9.2
Rigid Polyurethane Foam w/FR Flaming 8 43.0 * 3.7
Flexible Polyurethane Foam Flaming 2 64.2 * 0.2

Arterial blood chemistry data obtained at the time of
loss of the conditioned avoidance response for 135 rats are
shown in Tables 2 and 3. The exposures resulted from the
combustion of a variety of materials over a wide range of
smoke concentrations. The data show a consistent pattern
of relatively low COHb saturation, lowered O.Hb levels,
decreased PaQ,, increased Pacg, and low pH levels. - These
observations are strongly suggestive of arterial hypoxia.
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TABLE 2. LOSS OF CONDITIONED AVOIDANCE RESPONSE
(NONFLAMING MODE)

Material N %COHb %0,Hb pH [ %APq, |%APCO,
Douglas Fir 15(14.9+20.5|55.5+11.1{7.24+.06|-25.4|+26.2
Polystyrene _ \

Foam 8 6.6 5.2/76.2+13.6(7.34+.07|~- 3.1|+10.9
Polystryene

Foam w/FR 71 4.1+5.9 |63.2+13.4]|7.26+.05|-23.4|+33.6

Rigid Polyure-
thane Foam 15| 6.0t 8.21|59.8+ 8.8|7.26+x.05|-19.9|+36.3

Rigid Polyure-
thane Foam
w/FR 11{ 6.4+10.8(56.9* 9.5|7.29+.07]-23.4 |+25.7

Flexible Poly-
urethane Foam |{11)14.4+11.8{54.0+£10.7}|7.26+.08|-25.0(+39.7

TABLE 3. LOSS OF CONDITIONED AVOIDANCE RESPONSE
(FLAMING MODE)

Material N %COHb %0, Hb pH %APO, | BAPCO,
Douglas Fir 9132.7+24.6 |60.1+22.0(7.26*.06 (- 7.2|+26.2
Polystyréne

Foam 8131.6+ 9.0({51.9+13.2(7.18+.13{-23.5{+35.0
Polystyrene -

Foam w/FR 10135.8+20.4142.3+13.47.13+.10(-37.6{+49.0

Rigid Polyure- :
thane Foam 16]18.0+13.4|55.2+10.4(7.13+.14 |-14.6 |+41.1

Rigid Polyure-
thane Foam :
w/FR 11(11.5+ 8.3 {57.6+ 8.5(7.30+.11 |-17.8 |+17.0

Flexible Poly-
urethane Foam |14(11.1+11.1(54.8+14.0(7.26+.11 |-23.6 |[+38.3
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A noteworthy exception to the pattern is seen in the case
of polystyrene foam in the nonflaming mode. With this
material, a normal level of Pap, and only a slight in-
crease in Pacp, suggest that asphyxia may not be implica-
ted. Incapacitation may thus be due to other causes in
this particular case. It should be added, however, that
the smoke concentrations required to effect incapacitation
with polystyrene foam are quite high compared with other
materials in this study and that this material therefore
exhibits a relatively low order of toxicity.

Loss of the conditioned avoidance response in the case
of rigid polyurethane foam in the flaming mode is accompa-
nied by somewhat smaller than the usually observed decreases .
in Pag,.  Histotoxic anoxia, in which tissues cannot utilize
oxygen, is therefore suspected. The observation of signifi-
cant HCN concentrations produced from flaming combustion of
rigid polyurethane foam supports this assessment.

The protocol used for assessment of the relative toxi-
cological hazards of burning materials has thus yielded con-
siderable data of value in suggesting causality for both
incapacitation and death. Blood chemistry data are strongly
indicative of the implication of a variety of forms of
hypoxia in both effects. Moreover, such information along
with appropriate atmosphere analytical data, is capable of
suggesting situations in which hypoxia may not be involved
and therefore alternate causality may need to be sought.
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INTRODUCTION

The relative toxicity rankings of materials, as measured
by the time it takes for animals to manifest overt toxic symp-
toms, tend to be dependent on the test conditions. This was
shown by earlier work with four synthetic polymers (Hilado
et al., 1977). Certain materials, however, tend to rank
consistently among the most toxic or least toxic over a range
of test conditions. The extent to which consistent effects
can be found over ranges of test conditions is of considera-
ble interest, because such information would permit a reduc-
tion in the number of experiments necessary and hence the
amount of work required to evaluate a specific material.

A screening test method for relative toxicity of emitted
pyrolysis gases was developed at the University of San Fran-
cisco. This involves the exposure of four freely moving -
Swiss-Webster male mice in a 4.2 liter hemispherical chamber
to pyrolysis gases generated by pyrolyzing a one gram sample
under different test conditions. Over 270 materials have
been evaluated by this test method to date (Hilado and Cum-
ming, 1977c). This paper presents test data for a select
variety of materials to demonstrate the effect of test condi-
tions on test results and rankings. :

APPARATUS

The animal exposure chamber (Figure 1) is of a design
developed and patented by NASA and is made of clear poly-
methyl methacrylate so that continuous observation of the
animals is facilitated. The activity of the free moving mice
in the chamber allows observation of natural, unrestrained
behavior which can be recorded by the average layman. This
spontaneous activity results in fairly uniform distribution
of the gases throughout the chamber volume.
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Figure 1.

7 PYROLYSIS OR
CONNECTING
TUBE

The polymethyl methacrylate is superior to glass in ease
of fabrication, light weight, resistance to shock, and inert-
ness to hydrogen fluoride, which is a pyrolysis effluent from
some synthetic polymers. The chamber has a total free volume
of 4.2 liters, and is made of an upper dome section and a
lower base section, both with a diameter of 203 mm (8 in).

The upper dome section is removable, and is connected
to the base section by means of a conventional toggle snap
ring; the joint is sealed by an O-ring. Access to the cham-
ber is provided by two horizontal cylinders of different
diameter mounted on the dome section. The larger horizontal
cylinder, having a diameter of 59 mm (2.38 in), is fitted
with an adapter to accommodate the open end of the pyrolysis
tube. The smaller horizontal cylinder, having a diameter of
39 mm (1.56 in), is fitted with an adapter to accommodate the
probe of a Beckman process oxygen analyzer, and serves also
as the entry port for the test animals. A perforated poly-
methyl methacrylate plate across the larger horizontal cylin-
der prevents movement of the mice into the pyrolysis tube.

The upper end of the dome section is provided with aper-
tures and a clear polymethyl methacrylate cylinder having a
cover plate; the cover plate is connected to a bubbler to per-
mit venting of pressure exceeding one inch of water and pre-
vent entry of fresh air, and is provided with fittings for a
thermometer and for gas sampling.
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A Lindberg horizontal tube furnace is used for pyroly-
sis. The sample material is pyrolyzed in a quartz boat
center in a quartz tube, closed at one end with a cap and
connected at the open end to the animal exposure chamber.
For tests with forced air flow, the cap at the normally
closed end is replaced by a fitting into which air is
pumped in a continuous flow by either a Hush I aquarium
pump (nominal 16 ml/sec) or a Metbel MB-~21 pump (nominal
48 ml/sec). ‘

PROCEDURE

The pyrolysis tube, pyrolysis boat, animal exposure
chamber, and all fittings and adapters are thoroughly
cleaned and dried before each test. The pyrolysis boat is
weighed without and with the sample under test. Quartz boats
and tubes are normally used; where possible, monel or plati-
num tubes are used when hydrogen fluoride is expected to be
present in the pyrolysis effluents.

The test animals are received in plastic cages, with
each test group in its own cage. Each animal is removed,
inspected for freedom from abnormalities, weighed, and marked
on some part of the body with different colors of ink for
identification. Four Swiss-Webster male mice, 25 to 35 gram
body weight, are used for each test. Four appears to be the
optimum number of mice which can be used for each test with-
out excessive oxygen consumption during the test period, as
well as the largest number which can be satisfactorily ob-
served by a single operator.

Each experiment is repeated two or three times. This
replication provides measures of variation between test ani-
mals and between experiments.

The mice are placed in the animal exposure chamber and
given a minimum of 5 minutes to accustom themselves to their
surroundings. The entire system is sealed (except for the
safety vent) and all joints are checked for proper seating.
The pyrolysis tube containing the sample is introduced into.
the furnace, which is preheated to 200 C in the case of
rising temperature programs, or 600 C or 800 C in the case
of fixed temperature programs. In the case of rising tem-
perature programs, the furnace is turned on at the start of
the test at the predetermined heating rate of 40 C/minute;
when the furnace approaches or reaches the upper limit tem-
perature (600 C or 800 C), this temperature is maintained
by either automatic or manual control until the end of the
test. The test period is 30 minutes, unless 100% mortality
occurs earlier; the test is terminated upon the death of the
last surviving animal.
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Time to first sign of incapacitation . is judged as the
time to the first observation of either loss of equilibrium
(staggering), prostration collapse, or convulsions of any
animal. Time to death is judged as the tlme to cessation
of movement and respiration.

After the test is terminated and the animals are removed
from the chamber, the pyrolysis boat containing the sample
is removed and weighed to permit calculation, by difference,
of the weight of sample pyrolyzed. Surviving animals are
observed daily for a 14-day period after the test, and any
significant changes from normal appearance, behavior, or
weight are noted.

Temperatures and oxygen concentrations in the animal
exposure chamber are recorded at 1 minute intervals through-
out the entire test period.

DATA AND DISCUSSION

The effect of air flow rate on time to first sign of
incapacitation and time to death, using the rising tempera-
ture program from 200 to 800 C, is shown in Figures 2 and 3,
respectively. The materials are flexible polyurethane foam,
neoprene foam, and wool fabric. Increasing the air flow rate
from O to 16 ml/second resulted in a decrease in both time to
first sign of incapacitation and time to death; the observed
effect is attributed largely to more rapid delivery of toxi-
cants to the animals; other factors may be increased trans-
port of solid and liquid particles, and a higher degree of
oxidation. This trend continued with increased air flow to
48 ml/second in the case of flexible polyurethane foam. In-
creasing air flow from 16 to 48 ml/second in the case of
neoprene foam and wool fabric resulted in longer times to
first sign of incapacitation and times to death; this reversal
may be due to dilution of the toxicants by the continuing flow
of air.

20 #PU - FLEXIBLE POLYURETHANE
FOAM

N - NEOPRENE FOAM
W - wool

i) Figure 2. Effect of air flow rate
on time to first sign of incapacita-
tion: rising temperature, 200-800 C.

TIME TO FIRST SIGN OF [NCAPACITATION, min
cl

Py,
sl \//W'
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Figure 3. Effect of air flow on
-time to death: rising tempera-
ture, 200-800 C.
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The effect of heating rate and air flow rate on time to
first sign of incapacitation and time to death, for ABS, poly-
carbonate, and rigid polyurethane foam, is shown in Figures 4
and 5, respectively. Changing from the rising temperature
program (40 C/min) to the fixed temperature program (immedi-
ate exposure to 800 C) resulted in markedly reduced times to
first sign of incapacitation and times to death; this effect
is attributed to more rapid generation of toxicants. With
-the fixed temperature program at 800 C, increasing the air
flow rate from O to 16 ml/second resulted in a decrease in
both time to first sign of incapacitation and time to death;
this effect is attributed to more rapid delivery of gaseous
toxicants, increased transport of solid and liquid particles,
and perhaps a higher degree of oxidation. The apparent re-
versal in ranking between polycarbonate and rigid polyure-
thane foam may be statistically significant but may have no
practical significance. Further increases in air flow rate
to 48 ml/second seemed to have no significant effect on time
to first sign of incapacitation, but air dilution may have
had some effect on times to death with polycarbonate and
r1g1d polyurethane foam.

81



20 A - ABS

PC ~ POLYCARBONATE

RPU - RIGID POLYURETHANE
FOAM

E

5“5.\\

= 4

5 \\\\ ,

f W_Q Figure 4. Effect of heating rate
2 \ and air flow rate on time to first
2 \\ sign of incapacitation: rising

g \\ temperature and fixed temperature,
o sk o\ 800 C.

z

[} 0 10 20 30 40 5‘0

pOw—
RISING AR FLOW RATE, ml/sec
TEMP FIXED TEMP

PC - POLYCARBONATE

20 '\\ A - ABS
RPU - RIGID POLYURETHANE
FOAM

Figure 5. Effect of heating rate
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The effect of heating rate and air flow rate on time to
first sign of incapacitation and time to death, for six uphol-
stery fabrics, is shown in Figures 6 and 7, respectively.

The observed effects were similar to those found for ABS,
polycarbonate, and rigid polyurethane foam. With the fixed
temperature program at 800 C, times to first sign of inca-
pacitation were all less than 5 minutes, and the observed
changes and apparent reversals may have no practical signi-
ficance.
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Some consistent differences between materials were ob-
served despite all changes in test conditions. On the basis
of animal response times, the wool fabric was consistently
more toxic then the nylon and polypropylene fabrics. The
relative ranking of wool fabric, flexible polyurethane foam,
and neoprene foam, was consistent through three sets of test
conditions. '
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Because air flow affects the supply of available oxygen,
the effect of test conditions on oxygen concentration should
be considered. The oxygen in the animal exposure chamber is
depleted primarily by the oxygen consumption of the test
animals. The average oxygen concentrations in control tests,
with the animals in the chamber but without any sample in the
pyrolysis boat, are shown by the solid lines in Figure 8.
Oxygen depletion would appear to be significant only in the
absence of air flow. Earlier work (Hilado and Cumming, 1977b)
indicated that oxygen replenishment had an effect on survival
in the last 5 minutes of the 30-minute exposure, when using
no forced air flow. '

22

48 ml/sec air flow

16 ml/sec air flow Figure 8. Effect of
exposure time and air
orced air 1 flow rate on oxygen
22 experiments concentration.
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The average oxygen concentrations in actual experiments,
shown by the broken line in Figure 8, tended to be consider-
ably higher than the levels expected on the basis of the
control tests, although displacement of oxygen by expanding
pyrolysis gases might have led one to anticipate even lower
concentrations. This phenomenon is attributed to inhibition
of respiration by sensory irritants, a subject investigated
by Alarie et al. (1977), and reduced oxygen consumption by
animals that have been incapacitated.

The displacement of oxygen by nontoxic pyrolysis gases
does not appear to be a significant factor. Earlier studies
(Hilado et al., 1977) have shown that the generation of
enough hydrocarbon gases to produce a 1% concentration in
the chamber tends to be accompanied by the generation of
about 10,000 ppm of carbon monoxide. The displacement of
0.2 volume percent of oxygen by these hydrocarbon gases is
insignificant compared to the fact that 10,000 ppm of carbon
monoxide is lethal to Swiss albino mice in 5 minutes (Hilado
and Cumming, 1977a).
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CONCLUSIONS

Changes in test conditions can significantly affect
toxicity test results. In most cases, however, the relative
rank order of materials tends to remain unchanged despite
changes in test conditions.

The use of air flow permits maintenance of higher oxy-
gen levels in the animal exposure chamber.
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OPEN FORUM

DR. CAVENDER (Becton, Dickinson and Company): I would
like to ask all of the panel who would care to comment on
this to do so. One thing I am very distressed with in the
presentations this afternoon is the use of a single animal
species with each test system discussed. One of the corre-
lating facts that Dr. Halpin referred to was that there
were some unexplained deaths due to laryngeal spasms, and
sensory irritants can, indeed, induce laryngeal spasm in the
guinea pig. Dr. Mary Amder at Harvard has shown that there
are certain supersensitive individuals in the guinea pig
population that will respond at a very high level. That is
true perhaps in picking one nonsensitive species such as a
rat or going to an isolated test system such as Mallory's
mouse system. If you are going to come up with a standard
protocol, it seems to me that the best toxicological data
that can be derived will use at least two species of differ-
ent sensitivities to make a proper evaluation.

DR. WINSTEAD (National Academy of Sciences): I would
like to reiterate a comment made in my talk. I was describ-
ing guidelines for a very simple screening test to set pri-
orities for further testing and that this is equivalent to
determining an LDg. I don't -think there are multiple spe-
cies used in most screening procedures. Obviously if a
material is going to be put into widespread use, you have to
use more definitive experiments and investigate it more
thoroughly.

DR. BIRKEY (National Bureau of Standards): 1I'll try to
comment in terms of the philosophy of the approach we've
taken. I would not want to negate the point you've made ex-
cept to say that our first step is to try to get a fix on the
major causes of fire fatalities. The laryngeal spasm that
was shown on the slide was probably the result of direct ex-
posure to flames. In terms of fatality, that is not a signi-
ficant fact at this point. It may explain 3% or less of total
fire fatalities. The major cause of fire deaths is the inha-
lation of chemical toxicants and not the response of a few
select people that are supersensitive. A bigger factor than
that yet, it seems to me, is the cardiovascular disease prob-
lem that Dr. Halpin also alluded to and that probably explains
a larger percentage of fire deaths than laryngeal spasm. We
are not ignoring this problem. The first step is to try and
get a fix on major causes of fatalities.
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DR. HARTZELL (University of Utah): I've got to agree
with that position. The state of the art of fire toxicity
has not advanced very far. We're still looking at some of
the basic phenomena that are involved. After we get this
thing fine-tuned, I'd be inclined to agree with you that
we ought to go to other species.

DR. BIRKEY: Let me just comment further on that.
There are other researchers with programs going on that
are using different animal species. There's a rather ex-
tensive program at the University of South Paris using
rabbits. There's work going on in England using rats and
also some primates. There are other species being used in
fire toxicity research programs. Those studies, however,
go beyond the purpose of screening tests for comparative
toxicity and begin to evaluate toxic mechanisms of toxicity.

DR. HILADO (University of San Francisco): From the
viewpoint of the test methodology, the differences that you
see are probably not species differences but are most likely
differences in the method of combustion or pyrolysis. We
have done some collaborative work with Dr. Packham where we
adapted the behavioral response system which he developed
at the University of Utah to the University of San Francisco
(USF) small chamber. In our initial experiments, we found a -
1-to-1 relationship for time to incapacitation between free
moving mice observed visually and inability to avoid a shock
using Dr. Packham's system with all the electronic relays.

I think that might have been fortuitous. This approach may
be perfectly all right for carbon monoxide intoxication.

For wool combustion products, the correlation was not 1-to-1.
It was close, but not 1-to-1. We have also worked with the
Civil Aeromedical Institute (CAMI) where they used rats in a
tumbling cage. Again, comparing what they call incapacita-
tion and what we call incapacitation and times to death, for
example, at USF and at CAMI, their definition of incapaci-
tation corresponded to that last and final observation of
collapse in the USF method. I think that most of the differ-
ences observed in fire toxicity measurements probably are
other than species differences.

DR. MAC FARLAND (Gulf Science and Technology Company): I
would like to ask a question about human fire fatalities. Can
anyone tell me the proportion of the deaths that occur during
or within a very short period after the fire as opposed to
delayed deaths that occur 24 or more hours later?
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DR. STEMMER (Univer sity of Cincinnati, Kettering
Laboratory): I can give you some figures on the Southgate
fire in Kentucky. Approximately 159 people died immediately
in the fire. An additional 7 or 8 people died during a
period of up to three weeks after the fire. The cause of
death in those that had medical care and died has been des-
cribed. They actually developed within 24 hours after the
exposure marked pulmonary edema with pneumonia superimposed
on that. ' Most of them died because of the ensuing pneumonia
and heart failure. ’ :

DR. BIRKEY: 1I'd like to comment just briefly on Dr.
MacFarland's question. You really have to separate fire
fatalities into two categories. Some people will die of
thermal burns and we want to separate those deaths from the
ones who die from inhalation toxicity. 1In regard to pulmon-
ary edema, we know that's a predominant problem when we have
fires involving vinyl materials. It may also be a problem
that we have when we burn wood or have a conventional wood
fire but we don't have the extensive data that we've been
able to accumulate on the electrical insulation fires that
we've had in various locations around the country. There
was some vinyl material but there was also quite a bit of
cellulosic material in the Southgate, Kentucky fire. So
it's going to be a little difficult to evaluate toxicological
responses. I don't know if autopsies were performed on those
fire victims, but if antimony was discovered in a significant
quantity in the Southgate fire victims, then of course that
would be a clue to the fact that indeed quite a bit of PVC
was involved in that fire. We have done material identifica-
tion in that fire, but I don't know what percentage of cellu-
losics versus vinyls versus other materials was involved in
that fire. ' '

DR. MAC FARLAND: Thank you both very much for what
you've told me. 1I'll tell you what was in the back of my
mind. You have the acute deaths that occurred at the time
of the fire and when you look at the various types of toxi-
cants that are being considered here today, the things that
you might think of are carbon monoxide and cyanide because
if a person survives an exposure to carbon monoxide, once
they get out of the air containing the carbon monoxide, they
are essentially starting to recover because they are blowing
it off. So if they are going to be killed by carbon monoxide,
it's going to have to happen while they are being exposed,
essentially. The same thing is true about cyanide as an
acute poison. The thing that I was interested in was the
heavy metals, and I was interested in the remarks about the
effects of antimony on the heart. I was concerned about
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cadmium. As you know, cadmium, particularly in the form of
a freshly formed fume which occurs with heating of cadmium
compounds at elevated temperatures, is extremely toxic.

