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OVERVIEW

In July, 1975, a 33-year old male chemical worker from a small factory in
Hopewell, Virginia was examined by his family physician. He complained
of headache, tremors, and irritability. It was not the first time he had sought
medical attention for these problems. In the past, no specific diagnosis had
been made and tranquilizers had been prescribed. On this occasion, how-
ever, the doctor, after having taken a careful occupational history, sent a
sample of blood to the Communicable Disease Center to be analyzed for
KeponeR, the only product made by the patient’s employer, Life Science
Products Corporation. The results revealed the presence of enormous
amounts of chlordecone,! the generic name for KeponeR. This index case
spawned immediate epidemiologic investigations by State and Federal offi-
cials. Uncovered was an ecodisaster of spectacular proportions (1-3). Be-
cause the factory failed to follow good practices for industrial hygiene and
disposal of hazardous wastes, over half of the 133 employees in the factory
and many residents of the immediate vicinity had evidence of chlordecone
intoxication (4). Moreover, it was learned that Allied Chemical Corpora-
tion, the manufacturer of chlordecone for the preceding decade, had ille-
gally discharged chlordecone into the nearby James River. This resulted in

'1,1a,3,3a,4,5,5,5a,5b,6-decachlorooctahydro-1,3,4-metheno-2H-cyclobuta  [cd]-pentalen-
2-one.

89
0362-1642/82/0415-0089$02.00



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org

by Central College on 12/12/11. For personal use only.

90 GUZELIAN

extensive contamination of the waters and marine life throughout the Tide-
water Region of Virginia with this persistent chemical (5, 6). The now
world-famous “Kepone Episode” has become a classic paradigm of the
unprecedented challenges presented to the political, regulatory, legal, and
scientific communities by this new form of epidemic in the chemical era.

Over 30 of the most severely affected workers were examined at the
Medical College of Virginia and were found to have toxic manifestations
involving primarily the nervous system (tremors), the liver (hepato-
splenomegaly), and the testes (presumed sterility). Previous human poison-
ing with chlordecone had not been documented. Like poisonings by other
organochlorine pesticides, there were no established antidotes available and
recommended therapy was directed toward relief of symptoms. Unfortu-
nately, the available information regarding the toxicology or pharmacoki-
netics of chlordecone in mammals was meager indeed. In fact, there were
no critically evaluated methods available for measurement of chlordecone
in samples of biological material. Confronted with this challenging problem
in clinical toxicology, a group of us at the Medical College of Virginia first
developed improved methods for chlordecone analysis (7), and then mea-
sured the distribution, excretion, and metabolism of chlordecone in the
patients and also in experimental animals (8). The results showed that
chlordecone was cleared from the blood by the liver, was excreted in bile
into the intestine, and was eliminated chiefly in the stool (9). However, most
of the chlordecone which appeared in the feces entered the intestinal lumen
not in bile, but rather via a nonbiliary pathway, probably from the gut itself
(10). A key observation was that most of the chlordecone in the lumen of
the gut is reabsorbed with only a minor fraction appearing in the stool. This
prompted us to carry out a controlled therapeutic trial of cholestyramine,
a nonabsorbable anion exchange resin that binds chlordecone in vitro.
When given to the patients, cholestyramine increased fecal excretion of
chlordecone and accelerated the disappearance of chlordecone from blood
and other tissues (9). When the efficacy of cholestyramine had been estab-
lished in man as well as in chlordecone-treated rats (11), all patients were
placed on cholestyramine treatment until chlordecone had been eliminated
from the body. In most cases, removal of the chemical from the tissues was
accompanied by disappearance of clinical manifestations of toxicity. The
nervous system disorders resolved, the liver returned to normal size, and
sperm counts became normal. Because chlordecone is a liver carcinogen in
rats and mice (12), the prospects for development of this (or other) chronic
illness in these workers or in area residents exposed to small amounts of
chlordecone in the environment remain uncertain. This question is further
complicated by the fact that chlordecone does not appear to undergo bio-
transformation in rats or mice, whereas in humans, substantial amounts of
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chlordecone are converted in the liver to a reduced form, chlordecone
alcohol.? As yet, little is known about the toxicologic or pharmacokinetic
properties of this chemically stable metabolite of chlordecone.
Chlordecone has become unique among environmental chemicals in hav-
ing been extensively studied in humans. Hence, a review of these studies
provides useful information in comparative toxicology and metabolism of
environmental agents. Moreover, there is growing evidence that chlorde-
cone may be a valuable probe for investigating such important physiologic
processes as the metabolism of high-density lipoproteins, hypertrophy of
the endoplasmic reticulum of the hepatocyte, the formation of bile, and
hormonal effects mediated by estrogen receptors. For these reasons, it seems
pertinent to summarize the current information on chlordecone toxicology
and pharmacokinetics in humans and other mammals and in birds. Due to
limitations in space, studies of aquatic species (5, 6) have not been included.

