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Proc. West. Pharmacol. Soc. 27:147 (1984)

MECHANISM OF CHEMICAL POISONING AND ITS ANTAGONISM

E.L. WAY

Department of Pharmacology. University of California, San Francisco,
California 9414}

The selection of this symposium topic for the Western Pharmacology Society
meeting is quite fitting, as the first American toxicologist, Dr. James Blake, ini
tiated many of his pioneering studies on the mechanism of chemica) intoxication und
its antagonism on the west coast many years before John Jacob Abel. 1f Dr. Abel
is considered as the father of pharmucology. then Dr. James Btake should be con
sidered the father of American toxicology. lis toxicodynamic approach was con-
ducted in a rational scientific manner, and when one considers that these studies
were conducted approximately 150 years ago, it must be viewed with great awe.

The first speaker today emphasizes that the toxicity sscribed tv a chemical
may be due to & minor contaminant in spite of the fuct that the target organ for
the toxicicity may be cuite discrete. The rest of the symposium deals with the
antagonism of chemical intoxication. This area of research is still at a relatively
primitive stage, as there are very few chemicals where specific antidotes have been
designed to antagonize their toxic effects. For cxample. it would be difficult to
enumerate more than a handful of chemicual toxicants which can be antagonized by
specific antidotes to protect against 6 LUy, doses. Some of these studies which
are presently being presented represent some of the highlights of chemical antag-
onism. In ecuch of these discussions on chemicsl sntagonism, the spprouwch to
develop a specific antagonist has been based on a reasonuble scientific basis. More
important, the groundwork laid out on these chemical antagonisms have formed the
impetus to seck further improvements by pmining greater insight into the mecha-
nism of chemicnl intoxication and its antagonism. Some of these improvements are
based on in depth studies on the chemistry of the toxicant whereas other studies
are based on improving the bioloyic disposition of the antidote so thal the antagon
ism can be conducted more safely und conveniently. Also. aithough some of the
chemical antagonism were based on a scientifically sound basis at that time, its
mechanism of antagonism presently must be viewed from a different perspective
cven though the efficacy of the chemical antagonist remain undiminished. And
lastly. in chemical poisoning and its antagonism. one should not lose sight that
the ultimate effect of an antidote is not demonstration in in vitro studies. but a
verification of its efficocy in the intact animnl.  Very often, the in vitro data do
not corrclute with the in vivo effects und in thosce instances every effort should be
made to investigate why the In vitro duta do not relate with the intact animal.

This symposium today initiates what is hoped to be a series of symposia on
the mechanjam of chemical intoxication and its antagonism. it is a fruitful area of
research and, as we will see this evening, it is a productive area in which to con-
centrate one's investigative efforts.
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Proc. West, Pharmacol. Soc. 27:149-153 (1984)

PHARMACOLOGIC AND TOX1COLOGIC BASIS OF CYANIDE ANTAGONISM

J.L. WAY, C.B, TAMULINAS, P. LEUNG, L. RAY. S. NIZAMANI,
D. SYLVESTER, J.L. WAY & F. CHIOU

Department of Medical Pharmacology. Texas AMM University, College of
Medicine, Medical Sciences Bullding. College Station, Texas 77843

It seems most appropriate 1o discuss the pharmacology and toxicology of
cyanide at the Western Pharmacoloyy Society mecting, as investigation of the bio-
logic basis of cyanide and its antagonism was initinted in this country by Dr.
James Blake (1,2) truly a westerner and one who certainly could be considered
the father of American toxicology. Dr. Blake was a student of Francois Magendie
und continued the interest of his mentor in atlenptling to clucidate the mechanism
of cyanide intoxication and ints antaponism. fle was Lhe first to report that the
onset of nction of cyanide varied with its route of administration and, more impor-
tant. Dr. Blake indicated that artificial respiration was effective in antagonizing the
lethal effects of cyunide. His rescarch on cyanide was initinted at the University
College in London. but subsequently he migriated to the United States. He had an
illustrious career in the west in the conceptuat development of a rational basis for
the mechanism of intuxication of various chemicals.

Much of our interest in the lethality of cyanide has been concentrated on its
rapid onset of action; however. the most common ovcurrence und most widely dis
tributed toxicologic problem with cyanide are associated with its chronic low level
toxicity from various dietary, industrial and environmental fuctors.

MECHANISM OF INTOXICATION: The lethal effects of cynnide have been
frequently attributed to a histotoxic unoxia produced by the inhibition of cyto
chrome oxidase. the terminal oxidase of the mitochondrial electron transport respir
atory chain (3.4). In massive cyanide poisoning where the dose of cyanide greatly
excecds the amosunt necessary to inhibit cytochrume oxidase. it scems recasonable
that the mechanism of toxicity Is probably much moure compiex thun a single bio-
chemical lesion, as various other enzyme systems and biological intermediates,
particularly metalloenzymes and critical Schiff base intermedintes, are involved.
The mechanism of cyanide intoxication will nol be discussed here due to space limi-
tations: however. it should be pointed out that there are many entymes which are
cither sensitive or equally as sensitive to cyanide as cytochrome oxidase (§).

PHARMACOLOGIC BASIS FOR TUE TREATMENT OF CYANIDE INTOXICATION:
The pharmacologic basis for the treatment of cyanide Intoxication was developed 50
to 150 years ago. Although the mechanism presently perceived may be viewed from
a different perspective, the antidotes remain essentially the same with minor modi-
fications. The antagonism of the lethal effects of cyunide by ventiiation was first
reported by Blake (1,2). In 1933, K.K. Chen reported the use of an antidotal
combination of amyl nitrite, sodium nitrite and sodium thiosulfate (6). The mecha-
nism proposed for cyanide antagonism was to scruester cyanide cither by nitrite
oxidation ol methemoglobin so that the latter compound would interact with cyanide
to form cyanmethemoglobin (6), or to sequester cyanide to form a stable metal
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complex with codbalt (7). In addition to the sequestration of cyanide, it could be
detoxified by its metabolism to thiocysnate (8-11). The vsrious sntagonists to
cysnide are classified arbitrarily into three classes., even though the basis for
these ht'.huc classifications may be viewed from s different perspective at the pres-
wt t L]

A. Sequestration of Cvyanide

1. Nitrites: The nitrites were employed in order to generate methemogiobin,
as cyanide could interact with methemoglobin to form cyanmethemogiobin, and also
methemoglobin could reactivate cysnide-inhibited cytochrome oxidase. The rationale
for the use of amyl nitrite was that this volstile compound ocould be immediately in-
haled while sodium nitrite was being prepared for intravenous administrstion.
Because of the relative slow rate of formation of methemogiobin by sodium nitrite,
this led to the development of more repid methemogiobin formers, 4-dimethylamino-
phenol, DMAP (12).

Recent investigation suggests that the methemogiobin forming properties of
sodium nitrite may play very little, if any. role in the therapeutic s.atagonism of
the lethal effects of cyanide. When methemogiobin format y sodium nitrite was
prevented by methylene blue pretreatment, sodium nitrite either alone or in combin-
ation with sodium thiosulfate still protected equally as effectively against the lethal
effects of cyanide (13). This does not infer that methemoglobin formation per se
cannot play a role in antagonizing the lethal effects of cyanide, but to indicate
that sodium nitrite formation of methemogiobin does not play a role on a therapeutic
basis in antagonizing the lethal effects of cyanide. This has important conceptual
and practical implications, for if sodium nitrite is exerting its therspeutic effect by
a mechanism other than methemoglobin formation, this provides an opportunity for
studying alternative mechanisms and for the development of a potentially new class
of cyanide antagonist. lLogically, an alternative explanstion for cyanide antagonism
by the nitrites is to investigate other pharmacologic properties of the nitrites.
Since the nitrites are known to be potent vasodilators, then the vasogenic proper-
“.i. of these drugs were investigated as the potential mechanism of cyanide antag-
onism.