It's so toxic, in fact, that its use as a chemical warfare
agent was once considered. The lethal dose in man is some-
thing on the order of 2400 mg minutes per cubic meter. The
tissue concentration in a man receiving a lethal exposure

is of the order of about 2 micrograms per gram of lung tissue.
I don't know what human lungs weigh, but I think that if you
multiply that thing out, the quantity of the concentration
of cadmium that you found in some of those lungs, it seems
to me, must be rather close to this. The important thing
about cadmium fume poisoning is that it is not immediately
lethal. Death ensues from the pulmonary edema usually 12 to
48 hours afterwards, and this is the point that I was trying
to make.

DR. BIRKEY: Those characteristics are quite similar to
what we've seen with exposure to PVC materials.

DR. STEMMER: I would like to make one other comment
about cadmium and other toxicants that come into play after
the survival of the immediate effects of fire. We did some
studies of the smoke in regard to chelating capacity. In
the combustion of urethane, there is very strong binding of
copper and zinc components of the smoke. We know that cad-
mium is an antagonist of copper and if you give suboptimal
copper dietary intake to animals and expose them to 15 or
20 ppm of dietary cadmium that they develop heart lesions
and heart failure over a period of a few months. There may
be a similar mechanism involved in people like firefighters
who are repeatedly exposed to the other compounds in smoke
than just carbon monoxide or cyanide. As mentioned, cadmium
and chelating agents in that smoke may be of great importance.

DR. BIRKEY: 1I'd like to comment on that firefighter
comment. The predominant cause of death among firefighters
is heart failure. It may or may not be related to what you
are suggesting. Certainly we are concerned about the question
of stress on the firefighter and what that may be doing to
cardiac function. I don't know whether it's related to the
comments you made or not. It could be.

DR. MC GRATH (General Motors Research): I am quite in-
terested in what kind of experience you've had in using spec-
trophotometric techniques, especially the CO-Oximeter in
measuring blood carboxyhemoglobin levels. In our hands, we
find there can be many interfering substances such as anti-
coagulants or just handling.and processing the blood. I
wonder if you can comment on this.

90




"DR. HARTZELL: I know there have been considerable
difficulties in our laboratories with this instrument. I
am not the one who has been involved with this problem in
our laboratory but I am aware of the problems and the
laboratory analysts have them pretty well under control now.
It is difficult calibrating the instrument for rat blood,
for example. There are certain interferences. 1If you
want more details, I'll give you a name to communicate with
who can tell you the details of how they were able to get
around these kinds of things. Dr. Birkey, do you have any
comment on this?

DR. BIRKEY: I don't believe the problem with analyzing
rat blood with the CO-Oximeter wasn't simple chemical inter-
ference. It was the result of blood coagulating very rapidly
in the technique that was being used. There is a lot of con-
cern and in fact, the manufacturer has voiced a lot of those
concerns about its use for a precise measurement of carboxy-
hemoglobin.

LCDR ANDERSEN (Naval Medical Research Institute): Dr.
Rodkey is in the midst of working with a few of these problems
such as measuring CO with the CO-Oximeter and with Dr. Rad-
ford's technique. Perhaps he would speak on this point.

DR. RODKEY (Naval Medical Research Institute): Indeed,
all measurements for carboxyhemoglobin that are currently
being done in a routine manner are spectrophotometric. The
CO-Oximeter 182, which is the old model, is the one most fre-
quently used and is calibrated to the spectrophotometric
constants for the human species. This is one of the problems.
The other problem is that on that particular instrument, very
small blood clots are extremely detrimental. Another problem
with that particular instrument is that the calibration does
not include that fraction of the total hemoglobin which is
present as methemoglobin. Therefore, if there is methemo-
globin present as there is in most post mortem cases, the
measurements are inaccurate. My feeling for the spectro-
photometric methods of carboxyhemoglobin analysis are quite
adequate for most purposes. That is, it will tell you fairly
well whether the carboxyhemoglobin concentration is elevated
but small differences in values may not be reliable or repro-
ducible. It's quite adequate for its intended purposes. The
new CO-Oximeter now on the market, the IL282, is capable of
being calibrated for any species that you want to determine
the coefficients for and does take into account methemoglobin,
oxyhemoglobin, reduced hemoglobin, CO hemoglobin, and deoxy-
hemoglobin - all species which are normally present.
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I would like to make one other comment if I might.
When you induce some methemoglobinemia in a baboon, you
can have fantastically high cyanide concentration with
absolutely no indication of toxicity. We injected anes-
thetized baboons with cyanide at levels up to 50 times
the lethal dose after inducing a mild methemoglobinemia
without producing symptoms or signs of cyanide toxicity.
They had sufficient methemoglobin to combine with all that
cyanide and at the conclusion of the experiment simply
woke up from the anesthetic and walked away. Therefore,
I think that the fatal levels in cyanide could very well
be related to the existing methemoglobin levels within an
animal at the time of exposure. When you have enough
methemoglobin to bind all the cyanide, then you don't have
free cyanide in the plasma which then gets into the respira-
tory cells which are the primary point of attack.

DR. KRIVANEK (E. I. duPont de Nemours and Company, Inc.):
I'm a bit concerned about the type of test model for evaluating
incapacitation, particularly the animal model. There are
several types of models which are available; the tumble cage,
decrease in respiration rate, the rotating rod, the shuttle
box avoidance test. Different animals perform differently
in these tests. So I'd like to hear comments from the panel
on the advantages of the different tests so we can get a
better idea of which ones might be most useful to test the
toxicity of compounds with.

DR. BIRKEY: Well, I don't profess to be a behavioral
toxicologist and I don't certainly want to be thought of as -
that. I can only speak from what experience we've had and
what data I've seen. The models that I've seen data on are
the leg flexion model that Dr. Hartzell can talk about, the
tumble cage that's been used for evaluation of 75 aircraft
cabin materials, the rotor rod that is being used at the Uni-
versity of Michigan, and the Alarie model for respiratory
rate measurements. Exclusive of the Alarie method, I have
not seen a great deal of difference between the various
behavioral tests in ranking of toxicity from combustion
products. The tumble cage seems to give a little earlier
indication of incapacitation than the Utah model. I do not
have that type of comparison with the rotor rod but I sus-
pect from what I've seen, that that is going to give an
incapacitation time very similar and possibly just a little
earlier than the tumble cage. The Alarie model, which only
ranks sensory irritants, takes a much lower concentration of
combustion products to measure effects than any of the other
three models. That certainly gives an earlier indicator of
a problem. With respect to the advantages and disadvantages,
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the Utah model is certainly more convenient in terms

of monitoring the animal, taking blood samples and measur-
ing respiratory rate. I think the major limitation of the
tumble cage is not being able to see the animals well dur-
ing the exposure. Now that's not true of all exposures.
The FAA says that they don't have any problem seeing it,
but we tried it on some large scale fires and we totally
lost sight of the animals. That is, we built room fires,
transferred the products to the animals to measure time to
incapacitation, and we just couldn't see the animals at all
under any circumstances. So we tried to do the correlation
of our laboratory experiments with large scale fires using
that model and we just couldn't observe the animals to deter-
mine the time to incapacitation. So I would say as far as
my experience has been, the tumble cage is a difficult one
to see the animals.

DR. HARTZELL: 1I've got to give essentially the same
answer. We have looked rather extensively at comparing the
leg flex avoidance response with the tumble cage in the case
0of carbon monoxide alone with air. The comparison is very
good. They are very reproducible. I don't see any problems
with either one. The differences, as Dr. Birkey just said,
come 1in seeing the animal. If you will recall the picture I
showed of polystyrene smoke in the flaming mode, I don't
really see how you can possibly see the animals in there
if you have a heavy smoke concentration of that type. 1In
our laboratory, we also like to get blood samples during the
course of the experiment and that's kind of difficult in the
case of the tumble cage. Therefore, we have chosen the leg
flexion avoidance test. I haven't really seen enough data
obtained from the rotating rod or shuttle box to make any
comparisons. I have the impression that the tumble cage
requires somewhat more training than we would like to give
the animals. We would like to have some type of device which
requires a minimum amount of training. We are talking about
testing quite a large number of animals and if you get some
kind of behavioral experiment like bar press or some kind of
experiment like that which may require extensive training,
it just takes too much time and manpower. :

DR. HILADO: I disagree with some of the earlier com-
ments. In the process of comparing test methods, we have
run the tumble cage. When you use the tumble cage in the
CAMI Laboratory configuration, there is a very close clear-
ance between the wall of the chamber and the animals. There
is also a lamp which back lights the tumble cage at an angle.
Visual observation is a function of obscuration, which is not
a problem with the particular apparatus used at CAMI. Visi-
bility is really no problem because you don't have much smoke
between you and the animal. Now I can see where you would
have a problem with a bigger apparatus because you would have
twice as much, or maybe five times as much thickness of smoke
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between you and the animal. I don't think we should be
critical of the tumble cage for what is really a case of
engineering design.

DR. BIRKEY: I would agree with that but I have another
major concern about those three models that has not been
brought out. I think perhaps the shuttle cage and maybe some
others would resolve my concern but we don't have very much
data on some of these models. That concern is simply that
in all three of these models incapacitation is not very far
away from death and is very close in terms of the hind leg

flexure test.

CDR JENKINS (Naval Medical Research Institute): I'd
like to comment on that point. I think that a lot of the
problem with behavioral paradigms, Dr. Birkey, has to do with
the degree of negative reinforcement and the motivation,
therefore, for the animal to perform the task that he's
supposed to perform; the shock or the discomfort or the pain
is a very motivating factor. They perform just as long as
they can and make superrodent efforts to perform because it's
a very distasteful situation if they don't. On the other
hand, the ability for a rodent to find his way through a maze
with a positive reward at the end is not as strong a motivator
as a negative reward. The point being that there are a lot of
behavioral tests and different degrees of motivation. We are
using right now the tumble cage or the rotating wheel and have
found it to be at least reproducible while we have not found
a practical way to use such tests as the rat maze in a smoke
toxicity chamber. There are techniques that can be used with
the rotor rod wherein there is an automatic counter on a shock
grid which might work in a chamber with smoke obscuration. If
you have an automatic counting device on the bottom of the
cage, the rat shuts off his own clock when he falls. That
might be a useful technique in a situation where you have dense
smoke.

DR. HARTZELL: I could add something to this regarding
the restraining device used for leg flex avoidance. There
has been some question as to whether a restrained animal is
under a different degree of stress than an unrestrained,
running animal. The only comparison I have with this is
with a study that Dr. Potts did at Dow on the same Douglas
fir material that we tested at Utah. We used the same
combustion furnace, except that his chamber was larger than
ours so that the absolute quantity of material burned was
greater. He was using free running rats and looking only at
mortality. He had no way of looking at incapacitation. So
we're looking only at mortality comparing restrained rats
against free running rats. In determining the LCs for the
fir in the nonflaming mode, we found it to be 21 grams per
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cubic meter and he obtained a result of about 19 grams which
is very close. 1In the flaming mode, the two results were 23
and 24 grams per cubic meter. As far as mortality was con-
cerned, the results obtained were identical whether the rats
were restrained or not restrained. '

MR. FARRAR (University of Utah): I would just like to
expand on your comment, Dr. Birkey, about the fact that the
loss of avoidance or the loss of behavioral responses is very
close to death. It all depends on what material produced the
primary insult. If you have carbon monoxide intoxication,
then presumably anoxia or hypoxia is going to be the major
cause of the loss of the behavioral response which is proba-
bly close to death. 1In the case of polystyrene, however,
where there is a very low carbon monoxide production, you
have loss of behavioral response at a very low dose compared
to that dose which would cause death. So I think one of the
advantages of the behavioral system is that it will be influ-
enced by a number of different factors; lack of oxygen, an
anesthetic effect, or even a direct neurotoxic effect whereas
other responses may be specifically related, say to an irri-
tant effect in the respiratory tract.

DR. BIRKEY: I think that points out a very important
issue that there is probably no single animal behavioral model
that is going to address the toxicity of the complexity of
products that we are talking about in fires. I gave you an
example of some data that I saw on a vinyl material in which
the animals were never incapacitated during the exposure but
100% of them died within 14 days. There is a serious problem,
I think, in terms of utilizing the animal incapacitation model
as a means of ranking or rejection of materials from a toxic
hazard viewpoint.

DR. KRIVANEK: Dr. Terrill at Haskell Laboratory has done
a considerable amount of work in this area. A major problem
we've had with the tumble cage is that the result varies from
observer to observer. One observer may call a misstep inca-
pacitation where another one may just call it a normal misstep
of the rat going around in the cage. We had difficulty in
getting people to agree exactly on what they were calling an
error in the walking ability of the rat. With things such as
condition avoidance like the shuttle box and operant condi-

tioning, these are easily automated and you can get objective type

of data. We have done very little testing on these methods
but they do allow you to make a more objective evaluation of
the situation and it may approach the real 1life situation.
This is why we think test methods like the shuttle box may
have a 1little more use than leg flexion tests, although as
you mentioned there may not be any difference between a



hindered animal and an animal that is free. We just think
that animals that are allowed to walk around mimic the
human situation a bit more closely than the restrained ani-
mal as we are in the process of trying to evaluate the
different types of test procedures.

DR. WINSTEAD: I think discussion to this point has
.certainly illustrated the fact that there is no one best
method for measuring incapacitation. It is my understanding
that Dr. Cornish at the University of Michigan currently is
conducting a program comparing the rotor rod, the shuttle
box and the rotating wheel. These studies are not complete
yet.
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INTRODUCTION

To study the genetic control of drug metabolism is often
called pharmacogenetics. The term "ecogenetics'" might be used
to study the genetic control of metabolism of all environmental
chemicals. In a single sentence, ''pharmacogenetics' may be
defined as the attempt to understand why the same dose of the
same drug given to two different individuals (with the possi-
ble exception of identical twins) may cause widely varying
responses. These '"responses'" include therapeutic effects of
a drug, e.g. anticoagulation, improvement in myocardial con-
traction, or control of seizures, but also may include un-
wanted deleterious effects such as cancer, toxicity, or birth
defects. The experimental system to be examined in detail
repregsents principally a genetic difference in receptor con-
centration; because of this defect there are large genetic
differences in the biotransformation and pharmacokinetics of
certain drugs and other environmental pollutants, resulting
in important differences in risk toward cancer and drug
toxicity.

The general characteristics of the P-450-mediated mono-
oxygenases and their coordinated enzymes are first described.
Secondly, the genetic differences in this model system in mice
are examined. How these differences are associated with in-
creased risk toward cancer are then shown as an example.
Numerous other conditions in mice associated with this genetic
system are also listed. Lastly, current evidence for this
genetic difference in man is analyzed.

CYTOCHROME P-450 MONOOXYGENASES AND COORDINATED ENZYMES
Many environmental pollutants and other foreign compounds
are chemicals that are so hydrophobic they would remain in the

body indefinitely were it not for the metabolism resulting in
more polar derivatives. These drug-metabolizing enzyme systems,
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which are localized principally in the liver, are usually
divided into two groups: Phase I and Phase II (Williams,
1959). During Phase I metabolism, one or more polar groups
(such as hydroxyl) are introduced into the hydrophobic
parent molecule, thus allowing a "handle,'" or position, for
the Phase II conjugating enzymes (such as UDP glucurosyl-
transferase) to attack. The conjugated products are suffi-
ciently polar, so that these '"detoxified" chemicals are now
excreted from the cell and from the body.

One of the most interesting of the Phase I enzyme systems
is a group of enzymes known collectively as the cytochrome
P-450-mediated* monooxygenases (Conney, 1967; Thorgeirsson and:
Nebert, 1977; Kouri and Nebert, 1977). These membrane-bound
enzyme systems are known to metabolize: polycyclic aromatic
hydrocarbons such as BP** (ubiquitous in city smog, cigarette

*The nomenclature for various forms of cytochrome P-450 is
currently inadequate, in view of the six or more forms dis-
tinguishable by electrophoretic (Haugen et al., 1976) or
immunochemical (Thomas et al., 1976) techniques. An eventual
better understanding of chemical and catalytic properties
(Ryan et al., 1975; Haugen et al., 1975; Haugen and Coon,
1976) should permit in time a more suitable nomenclature to
be devised. 1In this paper, '"P-450" is defined as those forms
of CO-binding hemoprotein not induced by polycyclic aromatic
compounds or, in the more general sense, all forms of CO-
binding hemoproteins associated with membrane-bound NADPH-
dependent monooxygenase activities. We define '"P,-450" as
those forms of CO-binding hemoprotein which increase during
polycyclic aromatic inducer treatment. It is not yet known
whether cytochromes P,;-450 in liver are electrophoretically
or catalytically identical to corresponding cytochromes in any
nonhepatic tissue.

**Abbreviations used include: BP, benzo(a)pyrene; MC, 3-
methylcholanthrene; AHH, aryl hydrocarbon [benzo(a)pyrené]
hydroxylase (EC 1.14.14.2); TCDD, 2,3,7,8-tetrachlorodibenzo-
p~dioxin; GSH, reduced gluthathione; B6, the C57BL/6N, C57BL/6J,
or C57BL/6Cum inbred mouse strain used interchangeably unless
otherwise specified; D2, the DBA/2N, DBA/2J, or DBA/2Cum inbred
mouse strain used interchangeably; and C3, the C3H/HeN, C3H/Hed,
or C3H/fCum inbred mouse strain used interchangeably.
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smoke and charcoal-cooked foods) and biphenyl; halogenated
hydrocarbons such as polychlorinated and polybrominated bi-
phenyls, insecticides, and ingredients in soaps and deoder-
ants; strong mutagens such as N-methyl-N'-nitro-N-nitroso-
guanidine and nitrosamines; aminoazo dyes and diazo compounds;
N-acetylarylamines and nitrofurans; numerous aromatic amines,
such as those found in hair dyes; nitro aromatics, and hetero-
cyclics; wood terpenes; epoxides; carbamates; alkyl halides;
safrole derivatives; certain fungal toxins and antibiotics;
many of the chemotherapeutic agents used to treat human can-
cer; most drugs; small chemicals such as benzene or ethanol;
both endogenous and synthetic steroids; and other endogenous
compounds such as biogenic amines, indoles, thyroxine, and
fatty acids. :

Evidence is growing (Thorgeirsson and Nebert, 1977; Kouri
and Nebert, 1977; Nebert et al., 1977) that metabolism to re-
active intermediates by cytochrome P-450-mediated monooxygen-
ases appears to be a prerequisite for mutagenesis, carcino-
genesis, and toxicity caused by numerous drugs, polycyclic
hydrocarbons, and other environmental pollutants. These re-
active intermediates probably bind covalently to numerous
cellular macromolecules. Most of this binding is probably
random, but some may be nonrandom, i.e. specific binding
dependent upon the chemical structures of the reactive inter-
mediate and the cellular macromolecule. Among these various
types of covalent binding, there probably exists a very small
amount of important binding of the ultimate carcinogen to its
critical subcellular target, thereby initiating tumorigenesis.

The steady-state levels of these reactive electrophilic
intermediates and, consequently, the rates at which they inter-
act with the critical nucleophilic target(s) are dependent
upon a delicate balance between their generation and detoxifi-
cation (Figure 1). The balance of these enzymes obviously may
vary, depending upon different tissues, strains, and species.
Age, genetic expression, nutrition, hormone concentration,
diurnal rhythm, pH, saturating versus nonsaturating conditions
of the substrate, K, and Vp,, for each enzyme, Subcellularr
compartmentalization of each enzyme, efficiency of DNA repair,
and the immunological competence of the animal--may all be
important factors contributing to an individual's suscepti-
bility to tumors or drug toxicity. Induction or suppression
of one or more of these enzymes by chemicals also may affect
the incidence of tumorigenesis or toxicity. We will show
that a very small number of genes controls the formation of
particular forms of P-450--termed cytochrome P;-450. We
therefore can examine, among individuals in the same uterus
or siblings in the same family, genetic differences in P;-450
content and the associated high or low steady-state level of
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reactive intermediates. It is thus possible to determine
whether a genetically-controlled high steady-state level of
reactive intermediate is detrimental or advantageous to the
individual, with respect to cancer, mutation, drug toxicity,
or birth defects.

Figure 1. Scheme‘

sutrate | SUfo- I puenor or | YPPG [ GLucuRONIDE depicting the oxy-
CONJUGATE| qi,6, | ALCOHOL | 1., | CONJUGATE genation of various
drugs, polycyclic
T f UDPG T'ase hydrocarbons, and
b450 e other environmental
PARENT OXYGENATED pollutants by cyto-
COMPOUND ELECTROPHILE DIHYDRODIOL chrome P-450-mediated
N~— ‘ b450 monooxygenases and
WgﬂszE GSH the further metabo-
S-T'ase DIOL-EPOXIDE lism of the oxygen-
ated electrophilic

J/ { intermediate by other
enzymes (Nebert, 1978).
One additional class
of compounds not shown
is the N-acetylaryl-
amines, the formation of N hydroxy derivatives from which, like
the phenol or alcohol, can be conjugated with sulfate by sulfo—
transferase(s) (Sulfo—T'ase) or with glucuronide by UDP glu-
curonosyltransferase(s) (UDPG T'ase); potent electrophiles of
N-hydroxy-N-acetylarylamines can also be formed by deacetyl-
ase(s) and acetyltransferase(s) (Thorgeirsson and Nebert,

1977). Evidence for sulfotransferase (Cohen et al., 1977),

UDP glucuronsyltransferase (Dutton et al., 1976), epoxide
hydrase (EH) (Oesch, 1972), glutathione S-transferase (GSH
S-T'ase) (Jerina and Bend, 1977), arene oxide P-450-dependent
oxygen-sensitive reductase (Booth et al., 1975), and participa-
tion of various forms of P-450 (Thorgeirsson and Nebert, 1977;
Kouri and Nebert, 1977; Nebert et al., 1977) is described or
reviewed in the references cited. (Reproduced with permission
from Plenum Press Corporation.)