CHEMISTRY AND ANALYTICAL METHODS

Chlordecone (C;¢Cl1;gO) is an odorless, colorless, crystalline solid, synthe-
sized by dimerization of hexachlorocyclo-pentadiene in the presence of
sulfur trioxide followed by hydrolysis to form the ketone. The structure of
chlordecone differs from its analogue, mirex (C,oCl;,), in that two bridge
head chlorine atoms have been replaced by the carbonyl group (Figure 1).
Anhydrous chlordecone has a molecular weight of 491, but the molecule
is readily hydrated (one to four molecules of H,0) with an attendant
increase in molecular weight. The hydrate forms a gem-diol (dialcohol) in
place of the ketone (Figure 1), and this imparts enhanced water solubility
to chlordecone as compared with mirex and properties of a weak acid.
Most of the published methods for chlordecone analysis rely on extract-
ing samples with organic solvents, purifying the extracts with Florisil col-
umn chromatography or gel permeation chromatography, and measuring
the extracted chlordecone by gas-liquid chromatography (13, 14). Methods
developed for biological analysis involve acidification prior to extraction by
organic solvents. In some instances, the organic phase is re-extracted with
alkali (7) or is washed repeatedly with sulfuric acid to remove substances
that interfere with analysis of chlordecone by gas-liquid chromatography
(15). Lixiviation of chlordecone is variable among different tissues or ex-
creta or, indeed, among samples from a given tissue and, therefore, it is
important to use either [#C]-chlordecone (7) or monohydro-chlordecone3

21,1a,3,3a,4,5,5,5a,5b,6-decachlorooctahydro-1,3,4-metheno-2H-cyclobuta  [cd]-pentalen-
2-ol.

*1a,3,3a,4,5,5,5a,5b,6-nonachlorooctahydro-1,3,4-metheno-2H-cyclobuta  [cd]-pentalen-
2-one.
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Figure 1 Structures of chlordecone, chlordecone hydrate, and chlordecone alcohol.

(15) as an internal standard to monitor recovery. Because chlordecone
alcohol is not extracted from tissues or excreta in parallel with chlordecone,
a second internal standard such as monohydro-chlordecone alcohol* must
be used to monitor recovery of chlordecone alcohol (15).

TOXICOLOGY OF CHLORDECONE
General Toxic Effects

There are no reports of death in humans exposed to chlordecone. Chlorde-
cone-poisoned workers lacked such constitutional symptoms as fever, chills,
sweating, or fatigue. However, in 10 of23 cases, there was prominent weight
loss (as much as 60 pounds in four months) despite a normal appetite. The
susceptibility of laboratory animals to the lethal effects of a single oral dose
of chlordecone is similar between males and females (16, 17), but varies
among species. The LDjs, for rabbits (71 mg/kg) is lower than that for rats
(126 mg/kg) (16, 17), dogs (250 mg/kg) (16), or chicks (480 mg/kg) (18).
All rats receiving diets of 50 ppm of chlordecone or more died within six
months. Mice receiving diets containing 80 ppm of chlordecone or higher
died within 32 days (19). When mice were given daily doses of 50, 25, or
10 mg/kg, 90% of the animals died within 5, 9, or 24 days, respectively (20).
The acute and cumulative LDs, for chlordecone in mice are in the same
range. The mechanism of death in these studies was not ascertained.
Chronic dermal contact with chlordecone produced minimal toxicity in rats
(17). In two (16, 21) out of three (22) studies of adult rats maintained for
many months on diets containing more than 10 ppm chlordecone, signifi-
cant weight loss was noted. Depressed growth has also been observed in
pregnant rats given as little as 2 mg/kg/day of chlordecone (23), in mice
fed 40 ppm chlordecone (19), in mice treated with 10 mg/kg daily (24), in
laying hens fed 75 ppm chlordecone (25), and in quail fed 300 ppm chlorde-
cone (26). “Hypermetabolism,” manifested by increased food and oxygen
consumption, was reported in rats (16) and mice (20).

*1a,3,3a,4,5,5,5a,5b,6-nonachlorooctahydro-1,3,4-metheno-2H-cyclobuta  [cd]-pentalen-2-
ol.
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Neuromuscular Toxicity