This prompted the investigation of various vasogenic compounds including
the a-blocking adrenergic agents as cyanide antagonists. The a-adrenergic blocker,
phenoxybenmmine, in combination with sodium thiosulfate, was found to be as ef-
fective as the sodium nitrite-sodium thiosulfate comdbination in protecting aguinst
the lethal effects of cyanide (15,18). It should be emphasized that phenoxybens-
amine has no antidotal properties alone;: however, it produces s striking potentia-
tion when in combination with sodium thiosulfate which is equivsient to the nitrite-
thivsulfate combination. Also, it should be noted that the antidotal effect of
phenoxybenzamine can be reversed with the a-agonist, hethoxamine. Of all the
other autonomic agents and vasodilators examined, only the gangibnic blocking
sgents and g-adrenergic blockers were noted to exert an antidotal effect (18). The
rationale why sodium nitrite and only certain other vasodilstors should protect
against the lethal effects of cyanide is being intensively investieated by wvarious
lsboratories at the present time. It should be pointed out that chlorpromazine sim-
flarly can protect aguinst the lethal effects of cyanide and the mechanism of pro-
tection is similar to phenoxybensamine (17). It should be emphasised that the
mechanism of chlorpromazine antagoniam of cyanide intoxication was found to be
related to the a-adrenergic blocking property of this phenothiazine rather than to
hypothermis.
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2, Cobalt Compounds: Cobalt compounds are known to form stable metal
chelates with cyanide, and were used on this basis over ninety years ago to antag-
onize cyanide poisoning (7). There has been renewed interest in cobslt and more
recently in hydroxocobalamin (18) snd cobait-EDTA (19). Cobalt-EDTA has recently
been the preferred cobait compound, as it was hoped that many of the toxic effects
of cobalt ion culd be minimized by administering this compound as an EDTA chelate.

B. Biotrensformation of Cysnide

Rhodanese was described over 50 years ago (20). This enzyme, widely dis-
tributed in the body (8), catalyies the detoxification of cysnide to thiocysnate and
has been intensively investigated (10,11,21). There sre two sulfurtransferases
which may play a role in the detoxification of cyanide and they are thiosulfate and
mercaptopyruvate sulfur transfersse. Although these two sulfur transferuses can
detoxify cyanide to thiocyanate, their enzymic mechanism of detoxification, organ
distribution and subcellular distribution are different.

In addition to the sulfurtransferases, Westley snd his associates (11) have
proposed s provocative hypothesis which adds intriguing perspective to the mech-
snism of cyanide detoxification. They proposed that this detoxification resction can
be derived from a sulfane sulfur pool which can react with cyanide. There are
various biologic compounds which contain s sulfane sulfur and it is believed that
these compounds rapidly equilibrate in the intact anima) as a sulfane pool which can
react with cyanide. A source of sulfane sulfur can be derived from cysteine by
mercaptopyruvate which can then react with cyanide. Rhodanese not only ean
catalyze the trans of sulfur to cyanide but also can interconvert all the various
sulfur sulfanes. A sulfane carrier mechanism was proposed as albumin snd this
serum albumin sulfane sulfur carrier complex then can react with cvanide. In vivo
pharmacokinetic data are consistent with the development of a serum albumnin sulfane carrier
complex, as the conversion of cyanide to thiocyanate in dogs was found to occur
predominantly in the central compartment with a volume distribution which approxi-
mates that of blood volume (22). Furthermore, the reaction rate of the sulfur al-
bumin complex in vitro (11) would be consistent with its role in the detoxification
of cyanide in vivo

C. Oxygen

Since cyanide is deieved to inhibit cytochrome oxidase (3,4) there does not
sppear to be a retional basis for employing oxygen to treat cyanide intoxication.
Oxygen alone has only minimal effects in antagonizing cyanide intoxication: however,
when it is employed in combination with sodium nitrite-sodium thiosulfate, s striking
potentiation is noted (23,24}, It should be pointed out that oxygen does not po-
tentiate the effects of sodium nitrite and it has only relatively minimal effect in
combination with sodium thiosulfate (23,24). Iis protective effect is observed not
only prophylactically but also thermpeutically (24). This indicates that oxygen is
not an sdjunct therapy, but en integral part of cyanide antagoniem. Thess bene-
ficial effects of oxygen over air in cysnide intoxication have also been demonstrated
physiolegically by reversal of EEG changes (25). Also, the beneficial effect of
oxygen over air in sntagonizing cyanide intoxication can be demonstrated biochem-
ically, .:."" decresse in cytochrome oxidase inhibition (26) and increase in glucose
oxidat (27).

D. Treatment
Since there sre various efficacious cysnide antidotes, there are differences of
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opinfon on which is the most efficacious antidotal combination in tresting agsinst
cysnide intoxication. The treatment of cyanide polsoning can be separsted into
varolus categories.

1. 8 rtive Treatment: As indicated eariier, the supportive treatment
cannot be overemphasized, r. Jemes Blake (1,2) reported over 140 years ago
that ventilation of the animal would enhance the protection against cyanide intoxi-
cation. Although there are many very effective antidotes avaflable, the general
supportive trestment should not be ignored and may be life-saving. The value of
general supportive treatment (28) is particularly emphasized in a well documented
study on cyanide poisoning (27) in which a man reported to have ingested 600 mg
of potsssium cyanide was successfully treated by supportive treatment alone.

2. Oxygen-sulfur Sulfane-methemoglobin: The classic antidotal combination
of nitrite-thlosulfate Is still one of the most effective treatment of cyanide poisoning
(8). particularly when administered in combination with oxygen (23,24). Care must
be tsken in the administration of this combination, as it can be lethal in infants
(29). There are sdvocates for the use of the rapid methemoglobin former, DMAP,
in place of sodium nitrite, because of the rate of methemoglobin formation (12).
Since we now know that the mechanism of therspeutic antagonism of cysnide intoxi-
cation by sodium nitrite is probably not related to methemogiobin formetion, the
rationale for the use of DMAP-thiosulfate in cyanide poisoning over nitrite-thiosul-
fate remains to be established.

3. Cobsalt: Although cobalt-EDTA (19) is employed rather widely in the
United Kingdom, Europe and the Scandinavian countries for the treatment of
cyanide poisoning, caution should be emphasized with regard to its use. There
have been clinical reports of severe cardiac arrhythmiss of both auricular and ven-
trical origin. There is concern with the use of cobalt EDTA in clinical studies es
serious signs of cardiac toxicity are being reported (30).

D. General Asaessment:

The nitrite-thiosulfate treatment of cyanide poisoning, particularly in combin-
stion with oxygen, is still one of the most efficacious antidotal combinations for the
treatment of cysnide poisoning. Objections to its slow rate of methemogiobin forma-
tion and presumed slow onset of action is conceptually erroneus, as sodium nitrite
in combinstion with sodium thiosulfate can protect against cyanide intoxication with-
out methemoglobin formation. There have been proponents for replacing sodium
pitrite with a rapi@ methemoglobin former, DMAP, but whether DMAP is more effec-
tive than sodium nitrite in combination with sodium thiosulfate has still not been
clearly established. With regard to the use of cobalt-EDTA, there should be some
reservation with fts use, primarily because of clinical reports on the severe cardisc
toxicity from its use. It i{s anticipated that in the very near future thers will be
safer and possibly more effective cyanide antidotal combinations, particularly since
there now is a greater amount of basic scientific information to aid in the rational
design of more effective cysnide antagonists.
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PROTECTIVE EFFECT OF DRUG METABOLISM INDUCER AND INHIBITOR ON
g.%g-TRIMETHYL PHOSPHOROTHIOATE INDUCED DELAYED TOXICITY IN
A

T. IMAMURA

Division of Toxicolory & Physiology, Department of Entomology. University
of California, Riverside, Californis 9252t

0,0,S-Trimethyl phosphorothioate (00S) is an impurity present in s number
of widely used orsmnophosphorus insecticides. For example, it is present in vary-
fng amounts in technical grades of malathion (1-3), phenthoate (1), acephate (2)
snd fenitrothion (4). All of these organophosphorus insecticides are generally re-
garded as safe, having rnt oral I.Dso values of 500 mg/ka or greater (5).

00S has been shown to polentiite the acute toxicity of malathion and phen-
thoate (1). In addition. at tow doses, O0OS cahuses an unusual delayed toxicity in
rats without producing typical cholinersic sirns (6-8). The sicns of delayed
toxicity are weight loss and red staining around the nose, mouth snd eyea. Flec-
tron microscopic observations have indicated that the morphology of Clara cells,
the non-cfliated bronchiolar epithelial cells, were alterecd after OOS treatment to
rats (9). Hence. attempts were made to examine whether the lesion could be quan-
titated using biochemical parameters. 1t is not known whether the delayed toxicity
and/or lung lesion are due to the 0O0OS molecule itself or to some metabolic product.
This paper describes the protective effect of both metabolic inducer and inhibitor
against 0O0S -induced toxicity, and demonsirnfes the direct correlation between lung
damage and other sirns of delayed toxicitly.

METHODS. Male Sprague-Dawley rats (140-160 ¢) were purchased or bred
in our own amimal facilily from animals obtained from Simonsen Laboratories.