CRITICAL GLUTATHIONE TEThOL CRITICAL
TARGET? CONJUGATE TARGET?

THE Ah LOCUS IN THE MOUSE

Evidence from this laboratory (Nebert and Gielen, 1972)
was presented about seven years ago for a single gene differ-
ence between B6 and D2 inbred mouse strains in the induction
of a hepatic monooxygenase activity, AHH, and cytochrome
P,~450 by MC treatment. With BP as the substrate in vitro,
"AHH activity" is equated with the rate of formation of 3-
hydroxybenzo(a)pyrene and probably other phenols (such as
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@%hydroxybenzo(a)pyrene] having similar wavelengths of
fluorescent activation and emission (Nebert et al., 1975;
Nebert et al., 1978). AHH activity and P;-450 are induced
by polycyclic aromatic compounds in the B6 and in other
responsive mouse strains, but the induction of this enzyme
and form(s) of cytochrome by polycyclic aromatic compounds
is absent in liver and markedly decreased in lung, bowel,
kidney, lymph nodes, skin, bone marrow, retinal pigmented
epithelium of the eye, ovary, and mammary gland in the D2
and other nonresponsive mouse strains (Thorgeirsson and
Nebert, 1977; Kouri and Nebert, 1977; Nebert et al., 1977;
Nebert et al., 1975; Nebert et al., 1978). This ''respon-
siveness'" to aromatic hydrocarbons was designated the Ah
locus: the allele Ahb denotes the B6 and Ahd the D2 inbred

strain.

Numerous studies (Thorgeirsson and Nebert, 1977; Kouri
and Nebert, 1977; Nebert et al., 1977; Nebert et al., 1975;
Nebert et al., 1978) indicate that an important product of
the Ah (regulatory) locus in mice is a cytosolic receptor
(Poland et al., 1976) capable of binding to certain polycyc-
lic aromatic inducers (Figure 2). Such an inducer-receptor
complex in some manner activates structural gene(s), thereby
leading to increases in enzymes which metabolize these in-
ducers (and metabolize other polycyclic aromatic noninducing
compounds as well). In addition to innocuous products, - :
reactive metabolites may also be generated, thereby leading
to an increased risk for cancer, mutation, toxicity, and

teratogenesis.

INDUCER-RECEPTOR
COMPLEX

STRUCTURAL
GENE(S)

Figure 2. Simplified
scheme demonstrating
the relationship of the
Ah locus in the mouse
with cancer, muta-
ooOTHER ' genesis, toxicity, and
nARomATIC teratogenesis (Kouri
and Nebert, 1977).
(Reproduced with per-
REACTIVE INACTIVE mission from Cold
INTERMEDIATES PRODUCTS Spr i ng HarbOI‘ PreSS . )

POLYCYCLIC
AROMATIC
COMPQUNDS \

INDUCER

HALOGENATED }/

HYDROCARBONS

ENZYMEIS)

CANCER
MUTAGENESIS
TOXICITY
BIRTH DEFECTS
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Using AHH induction as an indicator of phenotype at
the Ah locus, several laboratories have found that about
half, or slightly more than half, of all inbred mouse
strains examined are responsive (as are wild mice, ran-
dombred mice, .and about 20 inbred strains of rats tested
(unpublished data), and the remaining mouse strains are
nonresponsive (Kouri and Nebert, 1977). There has evolved
during the past 60 or 70 years of developing these inbred
mouse strains, therefore, a stable mutation whereby certain
strains lack (either guantitatively or qualitatively) the
gene product of the Ah locus, the cytosolic receptor mole-
cule (Nebert et al., 1975; Poland et al., 1976; Guenthner
and Nebert, 1977). '

DIFFERENT TYPES OF GENETIC EXPRESSION AT THE Ah LOCUS

Induction of AHH activity and cytochrome P;-450 by MC
is expressed almost exclusively as an autosomal dominant
trait among offspring of the appropriate crosses between B6
and D2 inbred strains. Besides the B6 x D2 genetic cross,
at least 11 other crosses between responsive and nonrespon-
sive strains exhibit similar autosomal dominant (or almost
exclusively dominant) expression of AHH inducibility by
polycyclic aromatic compounds (Kouri and Nebert, 1977;
Nebert et al., 1978). In crosses between C3 and D2, MC-
inducible AHH activity in the F; is intermediate between
the responsive C3 parent and the nonresponsive parent, and
‘there is a 1:2:1 distribution in the F, population: (one-
fourth nonresponsive, one-half intermediate, and one-fourth
highly responsive). This type of inheritance is called
additive, or gene-dose. A third type of inheritance is ob-
served in which the lack of AHH induction by MC is dominant
when B6 and AKR mice (both from the NIH mouse colony) are
crossed. Thus, the F; population and three-fourths of the
'F, population are nonresponsive. This finding suggests
there may exist an interstrain-specific suppressor gene.
However, AHH induction is expressed as a dominant trait in
crosses between C57BL/6N and AKR/J, C57B1/6J and AKR/N, or
C57B1/6J and AKR/J (Nebert et al., 1975; Nebert et al., 1978).
During the past four years, this gene controlling the lack of
hydroxylase induction by MC has apparently been lost from
the NIH animal colony, although we have about nine recombinant
inbred sublines (approaching the Fy generation) possessing
this genetic information. Further genetic studies are being
carried out.

The simplest genetic model to accommodate all existing
data in the mouse is a minimum of six alleles and two (regu-
latory) loci (Thorgeirsson and Nebert, 1977; Nebert et al.,
1975; Nebert et al., 1978). How the gene products of these
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Ah loci are regulatory is unknown, but it is believed that one
of the gene products is the cytosol receptor (Thorgeirsson and
Nebert, 1977; Poland et al., 1976; Guenthner and Nebert, 1977)
which can bind specific aromatic hydrocarbon inducers. It ap-
pears that the mutation in nonresponsive mice involves a defective
cytosol protein receptor (either a decreased number of bind-
ing "sites" and/or decreased affinity for inducers) and that
nonresponsive mice have the necessary structural genes for
induction of AHH activity and its associated cytochrome(s) by
very potent polycyclic aromatic inducers.

In studies involving the association of the Ah locus with
cancer, mutation, or toxicity, the routine use of offspring
from appropriate crosses between B6 and D2 parent strains
(Figure 3) is ideal, because expression of AHH induction by
MC most closely approximates a single-gene difference: Ahb is
the dominant allele for responsiveness; Ahd is the recessive
alleles, the Ahd/Ahd animal being genetically nonresponsive.
One therefore can determine whether this single allelic differ-
ence is advantageous or disadvantageous with respect to risk
for cancer or toxicity when all individuals receive the same
dose of the same drug. We can thus evaluate the possible
importance of steady-state levels of reactive intermediates
in the mechanism of chemically induced carcinogenesis, muta-
genesis, or toxicity among individuals in the same family or
among siblings sharing the same uterus. This genetic probe
is a particularly powerful experimental uodel system in the
research areas of pharmacology, toxicology, teratology, and
chemical carcinogenesis, because the test compounds studied
often cause undesirable side effects (e.g. sedation, diarrhea,
malnutrition, hormonal imbalance, etc.) that are hard to dis-
tinguish from specific pharmacologic, toxicologic, or carcino-
genic effects of the compounds. :

AhP/ARP X AR9/And AnP/and X Anb/anb
Fl AP/An AP/ARP: ARP /AR

AhP/ARd X AhP/An AnP/And X Ahd/And
F, AhP/AP:An°/And:anP/and:And/and | anP/and:and/and

Figure 3. Simplified genetic scheme for aromatic hydrocarbon
"responsiveness'" in the mouse (Nebert and Felton, 19752.
(Reproduced with permission from Plenum Press Corporation.)
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INDUCIBLE ENZYME "ACTIVITIES" AND METABOLITES
ASSOCIATED WITH THE Ah LOCUS

We have now found that the induction of at least 20
monooxygenase "activities'" is closely associated with the
Ahb allele (Nebert et al., 1978). Cytochrome P-450-
mediated monooxygenases not with the Ah locus include the
induction of: aminopyrine N-demethylase, d-benzphetamine
N-demethylase, diphenylhydantoin hydroxylase, hexobarbital
monooxygenase, aniline hydroxylase, benzenesulfonanilide
hydroxylase, chlorcyclizine R-demethylase, ethylmorphine
N-demethylase, pentobarbital hydroxylase, and testosterone
70-, 160-, and 6B-hydroxylases. Also not associated with
the Ah locus is the induction of NADPH-cytochrome c reduc-
tase and NADPH-cytochrome P-450 reductase, epoxide hydrase,
and GSH S-transferase (Nebert et al., 1978). Other induci-
ble enzymes that are not monooxygenases but that appear to
be associated with the AhPallele (and therefore may require
the cytosolic receptor protein) include microsomal UDP glu-
curonosyltransferase (Owens, 1977), cytosolic reduced
NAD(P):menadione oxidoreductase (Kumaki et al., 1977), and
cytosolic ornithine decarboxylase (Nebert and Oka, 1976).
This concept of a class of inducers binding to a cytosolic
receptor with very great affinity, thereby evoking a '"pleio-
typic response,'" has been discussed elsewhere in greater
detail (Nebert et al., 1978; Kumaki et al., 1977).

Several lines of evidence indicate that at least two
different AHH activities exist (Nebert et al., 1975) and
are associated with different forms of P-450: the enzyme
from MC-treated responsive mice associated with cytochrome
P;-450; and the enzyme from control or phenobarbital-treated
responsive and nonresponsive mice, or from MC-treated non-
responsive mice, associated principally with some form(s)
other than P;-450. This finding is extremely important
because it is now apparent that different forms of P-450
may generate different ratios of metabolites from the same
substrate. Comparing MC versus phenobarbital as the inducer
in rat liver, for example (Figure 4), various groups have
shown that hydroxylations may occur predominantly in differ-
ent chemical positions on the molecule for such substrates
as biphenyl, testosterone, 2-acetylaminofluorene, bromoben-
zene, n-hexane, and benzo(a)pyrene. Such differences in the
metabolite profile of a polycyclic hydrocarbon or other for-
eign chemical reflect presumed differences in the nature of
the intermediates formed; differences in the reactivity of
these intermediates might result in marked dissimilarities
in the toxicity or carcinogenicity of a given compound.
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of known differences in metabolite
formation when each of these six
substrates is oxygenated in vitro
with liver microsomes from MC- or
phenobarbital-(PB) treated rats
(Thorgeirsson and Nebert, 1977).
These products are not formed
exclusively by one or another

form of cytochrome, but there is
overlapping of substrate specific-
ity, i.e. an increased appearance
of these products when MC treat-
ment is compared with PB treat-
ment, or when microsomes from
MC-treated rats are compared

with microsomes from control

rats. Similar differences in
metabolite profile exist in mice
for biphenyl, 2-acetylaminofluor-
ene, and BP, but not for testos-
terone or bromobenzene (Thor-
geirsson and Nebert, 1977; Nebert
et al., 1975). To our knowledge
n-hexane metabolites have not been
examined in MC- and PB-treated
mice. (Reproduced with permission
from Academic Press, Inc.)

A responsive polycyclic hydrocarbon-treated mouse is
therefore subject to both quantitative and qualitative in-
creases in the steady-state levels of certain reactive
intermediates, because of both an increase in cytochrome(s)
P,-450 content and an increased P;-450/P-450 ratio in numerous

tissues.

This relative content of P;-450,
forms of P-450, may be especially large (e.g.

compared with other
ratios of 10:1

or 50:1) in tissues such as skin and lung but never reaches

even a 1:1 ratio in liver (Kahl et al.,

1976). This rela-

tively large change in the profile of extrahepatic cytochrome(s)

P-450,
hydrase (Oesch, 1976),

compared with smaller increments of change in epoxide
and GSH S-transferase (Jerina and Bend,

1977) activities with BP as substrate, might be a factor in
explaining why polycyclic hydrocarbons cause tumors in skin

and lung but rarely in liver.

This marked increase in the

extrahepatic P;-450/P-450 ratio might also be important in
explaining the dramatic genetic differences that we observe
in bone marrow toxicity and cataract formation (Nebert et al.,

1977).
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THE Ah LOCUS AND RISK FOR CANCER

Fibrosarcomas initiated by subcutaneously administered
MC are associated with genetically aromatic hydrocarbon
responsiveness among 14 inbred strains of mice (Figure 5).
Table 1 demonstrates that the carcinogenic index for subcu-
taneous MC in offspring from crosses involving the B6 and
D2 inbred parental strains is, in fact, associated with the
AhbP allele: the carcinogenic index is greater than 42 in
all responsive phenotype groups and less than 12 in all non-
responsive phenotype groups.

12 . Figure 5. Relationship
between the carcinogenic
index (Iball, 1939) for
subcutaneous MC and the
* genetically mediated in-
duction of AHH activity
by MC for each of 14 inbred
mouse strains (Nebert et al.,
. 1974). The correlation coef-
ficient is 0.90 (P<0.001).
Each closed circle represents
the average result from a
group of 30 inbred mice of
a certain strain. The car-
cinogenic index was evaluated
»° , after a subcutaneous dose of
150 ug of MC had been given
% P T 75 o to a minimum of 30 weanling
CARCINOGENIC INDEX mice of each strain. The
"inducible AHH/basal AHH
ratio'" reflects the mean of
hepatic AHH activity in MC-treated mice divided by the mean
hepatic enzyme activity in control mice (N>5 for each of the
two groups). Whether the MC-inducible AHH activity in the
nonhepatic tissues appears to segregate as a single gene with
the inducible hepatic AHH activity has not been examined for
all of these strains. (Reproduced with permission from Marcel-
Dekker, Inc.)
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TABLE 1. RELATIONSHIP BETWEEN AROMATIC HYDROCARBON RESPON-

SIVENESS AND SUSCEPTIBILITY TO SUBCUTANEOUS MC- AND BP-INI-

TIATED TUMORS AMONG OFFSPRING FROM APPROPRIATE CROSSES IN-
VOLVING THE B6, C3 AND D2 STRAINS OF MICE.

Animals received as weanlings 150 yg of MC or BP in tri-
octanoin subcutaneously, and the carcinogenic index was deter-
mined over an 8-month period (Kouri and Nebert, 1977). The
carcinogenic index is defined (Iball, 1939) as the percent
incidence of subcutaneous fibrosarcomas, divided by the aver-
age latency in days, times 100. Further experimental details
are described elsewhere (Kouri et al., 1974; Kouri, 1976).
(Reproduced with permission from Cold Spring Harbor Press.)

Strain Expres- Carcino- Strain Expres- Carcinogen-
or Off- sion at genic in- or Off- sion at ic Index for:
spring Ah locus? dex for MC spring Ah locus?2 MC BP
B6 ++ 61 C3 ++ 73 56
D2 0 11 D2 0 10 4
B6D2F, ++ 43 C3D2F, + 37 19
F, x B6 ++ 58 F, x C3 ++ 74 27
+ 60 24
F, x D2 ++ 54 F, x D2 + 46 1
0 8 0] 9 1
F, ++ 63
0 6 F; ++ 69 31
+ 61 7
0 17 2

2The phenotypic expression at the Ah locus is ranked as: ++ =
fully responsive, 0 = nonresponsive, + = -ntermediate respon-
sive, as judged by the data illustrated in Figure 2.

With respect to the carcinogenic index for subcutaneous
MC in offspring from crosses involving the C3:and D2 lines,
however, unexpected values in Table 1 can be seen. Although
the intermediate phenotype has intermediate carcinogenic index
values among (C3D2)F; individuals and among offspring from the
(C3D2)F; x D2 backcross (37 and 46, respectively), the values
among progency of the (C3D2)F; x C3 backcross and the (C3D2)F,
generation are more susceptible to MC-initiated tumors than
can be accounted for by their inducible AHH activity alone
(carcinogenic indices of 60 and 61, respectively). There was
also nearly a doubling (carcinogenic index of 17) in nonre-
sponsive F, individuals. We conclude that there probably
exist other genes carried by the C3 mouse that make this
strain particularly sensitive to MC tumorigenesis.
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The carcinogenic index for subcutaneous BP (far right
of Table 1) is disproportionately low among (C3D2)F; progeny
(value of 19) and among all offspring from both backcrosses
and the F; x F; intercross. The intermediate phenotype of
the (C3D2)F; x D2 backcross is particularly resistant to BP
tumorigenesis, having a carcinogenic index (value of 1) lower
than that for the D2 parent. It seems likely that the D2
strain carries other genes that confer even a higher resis-
tance to BP-induced tumors than would be expected from their
AHH content alone. Nonetheless, the Ah locus still plays a
major role in the susceptibility of these animals to BP
tumorigenesis, because both the (C3D2)F; x C3 progeny and
the (C3D2)F, generation demonstrate a close association be-
tween tumor susceptibility caused by BP and inducible AHH
activity. Thus, though some other genes may also influence
susceptibility to BP- and/or MC-initiated tumors, the primary
determinant for cancer susceptibility is the allele(s) regu-
lating inducible AHH activity in numerous tissues of the mouse.
Among recombinant inbred sublines having C57BL/6N and AKR/N
as the progenitor strains, in which the lack of induction is
expressed as an autosomal dominant trait, susceptibility to
MC-initiated tumors remains linked with inducible AHH activity
(Nebert et al., 1978).

A statistically significant (p<0.01) correlation between
lung tumors produced by intratracheal MC and the AhP allele
was recently demonstrated (Kouri et al., 1977). This corre-
lation is most clearly seen in offspring from the (B6D2)F, x
D2 backcross, in which the responsive individuals were ob-
served to be more than three times more susceptible to lung
cancer than the nonresponsive individuals. Again, some con-
tribution of genes other than the Ah locus seem to be respon-
sible for the increased susceptibility to MC-initiated pul-
monary tumors found in the F; and F, offspring and the progeny
from both backcrosses (Kouri and Nebert, 1977). Most likely
genes controlling DNA repair, susceptibility to oncogenic
virus infection, or immunological surveillance (e.g. differ-
ences in the H-2 locus) may be important in the overall sus-
ceptibility of certain tissues of an. individual to chemically-
induced cancer (Figure 6). Although these other genes may
also influence susceptibility to BP- and/or MC-initiated
tumors, however, one primary determinant for cancer suscepti-
bility is the Ahb allele regulating inducible AHH activity in
numerous tissues of the mouse.
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Cytochromes

INACTIVE P-450, P-448, =] REACTIVE ] PCHC-NUCLEOSIDE
PRECURSOR epoxide hydrase INTERMEDIATES COMPLEXES
conjugating enzymes
\
DAMAGED DNA
DNA repair

INITIATION OF
CARCINOGENIC PROCESS
(?) Derepression of provirus
(?} Oncogene

{

ADVANCEMENT OF ADVANCEMENT
CANCER STOPPED CANCER

REPAIRED DNA

{?) Immunological
defense

Figure 6. Hypothetical scheme by which polycyclic (PCHC)

may initiate tumorigenesis (Nebert et al., 1977). Following
metabolic activation by the various drug-metabolizing enzymes,
interaction of reactive intermediates with nucleic acid may
damage the DNA. The advancement of cancer, however, most
likely can still be prevented by the host's mechanisms of
DNA repair and immunological competence. (Reproduced with
permission from Plenum Press Corporation.)

Hepatic and nonhepatic AHH activity and its associated
cytochrome P;-450 can be stimulated in nonresponsive inbred
strains by the potent inducer TCDD to levels just as high as
those in responsive strains; however the EDsy is approximately
15 times higher in nonresponsive strains than in responsive
strains (Nebert et al., 1978). The carcinogenic index for
subcutaneous MC is increased in TCDD-treated nonresponsive D2
mice to more than half of that of B6 mice in the presence or
absence of TCDD (Kouri et al., 1978). We believe the most
likely explanation for this effect is that TCDD acts as a
cocarcinogen by inducing P;,-450 in the nonresponsive mouse.
The newly induced cytochrome is now capable of metabolizing
MC to the ultimate carcinogen more readily (Kouri et al.,
1978).