The sine qua non of chlordecone intoxication in humans is an irregular,
nonpurposive waking tremor (rate, 6-8 Hz) involving the extremities, head,
and trunk (27). Seizures were not observed. Also present in the chlordecone
poisoned workers was opsoclonus, an unusual oculomotor disorder consist-
ing of chaotic eye movements causing blurred vision. In some patients
who complained of headaches, spinal fluid pressure was elevated, and three
patients had frank pseudo-tumor cerebri due apparently to impaired capac-
ity to absorb cerebrospinal fluid (28). Neuropsychiatric abnormalities in-
cluded irritability, memory disturbances, exaggerated startle response and,
in one case, visual and auditory hallucinations (27). No evidence for dys-
function of muscle or peripheral nerves was adduced, and muscle biopsies
in five patients were histologically normal. There is speculation that the
mesencephalic reticular formation may be the site of action of chlordecone
in the central nervous system, although this idea lacks direct evidence (27).
From the absence of distinct clinical signs of cerebellar involvement, it is
unlikely that chlordecone poisoning caused parenchymatous degeneration
of the cerebellar cortex as has been reported in dogs fed another organo-
chlorine pesticide, dichlorodiphenyldichloroethane (DDT) (29). This con-
clusion is supported by the fact that upon removal of chlordecone from the
body, toxic manifestations involving the central nervous system disap-
peared. An apparent threshold for disappearance of neurotoxicity was asso-
ciated with a decline of blood levels of chlordecone into the range of 1000
to 100 ng/ml.

The prompt appearance of tremor in rats (16, 21, 22, 30-35), chicks (18),
Japanese quail (26), and mice (20) receiving chlordecone has been well
documented. Also, like our patients, chlordecone-treated rats (22, 30, 32,
33) and mice (20) exhibited hyperexcitability and an exaggerated startle
response. These rats were especially susceptible to chemically evoked sei-
zures (20). A strict departure from our experience with chlordecone poi-
soned workers is the observation of severe muscle weakness following
administration of a single oral dose of chlordecone to chicks (18) or rats
(30). Although muscle weakness has been ascribed to effects of chlordecone
as a competetive inhibition of muscle lactate dehydrogenase (36), the myo-
pathic effects of chlordecone in rats appeared to be permanent, increasing
at a time when there was both a decline in chlordecone levels in muscle and
a disappearance of neurotoxic manifestations (30).

The mechanism of chlordecone neurotoxicity has been attributed to inhi-
bition of mitochondrial and synaptisomal membrane bound Na*, K+ AT-
Pase(s). Research groups at the University of Mississippi have worked
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sedulously to document this property of chlordecone using various tissue
sources for the enzyme. These include: brain from untreated or chlorde-
cone-treated rats (34, 37, 38), mice (24, 39), and catfish (40); muscle from
the heart (41) or extremities (37) in rodents; liver from chlordecone-treated
rats (21), or isolated perfused rat liver preparations (42, 43). The extent of
inhibition of Na*, K* ATPase and oligomycin-sensitive Mg?* ATPase
activities in brain synaptosomes prepared from chlordecone-treated rodents
was directly proportional to the concentration of chlordecone in the brain
(24) and was proportional also to the degree of tremor produced in the
animal. Furthermore, inhibition of this enzymeactivity in vitro was blocked
in a dose-dependent fashion by added chlordecone (34, 37-39). Added
chlordecone produced a greater inhibition of the enzyme than did equal
amounts of mirex, a compound that produces no tremors in vivo (38), and
yet is structurally similar to chlordecone. Finally, the inhibition of ATPase
activity can be reversed if bound chlordecone is removed by washing (34)
or by addition of anti-chlordecone antibodies (44, 45). This research group
believes that neurotoxicity may be due to inhibition of synaptosomal mem-
brane ATPase(s) by chlordecone which would then result in blocked cellu-
lar uptake and storage of such neurotransmitters as catecholamines (34, 41)
or y-aminobutyric acid (24). An alternative explanation is that by inhibiting
mitochondrial ATPase(s), chlordecone may decrease the availability of
cellular energy for neurotransmitter uptake. Others have suggested that
chlordecone inhibits a step in rat brain mitochondrial energy production
prior to the Mg2+ ATPase reaction (46). This results in loss of the capacity
of mitochondria to maintain normal rates of Cat* uptake, leading to an
increase in cytoplasmic Ca**. Depolarization of the neuronal membrane
would ensue, promoting release of neurotransmitters (46, 47). Since the
toxic manifestations of chlordecone bear little resemblance to those of
cyanide, a classical mitochondrial poison, nonspecific loss of cellular energy
seems an unconvincing explanation for chlordecone toxicity. On the other
hand, competitive, reversible inhibition of ATPase linked processes by
chlordecone could explain (a) the reversibility of neurotoxicity associated
with decreasing concentrations of chlordecone in human tissues (9, 27);
(b) the inhibition of cerebrospinal fluid uptake in humans which is thought
to be dependent upon Na*, K* ATPase (28); and (c), the decrease in brain
content of neurotransmitters in experimental animals treated with chlorde-
cone (24).