Crude OOS was synthesized and purified according to the method of Umetsu
et al. (2) and determined to be more than 99.9% pure by TLC and GLC. 0OS was
dissolved in corn ofl (10 mg/ml) and a single dose, based on a preliminary toxicity
study ., of 20 mg/kg was w¥iven by intubation. Contro! animals received corn oil
slone at 2.0 ml /ke.

All the rats were sacrificed on day 3 after O0OS treatment unless otherwise
specified. Piperonyl butoxide was dissolved in corn oil (250 mg/ml) and adminis-
tered i.p. at 300 mg/ke either 2 h or 48 h prior to the O0S treatment. Pheno-
barbitsl was dissolved in saline (37.5 mg/mb) and given i.p. at 75 me/kg for 4
consecutive days prior to O0S administration. SKF 525-A was dissolved in water
(28 mg/ml) and given i.p. at 50 mg/kg 30 min prior to the OOS treaiment.

The activity of laclate dehydrogenase (1.DH) in the cell free supernatant of
lung lavage fluid was assayved by the spectrophotometric method of Bergmeyer
Rernl (10). Protein was measured by the method of Sedmak & Grogsberg (11).
After collecting the lavage fluid, lung tissue enzymes were prepared by perfusing
the lungs with 0.9% NaCl through the pulmonary artery until the lungs were
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blanched. Each lung was homogenized. The homogenste was centrifuged at 5000
x ¢ for 10 min and the supernatant was used to estimate the lung tissue LDH (10)
and alkaline phosphatase (AP) (12).

RESULTS: The oral 28 day LD, for OOS under the conditions of this study
was 60 mg/kg with 95% confidence limits of 41-87 mg/kg. A single orsl dose of
20 mg/ke (one third of LDsy) resulted in few acute cholinergic signs and all rets
survived the dose at least 28 days; however, toxic signs were in evidence within
24 h and were present for at least 7 days. Tybpicel signs of delayed toxicity were
loss of body weight and red staining around the nose, mouth and eyes after OOS
treatment. Since the signs of delayed toxicity of OOS were most apparent on day
3, pulmonary tissue enzymes (LDH and AP) and LDH leve! in bronchopulmonary
lavage fluid was examined at this time.

As shown in Fig. 1(a), rats treated with OOS alone exhibited a significant
weight loss as early as day 1 when compared with the corn off treated eroups
which exhibited a gradual increase in body weight. The rats treated with pheno-
barbital prior to OOS exhibited an increase in body weight at the sime rate as
rats treated with corn ofl slone, as depicted tn Fig. 1(b). Pretreatment of rats
with a small dose of OOS (S mg/kg p.o.) for 4 days also prevented the weight loss
induced by subsequently administered OOS (20 mg/kg) as shown in Fig. 1(b).

The rats treated with piperonyl butoxide 2 h prior to the 0OS administration
were also protected against the 0OOS induced body weight loss [Fig. 1(c}]. Quali-
tatively similar results were obtained by pretreatment with SKF 525-A. However,
pretreatment with piperonyl butoxide 48 h befor OOS treatment failed to prevent
the body weight loss [Fig. 1(c)].

When treatment prevented body weight loss the other signs of delayed
toxicity, namely red staining around the nose, mouth and eyes, were sbsent or
minimal.

Rats examined on day 3 following OOS treatment demonstrated a two fold in-
crease in the activity of LDH in bronchopulmonary lavage fluid without producing
a aignificant change in the protein concentrastion. The data on bronchopulmonary
lavage fluid are presented in Table 1. The percentage of fluid recovered from the
two successive lavages did not differ between treated groups. Fig. 2 depicts the
time course of elevated lavage fluid LDH followinr oral treatment with OOS. Pul-
monary injury, as assessed by this criterion, did not occur immediately after OOS
treatment but rather was manifested bLetween 3 and 5 days following the treatment.
By day 7, lavage fluid LDH had returned to normal and was not significantly dif-
ferent from the control level. All the animals survived at least 7 days.

Rats pretreated with phenobarbital prior to OOS administration exhibited a
level of pulmonary lavage fluid LDH activity which was not significantly different
from that seen in rats treated with corn oil alone (Table 1). The protein concen-
tration in the lavage was not altered by the treatment. Quantitatively and quali-
tatively similar results were obtained in the rats which were treated with small
doses of QOS, SKF 525-A, and piperony! butoxide 2 h prior to OOS treatment, as
shown in Table 1, but not piperonyl butoxide st 48 h before OOS treatment.

The activity of I.DH and AP in pulmonary tissue (Table 1) remained unaltered
in the OOS treated rats when compared with the levels in the corn oil trested
group. Treatment with other agents prior to the O0S administration had no signif-
icant effect on these activities compared with the O0OS treatment alone (Table 1).
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FIGURE 1: The effect of various pretreatment on the OOS (20 mg/kg p.o.)
induced body weight loss. Each point represents the mean ¢ S.E. of 4-6 rats.
@, corn ofl; O, 00S;: [0, 00S (5 mg/kg) for 4 days + 00S; W, phencbarbital
(75 me/kg) for 4 days ¢+ O0S; A, piperony! butoxide (300 mg/kg) 48 h + OOS;
A. piperony! butoxide (500 mg/kg) 2 h + 0OS; @, SKF 523-A (50 mg/kg) 30 min
+ 008: (*) sienificantly greater than the OOS alone treatment group (P < 0.0%).

Scanning electron microscopic examination of the surface of terminal
bronchiolar airways revealed that oral administration of 20 me/ke OOS caused ex-
tensive alterstion of the morphology of terminal bronchiolar epithelium, i.e., de-
crease in number and increese in diameter of Clara cells. Pretreatment with pheno-
barbital, small doses of O0S, piperony! butoxide or SKF 525-A all prevented 00S-
induced morphological alterations of bronchiolar epithelium,

DISCUSSION: OOS is an impurity present in widely used organophosphorus
insecticides and Ias capable of producing delayed death in rats (1-3). This toxicity
could be due to either the 00S molecule itself or to some metsbolie product. Many
toxic agents appear to require metabolic activation before they produce cellular
damape. Known examples include lung toxins (13), hepatotoxins (14) and carcino-
gens (15). The toxicity of chemicals which require metabolic activstion can be pre-
vented by the pretrestment of drug metabolism inhibitors and can be enhanced by
pretreatment with inducers of mixed function oxidase activity.

The data presented clearly show that the treatment of rats with either a
drug metabolism inducer phencbarbital or inhibitors piperonyl butoxide (2 h) or
SKF 525-A prevented the signs of 008 {nduced delayed toxicity which includes
weight loss, red staining around the nose, mouth and eyes, elevated level of
bronchopulmonary lavage LDH and morphological slteration of terminal bronchiolar
epithelium. This apparent paradox presumably must result from seiective effects
of each agent on different enzymatic processes. It is difficult to make accurate
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FIGURE 2: The effect of time after treatment with OOS on LDH activity and pro-
tein concentretion in bronchopulmonary lavage fluid. Rats were treated with 008
(20 me/kg p.c.) and lavage fluid were collected on days 1, 3, 5 and 7, as de-
scribed in Methods. Control groups were treated with corn ofl (2.0 ml/kg) and
sacrificed at the same time with OOS-treated groups. N = 4-6; @, corn ofl; O,
00S: (* significantly different from control of same day.

TABLE 2: The protective effect of various pretreatments against OOS-induced

toxicity
Piperonyl Piperonyl
Small dose butoxide SKF butoxide
Pretreatment Phenobarbital of 00S (2 n) 525-A (48 h)
Body welight + + +* + -
Red staining + + + + -
around the nose,
mouth and eyes
Lavage fluid LDH + + + + -
Morphological bronch- + + + + Not
folar lesions examined

+ indicates that there was & protection and - indicates that there was no protection.
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predictions of the effect of a particular inducer or mhibitor on the toxicity of a
compound that is metabolically activated in vivo. An inducer or an inhidbitor may
alter both toxifying as well as detoxifyine metabolic pathways, and the net effect
on toxicity of a compound will depend upon the final balance between the two
types of pathways. In the present study, phenobarbital treatment gave 8 net in-
duction of s detoxifying pathway, whereas piperonyl butoxide (2 h) or SKF 3525-A
treatment resulted in s net inhibition of en activation pathway of 00S.