In summary,.  MC and BP are either metabolized to higher
steady-state levels of a proximal or ultimate carcinogenic
intermediate(s) in the subcutaneous connective tissue or lung
of responsive mice because of increased P;-450 content in re-
sponsive mice, compared with nonresponsive mice, or are pre-
dominantly metabolized to a particular proximal or ultimate
carcinogen(s) because of a marked change in the P;-450/P-450
ratio.
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THE Ah LOCUS AND GENETIC DIFFERENCES
IN DRUG TOXICITY IN THE MOUSE

In addition to tumors, polycyclic hydrocarbons and other
chemicals and drugs cause toxicity under varying experimental
conditions, presumably related to metabolic potentiation by
cytochrome(s) P;-450 controlled by the Ah locus (Table 2).
7,12-Dimethylbenz(a)anthracene causes skin ulcers more readily
in responsive strains than in nonresponsive strains; the off-
spring of the backcrosses and intercross were never studied
(Trell et al., 1976), but most likely this condition is asso-
ciated with the responsive allele at the Ah locus. Shortened
survival time after large intraperitoneal doses of polycyclic
hydrocarbons and birth defects likewise appear to be associ-
ated with the responsive allele at the Ah locus and are pre-
sumably due to increases steady-state levels of toxic poly-
cyclic hydrocarbon reactive intermediates. On the other hand,
increased metabolism, associated with the Ahb allele, is re-
sponsible for detoxification in the experimental conditions
of: shortening the effect of zoxazolamine, protecting the
animal from acute lindane toxicity, preventing aplastic anemia
caused by daily ingestion of BP and preventing leukemia caused
by topical MC (Duran-Reynals et al., 1978) or oral BP (Nebert
and Gordon, in preparation). Metabolic potentiation of aceta-
minophen, associated with an increase in N-hydroxylation by
cytochrome(s) P;-450, leads to glutathione depletion, increased
covalent binding of reactive intermediates, hepatotoxicity, and
cataractogenesis.

Specific increases in the mutagenicity of MC, 6-amino-
chrysene, and 2-acetylaminofluorene in vitro are associated
with cytochrome(s) P;-450 and the AhP allele. Although the
mutagenicity of BP in TA1535, TA1537, and TA1538 bacterial
tester strains was not found (Nebert and Felton, 1975) to be

associated with the Ahb allele, more recent data (Levvit et al.,

1977) with TA98 demonstrate such a correlation.

BP metabolite-nucleoside complexes formed by incubating
radioactive BP with liver or skin microsomes and DAN in vitro
can be separated by column chromatography and, in some cases,
partially identified; increases in eight out of nine such peaks
are associated with cytochrome(s) P,;-450 and the Ahb allele
(Nebert et al., 1977). 1If one compares the responsive C3 with
the responsive B6 inbred strain, there is a 5- to 6-fold higher
carcinogenic index for subcutaneous BP in the C3 (Table 1).
This finding in vivo is not demonstrable in vitro by either the
mutagenesis assay or the binding of BP metabolites to DNA nu-
cleosides (Nebert et al., 1977), indicating the difficulty that
still exists in attemptlng to predict in vivo car01nogen101ty
of a compound by in vitro test systems.
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TABLE 2. TUMORIGENIC OR TOXICOLOGIC PHENOMENA ASSOCIATED WITH
AROMATIC HYDROCARBON RESPONSIVENESS IN MICE

A. Increased susceptibility to:
a. MC-initiated subcutaneous sarcomas
b. Squamous cell carcinoma of the lung
produced by intratracheal instilla-
tion of MC
BP-initiated subcutaneous sarcomas
Hepatic necrosis due to acetamino-
phen

20

e. Skin inflammation due to 7,12~
dimethylbenz(a)anthracene

f. Fetal toxicity and malformations
due to administration of MC, 7,12-
dimethylbenz(a)anthracene, or BP
to the mother

g. Cataractogenesis caused by
acetaminophen

h. Primordial oocyte toxicity due
to MC

B. Shortened survival time following:
a. Intraperitoneal administration of
polycyclic aromatic hydrocarbons
or polychlorinated biphenyls

b. Oral administration of polychlor-
inated biphenyls

C. Increased resistance to:
a. Intraperitoneal administration of
lindane
b. Oral administration of polycyclic
aromatic hydrocarbons or lindane
¢. Bone marrow toxicity produced by
oral BP

d. Paralysis produced by zoxazolamine

e. Leukemia produced by topical MC
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TABLE 2. (CONTINUED)

References
D. Increased mutagenicity in vitro by:
a. MC, 6-aminochrysens, and 2-
acetylaminofluorene ~Nebert and
, ' Felton, 1975
b. BP Levvit et al.,
‘ 1977
E. Increased binding of specific meta-
bolites to DNA:
a. BP ' ' Nebert et al.,
1977
b. MC, 7,12-dimethylbenz(a)an-
thracene, dibenz(a,h)-anthra-
cene, 2-acetylaminifluorene, ‘
benzidine, and estrone Pelkonen et al.,
1978

EVIDENCE FOR THE Ah LOCUS IN MAN

As repeatedly emphasized, the mouse genetic model of-
cytochrome P,;-450 inducibility has been an extraordinarily
useful tool in elucidating the functions and properties of
the mammalian monooxygenase system, especially with regard
to the mechanisms of drug toxicity and chemical carcino-
genesis. Another ramification of the model, however, is
that it points up the likelihood of genetic heterogeneity
among other mammals, including man.

In 1973 two published reports (Kellermamn et al., 1973a;
Kellermamn et al., 1973b) gave initial hope to clinical
geneticists and oncologists. The extent of AHH induction in
cultured mitogen-activated lymphocytes by MC was examined in
353 healthy subjects, ranging in age from 2 to 89 years old
and including 67 families with 165 children (Kellermamn et al.
1973a). The distribution of inducibilities in the patients
tested in the Houston area was trimodal, the groups being
designated '"low,'" "intermediate,'" and "high" inducible. The
data were consistent with a hypothesis of two alleles at a
single locus, and gave an excellent fit to the Hardy-Weinberg
equilibrium, with a frequency of 0.717 for the "low-
inducibility" allele and 0.283 for the "high-inducibility"
allele (although the sample is biased by including parents
and siblings. Fifty patients with bronchogenic carcinoma
were then compared with 46 patients having other types of
tumors and with 85 healthy controls (Kellermamn et al., 1973b).
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The authors concluded that a person having the "interme-
diate'" phenotype has a 16 times increased risk, and a person
having the "high" phenotype has a 36 times increased risk,
of developing bronchogenic carcinoma, compared with persons
having the "low" inducibility phenotype.

Because of the day-to-day variability of the lymphocyte
AHH assay, several laboratories (Kouri and Nebert, 1977,
Nebert et al., 1978) have experienced difficulty in confirm-
ing the reproducibility of the assay ‘and the trimodal dis-
tribution. 1In spite of this, however, there have been
recent claims of laryngeal carcinoma (Trell et al., 1976)
and bronchogenic carcinoma (Guirgis et al., 1976) associ-
ated with the high inducibility phenotype. The former report
(Trell et al., 1976) suffered from a major shortcoming: the
values for patients free of cancer were not done under the
same conditions as the patients with cancer. In fact, control
cancer-free patients in Lund, Sweden, were not studied at all,
but rather the incidence of AHH inducibility phenotypes was
taken directly from the studies of Kellermann and coworkers
(1973b) in Houston, Texas. In view of the large assay-to-
assay variation in AHH Levels observed even under exactly
the same culture conditions (Kouri et al., 1974; Gurtoo et al.,
1975; Atlas et al., 1976; McLemore et al., 1977), the compari-
son of data from different laboratories under different cul-
ture conditions, lots of fetal calf serum, etc., is quite
unrealistic. Other laboratories have failed to observe an
association between an increased risk for bronchogenic car-
cinoma and AHH inducibility in cultured mitogen-activated
lymphocytes (Paigen et al., 1977) or in pulmonary macrophages
(McLemore et al., 1977). In spite of numerous difficulties
with the cultured lymphocyte model system (Kouri and Nebert,
1977; Nebert et al., 1978), however, consistent differences
between two individuals can be found if the samples are al-
ways carried together through the same experiment; this
fact probably explains the recent demonstration (Figure 7)
of a heritable component of AHH inducibility in cultured
lymphocytes of monozygotic and dizygotic twins. The success-
ful development of an assay for determining the human pheno-
type at the Ah locus would be the first biochemical marker of
its kind, because of its potential utility in predicting
increased susceptibility to certain types of environmentally
caused cancers in man.
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Variance in
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o T (Atlas et al.,

Dizygotie 1976). Vertical
brackets represent
standard deviations
in those pairs
whose lymphocytes
were tested in at
least three separ-
ate experiments.
A single experiment
originated from a
single drawing of blood, and two to five determinations of AHH
activity were each carried out on MC- and control cultures.
Each twin pair was studied simultaneously under identical
conditions. The AHH assay was performed at pH 8.5. (Repro-
duced with permission from The Williams and Wilkins Company.)
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In a recent study (Brown et al., 1976) in which benz(a)-
anthracene or benz(a)anthracene plus aminophylline were used
as inducers, the gene controlling AHH induction was assigned
to human chromosome 2. Yet, it has also been reported
(Huberman et al., 1976) that two distinctly different forms
of the hydroxylase activity -- one induced by benz(a)anthra-
cene and one induced by dibutyryl cyclic AMP plus theophylline
--are under independent genetic regulation. Furthermore, there
is no way of telling in this study (Brown et al., 1976) whether
the regulatory gene for the human cytosolic receptor on chromo-
some 2, for example, "derepressed' the hamster structural gene
for P;~450. 1In somatic-cell hybrids formed by Sendai-virus-
augmented fusion of "responsive'" mouse 3T3 fibroblasts (in
which AHH is inducible by benz(a)anthracene and of '"nonre-
sponsive'" rat hepatoma cells (in which AHH is not induced),
the induced hydroxylase levels ranged from the same as, to
more than 20-fold greater than, inducible AHH in the 3T3
parent (Benedict et al., 1972). The most likely interpretation
of these data (Benedict et al., 1972) is that mouse gene(s)
"depressed" the rat hepatoma structural gene for P;-450, be-
cause the induced specific AHH activity in some of the somatic-
cell hybrids was more than 6 times greater than that ever seen
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in any nonhepatic tissue in culture. Although '"mouse 3T3
fibroblast AHH" could not be distinguished from ''rat hepa-
toma AHH'" at that time (Benedict et al., 1972), recent
advances in electrophoretic techniques will allow us to
test this hypothesis within the year. If the regulatory
gene for AHH induction is part of the "structural gene
cluster" for AHH, as has been shown (Paigen et al., 1975)
to be the case for the "f-glucuronidase cluster" in mice,
it might be argued (Brown et al., 1976) that the regulatory
and structural genes for AHH activity both reside on human
chromosome 2. In view of the trans genetic regulation of
the Ah locus evoking increases in numerous structural gene
products (as discussed in previous sections of this paper)
in the mouse, however, it is certainly too premature to
suggest that the regulatory Ah gene and the AHH structural
gene (i.e. gene for P;-450 apoprotein) are closely linked--
in either the mouse or the human.

In conclusion, there exists sufficient evidence that
heritable variation of AHH inducibility occurs in man.
Experimental difficulties, however, make it impossible at
this point in time to be certain of whether AHH induction is
controlled by a single genetic locus or by two or more loci
(i.e. polygenic).

In view of the high ratio of P,-450 in all likelihood
in extrahepatic tissues in vivo--just as appears to be the
case in cultured lymphocytes, monocytes, pulmonary macro-
phages, or even skin fibroblasts--further studies of AHH
induction in such cultures or other human cells are indicated.
For example, although one's risk for bronchogenic carcinoma
might not be singularly correlated with the Ah locus, an
association between the Ah locus and other types of cancer
(e.g. laryngeal or oral or colon carcinoma) or toxicity (e.g.
retinitis pigmentosa, idiopathic aplastic anemia or leukemia)
might be demonstrable. Improvements in the in vitro or bio-
logical assay are still required for attaining reproducibility
in determining the AHH phenotype. Until one can increase the
range of fold inducibility of AHH activity and/or decrease the
amount of experimental '"noise'" (i.e. nonspecific factors con-
tributing to artifactual induction of "control'" AHH activity,
making it difficult to determine accurately the true basal
enzyme activity), however, AHH inducibility in cultured
mitogen-activated lymphocytes or any other similar test sys-
tem cannot be used as a biochemical marker for determining
who is at risk for bronchogenic carcinoma or other cancers.

116



SUMMARY

The Ah locus controls the induction of at least 20
monooxygenase '"activities'" and associated cytochrome(s)
P;~-450 by MC and numerous other polycyclic aromatic com-
pounds. AHH induction is associated with P;-450 induction.
One product of the regulatory Ah gene is believed to be a
cytosolic receptor protein, which has a high affinity
(apparent Kg 2 1 nM) for polycyclic aromatic inducers and
which appears to be defective (i.e. diminished affinity)
in nonresponsive mice. Other induced macromolecules that
appear to be under the same regulatory control include
microsomal UDP glucuronsyltransferase, cytosolic reduced
NAD(P) :menadione oxidoreductase, and cytosolic ornithine
decarboxylase.

Regulation of responsiveness probably involves several
alleles at more than one locus, but differences between
C57BL/6 (responsive, Anb) and DBA/2 (nonresponsive, Ahd)
mice can be almost completely explained by the difference
at the Ah locus. Heterozygotes (Ahb/Ahd) are responsive,
but other genetic crosses between appropriate inbred mouse
strains can result in the expression of additive inheritance
or a situation in which the lack of responsiveness is dominant.
Responsiveness occurs not only in liver but also in numerous
nonhepatic tissues such as lung, kidney, bowel, skin, lymph
nodes, pigmented epithelium of the retina, bone marrow, ovary,
and mammary gland. Compared with Ahd/Ahd mice, AhP/AnD and
Ahb/Ahd individuals have: a high inflammatory response to
topical application of 7,12-dimethylbenz(a)anthracene; a high
susceptibility to MC- and BP-induced subcutaneous sarcomas
and MC-induced lung tumors; an increased resistance to zoxa-
zolamine-induced paralysis, lindane toxicity, and polycyclic
hydrocarbon-induced bone marrow toxicity and leukemia; and an
increased susceptibility to acetaminophen-induced hepatic
necrosis and cataract formation and to polycyclic hydrocarbon-
induced birth defects, stillborns, resorptions, decreased birth
weight, and ovarian primordial oocyte depletion. The AhD
allele is associated in vitro with a high mutational rate in
Salmonella by metabolic activation of several chemical carcino-
gens and increases in numerous specific metabolites of chemical
carcinogens bound to DNA nucleosides. ‘

There exists sufficient evidence that heritable variation
of AHH inducibility occurs in man. Experimental difficulties
in the day-to-day variability of the AHH assay with cultured
lymphocytes or monocytes, however, make it impossible at this
time to be certain of whether this induction process is con-
trolled principally by a single gene. It therefore remains
to be determined whether this genotype can ever be used as a
biochemical marker for predicting increased susceptibility to
certain types of environmentally caused cancers or toxicity in
man.
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INTRODUCTION

The pioneering work of Peters and his school (Pattison
and Peters, 1966) established that the neurotoxic agent
fluorocitrate, which is one of the most widely used rodenti-
cides, exerts its toxic action by being converted in the
animal body to fluorocitric acid. This discovery was made
at a time when the recognition of the citric acid (Krebs)
cycle in biochemistry had its greatest impact on biology.

The Krebs cycle was correctly seen as the system which in
enzymological terms can explain the interconversion of
carbohydrates, fatty acids and amino acids. In the enthu-
siasm of their success proponents of the Krebs cycle pro-
claimed its capability of also predicting cellular regulation
of metabolic and bioenergetic events. Once this seemingly
convincing notion had been accepted, the idea was automatic-
ally replicated in textbooks of biochemistry and the matter
assumed an axiomatic character, and thus dipped below the
horizon of scientific problem searching. A further, appar-
ently compelling, argument emerged with the discovery that
fluorocitric acid (obtained by Peters as a rather complex
mixture of isomers) actually inhibited an enzymatic component
of the citric acid cycle, aconitase (Morrison and Peters,
1954). This effect provided a plausible explanation of the
mode of action of fluorocitrate which was immediately accepted
because of its timeliness. The multienzymatic kinetics of the
"metabolic interconversion' system of mitochondria, the Krebs
cycle, is an unsolved problem (Kun, 1969), and its elusive-
ness still puzzles biophysicists who hope-perhaps in vain--to
explain cell physiology in relatively simple enzymological
terms. At the time of Peters' discovery the precise chemistry
of fluorocitric acids, the enzymology of aconitase, and the
distributive nature of the Krebs cycle were poorly understood.
The relatively simplified notion of envisioning the Krebs
cycle as a linear multienzymatic pathway would imply that
inhibition of any enzymatic component necessarily results in
an obligatory cessation of the pathway, and thus would pre-
dict cell death as a result of deprivation of ATP. It would
follow that fluorocitrate should be a universal metabolic
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poison acting indiscriminately on any cellular system

which contains mitochondria, the well established site

of the Krebs cycle. Since fluorocitrate does induce ci-
trate augmentation as a symptom of "inhibition of the Krebs
cycle," a further argument was at hand which reinforced the
aconitase inhibition related mode of toxic action of fluoro-
citrate.

This investigator's interest in the regulatory mechan-
isms of cellular functions arose from direct experiences in
the field of enzyme chemistry. The reasonably clearcut
catalytic events promoted by metabolic enzymes,--components
of the citric acid cycle,--and the remarkable excess of most
enzymatic components as related to overall metabolic rates
(Sols and Gancedo, 1972) seemed to this investigator to be
in gross contradiction to the tacit assumption that regula-
tion of cellular métabolism is in quite general terms di-
rectly related to the catalytic activity of metabolic enzymes.
It has not escaped the attention of specialized biochemists
(Sols and Gancedo, 1972) that indeed substrate concentrations,
not enzyme content alone, were the real critical rate limiting
factors in cell physiology. Ordinarily the molar ratios of
substrates to enzyme concentration are much larger numbers in
the cell than in the customary in vitro models of ''cuvette-
enzymology." These apparent minutiae escaped the attention
of most textbook writers, and thus simplified views of
metabolic biochemistry prevailed and so did the cardinal
achievement of biochemical toxicology, which explained the
toxic action of fluorocitrate by the inhibition of aconitase.

Pharmacologists never quite accepted this enzymologic
dogma. The primary experience of pharmacologists and toxi-
cologists is that of a high degree of specificity (e.g.
neurotoxicity), not compatible with universal metabolic
events which seemed much too monotonous to explain cell or
organ function. The scientifically more comprehensible and
experimentally straightforward field of biochemistry with its
technically persuasive powers remained in appareéent conflict
with the complex phenomenology of pharmacology, and the intel-
lectual rift between these traditional disciplines sustained
a feeling of dissatisfaction among those who wished for ra-
tional answers in complex fields. The establishment of the
journal Molecular Pharmacology by the Publications Committee
of the American Society for Pharmacology and Experimental
Therapeutics expressed a conscious attempt to bridge the gap
between molecular sciences and the vastly complex and chal-
lenging phenomenology of drug actions.
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Early Experimental Approaches

It is a remarkably unrewarding situation to be confronted
with conventionalism of biochemical knowledge on one hand and
confusing phenomenology of toxicology on the other. Since the
specific example, the scientific status of the biochemistry of
fluorocitric acid in the early 1960's--to the taste of this
investigator--was quite unsatisfactory, work had to be started
at the basic chemical level.