Liver Toxicity

In most of the chlordecone-poisoned workers, the liver and spleen were
enlarged, chemical tests of liver function including clearance of sulfo-
bromophthalein (BSP) from plasma were normal, and histologic examina-
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tion of liver biopsies revealed nonspecific findings including minimal fatty
metamorphosis, focal proliferation of sinusoidal cells, hyperglycogenation
of nuclei, increased residual bodies, branched mitochondria with paracrys-
talline inclusions, and accumulation of smooth endoplasmic reticulum (48).
The last observation suggests that the hepatic microsomal drug metaboliz-
ing system (cytochrome P-450-dependent monooxygenase system) was in-
duced. In line with this finding, workers displayed an accelerated clearance
of antipyrene from the blood as compared to normal subjects (48). Further-
more, the workers had abnormally high levels of glucaric acid (48), a
substance which is reported to be a derivative of hepatic endoplasmic
reticulum (49). However, none of the workers had elevated serum 7y-gluta-
myl transpeptidase activity, an enzyme proposed as a marker for induction
of hepatic drug metabolizing enzymes in man (50, 51). There was no clinical
evidence for porphyrinogenic effects as has been reported for other environ-
mental chemicals in man (52). It should be noted that these effects of
chlordecone on hepatic functions associated with the endoplasmic reticu-
lum may reflect an adaptive response of the liver rather than “hepatotox-
icity” per se.

Similar to the effects of chlordecone in human liver, treatment of rats (16,
22, 23, 53), quail (26, 54, 55), mice (19, 23), or dogs (16) with chlordecone
increased the size of the liver relative to total body weight. Also similar were
histopathologic examinations of the livers from chlordecone-treated rats
(16, 22, 56), quail (26, 57, 58), or mice (19, 59) which revealed only such
nonspecific changes as fatty infiltration, pleocytosis, and focal lymphoid
aggregates. There was no evidence of fibrosis, cholestasis, or significant
hepatocellular necrosis.

The hepatic drug metabolizing system is induced in rats treated with
commercially available chlordecone. Chlordecone treatment increased the
concentration of the drug binding hemoprotein, microsomal cytochrome
P-450 (35, 53, 60-63), the level of NADPH-cytochrome C reductase activ-
ity (60, 61), and the activity of cytochrome P-450 dependent oxidations of
warfarin (35), pentobarbital (60, 61), aniline (60, 61), hexobarbital (61),
aminopyrine (61, 62), ethylmorphine (61), and p-nitroanisole (62). Pen-
tobarbital sleeping time was reduced by chlordecone pretreatment of rats
(61). It has been concluded that chlordecone resembles the prototype in-
ducer, phenobarbital, because of the profile of its effects on the hepatic
microsomal monooxygenases, and because chlordecone binds to cyto-
chrome P-450 to produce a “type I"” spectrum (64). However, it should be
noted that commercially available chlordecone contains an impurity that is
reported to be solely responsible for the “phenobarbital-like” induction of
aryl hydrocarbon hydroxylase activity in genetically responsive mice (65).
To resolve the question of induction of cytochrome P-450 by chlordecone,
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we administered a single oral dose of highly purified chlordecone (>>99.9%,
based on gas-liquid chromatography/mass spectrometry) to male rats (40
mg/kg) or gerbils (20 mg/kg) and found that the concentration of hepatic
microsomal cytochrome P-450 increased an average of 150% and 259%,
respectively (unpublished observations). Further studies will be needed to
establish precisely the identity of the molecular form of cytochrome P-450
induced by chlordecone.

Clearance of organic anions (BSP) by the liver was unimpaired in
chlordecone poisoned workers and in chlordecone-treated rats with compa-
rable hepatic concentrations of the pesticide (ca. 1000 pg/gm). Inexplica-
bly, however, these rats exhibited a reduced capacity to excrete imipramine
metabolites (21, 43, 66) or phenolphthalein (21) in bile. These observations
appear to contradict the generally accepted idea that aside from bile salts,
most organic anions including BSP share a common pathway for biliary
excretion (67). Impairment of the biliary excretion of organic anions by
chlordecone was localized to a step subsequent to their hepatic uptake and
metabolism, possibly transfer from the hepatocyte into the bile canaliculus
(21, 43). The extent of impaired biliary excretion of model compounds was
directly related to the content of chlordecone in the liver (31). Finally, this
effect was fully reversible if exposure to chlordecone was stopped, thus
permitting the concentration of chlordecone in the liver to fall (31). The
proposed explanation for these observations is that chlordecone blocks
Mg?t-ATPase activity (42, 68) and, hence, decreases hepatic mitochondrial
energy production. This, in turn, interferes with biliary transport, an ener-
gy-dependent process (21, 43, 66). However, this hypothesis does not ac-
count for the striking selectivity of the hepatobiliary effects of chlordecone.
For example, chlordecone fails to impair excretion of an endogenous or-
ganic anion; namely, bilirubin. Moreover, chlordecone actually stimulates
bile (volume) production, a process which is believed to be dependent on
Na't, K* ATPase and which is sensitive to general inhibitors of cellular
energy production (69). Indeed, apparently overlooked in the interpretation
of the hepatobiliary effects of chlordecone is the evident inconsistency
between its choleretic properties and the fact that chlordecone is a potent
inhibitor of Na*, K+ ATPase from many tissues (38, 39, 41) including liver
canalicular membranes (H. Mehendale, personal communication). Testi-
mony to the potency of chlordecone as an inhibitor is its capacity to displace
the classical ATPase inhibitor, ouabain, from binding to the enzyme (39).
Since Na*, K* is pivotal to all current theories of bile production (69), the
paradoxical choleretic properties of chlordecone should be actively investi-
gated.