There is precedence in the literature to suoport this conciusion (16).
Studies on the lung toxin 4-ipomeanci reveal that its toxicity is reduced ty both
drug metsbolism inducers and inhibitors. It was suggested that phenobarbital and
3-methyicholanthrene induce enzymes that detoxify 4-piomeanocl, whereas inhibitors
such as piperony! butoxide and pyrssole inhibit the activation processes of the
compound. These findinos are entirely compatible with the resuits of this present
study, although we have not yet identified the pathways involved.

The results with piperonyl butoxide are of particular interest. It is well
established that the compound is both an inhibitor and inducer of drug metaboliz-
ing enzymes. The inhibition by piperony! butoxide is known to occur early after
its administration, whereas its inducing effects of drug metabolizing enzymes in mice
have been reported to occur 36-48 h (17). If this occurred in our study with rats,
the piperonyl butoxide induced drug metabolizing enzvmes could not be responsible
for detoxification of 0OOS. and hence phenobarbital must be selectively inducine the
enzyme system which is capable of detoxifying OOS. Another possibility is such
that the enzyme level after piperonyl butoxide had returned to normal by 48 h and
failed to afford any protection.

The effect of OOS was abolished by the prior administration of a small dose
(S mg/kg 4 days) of the compound. This could be either due to inhibition of acti-
vation pathways, as has been demonstrated with carbon tetrachloride (18), or in-
duction of deactivation pathways. Pretreatment with OOS at 10 mg/ke for 4 days
afforded no protection (data not shown).

Increased .DH and AP from lung tissue have been demonstrated following
lune injury produced by nitrogen dioxide (19), ozone (20}, beryllium (21) and
benzo(a)pyrene (22) in rats. Furthermore, increased [.DH activity in bronchopul-
monary lavage fluid has been shown to be useful as a rapid screening test for de-
tecting lung injury from chemicals which are pneumotoxic following inhalation or
systemic administration (23,24). Our present investiration indicates that there was
no change in pulmonary tissue LLDH or AP on day 3. However, lung lavage fluid
LDH activity was significantly increased on days 3 and § after OOS treatment.
This result may suggest that the lung lavapge fMuid 1.DH activity is a more sensitive
messure of pulmonary injury resulting from OOS treatment. Roth (24) investigated
the effect of various pneumotoxicants which led him to postulate that the increase
in the bronchopulmonary LDH activity might arise from diverse sources. However,
the results of our study do not permit us to clarify the etiology of elevated LDH
activity in bronchopulmonary lavage fluid.

The findings summarized in Table 2 indicate that pretreatment with pheno-
barbital, muitiple small doses of O08, piperony! butoxide (2 h), or SKF 525-A pro-
tects against OOS induced body weight loss, and red staining around the nose,
mouth and eyes. In contrast, piperony! butoxide (48 h) had no effect on these
parameters. Furthermore, direct correlations were found between these siens of
toxicity and an increased leve! of lavage fluid LDH and morphological bronchiolar
lesion. Thus, the lung could be a primary target organ in the manifestation of
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delayed toxicity. The preaent study suggests that 0OS induced delayed toxicity
in rats was due to the formation of a toxic metabolite(s) which ultimately produces
the lung lesion as determined by an elevated level of lung lavage fluid LDH and
morphological alterstion of terminal bronchiolar sirways.
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ANTAGONISTS FOR TOXIC HEAVY METALS

M.M. JONES

Department of Chemistry & Center in Environmental Toxicology, Vanderbilt
University. Nashville, Tenneasee 37235

The antagonism of the toxic action of metals is generally based on the manip-
ulation of the bonding preferences of the particular toxic metal, vian transfer of
metal to an appropriate metnl chelate complex. These bonding preferences are de-
termined by the position of the element in the periodic table, the oxidation state
of the element in the specific compound present in vivo, and the donor atoms of
the chelsting agent. The manipulation of bonding preferences may be done
directly, as is the case when a chelating agent is administered which can remove
the metal from its in vivo bonding sites (Fxample: Pb?* and EDTA. D-Pencillamine,
BAL), or it may be done indircctly as when some other species is administered
which can alter the metabolism of the loxic species in such a way as to render it
less toxic [Fxample Vanadate + Ascorbic Acid (1)(2)]) and interncting with the toxic
metal to facilitate its removal. While chelrting apents are the usual antaponists.
every toxic metal tends to have certain aspects of its behavior that are unique, so
that indirect methods may also be very effective with certain metals [e.g. zinc sul-
fate with the chronic copper intoxication of Wilson's Disease (M.

DONOR _PREFERENCES OF METAIL IONS: The donor preferences of the metal
lons are given by the hard and solt acid-base classification of Pearson (4). In
this system we find that each oxidation state of a given metal can be classified on
the basis of its coordination preferences towards "hard" Lewis bases such as F~
and O or "soft” Lewis bases such as S~ and Se-. Most metal inons prefer onec type
strongly over the other although some arc intermedinte in charncter and others
interact weakly with both types. A key feature of Pearson's theory is that these
preferences also determine the rates with which one donor is replaced by another
by a metal jon. A typical "hard™ metal ion is Fe?*, a typical "soft” mectal ion is
Hz?*. while ions of intermediate character inctude Pb?*, Cu?*, and Zn?*. Many of
the toxic metal jons of interest are classified below (Fig. 1),

METAL PREFERENCES OF CHELATING AGENTS: The other side of donor
preferences of metal ions is the acceptor preferences of the chelating agents.
These are determined by the tynes of donor atoms present. For our purpose, we
are concerned only with those chelating acents of sufficiently modest toxicity that
they can be, or have been, administered to humans and animals and which act as
antaronists to toxic metals under such circumstances. Common tvpes of chelating
arents which have been used in this fashion, and their coordinntion preferences
are listed below (Fig. 2) (5).

it is important to note that none of the therspeutically useful chelating agents
are specific for a given metal fon. Rather, cach is capable of bonding to a [fairly
large number of jons with certain related patterns of behavior. The groupings
sbove match the metal fons with the chelating agents with which they form stable
metal chelate complexes. In the initial stages of the search for a metal fon
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FIGURE 1

antagonist much time can be saved by a preliminary matching up of the toxic metal
ion with the types of chelating structures with which it forms stable complexes (3).

Where measured values of the stability constants are aygilable these can fur-
nish a clue as to the best chelate antagonists for a toxic metal (26). In many
cases, however, stability constants are not available and here the donor-scceptor
patterns furnish a relisble guide for exploratory studies (3).

MODE OF ACTION: The chelating agent must get to the site where the toxic
metal fon [s held, often an intracellular one where it is bound to an enzyme or
other molecule, successfully remove it from that site via formation of a complex
which can then be disposed of, preferably by excretion. If the chelating agent {s
to be an effective antagonist for the toxic metal, the complex must be less toxic
than the metal jon which it contains. For some chelating agents this does not occur
because the bodily distribution pattern of the complexed form is different in a
manner that allows the metal complex access to more sensitive sites than it could
achieve as a simple ion. Some chelating agents cannot penetrate the celiuler mem-
brane, so they can tie up only extracellular metal. These work well with toxic
metale which equilibrete rapidly between intracellular and extracellular bonding
sites. Others can penetrate cellular membranes (10) end remove metal from intra-
celluler sites. The mode of excretion of the complexed metal can have an important
bearing on the net detoxification achieved. A major complication which csn srise
with water soluble metal complexes is the net transfer of metal into the kidneys
with resultant demage to renal function. This occure with lead, mercury, gold,
cadmium and s large number of other species which damage the renal tubules.

TIME IS OF THE ESSENCE: For many toxic metsls, delay in the initistion of
chelate therapy results in an Increasing level of permanent damage. Such perms-
nent damage is especially weall established in the case of certain organo-mercury
compounds where, after a very short period, the clinical picture is largely inde-
pendent of the rate of excretion of mercury. An asnalogous situation is commonly
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found in poisoning by many other heavy metals in which renal damere or damage to
the central nervous system is a primary resuit.

NON-CHELATE ANTAGONISTS: Non-chelate antagonists cover a great variety
of situstions. Thus orally Ingested thallium (T1*) can be absorbed by charcoal or
prussian blue while it is still in the gastrointestins! tract (23) but these are use-
less once the thallium has been absorbed. Ascorbic acid is an excellent antidote
for vanadate. presumably via its ability to reduce vanadate to the less toxic
vanadium(IV)(VO?*) (1,2). Zinc sulfste has been used to offset the toxicity of
copper in Wilson's Disease and selenium (24) and zine (25) are reported to reduce
some of the toxicity of cadmium. Non-chelate sntagonists for toxic metals are of
special interest because they frequently allow a completely different approach to an
otherwise difficult problem. There presently seems to be no relisble procedure for
predicting the efficacy of non-chelate antagonists prior to experiment.