According to enzyme chemistry the condensing enzyme can
synthesize fluorocitric acid either from fluoro-acetyl-CoA +
oxalacetic acid or from fluorooxalacetic acid and acetyl CoA.
It was shown in our laboratory that the fluorocitric acid iso-
mer, which was synthesized from fluoroacetyl CoA + OAA, was
the only toxic species (Fanshier et al., 1962; Fanshier et al.,
1964), corresponding to (-)erythrofluorocitric acid as identi-
fied by chemical synthesis and stereochemical resolution (Dummel
and Kun, 1969) as well as x-ray diffraction analysis (Carrell
et al., 1970; Carrell and Glusker, 1973). Solution of the next
question, the enzymologic action of (-)erythrofluorocitrate,
was undertaken in several laboratories including ours (Kun,
1976) and with purified aconitase under proper conditions a
strictly reversible linearly competitive inhibitory mechanism
was established with K; values between 60-260 uM, with respect
to citrate. This inhibitory constant implies that inhibition
of aconitase should be reversed by citrate; therefore, the well
known phenomenon of citrate accumulation during fluorocitrate
poisoning should reverse toxicity if inhibition of aconitase
is the molecular cause of toxicity. This prediction is clearly
wrong since no reversal of fluorocitrate toxicity has even been
observed; furthermore, no quantitative correlation between Kj
(aconitase) and LDs values could be established, the latter
estimated to be 4-6 orders of magnitude lower than predicted
from Kj. We have performed another critical experiment. As-
suming that inhibition of aconitase is a lethal mechanism, it
was equally plausible to postulate that inhibition of another
member of the Krebs cycle enzymes should result in a fatal out-
come in vivo. Monofluoro-oxalacetic acid inhibits malate de-
hydrogenase competltlvely with a K; of 0.1 uM (Kun, 1976), and
thus should be 10* more toxic than (- )erythrofluoroc1trlc acid.
In vivo administration of fluoro-oxalacetic acid to mice in
doses which inhibited 99% of malate dehydrogenase had no visi-
ble toxic consequences, although hyperglycemia and other meta-
bolic perturbations clearly indicated that the inhibitor reached
malate dehydrogenase sites in tissues. Important work of Gal
(1972) and Morselli et al. (1968) disclosed that the mitochon-
drial concentration of fluorocitrate in lethally poisoned rats
had to be 10-°M or smaller; therefore, a mitochondrial toxic
site of fluorocitrate had to be postulated which was sensitive
to fluorocitrate at a level of about 50 pmoles of fluorocitrate/
mg mitochondrial protein.
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Identification of the Mitochondrial Site of Action of

(-)Erythrofluorocitrate

It was found in our laboratory in 1970-1972 that prein-
cubation of isolated mitochondria with 30 to 60 pmoles of
(-)erythrofluorocitrate per mg mitochondrial protein for 5
to 10 minutes resulted in an almost complete inhibition of
isocitrate efflux from mitochondria when mitochondria were
subsequently exposed to citrate or cis-aconitate (Kun, 1972;

~Eanes et al., 1972; Kun, 1976). These results indicated

that influx of these tricarboxylic acids was blocked by
preincubation with minute amounts of (-)erythrofluorocitric
acid. As found subsequently (Kirstenetal., in press) the
similar behavior of citrate and cis-aconitate was due to
contamination of mitochondria with cytoplasmic aconitase
(Eanes and Kun, 1971) and after removal of this contaminant
the inhibition became absolutely specific for citric acid.
When the stringent conditions of preincubation with fluoro-
citrate were not followed and citrate flux was monitored

for short periods only, inhibition by fluorocitrate could not
be observed (Brandt et al., 1973). Because of faulty kinetic
analyses (Kun, 1976) the inhibitory effect of fluorocitrate
on mitochondria was ascribed to aconitase, and contradictory
views remained unsettled (Brandt et al., 1973)

The problem of the site of action of (-)erythrofluoro-
citric acid on mitochondria was finally clarified in 1975-
1977. One of the critical technical advances which promoted
this work was related to the development of a technique of
isolation of mitochondria which assured the stability of the
inner membrane against decay by lysosomal enzymes (Kun, 1976;
Kun et al., 1978). Another technical advancement was made by
developing kinetic assays for citrate influx and efflux in
mitochondria under conditions which closely resemble the
intracellular physiological situation. Influx was monitored
in maximally phosphorylating mitochondria by measuring ci-
trate dependent ATP synthesis. Efflux was determined by
coupling intramitochondrially generated citrate to the cyto-
plasmic fatty acid synthesizing system (Kirsten et al., 1971).
As shown in Table 1, preincubation of mitochondria (1 mg v
protein) with 30 pmoles (=)erythrofluorocitric acid equally
inhibited both citrate influx and efflux. The important ‘
aspect of these results is that the concentratlon of (-)erythro-
fluorocitrate used was exactly in the same order of magnitude
as found in mitochondria of 1etha11y poisoned rats (Gal, 1972;
Morselli et al., 1968), thereby ruling out the ever prevailing
difficulty of artificiality so often encountered in the study
of molecular pharmacology. That both influx and efflux were
equally inhibited rules out the possible involvement of aconi-
tase because mitochondrial citrate dependent fatty acid bio-
synthesis is independent from aconitase in terms of metabolic
pathways.
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TABLE 1. INHIBITION OF MITOCHONDRIAL CITRATE
ENTRY AND EXIT BY (-)ERYTHROFLUOROCITRATE
(50 PMOLES F-CITRATE/MG PROTEIN, PREINCUBATION
AT 300 FOR 15 MIN)

Citrate Entry Into Liver

Mitochondria Citrate Exit from Mitochondria
(nmoles/mg protein/min) (pmoles/mg protein/min)
No substrate 2.2 Control (liver) 87
+ Citrate 7.1 + F-citrate (liver) 21
+ F-malate 2.2 Control (kidney) 63
Citrate + F-malate 40.0 + F-citrate (kidney) 17

Citrate + F-malate
+ F-citrate 5.5

The absolute specificity of inhibition restricted to
citrate only is illustrated in Figure 1. It is also apparent
that heart mitochondria do not transport citrate inward, but
only citrate export function is maintained in cardiac mito-
chondria. It is noteworthy that we employed the metabolically
inert (-)erythrofluoromalate as a cofactor of citrate influx
instead of the physiological activator L-malate.

The next advancement was made possible by the stereo-
specific enzymatic synthesis of ™(C(3-6) (~)erythrofluorocitric
acid in pure form, with a specific radioactivity of 50 mCi/mmole
(Kirsten et al., in press). It was readily shown with labeled
fluorocitrate that covalently bound, protein associated fluoro-
citrate accumulated in the inner membrane of mitochondria
under conditions when irreversible inhibitionofcitrate trans-
port occurred following preincubation of mitochondria with
fluorocitrate. The quantity of protein-bound fluorocitrate
varied between 6 and 18 pmoles per mg inner membrane protein.

The nature of the fluorocitrate protein bond was investi-
gated. The bond resisted precipitation by trichloroacetic.
acid, redissolution in 0.1 N NaOH and reprecipitation, but was
specifically cleaved by 0.4 M neutral hydroxylamine. Blocking
of protein-thiol groups by mersalyl (an organo-mercurial) in-
hibited the binding of fluorocitrate to inner membrane proteins.
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Figure 1. Substrate specificity of the inhibitory effect of
(=)erythrofluorocitrate. Mitochondria of kidney, heart and
brain were preincubated with 2 mM ADP and 50 pmol (-)eryth-
rofluorocitrate per mg protein for 15 min at 300 prior to
measurement of ATP synthesis with various oxidizable sub-
strates, using 0.5 mM (-)erythrofluoromalate as activator

of tricarboxylic acid influx as described in Methods (Kirsten
et al., in press). The concentration of substrates was 5 mM.
Mitochondria from kidney and brain were isolated as described
in Methods (Kirsten et al., in press). For the isolation of
heart mitochondria, the procedure was modified as follows.

The finely chopped rat hearts were ground in a glass-teflon
homogenizer with a clearance of 0.15 mm in 8 volumes of medium
per g tissue at 00 and coarse particles sedimented at 2700 rpm
(Sorvall rotor SS 34) for 1 min. The nuclear pellet was re-
extracted once. The combined supernatants were processed
further as described in ‘Methods (Kirsten et al., in press).
The rate of substrate dependent ATP synthesis was measured

ad described in Methods (Kirsten et al., in press. FCi =
(-)erythrofluorocitriec acid.

" The isolation of protein bound fluorocitrate by molecu-
lar filtration in 8 M guanidine is jillustrated in Figure 2.
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Figure 2. Gel filtration of inner membrane proteins labeled
with fluorocitrate in the presence of guanidine hydrochloride.
Membrane vesicles (2 wg protein) were incubated with *C- A
fluorocitrate (10 puM, total volume 200 pl) for 60 min at 300
in 50 mM tris-HCl1l buffer, pH 7.2. An aliquot of the incuba- ..
tion mixture (1 mg protein) was solubilized in 8 M guanidine
hydrochloride, 50 mM Tris-HCl, pH 7.2, and applied to a
Sephadex G-50 (medium) column (0.95 x 50 cm), equilibrated
and developed at room temperature with the same solvent.
Fractions (1.6 ml) were collected at a flow rate of 6.5 ml .
per h. Absorbances were recorded at 280 nm (...0...9...)

and at 260 nm (...0...0...). Radioactivity (cpm) was

plotted after subtracting the background (...A...A...).

Gel filtration of macromolecules lasted 14 h. The first
radioactive peak contains fluorocitrate bound to protein
(void peak, CPM = left ordinate); the second large radioac-
tive fraction is unreacted fluorocitrate (CPM = right ordin-
ate). It was found in control experiments that there was no
measurable nonspecific covalent binding of fluorocitrate to
nonmitochondrial proteins (e.g., bovine serum albumin) as
tested by molecular filtration or acid precipitation (Kirsten
et al., in press).

The isolation of fluorocitric acid mono-hydfoxamate by
high voltage electrophoresis is shown in Figure 3. Isolation
of the hydroxamate was performed on a large scale preparation
of protein-fluorocitric acid adduct from inner membrane vesi-
cles prepared by molecular filtration without guanidine HC1,
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but in the presence of the detergent Brij 56. Proteinase
K, a powerful proteolytic enzyme, liberated free fluoro-
citric acid from the protein-fluorocitrate adduct, indi-
cating that the inherent esterase activity of the protease
cleaved the fluorocitrate-protein bond, which therefore
had to be an ester (Kirsten et al., in press).

Figure 3. Electrophoretic
separation at pH 1.85 of an
aliquot of (-)erythrofluoro-
citric acid and its o-
hydroxamate derivative iso-
lated from the fluorocitrate-
protein adduct. Time of
electrophoresis = 150 min,
The technique of electrophore-
. 8is is described in Methods
(Kirsten et al., in press)
and details of isolation in
Results (Kirsten et al., in -
press). The amounts of
, fluorocitrate and its hydrox-
NUMBER OF STRIPS (Icm each) amate corresponded to 113 pmol’
(1,000 CMP). The fluorocitrate
- oa-hydroxamate migrated slowly
towards the cathode, whereas fluorocitric acid migrated towards
the anode. o ' .
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The evidence obtained points to the existence of an
important novel bond formed between the a-~COOH group of ,
fluorocitrate (activated by F-C) and a thiol group of mem-
brane proteins, identifying this bond as a macromolecular
thiolester. This is the first time that this macromolecular
chemical bond has been observed. As shown later, identifica-
tion-of this bond provided significant clues for the develop-
ment of an antidote to fluoroacetate poisoning. Fluorocitric
acid forms thiolesters with two mitoplast proteins belonglng
to either 171,000 dalton or 71 000 dalton molecular spe01es
This is shown in Figure 4.
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Figure 4. Molecular filtration of protein-bound fluoro-
citrate on Sephadex G-200 in the absence of detergent. An
extract of mitoplasts (in the presence of Brij-56) was
concentrated by cone filtration and incubated in a volume
of 300 ul (4.8 mg protein) for 60 min with 100 uM labeled
fluorocitrate at 30°, pH 7.39. The solution was directly
applied to a Sephadex G-200 column (see Methods, Kirsten
et al., in press) and developed at 40 for 12 h with 50 mM
Tris-Hepes buffer at pH 7.4. Total protein (...0...0...)
and radioactive fluorocitrate-containing protein

( ) ¢ ) were determined in each fraction. Protein-
bound fluorocitrate was assayed as described in the legend
to Figure 2. The molecular weight of radioactive fluoro-
citrate containing proteins were estimated from a semi-
logarithmic plot (inset to Figure 4) by comparison with
standards. ‘

‘The mechanism of macromolecular association of fluoro-
citrate with two mitoplast proteins is illustrated in Figure
5. It became evident that the binding process was enzymatic
and was activated by Mn2+. This was a highly significant
observation which indicated that fluorocitric acid enters
into an enzymatic reaction most probably designed to accom-
modate the physiological counterpart citrate. Since the
only reaction in mitochondria which was inhibited by minute
amounts of fluorocitrate--under conditions when binding of
fluorocitrate to protein could be measured--was citrate
transport, it was evident that the enzymatic process lead-
ing to the binding of fluorocitric acid to proteins had to
be concerned with the physiological pathway of citrate
translocation through the inner mitochondrial membrane.

A survey of all carboxylic acid substrates of the Krebs
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cycle enzymes revealed that none of them formed covalent
adducts with membrane proteins. It was therefore concluded
that fluorocitric acid, because of its uniquely activated
carboxyl group, forms a covalent bond with an active
enzymatic site normally involved in forming a Michaelis-
Menten complex with citric acid.

8

fluorocitrate (between 0 and 200 uM)

o Figure 5. Kinetics of binding of
ey fluorocitrate to proteins. The binding
i of varying concentrations of labeled
///.,/413:7- was determined by incubation of 0.7

mg membrane protein with fluorocitrate

pmoles Fci / mg profein

at 300 for 80 min in 50 mM Tris-
é;; &uwm Hepes buffer at pH 7.39 in the absence
e ; ot or presence of 0.5 mM MnCl, in a final

100 200 volume of 50 nul. The reaction was

AMF stopped with 2 ml 10% trichloroacetic

acid (at 0°) and the precipitated pro-

tein, after centrlfugatlon was redissolved in 0.2 ml 0.1 N
NaOH. After 5 min at 4° the protein-bound fluorocitrate was
reprecipitated from 0.1N NaOH by 20 ml 5% trichloracetic acid,
the finely dispersed protein precipitate isolated by glass
fiver filtration, washing with 30 ml 5% trichloracetic acid
and after drying, analyzed for fluorocitrate by scintillation
spectrometry (see Methods, Kirsten et al., in press). 1In the
inset of Figure 5 (double reciprocal plot) 1/bound fluoro-
citrate is expressed as pmol fluorocitrate/mg protein (ordi-
nate) and fluorocitrate concentration as 1/uM fluorocitrate
(abscissa). The lower curve in the inset represents results
in the presence of 0.5 mM Mn2+.

Catalytic Mechanism of Citrate Transport in Mitochondria

A unique observation guided us to the correct mechanism.
It was found that reduced glutathione (GSH) when added together
with fluorocitric acid augmented the inhibitory action of
fluorocitrate on citrate influx, seemingly promoting the bind-
ing of fluorocitrate to proteins. No information existed in
the literature which suggested the participation of GSH in
mitochondrial metabolism; therefore, it was necessary to
undertake unconventional experimental approaches to clarify
this question. It became apparent that incubation of C-
citrate with GSSG (the reduced form was participatory only
after its oxidation) in the presence of an extract of mito-
plasts (with Brij 56) for a few minutes resulted in the
formation of a C-labeled substance which was quantitatively
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adsorbed to Dowex 50 H* at pH 2.0 and eluted by alkali.
These ionic properties identified the citrate derivative
as a substance which contained NH;*, obviously derived:
from GSSG. Double labeling (*C in citrate and ¥S in GSSG)
and isolation of the adduct (see Figure 6) followed by
subsequent chemical identification of the GS-~citric acid
thiolester as the citric-hydroxamate derivative (after
hydroxylaminolysis) revealed a novel enzymatic reaction:
the formation of citryl-glutathione thiolester (Kun et al.,
in press). The compound on the left end of Figure 6 con-
" tains GS + citric acid *C and 3¥S) in 1:1 molar ratios

and was identified as the citryl-S-G thiolester. Extracts
of mitoplasts contained not only the citryl-SG thiolester
synthetase but also a hydrolytic enzyme which cleaved the
thiolester to citrate + GSH. The biphasic time course of
the reaction illustrates the two sequentially coupled
enzymatic reactions (Figure 7).

2000 - © @ -1000
2-4 nmoles
(2400 com)
is ’ . - ] 3sg
( . ) {cpm) .
cpm
1000 [ GSH — 500

Number of Sirips (lcm each)

Figure 6. Elecirophoretic isolation of the citric acid
glutathione adduct containing either ™C or *8 as radioactive
label (see Methods, Kirsten et al.., in press). Unreacted

citric acid was removed in the preceding step (Dowex 50-Ht,
see Methods, Kirsten et al., in press). Citric acid placed
on the paper migrated quantitatively into the buffer reser-
voir at the anode at pH 3.5 in 150 minutes. Left ordlnate
CPM of ¥C, rlght ordinate CPM of ®s. (__0__0__ =%cC;
—A_ A =%8).
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Figure 7. Time course of the enzymatic formation of GS-

citryl thiolester catalyzed by an extract of mitoplast and
by _inner membrane vesicles. The amount of protein/test =
0.7 mg, GSH = 10 mM, GSSG = 10 mM, citrate = 100 uM, t =
300, time = abscissa, activity = ordinate, pH = 7.4, total
volume = 100 ul. Small nonenzymatic rates were always
subtracted. GS-citrate = citryl glutathione thiolester
(Kun et al., in press).

The synthetase and hydrolase enzymes were readily
separated by molecular filtration by exactly the same pro-
cedure illustrated in Figure 4 for the isolation of the two
fluorocitrate-protein thiolesters. Coincidence of the
synthetase with the larger protein molecule (171,000 daltons)
and the esterase with the smaller protein (71,000 daltons)
and coincidence of these enzymes with the specific macro-
molecular fluorocitryl-protein thiolesters provided direct
evidence for the identity of the enzymes with the two bind-
ing proteins of fluorocitrate in mitoplasts.

The eéenzymology of the GS-citryl thiolester synthetase -
was further clarified by the identification of the sulfinic
acid oxidation product of GSH formed in mole/mole ratios
with the thiolester. The enzymatic reaction can be des-
cribed by the following equation:

0 0

~ Mn2* - E o H o I

citr + GSSG = 1/2 0, > G -~ 8 - C - citr + GT
OH
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identifying an entirely new process: the oxidative for-
mation of a thiolester, a potentially highly significant
mitochondrial process which would not have been even
thought of without the search for the mode of action of
fluorocitric acid. The involvement of a Mn2+ activated
enzyme in citryl-S-G synthesis is demonstrated in Figure 8.

o Figure 8. The effect of 0.5 mM MnCl,
s on the rates of GS-citryl thiolester

-4 o) . L .
A formation by a protein fraction (mol.

wt. 171,000) of the extract of mito-
3 -] plasts obtained by molecular filtra-
tion on Sephadex G-200, 0.35 mg pro-
tein/test system. Conditions were

the same as described in the legend

g | of Figure 7. Citrate - SG = citryl

Ciirate-SG, nmoles /mg protein

! No Mn2* glutathione thiolester (Kun et al.,
T——-——T——' in press). ‘ .
! 2 25 |
Time (hours)

Michaelis-Menten kinetics with respect to both sub-
stances, GSSG and citrate, was readily established as shown
in Figures 9 and 10.

Figure 9.

- 500 = : The effect of increasing
concentrations of citrate
> 400 I x,——“'——_*— on the rates (5 minutes)
€ / or GS-citryl thiolester
2 "y formation catalyzed by an
3 300 : (NHy )2S04 fraction (O to
g 6 35%) of the extract.
S oo / GSSG = 10 mM, MnCl, =
v 200 nmoles/mg 0.5 mM, 0.3 mg protein/
v : Km = 36 uM test system. Other con-
o T ditions were the same as
100 I 10 20 30 40 described in the legend
TEﬁhﬁ' of Figure 7, except no .
| i | | | GSH.was present. GS - Ci
= citryl glutathione

100 200 390 400 500 - thiolester (Kun et al.,
MM Citrate in press).
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Figure 10. The effects of increas-
ing concentrations of GSSG on the
rate (5 minutes) of GS-citryl thiol-
ester formation by an extract of mi-
toplasts. Citrate = 100 uM, MnCl,
// = 0.5 mM, protein = 0.2 mg/test
N system. Other conditions were the
mM?% ~same as described in the legend of
Figure 9. GS - Ci = citryl gluta—
mM GSSG thione thiolester (Kun et al., in
press). -

nmoles GS-Ci / mg protein
N
1

The identity of the citryl-S-G synthetase reaction by
a second chromatographic method suitable for large scale
preparation of GS-carboxylic acid thiolesters is illustrated
in Figure 11. Separation of all components, citric acid, GSH,
GSSG and the GS-citryl-thiolester was readily accomplished on
Dowex 1 by gradient elution with dilute formic acid.

6 Figure 11. Separation of GS-
so00k | %Wm citrate from GSH + GSSG on
cpm o dozss i Dowex 1 H¥*. 1 mg (protein)
A | < of liver mitoplast extract
2000 | ¢ ol /ﬁ dowo ~ Was preincubated at pH 7.4
- ' with 20 mM *H-labeled GSH
(spec. activity 27000 cpm/
Jours Jooso umole) for 0.5 mM MnCl, for

\i 30 minutes at 30 C (total

cpm

1000

volume 90 ul). After chill-

o] ; ing to 0 C 20 mM GSSG and 100

FRACTIONIONUMBER (I.:0m| each} ® ml ol. 6N i;ORMKSZ ll(:!:)6 o UM " C_ 1 ab e 1 ed c i tr ic ac i d

‘ (spec. act. 15.5 x 10°% cpm/u

mole) were added and the GS-citrate synthesis reaction was
allowed to proceed for 10 minutes at 30 C. The reaction was
stopped by adding 300 ul of 10% TCA. The TCA supernatant
was neutralized to pH 7 and applied to a column (0.9 x 11
cm) of Dowex 1 x 4, 200-400 mesh, formate, equilibrated with
0.125 N formic acid. Elution was performed at room tempera-
ture with a linear formic¢ acid gradient (consisting of 80 ml
0.125 N and 80 ml of 0.4 N formic acid) at a flow rate of 20
ml/hr. After elution of GS-citrate and GSH + GSSG unreacted
citric acid was eluted w1th 6 N formic acid.
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The definitive identification of the molecular site
of action of fluorocitrate was accomplished by the inhibi-
tion of citryl-SG synthetase by fluorocitrate coincidental
with protein-fluorocitryl thiolester formation. This is
shown in Figure 12. The powerful specific inhibitory effect
of fluorocitrate is illustreated by the fact that 50% inhi-
bition occurred when 0.8 pmoles fluorocitrate was covalently
bound to 1 mg protein. This inhibition occurred after 10
minutes preincubation with 25 pmoles fluorocitrate/mg pro-
tein, in excellent agreement with values obtained with
intact mitochondria measuring citrate influx or efflux.
The quantity of covalently bound fluorocitric acid to pro-
tein increased linearly even after complete inhibition of
the citryl-S-G thiolester synthetase because the extract of
mitoplasts contained also the thiolester hydrolase (about 3-
fold excess over synthetase) and this enzyme also binds
fluorocitrate as a protein-thiolester. ' Maximal binding in
mitoplast extracts corresponds to 80 pmoles/mg protein and
-assuming a mole to mole binding of fluorocitrate to enzymes
the synthetase is 1.2% of the protein fraction of 171,000
daltons, whereas 0.6% of the protein fraction of 71,000
daltons is the esterase. This information is a valuable
guideline for further experiments concerned with the isola-
tion of the enzyme in a molecularly homogeneous form..