A fascinating effect of chlordecone on rodent liver is potentiation of the
hepatotoxicity of chloromethanes. For obvious reasons, this could not be
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evaluated in humans. When animals were pretreated with chlordecone and
then given a single small dose of CHCI; (mice) (59, 70) or CCl, (rats)
(71-73), there was a dramatic enhancement of hepatotoxicity as manifested
by elevation of bilirubin and of liver-derived enzyme activities in the serum,
by characteristic histopathologic changes, and by decreased biliary excre-
tion of organic anions. The effect of chlordecone pretreatment appears to
be specific and potent. For example, in one set of experiments, groups of
rats were given either mirex, photomirex, or chlordecone at doses which
resulted in comparable concentrations of these chemicals in the liver. These
doses produced neither hepatotoxic effects (73, 74) nor changes in liver
glutathione concentrations (70, 72). Of the three compounds, only chlorde-
cone potentiated the hepatotoxic effects of CCly (73, 74). Moreover, by
comparison with equal doses of phenobarbital, chlordecone was 100 times
more potent in fostering the liver toxicity of CCl4 (73). The mechanism of
the interaction between chlordecone and CCly4 is unknown. The available
evidence suggests that chlordecone does not enhance CClg-induced lipid
peroxidation as measured by diene conjugates (72). One suggestion is that
chlordecone may induce a special form of cytochrome P-450 which prefer-
entially catalyzes activation of CHCI; to reactive metabolites that bind
covalently to cellular macromolecules (70). However, it was recently dem-
onstrated that rats could be given a single small dose of chlordecone (5
mg/kg) which potentiated CCl, hepatotoxicity, and yet failed toinduce the
hepatic monooxygenase system, at least as measured by pentobarbital sleep-
ing time (72). Moreover, this dose of chlordecone gave no increase in the
formation of covalently bound CC1,4 metabolites (72). Based on reports that
aliphatic ketones enhance haloalkane hepatotoxicity, it has been proposed
that the effect of chlordecone may be explained by its ketonic structure (59).
However, this theory ignores the fact that chlordecone, being extremely
deliquesent, readily forms chlordecone hydrate (75~77) and undoubtedly
exists in the form of a gem-diol in biological systems (Figure 1). Although
it is difficult to reconcile all of the reported data on chlordecone potentiation
of CCl14 hepatotoxicity, this intriguing toxic interaction is best explained at
present as an effect of chlordecone to render the liver especially susceptible
to attack by these classical hepatotoxins.

Toxic Effects on the Endocrine and Reproductive Systems

There were no overt clinical manifestations of endocrinologic toxicity
among 28 of the chlordecone poisoned workers except for complaints of
decreased libido in seven patients. All of the patients had normal serum
levels of follicle stimulating hormone, leutinizing hormone, and testoster-
one (78). Nevertheless, only eight patients had normal sperm counts, and
in only one of these eight was the concentration of chlordecone in blood
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greater than 1000 ng/ml (9). In all cases, low or absent sperm numbers were
associated with abnormally low percentages of motile sperm. Histologic
examinations of testicular biopsies in two patients revealed arrest of sperm
maturation (78), a finding that suggests a potentially reversible lesion. In
12 of 13 cases where it was possible to make repeated examinations of sperm
in a given individual over several years, there was an increase in the concen-
tration of motile sperm coinciding with a fall in blood levels of chlordecone
(9). Several years have elapsed since the chlordecone was removed from
body tissues in these men. Although no comprehensive study of reproduc-
tive function has been carried out, several individuals successfully fathered
children. No information is available regarding the effects of chlordecone
on reproductive function in women.

Blocked or impaired reproductive function in chlordecone-treated birds
and rodents has been abundantly well documented. Chronic consumption
of diets containing even small amounts of chlordecone by bobwhite quail
(1 to 25 ppm) (79), by pheasants (5 to 10 ppm) (79), by laying hens (25),
or by Japanese quail (200 ppm) (80-82) reduced the number of eggs pro-
duced. Moreover, these eggs were smaller than normal (80, 81), had re-
duced eggshell thickness and strength (80, 81), hatched less frequently (25,
80, 81), and produced defective chicks with decreased survival rates (25).
Similarly, feeding chlordecone to inbred mice (5 or 10 ppm) (19, 83) or rats
(25 ppm) (22) reduced the number and size of the litters produced. The
defect was primarily associated with females (19, 43) and could be reversed
within several months upon resumption of a normal diet (19, 43). Overt
teratogenic effects are observed at higher doses of chlordecone. An in-
creased number of the offspring exhibited a variety of toxic manifestations.
These were low fetal weight (23, 84), reduced postpartum survival (84),
developmental abnormalities involving the skeletal, ureterogenital, and cen-
tral nervous systems (23), and in multigeneration studies, decreased repro-
ductive capacity as adults (83).