UNSOLVED PROBLEMS: Of the many unsolved problems in the area, the
following are a smail sampling.

Thallium: there is a need for a material which is an effective antagonist for
thallium subsequent to its absorption from the gastrointestinal tract.

Actinides and Lanthanides: more effective agents are needed to enhance the
rate of excretion of actinide and lanthanide elements, especially from the bone.

Aluminum: there is probably a need for an antagonist for the action of
aluminum in Alzheimer's Disease,

tron: an oral agent {8 needed which can induce the excretion of all of the
iron administered to individuals who must have frequent blood transfusions over a
period of years.

Cis-platinum: The expanding use of this compound in the treatment of can-
cer emphasizes the need for antagonists to offset its nephrotoxicity.

Gallium Nitrate: This compound, slso used in cencer chemotherapy. will
require an effective antagonist as its use expands.

Selenium: The widespread publicity given to the anti-cancer effects of trace
amounts of this element will probably lead to an increase in the number of cases of
selenium Intoxication. There seems to be no agreement on effective antidotes for
selenfum intoxication.

Organometallic Compounds: The increasing industrial use of organometallic
compounds must be accompanied by the development of effective antagonists for
many of the most toxic of these substances.

In general, we 8130 need to develop ideas that would allow us to purposely
shift the excretion of a toxic metal from the sensitve renal route to the less sensi-
tive fecal route.

SUMMARY: From a consideration of the donor preferences of toxic metals and
the acceptor preferences of commonly used therapeutic chelating agents it is often
possible to get a good estimate of the kinds of chelating sgent which may be effec-
tive antagonists. The relative importance of extracellular vs, intraceliular metal,
however, introduces an important factor which can severely limit the utility of a
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given chelating agent with a toxic metal with which it forms very stable compleves.
In general an effective antagonist of a specific toxic metal will be a chelating agent
which can gesin access to the metal in vivo and which forms a very stable complex,
of modest toxicity with that metal fon which is repidly excreted without dsmage to

the kidney or liver. Such effective sntagonists are not known for all metals.
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BIOLOGICAL BEHAVIOR AND METABOLIC FATE OF THE BAL ANALOGUES
DMSA AND DMP§

E.L. McGOWN, J.A, TILLOTSON, J.J. KNUDSEN 8 C.R. DUMLAO

Letterman Army Institute of Research, Presidio. San Francisco, California
94129

BAL (2,3-dimercaptopropanol) was introduced in the early 1940s by Peters
end his coworkers (I) after an intensive search for a substance that would counter-
act the severe burns caused by certain arsenical war gnses. The name BAL is an
sbbreviation of "British antilewisite”, a term applied to the substance after it
proved effective aganinst lewisite. BAL turned out to be effective not only in treat-
ing the vesicant action of arsenicals, but also in treating systemic toxic effects fol-
lowing their absorption. Subsequent investigations revealed that BALl was useful
as an antidote to a number of heavy metal poisons. Although bhetter antidotes have
been found for most other metals, BAL is still the drug used in the USA for
arsenic poisoning (2).

In this paper, 1 will review briefly the development of BAL and its properties
and discuss two promising less toxic analogues. Because the antidotal efficacies
and metal chelating properties of these compounds have been well covered in recent
reviews (3,4), 1 will focus on their biolojic behavior and metabolic I[ntes.

DEVELOPMENT OF BAL: By the early 1940s, considerable evidence had
accumulated supporting the hypothesis that trivalent arsenic and other heavy
metals are toxic to biological systems because of their reversible sulfide formation
with critical cellular sulthydryl groups. In some systems, monothiols such as gluta-
thione or cysteine afforded partial protection, but in others, e.g. the inhibition of
pyruvate oxidase by lewisite, monothiols falled to protect, even when present in
large excesses. This fact, along with other evidence, suggested that ersenic
might combine with two sulfhydryls situated near each other within a single protein
molecule to form a ring structure of greater stability than a dimercaptide derived
from two separste monothiol compounds. Thus it was reasoned that in order to
displace arsenlc from its cyclic combination with proteins, the presence of compet-
ing dithiols which could form even more stable cyclic compounds would be neces-
sary. The most likely dithiols were those with two or three carbons between the
thiols which, combined with arsenic, would give rise to 5 or 6-membered rings, re-
spectively. Numerous dithiol compounds were prepared and screened for their
abflity to protect pyruvate oxidase activity from inhibition by lewisite in vitro.
Indeed, 1:2 sand 1:3 dithiol compounds were effective (5.5). However, in a com-
parison of alkenedithiols containing 2 to 12 carbons etween the thiols, those theo-
retically forming rather large rings with 9 to 13 atoms were about as potent as the
.1:2 and 1:3 dithiols. Only those dithiols yielding 7 or 8-membered rings and those
containing above 13 members had lower efficacy in vitro -- which the authors
sttributed to lower stability of the rings (6).
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For the application of dithiol therapy to man, BAL wes selected because it
was among the least toxic of the compounds studied then and because its physical
properties were suitable for the purpose intended at that time i.e. trestment of
Jewisite-contaminated skin. BAL is an oily smelly liquid. It is unstable in aqueous
solution (unless ultrapure), and so the pharmaceutical preparation is in a peanut
oil base and designed for intramuscular use. Unfortunately, BAL has other disad-
vantages including high toxicity and low therapeutic index. Half of patients re-
ceiving BAL experience such side effects as nauses. vomiting, and headache (3).
Also becsuse it is lipophilic, it penetrstes rapidly into the intraceilular space and.
under some conditions, redistributes heavy metals into sensitive tissues such as
the brain, rather than simply facilitating elimination (3,4).

METABOLIC FATE OF BAL: Little information is aveilable on the metabolic
fate of BAL. Most of the published work was reported in the late 1940s. When
¥5S-BAL (approx. 0.5 mmol/kg) was injected into rets, 50 to 75% of the sulfur ap-
peared in the neutral sulfur fraction of the urine within 24 h and most within 6 h
(7.8). Thiols were present, but no unchanged BAL could be detected. Rabbits
injected with BAL excreted a dithiol in the urine that corresponded to 20% of the
injected BAL (9). The dithiol was spectroscopically similar, but ncet identical to
BAL. Most intriguing was the fact that the urinary dithiol was effective against
lewisite in vitro. In a subsequent study, 50 to 77% of labelled BAL injected into
rats was excreted in the neutral sulfur fraction within 6 h (10). Approximately 4%
of the sulfur appeared as inorganic sulfate. Paper chromatography revealed one
major area of radioactivity and a minor spot presumably due to the inorganic sul-
fate. No unchanged BAL was detected. These reports collectively indicate that
BAL is cleared rapidly from the body and is transformed into at least 2 metabolites
including a dithjol with properties similar to BAL.

BAL is assumed to react with trivalent arsenicals in a 1:1 stoichiometric re-
lationship to form a 5-membered ring. However, a 1:1 complex is not necessarily
the oniy species for all metals. Gilman and coworkers (11,12) found that cadmium
and mercury formed 2 2:1 (BAL:metal) complex under physiolorical conditions.

BAL ANALOGUES: After BAL had been introduced, the search continued for
a less toxie antidote that would be more appropriste for treating the systemic ef-
fects of arsenical poisoning. An early candidate was the glucoside of BAL (13).
It was (reely water soluble, much less toxic than BAL and possessed good thera-
peutic activity, Unfortunately, there were problems in obtaining pure and stable
preparations, so the compound was abandoned. Research in this area was largely
discontinued in the United States and Europe until recently. Two BAL analogues
currently being studied are meso-dimercaptosuccinic acid (DMSA) and 2,3-dimer-
capto- 1 -propanesulf{onic acid (DMPS). DMSA was synthesized in England in 1949
(14) and DMPS was synthesized in both England (15) and Russia (16) around 1935.
Since then, the metal chelating and antidotal properties of these compounds have
been studled actively by investigators in the Soviet Union, Peoples Republic of
China, and Jspan. Both compounds are more water soluble and much less toxic
than BAL. have similar chelsting properties and esre therapeutically effective when
given orally (3). DMPS {s known as unithio! in the Soviet Union where it is used
to treat poisonings by such metals as lead, mercury. arseni¢, and copper.