201 483 Correlation between the inhibi-

a g tory effect of (-)erythrofluoro-

g 2" citrate on rates of GS-citrate

Eno § thiolester formation and the

s 74 < covalent binding (Carrell et al.,

g //// 2  1970) of fluorocitrate to protein.

¢ (a) Left ordinate shows the syn-

g " \\ﬁ\._ Lo | > thetase activity (5 minutes) after

25 50 100 200 preincubation of 0.9 mg (protein)

WMa%umw/mwmmn extract of mitoplasts for 10 min-
utes with 10 mM MSG + 10 mM GSSG

and varying concentrations of fluorocitrate (-0-0-). (b)) .
Right ordinate indicates the quantity of protein bound fluoro-
citrate (-A-A-) determined under comparable conditions by in-
cubating the extract with the same concentration of fluoro-
citrate. Protein bound fluorocitrate was determined by
precipitation of proteins with 10% TCA, redissolution of -
precipitate in 0.1 N NaOH, reprecipitation with 10% TCA and
glass fiber filtration (Carrell et al., 1970; Gal, 1972)
followed by scintillation spectrometry. Conditions for (a)
were the same as described in the legend of Figure 2. GS -
Citr. = citryl glutathione thiolester. ¥Fgj = (-)erythro-
fluorocitric acid.
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Identification of two specific membrane associated enzyme
proteins as the target site of binding of fluorocitrate and
demonstration of these two enzymes as being involved in the
catalytic process of citrate transport through the inner
mitochondrial membrane provides new information related to
the hitherto unknown mechanism of carboxylic acid transport.
The clarification of the mechanism of the citryl-S-G-synthe-
tase reaction is a major scientific challenge. Regulators

of this reaction are listed in Table 2 (Kun et al., in press).

TABLE 2. THE EFFECTS OF ACTIVATORS AND INHIBITORS ONITHE
ENZYMATIC FORMATION OF GS-CITRYL THIOLESTER -

Inhibitors or pmoles GS-Thiolester Formed

Activators per mg Protein in 5 Minutes
None - 2180
0.5 mM Mn2+ 4260
1 mM Mg2* | 3770
1 mM Ca2* | 1660
10 mM Ca2* 80
1 mM phenazine methosulfate | - 362
200 mM KC1 - 471
0.5 mM mersalyl (preincubatibn) o ' 104
1 mM 1,2,3—propane‘tricarboxylate | | 408

An extract of mitoplast (0.4 mg protein) was incubated
with 10 mM GSH + 10 mM GSSG and C-labeled citrate (final
molarity of 100 M) for 5 minutes in the presence of the
agents listed in Column 1 of Table 2. Quantitative assay
for GS—citryl thiolester is described in Methods (Kirsten
et al., in press).  The effect of mersalyl (0.5 mM) was
tested by prelncubatlon for 5 mlnutes prior to the enzy-
matlc assay (Kun et al., in press). -

Actlvatlon by Mn2+ is better than by Mg2+, whereas Ca2+
is inhibitory. KC1 at concentrations not uncommon in mito-
chondria exerts an inhibitory, probably regulatory effect.
The free radical trapping agent phenazine methosulfate and
the -SH binding reagent mersalyl are powerful inhibitors.

At this time relatively less is known about the thiolester
hydrolase because its study requires the availability of
larger, substrate quantities of enzymatically synthesized
citryl-S-G. After recognizing the specific enzymatic site
of action of fluorocitrate we attempted to test the
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possibility of preventing the inhibitory effect of fluoro-
citric acid by reagents which may cleave the thiolester
bond between fluorocitrate and a thiol group of the pro—
tein. Results are summarized in Table 3.

TABLE 3. EFFECT OF DTT, BAL, GSSG AND OXIDIZED CYSTEAMINE
ON THE INHIBITION OF GS CITRATE SYNTHESIS BY
(-)ERYTHROFLUOROCITRATE

Preincubation Reaction

F-Citrate nmoles GS-Citrate %

(pmoles/mg) Addition per mg Protein Inhibition
0 0 2.52
1.5 0 1.27 50
3 0 0.56 78
6 0 0.32 87
0 DTT 3.71
1.5 DTT 2.78 ' 25
3 DTT 2.48 33
0 BAL 3.26
3 BAL 2.53 23
0 GSSG 2.63
1.5 GSSG 2.17 13
3 GSSG 2.49 5
0 Cysteamine (ox.) 1.05
3 Cysteamine (ox.) 0.47 59

1 mg (protein) of liver mitoplast extract was preincubated

at pH 7.4 with 10 mM GSH in the presence or absence of DTT

(10 mM), BAL (8 mM), GSSG (20 mM) or oxidized cysteamine

(20 mM) and of F-citrate (1.5 to 6 pmoles/mg protein) for

60 minutes at 30 C in a total volume of 90 ul. After chill-
ing to 0 C 100 uM “C-labeled citric acid and (where not present)
20 mM GSSG was added and the GS-citrate synthesis reaction was
allowed to proceed for 5 minutes at 30 C. The reaction was
stopped by adding 300 ul of 10% TCA. GS-citrate was measured
in the TCA supernatant.

When the period of incubation of the enzyme with fluoro-
citrate is increased to 1 h (controls are incubated simultane-
ously without fluorocitrate) the effectivity of fluorocitrate
is greatly increased and 6 pmoles of added fluorocitric acid
per mg protein is 87% inhibitory (compare with 50-80 pmoles if
incubation lasts only for 10 minutes). Dithiothreitol, BAL and
GSSG are powerful protecting agents, GSSG being most effective.
These results predict that antidotes to fluoroacetate poisoning
can be found among various -SH and -SS-containing substances,
and the search to achieve this goal had already begun.
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SUMMARY AND PERSPECTIVES

The experimental evidence obtained points to a novel
site of action of fluorocitrate by covalent binding to two
catalytic components of mitoplasts apparently involved in
citrate transport. This at first sight nonselective
mechanism--in terms of ubiquity of citrate transport--is
capable of offering a plausible explanation for the neuro-
toxicity of fluorocitrate. It is well known (Kirsten et al.,
in press) that acetylcholine biosynthesis critically de-
pends on citrate export from mitochondria because acetyl-
CoA formed from citrate in the cytoplasm is the immediate
acetylating agent of choline. Clearly inhibition of fatty
acid synthesis that is dependent on mitochondrially gener-
ated citric acid is not likely to result in a fatal pathology
of a vital organ, but inhibition of the biosynthesis of the
neurotransmitter acetylcholine in the central nervous system
can critically interfere with the function of cholinergic
centers. This question now is open to direct experimental
tests. A further consequence of this probable mechanism of
neurotoxicity is that unexplained neuropathological phenomena
may find their causative origin in defective mitochondrial
citrate export, exemplifying an unusually simple intracellu-
lar molecular information transfer mediated by citrate to
the neurotransmitter acetylcholine.

The basic membrane function of the inner mitochondrial
membrane specialized in citrate transport has been resolved
into two coupled enzymatic reactions capable of providing a
simple catalytic model for translocation. This hypothetical
model is illustrated in Figure 13, which is a schematic re-
presentation of one half of a protein channel containing
the two enzymes, synthetase and hydrolase. According to
this mechanism transport is a two-enzymic coupled process.

It should be remembered that the enzymatic mechanism does
not fully explain the known phenomenon of exchange diffusion,
of carboxylic acids. in mitochondria, but provides hitherto
missing chemical intermediates. The entire process of

anion transfer in mitochondria depends on both electron and
cation transport coupling, a problem which now can be ap-
proached by new avenues. The fate of glutathione sulfinic
acid is of considerable interest. This substance appears

in the in vitro enzyme system in equimolar quantity to the
thiolester. The sulfinic acid is, however, not found in
mitochondria because a number of redu01ng systems apparently
reconvert it to GSSG and GSH, providing the as yet unexplored
possibility of coupling of transport to an electron transfer
process.
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Figure 13.

The question justifiably emerges: is the enzymatic
mechanlsm of citrate transport unique, or are these types
of reactions common to all carboxylic acids which need to
penetrate the inner mitochondrial membrane? Results indi-
cate the correctness of the second supposition. It is shown
in Table 4 that specific malyl and citryl thiolester syn-
thetases exist in mitochondria as discriminated by the
selective inhibition of each enzyme by the approprlate
fluoro acid.

TABLE 4. EFFECTS OF F-CITRATE AND F-MALATE ON GS
THIOLESTER-SYNTHETASE ACTIVITIES OF SUBMITOCHONDRIAL -
PREPARATIONS WITH CITRATE AND L-MALATE AS SUBSTRATES.

RESULTS ARE EXPRESSED AS PMOLES THIOLESTER FORMED IN 5
MINUTES/MG PROTEIN.

' ’ ~ Inhibitors
Enzyme Preparation F-Citrate F-Malate
and Carboxylic (125 pmoles (50 pmoles
Acid Substrate Control per mg protein) per mg protein)
Extract + Citrate 2770 110 - 2802
Membrane Vesicles
+ L-Malate ‘ 305 298 _ 0

Conditions for the assay for GS-citrate thiolester formation
were the same as described in the legend of Figure 2, except
the extract (1 mg protein) was preincubated with or without

the inhibitors for 10 minutes at 30 C. The concentration of
L-malate (77,000 CPM/nmole) was 68 uM in the GS-malyl thiol-
ester synthetase system; otherwise conditions were the same

as for the GS-citryl thiolester forming system (Kun et al.,

in press).
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Isolation of glutaminyl and glutamyl -S-G thiolesters
generated from GSSG and the appropriate carboxylic acids by
incubation with fragments of inner mitochondrial membranes
is shown in Figures 14 and 15.

80,000
Gly /V/'/z
¢ .
4,
c
60,000~
| NH261-56 b.295
|
E 40,000 o
© a
Q
s
@
20,000~ e
=
0.105

FRACTION NUMBER (1.5 m! each)

Figure 14, Separation of L-glutamine-SG from L-glutamine and
GSH + GSSG. 1 mg (protein) of kidney mitoplast extract and
1 mg (protein) of inner membrane vesicles from kidney mito-
chondria were preincubated at pH 7.4 with 20 mM 3H-labeled
GSH (specific activity 27 x 10%® cpm per umole) and 0.5 mM
MnCl, for 20 minutes at 30 C in total volumes of 90 ul.
After chilling to O C 200 uM of ™ C-labeled L-glutamine
(specific activity 11.5 x 10°® cpm per pumole) and 20 mM GSSG
were added to each sample. After 15 minutes incubation at
30 C the reaction was stopped by adding 300 ul of 10% TCA.
The combined TCA supernatants of both samples were neutral-.
ized to pH 7.0 and applied to a column (0.9 x 11 cm) of
Dowex 1, X4, 200-400 mesh, formate form, equilibrated with
0.105 M formic acid. Elution was performed at room tempera-
ture with a linear gradient consisting of 80 ml 0.105 M
formic acid and 80 ml 0.4 M formic acid at a flow rate of
20 ml per hour. -
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Figure 15. Separation of glutamic acid-SG from GSH + GSSG
and glutamic acid. 1 mg (protein) of liver mitoplast ex-
tract and 1 mg (protein) of inner membrane vesicles were
incubated (separately) at gH 7.4 with 20 mM 3H-labeled GSH
(specific activity 27 x 10° cpm/umole) and 0.5 mM MnCl, for
30 minutes at 30 C in total volumes of 90 pul. After chill-
ing to 0 C 20 mM GSSG and 250 uM of !*C-laveled L-glutamic
acid (specific activity 6.3 x 10° cpm/umole) were added.
After 5 minutes of incubation at 30 C the reaction was stopped
by adding 300 pl of 10% TCA. The combined supernatants were
neutralized to pH 7 and applied to a column (0.9 x 11 cm) of
Dowex a, X4, 200-400 mesh, formate form, equilibrated with
0.105 M formic acid. Elution was performed at room tempera-
ture with a linear gradient consisting of 80 ml 0.105 M

formic acid and 80 ml 0.4 M formic acid at a flow rate of
20 ml/hr.

It is, therefore, apparent that an entirely new enzyme
system involving all carboxylic acid substrates of the Krebs
cycle has been discovered. In all probability these enzymes
critically regulate cell function by their controlling role
on substrate transport.
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PAPER NO. 12

APPLICATION OF PHARMACOKINETIC PRINCIPLES IN PRACTICE

P. J. Gehring
and
J. D. Young

Dow Chemical U.S.A.
Midland, Michigan
INTRODUCTION
The objective of a toxicological study is to elucidate

the untoward effects of a chemical, qualitatively and quan-
titatively. The ultimate goal to be realized from acquisi-.

tion of this information is to assess the potential hazard

incurred by man or animals exposed to specified amounts of
the chemical. Since toxicity is elicited through reactions
of a chemical with receptors in target tissues, realization
of the ultimate goal necessitates resolution of, as a func-
tion of time, the absorption, distribution, biotransforma-
tion, and excretion of the chemical, i.e., its pharmaco-
kinetics, as well as its toxicity.

The scientific rationale for extrapolation of untoward
effects produced by toxic doses of a chemical in one species
to predict the toxicity which may be incurred by lower doses
in the same species or by equivalent or lower doses in another

species is associated inextricably with knowledge of the

pharmacokinetics of the chemical. The purpose of this presen-
tation is to illustrate how the pharmacokinetic profile of a
chemical can be utilized to assess the hazard incurred . V1a

‘exposure to a chemical.

The simplest, but frequently applicable, profile for
describing the concentration of chemicals in a tissue or the
amount in the body as a function of time occurs when the ‘rate
of change in these parameters is equal to a rate constant times
the concentration or amount present, apparent flrst order ki-
netics. If there are no apparent differences in the‘afflnlty
of tissues for the chemical, the mathematical expression for
elimination of the chemical, from plasma for example, is the
linear differential equation ' '

1)  JC _
5 = -kC,
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where C is the concentration at time t and ke is the rate
constant for elimination via all routes. Solution of this
equation yields

2) Log C = Log Co - ket/2.303,

where Co is the initial concentration present. Thus a plot

of the logarithm of the concentration as a function of time
will give a straight line with a slope of keg/2.303. The time
required for the concentration to be reduced by one-half, tj/9
or biological half-life, is t1/2 = 0.693/ke. Much more com-
plex linear pharmacokinetic profiles or models are required
for some chemicals (Gehring et al., 1976).

In toxicology, the doses of a chemical required to elicit
discernible toxicity frequently exceed the capacity for its
detoxification via excretion and/or biotransformation. 1In such
cases, nonlinear pharmacokinetic profiles conforming to the
Michaelis-Menten Equation are needed to describe the concentra-
tion of the chemical in plasma or other tissues as a function
of time (Levy and Gibaldi, 1975):

- 3)

In this equation, V_, is the maximum rate of the process and Kp
the Michaelis constant; the other parameters are as defined
previously. When the concentration is small compared to Kp,
the Michaelis~Menten Equation reduces to a form like that pre-
sented previously, equation 1. This is called "apparent'" first
order kinetics. At high concentrations, the rate of change in
concentration as a function of time becomes constant equal to
Vm. This is called zero order kinetics.

Figure 1 depicts a typical tissue or plasma concentration
- time curve or an amount in the body - time curve for a chemi-
cal whose elimination follows nonlinear or Michaelis-Menten
kinetics. As long as the dose incurred via exposure to a
chemical results in concentrations or amounts significantly -
less than K;, the linear portion of the semilogarithmic plot
is applicable. Doses which provide concentrations or amounts
approaching or superseding Kp lead to the nonlinear portion
of the curve in Figure 1. If this nonlinear portion is
plotted using linear coordinates rather than semilogarithmic
coordinates, a straight line will result. '

148




CorA

Nonlinear Portion That
Follows Zero Order
Kinetics C Approaching
Km Or C>> Kp,

Linear Portion That
Follows Apparent
First Order Kinetics
€ << Km .

Micheelis - Menton Equation

Figure 1. Simulated plasma
concentration of a chemical
(C) or the amount in the body
(A) as a function of time for
a chemical which displays
dose-dependent or nonlinear
pharmacokinetics described by
the Michaelis-Menten Equation.
oC/9t is the change in con-
centration with time. Vp is
the maximum rate of the pro-
cess, and Ky is the Michaelis
constant.

Some criteria which serve as indications that nonlinear
pharmacokinetics are applicable for describing the elimina-

tion of a chemical from the body have been set forth by Levy
(1968).

Decline of the levels of the chemical in the body is

not exponential.

The tj /g increases with increasing dose.

The area under the plasma concentration versus time
curve is not proportional to the dose.

The composition of the excretory products may be changed
both quantitatively and qualitatively by dose.

Competitive inhibition by other chemicals metabolized
or actively transported by the same enzyme system is

likely.

Dose-response curves may show an unusually large increase

in responses with increasing dose, starting at the dose
level where "saturation'" effects become evident.
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For the toxicologist, the last criterion is of par-
ticular importance. To illustrate the importance of non-
linear pharmacokinetics further, consider the barrels with
slits in Figure 2. As increasing amounts of fluid are ,
placed suddenly into the barrels, the outflow (elimination)
via the upper slit will become relatively more important.
The illustration is particularly useful for portraying the
importance of repetitive or continuois exposure when non-
linear pharmacokinetics are applicable to the elimination
of a chemical. As the input rate increases _
more and more of the chemical is eliminated via the process
represented by the upper slit. This is a scenario of re--
petititive exposures to doses of a chemical which saturate
primary routes of elimination; such doses are used frequent-
ly in carcinogenicity and teratology bioassays. Results
obtained from such studies should be interpreted cautiously
when assessing the hazard of exposure to small, nonsaturat-
ing doses. ’ :

Figure 2. Diagrammatic
representation of the
elimination of a chemical
via a primary saturable
pathway and by a secondary
pathway whose significance
increases upon saturation
of the primary pathway.

With respect to carcinogenesis, overwhelming detoxifica-
tion processes are particularly important because rather than
being detoxified, reactive electrophilic intermediates will
react with macromolecules such as DNA, a commonly recognized
mechanism for carcinogenesis as well as other manifestations
of toxicity. Gillette (1974a and 1974b) has given special
consideration tothe pharmacokinetics of reactive metabolites
of foreign compounds that react with macromolecules - DNA,

RNA, protein - causing toxicity.
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To illustrate the use of pharmacokinetics in assessing
the hazard of chemicals, examples using specific chemicals
follow. : '

. 2,4,5-TRICHLOROPHENOXYACETIC ACID (2,4,5-T), LINEAR AND
NONLINEAR PHARMACOKINETICS AND SPECIES DIFFERENCES

2,4,5-T is a herbicide, the safety of which has been
questioned because doses of 100 mg/kg/day or more during
the period of organogenesis have been reported to be tera-
togenic, fetotoxic, and embryotoxic (Courtney et al., 1970;
Courtney and Moore, 1971; Sparschu et al., 1971; Roll, 1971;
and Collins and Williams, 1971). To elucidate the poten-
tial hazard of 2,4,5-T, 5 mg/kg of ring-labeled 2,4,5-T
was administered orally to rats and dogs (Piper et al.,
1973). Plasma concentration-time curves were characterized
by apparent first order absorption and clearance (Figure 3).
The tq1,9 values for clearance by rats and dogs were 4.7 and

77.0 hours, respectively. The slower rate of elimination by

dogs than by rats correlates with the higher toxicity in dogs
for which the single oral LDsy is 100 mg/kg compared to 300
mg/kg for rats (Drill and Hiratzka, 1953; Rowe and Hymas,
1954). Generally, the toxicity of an agent to an individual
or species is related inversely to the ability of the indi-
vidual or species to eliminate the compound and directly to
the concentrations attained in plasma.

100 .
Figure 3. Concen-
tration of *C-
activity expressed

as pg equivalents
2,4,5-T/ml plasma

in dogs and rats
following *C-2,4,5-T.
Each point represents
a mean and SE.

Dogs t, = 77.0 Hours

Rats ty, = 4.7 Hours

2,4,5-T Plasma Levels pg/ml|
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Almost all of the 2,4,5-T excreted by rats was via the
urine, while approximately 20% of that excreted by dogs was
via the feces. Measurable amounts of biotransformation prod-
ucts of 2,4,5-T were not produced by rats given 5 mg/kg while
10% of the MC-activity excreted in the urine of dogs was
attributable to biotransformation products. This illustrates
a pertinent principle ~ if elimination via one route is re-
tarded, in this case via urine, a greater fraction will be
eliminated via other routes.
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Since 2,4,5-T is an organic acid, it was hypothesized
that the poorer ability of the dog than the rat to elimin-
ate 2,4,5-T was associated with the poor organic acid
secretory process of the dog kidney. If an active secretory
process of the kidney were the primary elimination process,
elimination should be a nonlinear process, saturable in the
rat by administration of higher doses. Using doses of 5, 50,
100, or 200 mg/kg, clearance from the plasma was found to be
nonlinear (Figure 4). Elimination from the body, predomi-
nantly via the urine, was slower than the clearance from
plasma in rats given 5 or 50 mg/kg but in those given 100
or 200 mg/kg the rate of clearance from plasma approached the
rate of elimination via urine. This change was attributable
to a saturable renal uptake of 2,4,5-T.