The concensus view of all these investigations is that chlordeconeimpairs
reproduction by mimicking the effects of excessive estrogens. For example,
testicular atrophy was reported in chlordecone-treated rats (16) and quail
(54). Gross and histologic examinations of testes taken from chlordecone-
treated quail (26, 54, 57) showed a congeries of findings (reduced size,
decreased spermatogenesis, and abnormalities of the semeniferous tubules)
similar to those produced by estrogen administration to birds. Chlordecone
treatment also produces a variety of “estrogen-like” effects on the female
reproductive system. In immature quail (54, 57) or chicks (85), chlordecone
treatment caused premature development of the oviduct manifested grossly
by an increase in oviduct weight, and histologically by the presence of cilia,
cellular proliferation and differentiation, formation of tubular glands, and
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secretory activity (54, 57). Examination of the treated quail ovaries revealed
fewer eggs and impaired follicular development (26, 54, 57). In immature
rats, chlordecone produced an increase in uterine growth, a persistent vagi-
nal estrous, anovultion, and the disappearance of corpus leutea from the
ovaries (26, 86). The ultramicroscopic changes in the cells lining the ovi-
duct, vagina, and uterus of these rats was characteristic of those produced
by estrogenic steroid hormones.

It has been suggested that the estrogenic effects of chlordecone may be
exerted indirectly through the hypothalamic pituitary system (26) by pro-
longing release of follicle stimulating hormone and preventing release of
leutinizing hormones (19). However, it should be noted that these studies
were carried out prior to the advent of sensitive and specific immunochemi-
cal techniques for measuring pituitary hormones. There is now strong
evidence that chlordecone exerts its estrogenic effects directly. When in-
cubated with explants of chick oviduct in vitro, chlordecone, like estradiol,
induced de novo synthesis of specific egg white proteins and increased the
number of specific nRNA sequences encoding for these proteins (85). These
effects could be prevented by tamoxifen, an antiestrogen that competitively
inhibits binding of estradiol to its specific cytoplasmic receptor (85). More-
over, there was competition between estrogen and several preparations of
highly purified chlordecone for binding to nuclear (55, 85) and cytoplasmic
(87, 88) estradiol receptors. Chlordecone stimulated transfer of the cyto-
plasmic estradiol receptor into the nucleus and stimulated synthesis of the
progesterone receptor (85, 87). These are two processes for which the
estrogen receptor is thought to be indispensable. Despite the fact that
chlordecone was found to be 10,000 times weaker than estradiol in its
biologic effects or in its affinity for the estrogen receptor (85, 87), it is
possible that by persisting in tissues at high concentrations, chlordecone
may produce local adverse estrogenic effects on the reproductive system
(87). This hypothesis would account for the selectivity and reversibility of
estrogen-like effects of chlordecone on the testes observed in the poisoned
workers.

There was no evidence for adrenal dysfunction in men. Histologic exami-
nations of adrenals from chlordecone-treated rats revealed cortical hyper-
plasia (33). Epinephrine cells of the adrenal medulla contained decreased
levels of epinephrine, and overall catecholamine content of the organ was
reduced (33).

Other Toxicity

The workers complained of pleuritic chest pains and migratory arthralgias
(27), but there has been no objective clinical evidence of cardiopulmonary
or rheumatologic dysfunction. Serum concentrations of cholesterol and
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triglycerides were normal. Also normal were hematologic tests and repeated
tests of renal function including urinalysis and measurements of urea nitro-
gen and creatinine concentrations in serum. In contrast, in rats treated with
chlordecone, serum cholesterol and triglyceride concentrations were lower
than in controls, while the fraction of serum cholesterol associated with
high-density lipoproteins was increased (53). Another interesting departure
from the experience with human toxicity is that rats receiving as little as
1 ppm chlordecone in the diet for one month showed mild histopathologic
changes in the proximal tubules of the kidneys (56). Rats receiving 5 ppm
chlordecone developed abnormally high proteinuria within six months and
glomerulosclerosis after one year (16). These rats also had a decreased
hematocrit (16), a finding noted for chlordecone-treated quail (26).