BIOLOGIC DISPOSITION OF DMPS AND DMSA. We have studied *Ne dispo-
sition of T'C-DMSA (UL) (rilt Trom Johnson and Johnson) and DMPS-1,3-!%C
(gift from Hey! & Co., Berlin) in male juvenile monkeys (Macaca mulatta). The
animals were trained to accept restraint in a primate chair. Because they were
familiar with the experimental procedures, stress was minimized and anestheisa was
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never necessary. DMSA (0.16 mmol/kg) given intravenously was rapidly cleared
from the blood stream with an initial half-life of approximately 45 min and most of
the label rapidly appeared in the urine. The feces contained only traces of '*C.
When the compound was given orally, the peak plasma '°C occurred st ) 1/2102h
and declined rapidly with a concomitant appearsnce in the urine (Fig. 1). Fifty
to 70% of the label appeared in the feces and 10 to 30% in the urine, most within
24 h. A small but consistent amount appeared in the breath as *C-CO,. Table 1
summarizes the disposition of the !°C in these experiments. Total recovery of
label was over 80%. With DMPS, we obtained similar results both concerning
pharmacokinetic behavior and final disposition (Table 2). In these experiments,
labelled material in the blood appeared to be primarily, if not exclusively, in the
plasma.

We have also examined the disposition of DMSA and DMPS at a higher dose in
mice and hamsters. Oral DMSA was rapidly absorbed into the blood stream of both
species and !°C reached its peak concentration within 30 min (Fig. 2). Table 3
summarizes the disposition of this drug in the hamster. DMSA was rapidly
absorbed and excreted in the urine, most of it within 6 to 12 h. Five percent
appeared in the feces gnd the lots] excretion by 96 h averaged 87%. Thus gastiro-
intestinal absorption of DMSA was much higher in the hamster than in the monkey.
Our preliminary data suggest that DMPS is also well-absorbed by the hamster.

Our results are comgatible with litersture reports concerning other species.
Rabbits rapidly absorbed *’S-DMPS after subcutaneous injection and cleared the
labe! with a half life of 60 min (17). Wiedemann and coworkers (18) in Germany
found that 60% of an oral dose of DMPS was absorbed by dogs and plasina radio-
activity reached a peak in 30-45 min. After an intravenous injection, radioactivity
disappeared from the plasma with 8 half-life of 43 min and was quantitatively ex-
creted via the kidney. This same group alsc reported on the basis of equilibrium
dialysis experiments that most '*C-DMPS was protein-bound. The fraction bound
varied lttle over a concentration range of 50 to 500 uM. These results seem in-
compstible with the rapid renal clearance of the drug unless the binding constant
is low and the dissociation rate extremely high. Gabard (19) reported a half-life
of 19 min for *C-DMPS in the rat and the apparent distribution volume of '*C was
equivslent to the volume of extraceliular water. Absorption was 30 to 40% when the
drug was given orally. Becsuse the percent absorption was similar over a 25-fold
dose range (0.1 to 2.5 mmol/kg). he suggested that the drug diffused passively
through the gut mucosa. He aiso speculated, on the basis of his pharmacokintic
analyses, thst DMPS {s weakly bound to plasma proteins.

There are fewer reports on the disposition of DMSA. [In the treatment of
lead poisoning in rets, oral DMSA is 80% as effective as the same dose by intra-
peritoneal administration (20). This indirectiy suggests that DMSA is well-absorbed
by the rat. Whole body autoradiography after intravenous injection of a small dose
of }*C-DMSA (0.02 mmol/kg) into mice revealed at early times the highest levels
of radioactivity in bicod, lung, kidney, skin. and gastrointestinal contents (21).
Most of the °C was eliminated within 24 h.

METABOLIC FATE OF DMSA AND DMPS: The metabolic fate of these com-
pounds has not been well-characterized. Some work has been done on DMPS, but
there are no reporte desling with DMSA st least in the Weatern worid. Gabard &
Walser (22) injected '*C-DMPS intravenously into rats and found several radio-
ective peaks on thin layer chromatograms of the urine. They found no {ree DMPS
(by R, and color formation with nitroprusside) unless the sample had been scidifled.
The authors speculated that the acid had liberated DMPS from metal complexes.
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FIGURE 1: Radioactivity in blood and urine of the monkey following an oral dose
(0.16 mmol/kg) of **C-DMSA.

TABLE 1: Biological fate of C-DMSA (0.16 mmol/kg) in monkeys

% Dose recovered

Oral (n. 4) I.v. (n, 2)
Urine - 24 h 14.5 79.2
-9 h ie.3 8l.1
Feces - 96 h 64.9 0.3
1*c-co, 1.6 0.8
Recovery 84.8 82.2

(Note, however, that even after acid treatment, much of the radioactive material
did not migrate with DMPS.) Urinary thiols corresponded to 18% of the dose.
Despite the variety of radiocactive pesks, they conciuded that DMPS "is not involved
in important metabolic reactions”. EBussian investigators (23) have reported on the
besis of thin layer chromatography that ’*S-DMPS is oxidized slowly in rabbit
serum in vitro to a tetrasulfide form via an intermediate that they presumed was a
disulfide. ~When the compound was administcred subcutaneously to rabbits. early
urine samples {coilected by catheter) contained both free DMPS and the tetrasul-
fide. Urine collected after 24 h contained only the tetrasulfide. They concluded
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TABLE 2: Biological fate of **C-DMPS (0.13 mmol/kg) in monkeys

% Dose recovered

Oral (n, 2) 1.V. (n, 2)
Urine - 24 h 21.8 1.1
- 48 h 25.0 78.1
Feces 69.3 0.8
‘.C‘CO] -0.—1 -o-.-i
Recovery 94.3 79.5
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FIGURE 2: Radioactivity in blood of mice and hamsters following an oral dose
(1.0 mmol/kg) of **C-DMSA. Each point represents the mean of S animals,
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TABLE 3: Disposition of orel °C-DMSA in hamsters

Y of dose
Urinary **C Fecal '°C Recovery

Animal 6 h Total

1 43 76 7 83

3 80 89 9 98

3 27 71 4 81

4 3 [ K 1 84
Mean 42 o1 - ]

DMPS is gradually oxidized in vivo as well as in vitro. The suthors assumed the
oxidized species to be a cycilc tetrasuifide. However. there sre numerous theo-
retically possible structures for sulfides of thia drug including linear or branched
polymers.

We have begun investigating the metabolic fate of DMSA. We felt it likely
that at least some of the compound was excreted unmetabolized. other than oxida-
tion of its thiols to disulfides. Therefore we devised a method to analyze urinary
DMSA. We determined total sulfhydryl groups in urine spectrophotometrically with
the disulfide exchange reagent 4, 4'-dithiodipyridine. This compound reacts quanti-
tatively with thiols to form 4-thiopyridone, which absorbs strongly at 324 nm (24).
We found that DMSA and DMPS reacted fester with this reagent than with Eliman's
reagent, possibly because 4,4’-dithiodipyridine, in contrast to Ellman’s reagent. is
unionized under assay conditions. Urinary disulfides were reduced electrochem-
ically at a mercury pool electrode by passing a 3.5 mA current through the cell
until reduction of disuifide compounds was complete (as determined by serial re-
moval of aliquots and sulfhydryl analysis). When necessary, reduced samples
were partially purified by affinity chromatography with agarosebound p-mercuri-
benzoste. Sulhydryl compounds selectively bind to this material, thus allowing
nonsulfhydryl compounds to be eluted. The sulfhydry! compounds, in turn, can
be eluted by tresting the column with a competing sulfhydryl compound such as
cysteine. Cysteine was subsequently removed from the sample thiols by cation
exchange chromatography. The resulting solution was acidified, extracted with
ethyl acetate and the organic phase evaporated to dryness under nitrogen. N.O-
bis- (trimethyisilyl) -acetamide (BSA) was added to form the (more volatile) tri-
methyisilyl (TMS) derivatives of compounds which possess acidic hydrogens and the
resulting mixture was analyzed by ges chromatography. The TMS derivative of
DMSA has been tentatively identified in gas chromatograms of hamster urine on the
basis of peak retention time. (The retention time of the TMS derivative of DMSA
was estadlished by derivatizing and chromatographing pure samples of this com-
pound.) For purposes of quantitation, mercaptosuccinic scid was added as an
internal standard to the urine specimen after electrochemical reduction but before
the purificetion procedure.