1000

Figure 4. Concentration of

l%C-activity expressed as

ug equivalents 2,4,5-T/ml

plasma in rats following a

{' single-oral dose of 5, 50,
100 or 200 mg/kg '*C-2,4,5-T.

100 m/kg Each point represents a mean

50 mg/kg and SE .

100

200 mg/kg

2,4,5T Plasma Levels po/m!
S

0.
04 12 24 36 48 60 72 9 120

In addition to the lack of superposition of the normal-
ized concentration-time curves for the elimination of 2,4,5-T
from plasma with increasing doses, another criterion for non-
linear pharmacokinetics was revealed. A larger percentage of
the !“C-activity administered as '*C-2,4,5-T was excreted in
the feces as the dose was increased. Furthermore, biotrans-
formation products of 2,4,5-T were identified in the urine of
rats given 100 or 200 mg/kg while none was found in the urine

of rats given 5 or 50 mg/kg.

In order to characterize better the nonlinear pharmaco-
kinetics of 2,4,5-T, rats were given intravenous doses of 5
or 100 mg/kg (Sauerhoff et al., 1976). Elimination from the
plasma of rats given 100 mg/kg (Figure 5) occurred in accor-
dance with the Michaelis-Mention Equation,

a_c_:. = ___._...___Vmc *
a Km + C
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The values for Vp and Ky were 16.6 + 1.8 ug/g/hr and 127.6
+ 25.9 ug/g, respectively. During the linear phase of ex-
cretion, between 36 and 72 hours after administration of
100 mg/kg, the tq was 5.3 + 1.2 hours. This value is not
significantly dlféerent than that found for rats given 5

mg/kg.

Figure 5. Concentration of '“C-
activity expressed as pg equiva-
lents 2,4,5-T/g plasma of rats
f0110w1ng a single intravenous
dose of 5 and 100 mg/kg '“C-
2,4,5-T. The curve for rats
receiving the latter dose typi-
fies dose-dependent elimination.

100

100 mg/kg

19 Equivalents 2,4,5-T/g Plasma

5 mg/kg

0.1}

) W U Y I | J 1 !
36 12 18 24 30 36 48 60 72
Hours

The volume of distribution, V4, increased from 190 + 8
ml/kg to 235 + 10 ml/kg for rats receiving the 5 and 100
mg/kg '*C-2,4,5-T, respectively. This increase in Vg indi-
cates that as the dose is increased a disproportionately
larger fraction finds its way into tissue and cells. Un-
doubtedly, the toxicity will also increase disproportionately
as a result.

A saturable renal uptake of 2,4,5-T was illustrated
vividly by a five-fold smaller renal tissue/plasma ratio 8
hours after a dose of 5 mg/kg than a dose of 100 mg/kg. To
elucidate further the saturable active transport of 2,4,5-T
by rat and dog kidney, in vitro studies were conducted using
renal slices (Hook et al., 1974). These studies demonstrated
conclusively: (1) that 2,4,5-T is transported actively by
the organic acid excretory mechanism of the kidney, (2) that
kidney tissue of dogs and newborn rats has less capacity to
transport 2,4,5-T than adult rats, and (3) that large con-
centrations of 2,4,5-T overwhelm the transport system.
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To provide a basis for extrapolation to man, the fate
of 2,4,5-T following oral doses of 5 mg/kg was determined
in man and compared with rats and dogs (Gehring et al.,
1973). Plasma concentration versus time for the respective
species together with t1/2 values are shown in Figure 6.
These data suggest that the toxicity of 2,4,5-T to man will
be greater than to rats but less than to dogs. The higher
peak plasma levels attained with a dose of 5 mg/kg in man
than in either dogs or rats was associated with a greater
degree of plasma protein binding in man. In man, the volume
of distribution was only 80 mg/kg, attesting to the reten-
tion of 2,4,5-T in the vascular compartment.

100

Figure 6. The
concentration of
2,4,5-T in blood
plasma of humans,
dogs, and rats fol-
lowing a single oral
dose of 5 mg/kg.

Each point represents
Rats ty, = 4.7 Hours a mean and SD .

Dogs ty,= 77.0 Hours

Humans ty, = 23.1 Hours

2,4,5-T Plasma Levels ug/ml

0
04 12 24 36 48 72 96 120 144 168
Hours

Figure 7 illustrates the simulated levels of 2,4,5-T in
the plasma that would be attained in humans with repeated
ingestion. If 0.25 mg/kg 2,4,5-T were ingested daily, a
level equaling that attained by ingesting a single dose of
5 mg/kg, as in this study, would never be attained. Finally,
determination of renal clearance values revealed values ex-
ceeding glomerular filtration as was expected from the results
of the studies in animals described above.

]
o

Figure 7. Predicted plasma
concentrations of 2,4,5-T in
humans ingesting a dose of Dg
in units of mg/kg every 24
‘hours (curve with large excur-
sions) or a dose of 1/4 Do
every 6 hours (curve with
small excursions).
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These pharmacokinetic studies of 2,4,5-T in man and
animals together with the results of toxicological studies
in animals support the conclusion that the hazard of expo-
sure to small amounts of 2,4,5-T potentially encountered
via its recommended use is nil.

1,4-DIOXANE: SATURATION OF METABOLISM
CORRELATED WITH TOXICITY IN RATS

Studies by Kociba et al. (1974) demonstrated a small
increased incidence of hepatomas and nasal carcinomas in
rats maintained on drinking water containing sufficient
dioxane to provide doses exceeding 1000 mg/kg/day. This
dose supersedes that necessary to produce death in some
rats and marked pathology of the liver and kidneys in all.
Hepatic and renal damage but no tumors occurred in rats
receiving 100 mg/kg/day. No untoward effects were discern-
ible in rats receiving 10 mg/kg/day. Since humans exposed
to the current Threshold Limit Value (TLV) established by
the American Conference of Governmental Industrial Hygien-
ists, 1976, of 50 ppm (180 mg/m3®) for 6 hours received a
total dose of 5.4 + 1.1 mg/kg, (Young et al., 1977), the
meaningfulness of toxicological data obtained at doses more
than one hundred-fold greater was questioned by the results
of the pharmacokinetic data.

Figure 8 shows the plasma concentration time-curves for
l%C-dioxane in rats given single intravenous doses of !“C-
dioxane ranging from 3 to 1000 mg/kg. The clearance of
dioxane from plasma is markedly dose-dependent and in accor-
dance with Michaelis-Menten kinetics. The area under the
curve increases disproportionately with dose indicating that
the elimination of dioxane is a saturable, dose-dependent or
nonlinear pharmacokinetic process. The pharmacokinetic model
which described best the data was a parallel combination of
Michaelis-Menten and first order elimination.  Parameters
for this combination were Vq=301 + 41 ml; V,, = 13.3 + 1.1
pg/ml/hr; K, = 20.9 + 2.0 pg/ml and ke = 0.0149 + 0.0015 hr—1
The maximum capacity for elimination of dioxane by the rat is
4003 ug/hr. Thus a dose of 1000 mg/kg to a 250 g rat exceeds
62 times the maximum capability of the rat to eliminate diox-
ane per hour. o
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Figure 8. Concentration
of dioxane per se in plasma
of rats given various intra-
venous doses of dioxane.
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The excretion of '“C-activity by rats given various doses
of !"*C-dioxane also demonstrated dose-dependent kinetics; as
the dose was increased, more dioxane per se was eliminated via
exhalation; at low doses essentially all was excreted rapidly
as B-hydroxyethoxyacetic acid (HEAA) in the urine. Thus, the
biotransformation of 1,4-dioxane to the detoxification product,
HEAA, is a saturable process which is overwhelmed by increasing
the magnitude of the dose. The marked retention of dioxane
with an increasing dose led us to conclude that the metabolism
of dioxane must be induced markedly with repeated daily doses.

Figure 9 shows the body burden of radioactivity in rats
given repeated daily oral doses of 10 or 1000 mg/kg for 17
days. The body burden was calculated by subtracting the total
cumulative excretion by all routes from the total cumulative
dose and expressing the results as a percentage of the total
cumulative dose. The body burden in rats given 10 mg/kg/day
dioxane averaged about 5% and ranged between 2 and 9% with no
apparent upward or downward trend. However, a striking de-
crease occurred in the body burden of rats given 1000 mg/kg/day
dioxane during the first four days of administration. This
indicates that a dose of 1000 mg/kg/day but not 10 mg/kg/day
caused a marked induction of the elimination of dioxane. In
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essence, the rats receiving 1000 mg/kg/day dioxane had
undergone marked biochemical alterations, their responses
to dioxane, toxicological or carcinogenic, are no longer
extrapolatable to rats receiving low doses.

=y Figure 9. Daily
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Metabolic induction itself has been shown to increase
tumorigenesis. Peraino et al. (1973a) demonstrated an en-
hancement of tumorigenesis in mice given 0.05% phenobarbital
in their diet, a well known inducer of metabolism. Further-
more, induction of metabolism in rats by phenobarbital en-
hanced tumor production by 2-acetylaminofluorene (2AAF), a
known hepatic carcinogen (Peraino et al., 1973v), suggesting
that induction may enhance the expression of tumors by natur-
ally occurring carcinogens. :

, In order to assess the potential hazard incurred by
inhalation of dioxane, rats were exposed to 50 ppm dioxane
for 6 hours. After 6 hours of exposure a steady-state level
of 7.3 pyg/ml had been attained in plasma. Following exposure,
the rate of elimination of dioxane from plasma was equivalent
to that observed after low intravenous doses of dioxane, tj/5
= 1.01 hours. Thus, this level of exposure had not saturated
the detoxification mechanism for dioxane.

To assist in extrapolation of toxicological data to man,
four human volunteers were exposed to 50 ppm dioxane for 6
hours (Young et al., 1977). The concentration of dioxane
and its metabolite HEAA in plasma during the following expo-
sure is shown in Figure 10. During exposure, a steady-state
level was obviously attained. Subsequent to exposure, the
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elimination of dioxane was apparent first order kinetics
having a t1/2 of 1.0 hr-!. As in the rat, essentially all
of the dioxane inhaled was eliminated as HEAA in the urine.
This conclusion was reached because the amounts of HEAA ex-
creted in the urine of the subjects was equivalent to the
amount expected if all the dioxane in an assumed tidal
volume of 10 £/min had been absorbed. Using the amount of
HEAA excreted in the urine to estimate the total dose re-
ceived, it was further determined that a human exposed to

‘50 ppm dioxane receives on a per kg basis about one~thirteenth
the dose received by a rat exposed to the same concentration.
Thus, for a material readily absorbed upon inhalation and
metabolized such as dioxane, experiments conducted in rats
provide a 13-fold safety factor.

Figure 10. Plasma concen-
tration-time curve for diox-
M ane and HEAA for humans ex-
posed to 50 ppm dioxane vapor
for 6 hours. Dioxane concen-
_ trations are the mean + SD,
ploane n = 4. HEAA concentrations
are averages of 2 to 3
individuals.
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The simulated plasma concentration of dioxane versus
time is shown in Figure 11 for repeated exposures to 50 ppm
dioxane. It is obvious that, upon repeated exposure, levels
-~ of dioxane will not be attained which saturate the capability

for detoxification and elimination.
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Using the pharmacokinetic data together with the
toxicological data, it is possible to conclude that in rats
adverse effects are encountered only when doses of dioxane
supersede those which can be detoxified readily without in-
duction of morphological and biochemical changes. Since
people exposed to 50 ppm dioxane readily detoxify dioxane,
it is reasonable to conclude that it is highly unlikely
that this level of exposure will be associated with un-
toward effects. It is highly significant that exposure of
rats to 111 ppm dioxane, 7 hours/day, 5 days/week for 2
years causes no untoward effects (Torkelson et al., 1974).
In rats, this level of exposure provides a daily dose on
a per kg basis 30-fold greater than that which will be re-
ceived by a man exposed continuously to 50 ppm for 6 hours.

2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN (TCDD), LINEAR
PHARMACOKINETICS USED TO ASSESS POTENTIAL FOR
BIOACCUMULATION AND INCURRENT TOXIC HAZARD

TCDD is a highly toxic compound formed as an unwanted
contaminant in the manufacture of 2,4,5-trichlorophenol
(Schwetz et al., 1973). Use of trichlorophenol to manu-
facture 2,4,5-trichlorophenoxyacetic acid may result in
contamination of the latter with TCDD. The physical- _
chemical properties of TCDD suggest that exposure to small
amounts may result in persistent accumulation of the highly
toxic material and eventually lead to toxicity. To eluci-
date the propensity of TCDD to accumulate in the body, a
series of pharmacokinetic studies were conducted (Rose
et al., 1976). In these studies, one group of rats was
given a single-oral dose of 1 pg/kg !“C-TCDD and the ex-
cretion of '*C-activity in urine, expired air, and feces
was determined. Other groups of rats were given orally 1.0,
0.1 or 0.01 ug '“C-TCDD/kg/day, Monday through Friday, for
up to 7 weeks. In addition to determining the amounts of
l%C.activity excreted in the urine and feces of these rats,
the amounts remaining in the body as a function of time were
calculated and the levels of '*C-activity residing in various
tissues after 1, 3, and 7 weeks of administration were deter-
mined.

The amounts of '“C-activity remaining in the bodies of
rats decreased at an apparent first-order kinetics rate fol-
lowing the single-oral dose of 1 ug/kg '*C-TCDD. The t1/2
for elimination of !*C-TCDD from the body ranged from
21 to 39 days. All of the 1!*C-activity was eliminated via
the feces.
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The concentrations of 1"C-ac‘civity in the bodies of
rats given 1.0 or 0.1 ug/kg/day, Monday through Friday,
for 7 weeks as a function of time are shown in Figure 12.
The data in this figure show clearly that with repeated
exposure the concentration of !'“C-activity in the body
increases but the rate of increase decreases and the amount
in the body begins to plateau even though exposure con-
tinues. Similar data could not be obtained for those rats
given 0.01 ug/kg/day because the levels of !“C-activity
excreted were too low to allow accurate measurement and
subsequent calculation of the body burden, a term meaning
the amount remaining in the body.
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Mathematical analyses of the data presented in Figure
12 revealed a rate constant for excretion of TCDD of "0.0293
+ 0.0050 day-! which corresponds to a half-life of 23.7 days.
The fraction of each dose absorbed was 0.861 + 0.078. Using
these values, it may be calculated that the ultimate steady-
state body burden would be 21.3 D, for rats given a daily
dose of D,, 5 consecutive days weekly for an infinite number
of weeks. If D, were administered every day for infinite
time, the ultimate steady-state body burden would be 29.0 Dg.

. Within the 7 weeks of this study, the rats had attained
79.1% of the ultimate steady-state body burden. The time
required to reach 90% of the ultimate steady-state body bur-
den would be 78.5 days.

160




What do the results and calculations mean insofar as
assessing hazard of repeated exposure to very small amounts
of TCDD? TCDD will not continue to accumulate in the body
with repeated prolonged exposure. In rats, 93% of the ulti-
mate steady-state level of TCDD in the body will be attained
within 90 days. A toxicological evaluation of TCDD was con-
ducted in rats given doses of 1.0, 0.1, 0.01, or 0.001 ug
TCDD/kg/day, Monday through Friday, for 13 weeks (Kociba
et al., 1975). Perceptible untoward effects did not develop
in rats given 0.001 or 0.01 ug TCDD/kg/day.

Untoward effects including hepatic pathology and func-
tional changes, atrophy of the thymus, and hematological
alterations were observed in rats receiving 1.0 or 0.1 ug
TCDD/kg/day. Indeed, some rats receiving 1.0 ug TCDD/kg/day
died. The results of the studies on the fate and accumula-
tion of TCDD in rats given repeated daily doses show clearly
that even with more prolonged exposure those rats which re-
ceived 0.01 ug TCDD/kg/day would not continue to accumulate
TCDD in the body and its tissues leading to toxic manifesta-
tions as seen in those rats receiving 1.0 or 0.1 ug/kg/day.
Since the levels of TCDD in the tissues had plateaued, essen-
tially within 90 days, more prolonged exposure would not be
expected to lead to the attainment of toxic amounts of TCDD
in the body or its tissues.

DECABROMODIPHENYL OXIDE (DBDPO) AND OCTOBROMOBIPHENYL
(OBBP): LINEAR PHARMACOKINETICS USED TO SELECT A
COMPOUND FOR RESEARCH AND DEVELOPMENT

DBDPO and OBBP are potential fire-retardant additives
for inclusion in plastics. The similarity of these agents to
polychlorinated biphenyls (PCB's) suggested a potential for
the biocaccumulation of DBDPO and OBBP and an associated cumu-
lative toxicity with repeated ingestion. To ascertain the
potential for bioaccumulation, !*C-labeled OBBP and DBDPO
were administered orally to rats and the excretion of !*C-
activity in the feces, urine and expired air was monitored
(Norris et al., 1973). Figure 13 expresses the percent of a
single-oral dose of !“C-DBDPO and !*C-OBBP remaining in the
body as a function of time. DBDPO was eliminated rapidly in
the feces. Also elimirated in the feces, OBBP eliminated was
biphasic, the initial rapid phase very likely representing
unabsorbed OBBP while the very slow phase represents material
absorbed and subsequently excreted via the bile slowly. The
t1/2 for the slow phase was approximately 62 days. Using :
these data, it was suggested that the research and development
of DBDPO continue and that OBBP be dropped from further con-
sideration for the prescribed use because of its potential for
bioaccumulation and associated cumulative toxicity.
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Figure 13. Percent of “(C-activity
remaining in the body as a function
of time following a single-oral dose
of 1 mg/kg '*C-CBBP or !*C-DBDPO in
rats.
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An additional study had been initiated to evaluate the
chronic ingestion toxicity of DBDPO and OBBP. Analysis of
the fat for bromine using neutron activation revealed steadily
increasing concentrations of OBBP over 180 days in rats receiv-
ing 0.1 mg/kg/day (Figure 14). DBDPO did not accumulate.
Similar results were obtained by analysis of the liver. These
pharmacokinetic data in conjunction with the toxicological
data substantiated further the low potential hazard of DBDPO
as a result of bioaccumualtion and the high potential hazard
- of OBBP due to bioaccumulation. This example illustrates a
means whereby pharmacokinetic studies can be used not only to
assess the hazard of existing materials but also to provide
guidance for the prudent use of research and development
dollars for new chemicals.

60

Figure 14. Bromine content of

ol adipose tissue from rats main-
Eiﬁﬁﬁgwm - tained on diets providing a
2w - dose of 0.1 mg/kg/day of OBBP
i tl DPRrO T Y or DBDPO. 'Values are mean +
2ol SE.
oL Etn i EL
o 10 30 90 180

Days On Dist

162




2,2-DIBROMO-3-NITRILOPROPIONAMIDE (DBNPA):
RAPID ELIMINATION AND EXTENSIVE DEGRADATION

DBNPA is under development as a slimicide for use in the
manufacture of paper and paperboard products. As such, the
compound per se or degradation products may be leached to a
small degree into food packaged in paper products and subse-
quently ingested. To elucidate the potential hazard, !*C-
DBNPA, 12 mg/kg, was administered orally to rats (LeBeau
et al., 1973). Figure 15 shows that the !"“C-activity admin-
istered as !'*C-DBNPA is excreted rapidly. Within 24 hours,
82.4%, 5.0%, and 0.2% had been eliminated in the urine, feces,
and expired air, respectively. An additional 5.2% and 0.6%.
were recovered from urine and feces in the subsequent 6 days
giving a recovery of 93.3% of the dose of !"“C-activity from
excreta. To ascertain whether the remaining 6.7% was re-~
tained in the body, the carcass and tissues were analyzed;
only 0.6% remained.
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Concurrently, with the determination of C-activity in the
urine, urinary bromide levels were determined as can be seen in
Figure 15. The excretion of bromide was slower havin$ a t1/9
of approximately 2.9 days. Since the bromine in the !“C-DBNPA
was covalently linked to the '*C-labeled carbon, it was obvious
that DBNPA was debrominated and metabolized readily. Subse-
quent analyses of the urine using thin-layer chromatography
and mass spectrometry revealed !'*C-cyanoacetamide as the major
degradation product as well as much smaller amounts of cyanoace-
tic acid and oxalic acid. These degradation products were the
same as those found to occur spontaneously in paper.
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These studies of the fate of DBNPA together with the
toxicological data supported the conclusion that the inges-
tion of small amounts of DBNPA leached from paper into food
did not constitute a hazard. Furthermore, the demonstration
that the excretory products of DBNPA were the same as those
occurring spontaneously in paper negates the necessity of
conducting separate toxicological studies on the degradation
products.