Carcinogenicity

The National Cancer Institute sponsored a carcinogenesis bioassay of tech-
nical grade chlordecone (>98% purity) in Osborne-Mendel rats and
B6C3F1 mice (12). The initial doses were found to be too high and had to
be reduced during the study because of excessive mortality. The four groups
of animals—male rats, female rats, male mice, and female mice—ultimately
received a time weighted “low” (8, 18, 20, or 20 ppm, respectively) or
“high” (24, 26, 23, or 40 ppm, respectively) dose for 80 weeks. This was
followed by resumption of a normal diet for either 32 weeks (rats) or 10
weeks (mice). There were no hepatocellular carcinomas in control rats,
whereas the incidences in high dose rats were 7% for males and 22% for
females, both significantly increased. The incidences of hepatocellular car-
cinomas in female mice receiving the low dose (52%) or high dose (47%)
groups were significantly higher than in controls (0 of 40 mice). Male mice
receiving the low dose (81%) or high dose (88%) had a significantly higher
incidence of liver tumors as compared to matched controls (32%). More-
over, the time to detection of the first hepatocellular carcinoma was signifi-
cantly shortened in all groups of treated mice. Metastases of the
hepatocellular carcinomas were not observed, and there were no significant
increases in extrahepatic tumors. Despite the possible defects in the design
and conduct of this study, it may be concluded that chlordecone is a liver
carcinogen in rats and mice. Reuber, in reinterpreting the histologic mate-
rial available from this bioassay and from studies of rats fed 1 ppm (16) or

- 5-25 ppm (16) of chlordecone for 12-24 months, has reached the same

conclusion (89, 90).

The mechanism underlying production of liver cancer by chlordecone is
unknown. Although most agents that are carcinogenic in rodents also pro-
duce mutations in short-term tests in animals or in vitro, chlordecone, like
some other organochlorine pesticides, proved to be negative when
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mutagenicity was assayed in Salmonella (Ames Test) [(91); P. Phibbs,
personal communication]. Chlordecone also proved to be negative as a
mutagen when tested for enhancement of unscheduled DNA synthesis in
primary cultures of adult rat hepatocytes (92, 93). A current concept of
experimental liver carcinogenesis in rats is that of a multistage process.
First, preneoplastic hepatocytes are formed by exposure of the liver to a
“true” or “complete” carcinogen (“initiator’’). However, these cells may
remain dormant unless the liver is exposed to a second agent (e.g. phenobar-
bital) which, while not necessarily carcinogenic by itself, enhances develop-
ment of the preneoplastic cells into malignancies (‘“promotion”) (94, 95).
Further work is now needed to learn whether chlordecone is a promotor
and, if so, which of its prominent effects on the liver cell (see previous
section), if any, are related to carcinogenesis.

PHARMACOKINETICS OF CHLORDECONE IN MAN
AND LABORATORY ANIMALS

Absorption

Chlordecone is readily absorbed (>>90%) from the gastrointestinal tract.
This has been established in rats consuming chlordecone in maternal milk
(96) or when given as a single dose of 40 mg/kg in corn oil by gastric
intubation (8, 11). The absorbed chlordecone rapidly establishes an equilib-
rium of distribution among most tissues. This equilibrium was achieved
within 2448 hours following a single dose to rats regardless of whether
chlordecone was given intravenously, by gastric intubation, or by in-
traperitoneal injection (97). A similar pattern of tissue distribution was
found in mice fed a diet containing 40 ppm of chlordecone for many months
(19). Quantitative measurements of chlordecone absorption through the
skin or by inhalation have not been reported.

Distribution

From inspecting the distribution of chlordecone in the tissues of factory
workers, it is evident that there was an unusually high concentration of
chlordecone in blood as compared to that in adipose tissue, the ratio being
1:7 (Table 1) (9). This ratio is similar to that reported in rats two weeks (8,
11) or 26 weeks (8) following a single dose of chlordecone. The high blood
to fat ratio for the distribution of chlordecone contrasts markedly to the
partitioning of DDT (98), polybrominated biphenyls (99), and other lipo-
philic environmental chemicals (100, 101) which are hundreds of times less
concentrated in blood than in fat. It is generally believed that the coefficient
of distribution of hydrophobic chemicals among tissues including blood
parallels the lipid content of the tissues (102). Hence, the disproportionately
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high concentration of chlordecone in blood might be explained by the fact
that chlordecone hydrate may be more water soluble than other organo-
chlorine pesticides. However, from unsuccessful attempts to detect un-
bound chlordecone in plasma, we have concluded that the “free” plasma
chlordecone, if present at all, is less than 1% of total chlordecone in blood
(9, 103). Therefore, we tested the hypothesis that chlordecone may be
specifically associated with plasma proteins in preference to blood lipids
(103, 104). Indeed, we found that when chlordecone was incubated with
human, rat, or pig plasma, more than 75% of the chemical was associated
with the albumin plus high-density lipoprotein fractions, whereas these
same fractions from human plasma contained only 24% of an endogenous,
hydrophobic substance; namely, cholesterol (103). Moreoever, of the total
chlordecone or cholesterol associated with human lipoproteins, the high-
density lipoprotein fraction prepared either by ultracentrifugation or by
heparin-manganese precipitation followed by agarose gel electrophoresis
contained 53% of the chlordecone, but only 22% of the cholesterol.
Whereas most organochlorine pesticides are associated with the lipid rich
fractions of plasma through nonspecific, hydrophobic interactions (re-
viewed in 104), specific binding of chlordecone by albumin and high-density
lipoproteins offers an attractive explanation for the enormous amounts of
this hydrophobic chemical in such an aqueous fluid as blood.