We found that the assay for DMSA and the spectrophotometric assay for
total sulfthydryls (after reduction) gave identical results {n urine samples from
hamsters that had received oral or intraperitoneal DMSA (1.0 mmol/kg) (Table 4).
In each case the amount of DMSA recovered was only slightly less (average = 87%)
than the theoretical amount based on the radicactivity present and the specific
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TABLE 4: Anslysis of DMSA in hamster urine

Oral Intraperitoneal

1 2 3 4 1 2
Isct 28.6 3¢.2 25.9 2.5 58.3 29.1
-SH? 26.8 31.0 23.2 21.3 53.4 25.6
DMSA 23.5 30.0 24.3 23.5 51.6 23.8

DMSA 82 88 9¢ 89 89 82

1'ch
Average DMSA/'C = 87.3

Mheoretical concentration based on '“C present.
2Assuming 2 suithydryls/mol.

activity of the dose. These data indicated that most, if not all, of the carbon
chain of DMSA was excreted intact by the hamster. The sulfhydryls are oxidized,
but we do not yet know how much of the oxidation occurs in vive. Urinary thiols
before reduction have been as high as 50% and as low as 10%¥ of the post-reduction
total. Much of the oxidation probably occurs in vitro before the sample is collected
and analyzed, but DMSA that is not excreted in the early urine ssmples may be
oxidized in vivo (23). These data give no clue about the oxidized form(s) of
DMSA. Because DMSA quantitatively accounts for the assayable thiols, mixed
disulfides (with endogenous thiols) are minor, if present at all. Although we con-
sider it unlikely, we cannot eliminate the possibility that DMSA is excreted in a
carboxyl conjugate. Acidification of the urine samples could be hydrolyzing car-
boxyl esters. However, little DMSA is taken up by tissues and such (enzymatic)
conjugation reactions normally occur within the liver.

CONCLUSIONS: DMPS and DMSA remain largely extracellular, are cleared
rapidly from the bloodstream, and are excreated via the kidneys. Absorption of
oral doses is species-dependent, ranging (for DMSA) from 20 to 30% in the monkey
and rabbit (Tillotson. unpublished observations) to >380% in the hamster. DMSA
is excreted intact by the hamster, except for variable oxidation of its sulthydryis
to disulfides. DMPS is excreted at least partially intact, but its quantitative
metabolic fate remains to be determined.
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ROLES OF DOPAMINE AND GABA IN NEUROTOXICITY OF
ORGANOPHOSPHORUS CHOLINESTERASE INHIBITORS

1.K. HO, J.C.R. FERNANDO, 8.P. SIVAM & B. HOSKINS

Department of Pharmacology & Toxicology, University of Mississippi Medical
Center, Jackson. Mississippi 39218-4305

The toxicity of organophosphorus cholinesterase inhibitors is genersily
thought to be due to their irreversible inhibition of cholinesterase (1). It has
been demonstrated thst different cholinergic hypeructivity induced symptoms would
be disrupted oniy if the cholinesterase activity in brain was below » certsin eritical
lovel, e.g.. 40\ of normal (2,3). However, some of the behavioral changes in-
duced by organophosphorus cholinesterase inhibitors do not completely correlate
with the degree of cholinesterase inhibition (4-8). Therefore, whether all of the
toxic symptoms are due to the derangement of cholinergic function or if other
neurochemical changes might be, in part, responsible is unclear. The development
of tolerance to organophosphorus cholineaterase inhibitors has also been well estab-
lished as being a result of repasted sdministration of these inhibitors. During the
past few years. numercus studies on these agents have resulted in understending
of how aiterations of cholinergic hyperactivity might be involved in the tolerance
phenomenon induced by these agents., The details have been summsarized by Costa
et al. (9) and Ho & Hoskins (10). Therefore, the present communication summar-
fzes our recent studies of the effects of acute and subacute sdministrations of
organophosphorus inhibitors on the acetyicholine, dopamine and GABA systems.

ACUTE TOXICITY AND THE DEVELOPMENT OF TOLERANCE TO ORGANO-
PHOSPHORUS CHOLINESTERASE INHIBITORS IN THE RAT: Orgsnophosphorus
cholinesterase Inhibltor toxicily and tolerance In rats were studied (11-13). A
single injection of (acute exposure to) dilsopropy!fluorophosphate {DFP) showed
dose-dependent depressions in body welghts and in food and water consumption.
The animals recovered within 72 h, Daily injections of DFP (subacute expoaure)
caused significant depressions in all three psrameters. However, tolerance to DFP
in terms of growth rates, food and water consumption occurred. DFP induced
behaviors (e.g. tremors, chewing-movements, hind-limb abduction and hypothermia)
increased in a steeply dose dependent manner; all, except chewing-movements, sub-
sided after 7 h. Subscute treatment with DFP for up to 1 month produced bi-
phasic patterns of change for all the behavioral parameters. Tremor appeared in a
complex spectrum of slow to intense fast types. Except for chewing-movements,
tolerance developed for sll these behaviors, but at different rates. The assessment
of comparative toxicity of DFP, tabun, sarin and soman was also studied. The
LDgs in rats for DFP, tebun, sarin and soman were 14.5, 1.9, 1.4 and 0.88 umole/
kg o.c., respectively. Our recent study further demonstrated that tolerance does
develop to soman, sarin and tabun after dafly administration of low doses. There-
fore. the date show dose dependency of general toxicity during scute and subacute
exposure to orgunophosphorus cholinesterase inhbitors and of tolerance during
subacute exposure,
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EFFECTS OF ACUTE AND SUBACUTE ADMINISTRATION OF NDFP ON ‘l‘ll'l!
CHOL! octs of acuie and subacute administrat
to rats on AChE actlﬂ”ty (in stristum, medulla, diencephalon. cortex and cere-
bellum) and muscarinic receptor charscteristics (in stristum) were investigated
(14). After s single injection of DFP the striatal region was found to have the
highest degree of AChE inhibition. After dally DFP injections, all brain regions
had the same degree of AChE inhibition, which remained at & steady level despite
the regression of the DFP induced cholinergic overactivity. Acute administration
of DFP did not affect the muscarinic receptor characteristics: subacute administra-
tion of DFP for either 4 or 14 days reduced the number of muscarinic sites without
affecting their affinity. The in vitro addition of DFP to striatal membranes did not
affect muscarinic receptors. Our results slso indicate that none of the lethal or
sublethal doses of DFP, soman, sarin and tabun had any apparent effect on choline
acetyltransferase (12),

EFFECTS OF ACUTE AND SUBACUTE ADMINISTRATION OF ORGANOPHOS -

PHORUS L ERA S e elfects of
acute and subacute reatment on st ts met bolite. dihydroxy -

phenylacetic acid (DOPAC), levels and DA roceptor binding characteristics were
studied (13,14). After acute treatment, striatal DA and DOPAC levels were sltered
and the DOPAC/DA ratios were consistently increased within the first 2 h. After
subacute treatment for 4 and 14 but not for 28 days. both DA and DOPAC levels
were decreased without a change in their ratios. Our studies further indicated
that acute administration of DFP increased the number of DA receptors. Subacute
treatment of DFP also caused an increase in the number of DA receptors after 14
days of treatment. However, this increase was considerably lower than that ob-
served after the acute treatment, These data suggest that the changes in DA
metabohsm arose secondarﬂy to an elevation of brain ACh following AChE inhibition.

A prolonzed change in the levels or turnover of DA could be responsible for in-
crease of postsynaptic DA receptor density.

Recently, we also studled behavioral supersensitivily to atropine following
trestment with organophosphorus cholinesterase inhibitors. Injection of DFP to rats
produced characteristic behavioral effects such as tremors lasting for ahout 6 h.
These effects were dose dependently blocked by atropine sulfate. Atropine treat-
ment alone elicited, intermittently and in 8 dose dependent manner. rhythmic limb-
shakes (myoclonus). bodyshakes and stereotyped sniffing. head movements and
turning, but these behavioral changes were less prominent after DFP pretreatment
within 6 h. However, In contrast, 24 h to 3 days after a single injection of DFP,
these atropine induced responses were enhanced. Furthermore, the same effect
occurred even when the animais had become behavioraily tolerant ta DFP. Methyl-
atropine blocked the peripheral symptoms of DFP, without any other effects. Simi-
larly, the related agents, soman and sarin.led to behavioral super-sensitivity to
atropine. The resuits suggest that muscarinic antagonists can precipitate exager-
ated dopaminergic (stereotyples) and perhaps also serotonergic (myoclonus) types
of responses following exposure to irreversible cholinesterase inhibitors.