The foregoing examples have been utilized to illustrate
how pharmacokinetics and toxicology are associated inextrica-
bly in assessing the potential hazard of chemicals. 'The ob-
Jjective of toxicological studies is to elucidate qualitatively
and quantitatively the untoward effects of chemicals. Since
toxicity is manifest by the presence of the chemical at the
tissue receptor site, pharmacokinetics is utilized to estimate
the concentration of the chemical at the receptor site as a
function of dose and those intra- and interspecies functions
which influence delivery and clearance of the chemical from
the receptor site. 1In essence, acquisition of pharmacokinetic
data reduces the variables encountered when extrapolating
manifestations of toxicity encountered with high doses to pre-
dict the potential toxicity of low doses or when using toxicity
discerned in one individual or species to predict the likeli-
hood of its occurrence in aother. '

For the toxicologist, nonlinear or dose-dependent phar-
macokinetics is of paramount importance because the toxicity
of many chemicals is incurred only with doses which overwhelm
detoxification processes. As a consequence, there may be a
disproportionate increase in toxicity, including carcinogenesis,
with increasing doses. Chemicals for which there exists evi-
dence for dose-dependent pharmacokinetics include styrene,
ethylene glycol, aniline, carbon disulfide, 2-naphthylamine,
benzopyrene, bis-hydroxycoumarin, salicylamide, amphetamine,
sulphobromophthalein, bromobenzene, acetomenophen, isonico-
tinic acid hydrazide, vinyl chloride (Gehring, 1976). It is
likely that as more compounds are evaluated, dose-dependent
pharmacokinetics will be found to be the rule rather than the
exception. Only those compounds having very high toxicity
are likely to be exceptions by virtue of causing death or
severe manifestations of toxicity at doses below the threshold
of saturation of detoxification mechanisms.

164




REFERENCES

Collins, T.F.X. and C. H. Williams, (1971), Bull. Environ.
Contam. Toxicol., 6:559-567.

Courtney, D. K., D. W. Gaylor, M. D. Hogan, H. L. Flak, R. R.
Bates, and I. Mitchell, (1970), Science, 168:864-866.

Courtney, D. K. and J. A. Moore, (1971), Toxicol. Appl.
Pharmacol., 20:396-403.

Drill, V. A. and T. Hiratzka, (1953), Arch. Ind. Hyg. Occup.
Med., 7:61-67.

Gehring, P. J., C. G. Kramer, B. A. Schwetz, J. Q. Rose, and
V. K. Rowe, (1973), Toxicol. Appl. Pharmacol., 26:352-361.

Gehring, P. J., P. G. Watanabe, and G. E. Blau, (1976), In:
Advances in Modern Toxicology - Newer Concepts in Safety

Evaluation, Mehlman, Shapiro, and Blumenthal (Editors), Vol.
I, Part 1, pp. 195-270, Halstead Press. :

Gillette, J. R., (1974a), Biochem. Pharmacol., 23:2785-2794.

Gillette, J. R., (1974b), Biochem. Pharmacol., 23:2927-2938.

Hook, J. B., M. D. Bailie, J. T. Johnson, and P. J. Gehring,
(1974), Food Cosmet. Toxicol., 12:209-218.

Kociba, R. J., S. B. McCollister, C. N. Park, T. R. Torkelson,
and P. J. Gehring, (1974), Toxicol. Appl. Pharmacol., 30:275-
286. .

Kociba, R. J., P. A. Keeler, C. N. Park, and P. J. Gehring,
(1976), Toxicol. Appl. Pharmacol., 35:553-574.

LeBeau, J. E., C. G. Humiston, J. Q. Rose, and P. J. Gehring,
(1973), The Pharmacologist, 15:395.

Levy, G., (1968), In: Importance of Fundamental Principles
in Drug Evaluation, D. H. Tedeschi and R. E. Tedeschi (Editors),
po. 141-172, Raven Press, New York.

Levy, G. and M. Gibaldi, (1975), In: Handbook of Experimental
Pharmacology New Series, O. Eichler, A. Farah, H. Herken, and
A. D. Welch (Editors), 28(3):1-34, Springer-Verlag, New York.

Norris, J. M., J. W. Ehrmantraut, C. L. Gibbons, R. J. Kociba,
B. A. Schwetz, J. Q. Rose, C. G. Humiston, W. B. Crummett,

P. J. Gehring, J. B. Tirsell, and J. S. Brosie, (1973), Applied
Polymer Symposium, 22:195-219.

165




Peraino, C., R.J.M. Fry, and E. Staffeldt; (1973a), J. Natl.
Cancer Inst., 51:1349-1350.

Peraino, C., R.J;M. Fry, E. Staffeldt, and W. E. Kisieleski,
(1973b), Cancer Res., 33:2701-2705.

Piper, W. N., J. Q. Rose, M. L. Leng, and P. J. Gehring,
(1973), Toxicol. Appl. Pharmacol., 26:339-351.

Roll, R., (1971), Food Cosmet. Toxicol., 9:671-676.

Rose, J. Q., J. C. Ramsey, T. H. Wentzler, R. A. Hummel, and
P. J. Gehring, (1976), Toxicol. Appl. Pharmacol., 36:209-226.

Rowe, V. K. and T. A. Hymas, (1954), Amer. J. Vet. Res., 15:
622-629.

Sauerhoff, M. W., G. E. Blau, W. H. Braun, and P. J. Gehring,
(1976), Toxicol. Appl. Pharmacol., 36:491-502.

Schwetz, B. A., J. M. Norris, G. L. Sparschu, V. K. Rowe,
P. J. Gehring, J. L. Emerson, and C. G. Gerbig, (1973),
Environ. Health Perspect. Exp. Issue, 5:87-100.

Sparschu, G. L., F. L. Dunn, R. W. Lisowe, and V. K. Rowe,
(1971), Food Cosmet. Toxicol., 9:527-530.

Thorn, C. D., (1974), Pharmacol. Rev., 26:3-31.

Torkelson, T. R., B.J.K. Leong, R. J. Kociba, W. A. Richter,
and P. J. Gehring, (1974), Toxicol. Appl. Pharmacol., 30:
287-298.

Young, J. D., M. B. Chenoweth, W. H. Braun, G. E. Blau, and
L. W. Rampy, (1977), J. Toxicol. Environ. Health, (in press).

166




OPEN FORUM

COL. CARTER (6570 Aerospace Medical Research Laboratory):
I'd 1ike to address this question to Dr. Young. What kind of
success have you had in getting the regulatory agencies to
accept pharmacokinetic data as part of their overall hazard
evaluation of specific chemical compounds?

DR. YOUNG (Dow Chemical Company): I have talked to
groups at the various regulatory agencies about these points.
I don't believe that they are ready to accept these concepts
at face value but they are listening. They are interested in
the data and I believe that we have to gather more and more
evidence of these situations to sort of overwhelm the resis- . -
tance to using these studies for making hazard assessments.
Let me use an example. One important way we could use pharma-
cokinetic studies is in establishing the dose levels to con-
duct chronic toxicological studies. We occasionally get into
trouble because we start chronic studies at dose levels that
are too high and don't know it until the study is all over
with, and then it's too late to do anything. Chronic toxicity
studies conducted on dioxane are probably a very good example
of that. The studies were run several years ago. The dose
levels that were used were way above what anyone would now
consider a maximum tolerated dose and soon after the study
started, half of the animals died. After looking at the phar-
macokinetics of dioxane, it's quite obvious what was wrong with
the dose levels selected for study. With the complete pharma-
cokinetic picture that we have now we could quite easily predict
what a reasonable top dose level should be in a long-term study.
I think that, at least at the present time, would be the most
fruitful use of pharmacokinetics. Going back retroactively
and trying to explain these situations is much more difficult.

LCDR ANDERSEN (Naval Medical Research Institute): "I have
two comments to make about your presentation, Dr. Young. You've
discussed three compounds wherein the compound itself is toxic
and elimination mechanisms change, the dose is changed. You
avoided the issue of materials that are made toxic by metabolism
activity. 1In the latter case, many of the considerations you
discussed for 2,4-T and dioxane change appreciably. In those
cases, saturation kinetics may produce a maximum amount of
toxins at low concentrations of the materials and at very high
doses, you have a completely different situation. I think the
work that you've presented is elegant. You can't, however,
generalize about materials like 2,4-T and dioxane and compare
these types of materials with compounds like vinyl chloride
which are enzyme activated. They require two distinctly differ-
ent treatments and you only showed one of them. I think that
a general treatment of dose related pharmacokinetics is required
before you can make such wide generalizations. The other remark
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I would make regards your response to Col. Carter's question
about your success with the regulatory agencies. You sug-
gested the use of pharmacokinetics to pick the proper dose
level to use when we do experiments. I believe that the
experiments should be done the way they have been done - at
high concentrations. The experiments should be done to find
out if and why high concentrations are different from low
concentrations. And at some point our science has to make
an impact on the regulatory agencies to explain why the low
concentration exposures are different. You just can't fix
the dose and make sure you don't have an effect.

DR. YOUNG: In response to your comment about the valid-
ity of using very high dose levels, I think I would have to
question the validity of data obtained from a chronic study
where you've got half-dead rats with necrotic livers. It's
difficult for me to understand how rats in that state could
be used for extrapolation down to those exposed to lower
dose levels where the animals are in a healthy state. There
are probably situations where necrotic livers lead to possi-
bly some tumor formation. I disagree with you when you say
that these very, very high dose levels are relevant to lower
dose levels. They are a part of an acute toxicity study.

I think that in the case of dioxane, if we had the approach

of the National Cancer Institute, and selected a dose level
such as the maximum tolerated dose the animals would have
survived, and I think that the data would have been much more
meaningful. Regarding your first statement, I think that
these compounds can be handled in the same way as the way that
we are looking at detoxification now. We have the same situa-
tion if we look at intoxification. I think that probably
vinyl chloride is a good example of that. Just recently,
analysis of the pharmacokinetic studies on vinyl chloride have
helped explain some of the data obtained by Maltoni on vinyl
chloride at very high dose levels that didn't fit into the
straight line extrapolation. This problem was resolved by
using Michaelis-Menten kinetics to generate the dose re-
sponse line with which all of Maltoni's data could be used.

We have a much better estimate of the dose response curve

for vinyl chloride and better statistics because more data
points were used using this. If I gave the impression that
pharmacokinetics could only go in one direction, I didn't

mean to do that. With time we probably will get examples of
exactly what you're talking about. We need to look more
carefully at mechanisms where activation may be the primary
cause for toxic response such as reactive intermediates that
react with DNA causing mutations. With pharmacokinetics, we
can look at the dose which reacts with DNA in vivo as a func-
tion of dose level. We can use essentially the same models,
the same type of mathematical expressions we have for detoxi-
fication to quantify intoxification. I certainly didn't mean
to exclude that from the realm of possibility.
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DR. NEBERT (National Institutes of Health): Except for
TCD data, is there good evidence that metabolic activation
is not important in p-dioxane or 2,4,5-T toxicity? I don't
know of any.

DR. YOUNG: Once again, I believe in order to answer
that question that the molecular mechanlsm of toxicity is
going to have to be known.

LCDR ANDERSEN: Dr. Young, I believe that the work that
you do is very necessary and very fine. I think maybe I
make my comments a little more succinct. I think you stressed
so much that what happens at high doses may be toxic and may
be unusual, and it seemed to me that you implied that down-
ward extrapolation is always incorrect. What I'm saying is
for materials that are metabolized quite differently than
2,4,5-T, it may not be true that at high levels you have
increased toxicity. It may be that what is happening at the
low levels in a saturable process requires a much better
understanding of the intoxication process. I realize this
could be done for materials and should be, but when you
present your data, it leaves me with the impression that
you've tried to present only those materials for which some
type of saturation mechanism occurs and that they are more
toxic at high concentrations. This will not always be the
case. That's really the point I was trying to make.

DR. YOUNG: We have, of course, studied compounds where
we have not seen saturation kinetics. I think TCDD is one
example. If I understand the point that you are making, it
is that the very, very low dose levels where we are extrapo-
lating is still unknown. That may be true but I think that
we may make errors in extrapolation depending on the shape
of the curve in the area where we are collecting our data.

It can go either way. It could be too conservative or it
could be the opposite. 1If you have a curve which is increas-
‘ing and plateauing and you only look at points on the
plateau, you may grossly overestimate in your extrapolation.
If you look on the rapidly descending part of the curve which
then plateaus at a lower dose, you may grossly underestimate
your toxicity. I agree with you that the direction of the
extrapolation done at very, very low levels is uncertain. I
think that what we need to do is to take very high specific
activity compounds and study their molecular interactions
and see what these interactions do as functions of dose levels,
to define the low dose part of the curve much better.

DR. DREW (Brookhaven National Laboratories): Both the
first and the third papers this morning have, I think, some
severe implications toward the NCI bioassay program for car-
cinogenesis. It's my recollection that the NCI bioassay pro-
gram calls for the use of the C3/BL6 mouse in most of their
studies and the Fisher 344 rat. They also call for the use
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of an MTD, and they define the MTD or Maximally Tolerated
Dose as that dose which does not change the life span of
the animal nor result in any pathology of some 30 organs
examined nor does it change any weight loss or any weight
of the test animals other than by greater than 10% after

6 weeks exposure. In Dr. Young's paper, with regard to the
dioxane study, the doses used would not meet the criteria
of an MTD in that they caused severe toxicity. Would he
care to comment, however, on the use of the MTD because that
in many cases is a much higher dose than would be normally
encountered? Would you, Dr. Nebert, care to comment on the
use of that particular mouse and whether that particular
mouse responds in the way that you described your system
and also on how rats respond in this system?

DR. YOUNG: Dr. Drew, the use of the maximum tolerated
dose makes a lot more sense than the way some studies have
been conducted in the past for reasons I've already com-
mented on. I think that the way a study of the pharmaco-
kinetics of a compound can help define that maximum tolerated
dose is by determining whether the kinetics at this maximum
tolerated dose level is going to lead to accumulation of a
body burden of the compound which would not be seen at lower
dose levels. Pharmacokinetic studies could add additional
perspective to guidelines for identifying the maximum toler-
ated dose.

DR. NEBERT: The C3H/BL/6 F; which the NCI has selected
is interesting in that both strains are responsive. This is
in the progeny of a C3;H crossed with a CsBL/6 mouse.

The progeny are agouti colored, multiply like rabbits and

are very healthy. I think this is one reason, perhaps, for
choosing this hybrid strain. Both inbred strains are respon-
sive as are the F; generation hybrid. 1It's of interest,
however, if somebody kept these mice and bred them in a
brother/sister mating to get the F, generation, one in 16 is
nonresponsive. This is an expression of a double homozygous
recessive trait and this is our best evidence to show that we
have at least two regulatory loci. We have congenic inbred
lines to further sort this out. Another point with respect

to cancer studies is that this mouse would be heterozygous

at the H; locus. It would have an H;K and an H,B allele
which is important for immunologic surveillance; one being
extremely susceptible to spontaneous tumors, the C;H allele,
and the other being extremely resistant. This could be an
advantage or a disadvantage. Again, if these were bred fur-
ther in the lab, there would be a breakdown of homozygous
H, loci in both directions. With respect to rats, our labora-
tory has looked at more than 20 inbred strains of rats, and we
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find all strains inducible to various degrees. We have
also found numerous wild strains of mice trapped from
various locations in several countries to be inducible.

My impression is that the wild type animal, and as far as I
can tell, all rats are responsive. We've looked at more than
70 inbred strains of mice and they are roughly 50/50 dis-
tributed between responsive and nonresponsive strains. So
there seems to be some evolutionary advantage for the non-
responsive mouse who is the mutant to survive in these
colonies. We find differences in rabbits. Some are respon-
sive; other strains are nonresponsive.

DR. HODGE (University of California, San Francisco):
First, Dr. Kun, I'd like to express my admiration of this
study giving us for the first time some real notion of how
the mitochondrion gets its essential source of energy.

These questions are the ones I'd like to raise. Does
fluorocitrate produce its toxic effect by combining with

the esterase closest to the outer portion of the inner
membrane or with the hydrolase on the inner most part?
Secondly, you indicated that certain cells apparently have
mitochondria with pores that would carry citrate in or carry
citrate out which involves a different arrangement of ester-
ase/hydrolase geographically in the membrane. How do you
know that arrangement is the specific one on the inner side
of the mitochondrion for the cardiac and that it's different
from the arrangement in the type of mitochondrion where you
have both ingress and egress?

DR. KUN (University of California, San Francisco): To
our knowledge, the thioester synthetase and hydrolase both
react with fluorocitrate to form a macromolecular thioester.
I have no evidence to show that one or the other would be
preferentially reactive. The chances are that both of them
are reactive because the way that we isolated these two
enzymes first was by affinity labeling. The second questlon
"How do we know the vectorial aspect of this reaction?" If
you take an isolated heart mitochondrion, this will show no
inward oriented citrate flux. If we couple the intramito-
chondrial citrate synthesis to extramitochondrial fatty acid.
synthesis, this will show an outward oriented vectorial
movement., As far as the topography is concerned, if you
sonicate a mitochondrial membrane, the inner membrane turns
inside out and what was inside is outside and in that case,
of course, you can show that the thioester synthetase reac-
tion does occur on this inverted inner mitochondrial mem-
brane. That would be the approximate topography of these
two enzymes.
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MR. VERNOT (University of California, Irvine): Dr.
Young, assuming that the increase in nasal cancer which
was seen at the high levels of administration of dioxane
was significant, have you developed any hypothesis for
the genesis of the cancer? If the nasal cancer was re-
lated to the unchanged dioxane itself, does this have
implications for inhalation exposures to dioxane?

DR. YOUNG: I don't think I should speculate on the
carcinogenic mechanism for dioxane. I think that one might
have some ideas that would stimulate some experiments. I
mentioned dioxane induced tumors and the fact that a large
fraction of inhaled dioxane was excreted in the breath only
as an interesting point. I could speculate that possibly
it's the dioxane itself which may be causing the nasal
cancer but it would only be sheer speculation.

MR. VERNOT: The possibility exists, however, that
the feeding studies themselves might not elucidate either
the hazards which might accrue from inhalation exposure
of the material because during an inhalation exposure,
the nasal mucosa would be continuously exposed to the
dioxane itself.

DR. YOUNG: There was a two-year inhalation study
conducted on dioxane at 111 ppm and there were no adverse
effects noted in that study. I think your line of reasoning
there was very good but at least at the concentration tested,
it didn't seem to be the case.

DR. WINSTEAD: I would like to ask Dr. Nebert if he
would care to make any comments on the scientific basis,
not other issues involved, for the use of genetic screening
for worker placement in areas where they are g01ng to be
exposed to various chemicals?

DR. NEBERT: That day is probably coming but not at
the present time. It's too early because the tests aren't
sensitive enough to determine genetic differences. . I think
it should be possible to determine a person's capacity for
enzyme induction or metabolism by measuring several forms
of P-450 in blood or the urine metabolites of several
challenge drugs, but not in 1977 or the immediate future.
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Acute toxicity studies were conducted on several
atmospheric pollutants resulting from the manufacture of
munitions, to evaluate the community and environmental
health hazards associated with their emission. These
studies were undertaken at the request of the U. S. Army
to establish criteria for setting environmental or emis-
sion standards.

One of the compounds, tetranitromethane (TNM), has
been a hazard associated with the manufacture of trinitro-
toluene (TNT). Since this byproduct has the capability of
escaping into the atmosphere and affecting areas surround-
ing munition plants, the U. S. Army has a strong interest
in determining its toxicity characteristics.

The results of acute studies done in our laboratory
are shown in Table 1. The rat 4-hour LCs was determined
to be 17.5 ppm while the mouse LDs was 54.4 ppm. Responses
of the animals, within each species, were consistently
dose~related and followed a general pattern of lethargy
and inactivity with some nose and eye irritation at the
toxic levels. All animals remained inactive during expo-
sure with noticeable decrease in rate and depth of respira-
tory movements. Deaths which occurred following exposure
generally occurred within 12 hours. If the animals sur-
vived this time period, they usually lived through the
l14-day observation period.
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TABLE 1. ACUTE TOXICITY OF TNM TO RATS AND MICE

RATS MICE
Oral LDsg 130 (83—205)' 375 (262-511)
(95% C.L.) mg/kg mg/kg
Intravenous LDs 12.6 (10.0-15.9) 63;1 (45.0-88.7)
(95% C.L.) mg/kg mg/kg
4-Hour Inhalation 17.5 (16.4-18.7) 54.4 (48.0-61.7)
LCs (95% C.L.) ppm ppm

Intravenous administration of TNM to rats and mice
resulted in LDsg's of 12.6 and 63.1, respectively. As was
seen in the results of the inhalation exposures, rats are
much more susceptible to the compound than mice.

Intragastric administration of undiluted TNM to fasted
male rats produced an LDs value of 130 mg/kg. Similar ad-
ministration of TNM to male mice produced an LDs of 375
mg/kg. Most deaths occurred during the 12-hour period imme-
diately following dosing.

The difference between LDg values determined for the
oral and intravenous routes suggested different mechanisms
of toxicity dependent upon the route of administration.
Exploring this difference, groups of two rats were each .
given single peroral doses of TNM and blood samples were
taken after 90 minutes. The blood samples were analyzed
for methemoglobin content and a dose dependent response
was measured as shown in Figure 1. 1In the rats dosed at
62.5 and 125 mg/kg, a second set of methemoglobin samples
was collected three hours after dosing and the measured
values had only decreased slightly below those found at 