EFFECTS OF ACUTE AND SUBACUTE ADMINISTRATION OF ORGANOPHOS-
PHORUS CHOLINESTERASE INHIBITORS ON THE GABA SYSTEM: The eflects of
acute and subacute Injections of DFP to rats on GABA synaptic tunction were In-
vestigated in the striatal region of the brain (12,14.15). Acute as well as subacute
treaments increased levels of GABA and its precursor (glutamate) and decressed
GABA uptake and release. None of the treatments affected activily of GABA-trans-
aminase, Glutamic scid dicarboxylase activity was increased by soman, sarin and
tabun at certain letha]l doses but was not affected by DFP even at the lethal dose.
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Our results aleo showed that acute administration of DFP incresased the number of
GABA receptors without affecting their affinity. In sudacutely-treated animals,
DFP caused an increase in the number of GABA receptors after 14 days of treat-
ment. This increase, however, was considerably lower than that observed after
the acute treatment.

CONCLUSION: The resuits indicate en involvement of the GABAergic and
dopamfnergic systems in the action of organophosphorus cholinesterase inhibitors.
It 1s suggested that the GABAergic and dopaminergic involvement may be a part of
s compensstory inhibitory process to counteract the excessive cholinergic activity
produced by these agents. Based upon the evidence presented we propose that
GABAergic and dopaminergic neurons interact with cholinergic neurons after acute
and subscute exposure to these agents.

Under normal circumstances (i.e., no exposure to organophosphorus cholin-
esterase inhibitors) a balance between excitatory cholinergic and the inhibitory
GABAergic and dopaminergic activities is maintained in the stristum (basal ganglia).

After acute exposure to one of the anticholinesterase inhiditors, inhibition of
ACRKE results in increased cholinergic activity which is balanced by increases in
dopaminergic and GABAergic activities due to increases in DA and GABA receptor
denasities.

After subacute exposure to one of these inhibitors of AChE, in which synap-
tic concentrations of ACh are still high, the muscarinic receptor characteristics are
changed such that there is a decrease in number of receptors as well as in recep-
tor sensitivity to ACh. Thus, the effect of increased concentrations of ACh in this
situation results in 2 "normal” cholinergic (excitatory) response that, in tum, is
balenced by "normal™ inhibitory responses of GABA and DA due to a return to
normal of the inhibitory receptor populstions.
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SEARCH FOR AN ENDOGENOUS DFPase IN MOUSE BRAIN

A.P. SMITH & N.M. LEE

Department of Pharmacology, Langley Porter Psychiatric Institute. University
of California, San Francisco. Calitornia 94143

Organophosphorus compounds are toxic substances that bind covalently to
the actlive site of scetylchohnesterase (ACHE) irreversibly inhibiting (hut cazyme,
they include di-isopropyifiuorophusphate (DFP). us well as the very potent nerve
gusses soman, sarinp and tabun. The recent discovery of an enzyme hydrolyzing
these compounds in squid axons (1) led us to search for a similar enzyme in mouse
brain.  Hesides Leiny uselul in ingetivating uawanted stocks of these compoumds.,
such an enzyme might prove ultimately to be of therapeutic value.

METHODS: Our basic approach was to incubale mouse bLrain homogenites, or
subceliular fractions derived from the latter, with DFP at 37°C for various lengths
of time. Following incubation, samples were centrifuged, and the supernatants
analyzed for DFFP asctivity remaining. DFP sctivity was assayed by incubating it
with & microsomal (Pj) fraction from mouse brain, and determining its ability to
inhibit AChE, as measured by the procedure of Ellman et al. (2). For every assay
a standard curve was constructed using DEP of several known concentrations and
this curve used tv determine DFP concentrations in the supernatant samples.

In some experiments the binding of DFP to mouse brain fractions was afso
determined. ’H-DFP was incubated with the fraction for various lengths of time,
then the sample centrifuged and radioactivity associated with the pellet determined.
In the case of non-particulate fractions, bindim; was determined by passage down
a Sephadex G-50 column, which separates frec “t! DFP {rom that bound to high
molecular weight material.

RESULTS: Incubation of DFP with mousc brain homogenates at pil 7.4 re
sulted in a time dependent decrease in DFP activity present in the supernatant,
although a plateau was generally reached before all DFP was inactivated (Table 1),
There was essentially no inactivation nt 0°C. iInactivation also occurred in mito
chondrial and microsomal {ractions, with the plateau appearing much souner.

The observed innclivation could re<ull from two fectors other than enzymatic
degradation; spontancous hydrolysis and binding of DFP to the fractions. Talde 2
shows the spontaneocus hydrolysis of DFY at 37°C and at 4°C. At 37°C, about 10%
of the DFP is inactivated per hour with a higher degradative rate observed at pH
9 and a lower at pHl 5. At 0°C, hydrolysis is negligible in 2 h. though uile siyg
nificant over longer period.

Binding of *M DFP to brain fenctions is shown in Table 3. When 10 myz of
homogenate was inducated at pHl 7.4 with DFP (i mg), a maximum of about 5% of
the radioactivity was associated with the pellet after 30 min; this declined slightly
over longer incubation periods. Somewhnt more binding was observed to P; and P,
fractions which also showed a decline after 30 min. This decline is presumably due
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TABLE 1: Inactivation of DFP by mouse brain fractions
Time of incubation
Tissue 15 min 30 min 60 min 2h 2 h, 0°C
Homogenate (17 mg/ml) 0.18 0.26 0.59
Homogenate (17 mg/ml) 0.057 0.060 0.078 0.080 0.009
Mitochondrial (€ mg/mi) 6. 042 §0.040 0.042 0.041
Microsomal (2.5 mg/ml) 0.033 0.031 0.027 0.030

The general procedure i8 described in Methods.
ml; (b)-(d) DFP (9.1 mg) incudbated per ml.
37°C, pH 7.4.

(a) DFP (1.0 mg) incubsted per
Valves are mg DFP inactivated at

TABLE 2: Spontaneous inactivation of DFP
30 min 1h 2h 1 dey 2 days 3 days
pH 7.4 91 82 75
pH 5.0 - - 79
pH 9.0 - - 47
pH 7.4, 4°C - - 99 58 49 44

DFP (0.1 mg) incubated in 1 ml buffer for various lengths of time, then its con-

centrstion assayed as described in Methods.

TABLE 3: Binding of H-DFP to brain fractions
Incubation time
Sample 15 min 39 min 1h 2h
Homogenate 4.9 5.3 5.0 4.2
Mitochondrial 11.7 13. 4 13.1 9.1
Microsomal 5.8 6.3 5.6 3.7

DFP (0.1 mg/ml) incubated with sample at 37°C and pH 7.4 for times indicated,
then bound radicactivity determined as described in Methods.
total radiosctivity recovered.

All values are % of

to aging which, as noted above, would result in the loss of bound radiocactivity.

By adding together the amounts of DFP inactivated spontanecusly, and thst
bound to brain fractions, one can calculate & theoretical value for DFP inactivated
non -ensymatically. This has been done in Table ¢, where all DFP bound values
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TABLE 4: Theoretical rates of DFP inactivation due to spontaneous hydrolysis and
binding and comparison with observed rates
(C) =
DFP (B) (A) + (B) (D)
(A) Spontaneously Theoretical Actual
Fraction DFP bound hydrolyzed inactivation inactivation

0.80 ml Homog.

0.028:0. 006

0.020£0. 002

0.04820.008

0.07840.010

0.10 ml Homog. 0.007:0.002 0.02020. 002 0.027+0. 604 0.033:0.004
0.50 ml P, 0.02620.005 0.02020. 002 0.046:0.007 0.042:0.005
0.50 ml P, 0.01220. 004 0.020+0. 002 0.03220.008 0.026£0.004

Al values are for I h incubation at 37°C, pH 7.4 and are expressed as the mean
: S.D. of two determinations (mg protein). Bound DFP is calculated as twice the
% of radioactivity in pellets.

have been calculated by doubling the amount of radjoactivity bound. to correct for
possible aging. When these theoretical values are compared with the actual values,
it is seen that in the case of the homogenates, a significant difference remains.
whereas in the P; and P; fractions it does not.

DISCUSSION: Our results suggest that mouse brain homogenates contain
some inactivating ability that cannot be completely ascribed to binding or spontan-
eous hydrolysias. Since this activity is not found in P: and P, fractions, it may be
in the supernatant (S;). We have since tested S, and indeed found it can inacti-
vate DFP; there is negligible binding of *H-DFP to S,. suggesting the inactivation
is enzymatic. In preliminary experiments we have found that the activity is heat
stable. partially but not completely lost by dialysis, and activated by Mn**.
Further work is in progress to characterize it.
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