A second distinctive feature of chlordecone distribution in both man (9)
and rats (8, 11) is that among all sampled tissues, the highest concentration
is not found in body fat, although this might be expected based on the tissue
distribution of most lipophilic chemicals. The highest concentration of
chlordecone is found in the liver. Indeed, rats given a single oral dose of
chlordecone established within 48 hours a stable partition ratio of chlorde-
cone between fat and blood, 13:1, whereas the ratio of the initial concentra-
tions of chlordecone in liver and blood was 28:1. The fat to blood
concentration ratio remained unchanged for 26 weeks thereafter despite the
fact that the concentration of chlordecone in fat declined by a factor of 362

Table 1 Distribution of chlordecone in man

Partition

Chlordecone ]
. Tissue
No. of concentration range
Tissue patients (ug/g) Blood Range
Whole blood 32 0.6-32.0 1.0 4.6-31.0
Liver 10 13.3-173.0 15.0 3.8-12.2
Subcutaneous fat 29 1.7-62.1 6.7 1.8-4.5
Muscle b 1.2-11.3 29 1.84.5

Gallbladder bile 6 2.5-30.0 2.5 1.4-4.1
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(8). In contrast, the concentration of chlordecone in liver declined less
rapidly during this study (a factor of only 65) so that the liver to blood
concentration ratio rose progressively during the 26-week study to a final
value of 119:1. This finding was confirmed in mice chronically fed chlorde-
cone (19) and in the fetuses of pregnant chlordecone-treated rats (96). In
both studies, the highest concentration of chlordecone among all sampled
tissues was found in the liver. There is no explanation for the preferential
sequestration of chlordecone in liver. By analogy with many chemicals
bound by albumin, chlordecone might be expected to be bound by ligandin
or by other cytoplasmic binding proteins in the hepatocyte (105). However,
when homogenates of livers obtained from chlordecone-treated rats were
fractionated by differential centrifugation, less than 2% of the total chlorde-
cone was recovered in the cytosolic fraction (97). Hence, it may be con-
cluded that the disproportionate accumulation of body chlordecone in the
liver is due to binding of chlordecone by constitutents of liver membranes,
presumably proteins or lipids. Although it is premature to posit specific
chlordecone binding constituents, a detailed investigation of the subcellular
distribution and binding of chlordecone in the liver should be undertaken,
especially because the liver is a prime target organ for the toxic effects of
chlordecone.

Excretion

The major route of elimination of chlordecone is in the stool. This has been
confirmed in humans (9), rats (8), gerbils (106), mice, and monkeys (107).
Only minimal amounts of chlordecone appeared in the urine of these spe-
cies, even when [“C]-chlordecone tracer studies were carried out (8, 106).
There were negligible amounts of chlordecone in human sweat, sebum, or
saliva (9), or in the breath of rats (8). An exception to this generalization
may be lactating women. Chlordecone has been detected in samples of
breast milk from women living in Southern states of the United States (108).
The environmental source of chlordecone in this region is presumed due to
extensive use of mirex which may contain chlordecone as a contaminant or
which may undergo photodegradation to form chlordecone (109). Chlorde-
cone promptly (4 days) appeared in the milk of cows started on chlorde-
cone-containing diets ranging from 0.25 to 5.0 ppm (110). After 60 days,
the levels of chlordecone in the milk of the cows on these diets rose to 20
and 320 ng/ml, respectively, and then declined to barely detectable levels
after resumption of a normal diet for 83 days (110). It has been estimated
that female rats may excrete as much as 52% of an acutely administered
dose of chlordecone in milk during the lactation period (96). This may be
compared to male rats which excreted 33% of a single dose in stool during
a similar interval (8).
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We studied the kinetics of chlordecone elimination in the factory workers
at a time when their exposure to chlordecone had ceased. The concentration
of chlordecone in the blood declined at a log linear rate (9). In 22 workers
in whom multiple serial examinations of blood and fat were made for two
years, the average half-life of chlordecone in blood (153 days) and in fat (125
days) were similar. Moreover, in simultaneously obtained samples of blood
and fat, the ratio of chlordecone concentrations was found to be 1:7 despite
a 250-fold range in fat concentrations (9). From these important findings,
it may be concluded that, unlike most organochlorine pesticides which
rapidly disappear from blood only to be redistributed to fat (98, 100, 101,
111), chlordecone rapidly achieves equilibrium between blood and other
tissues including the body’s main reservoir, adipose tissue (9). This, in turn,
suggests that to calculate a reliable estimate of total body content of
chlordecone in a given person at anytime during or after contact with the
pesticide using the coefficients of distribution listed in Table 1, one need
only measure the blood concentration of chlordecone. In rats, similar to our
findings in man, chlordecone disappeared from the blood, from individually
sampled tissues (with the exception of the liver as described above in “Dis-
tribution”) (8), and from the total carcass (11) at equal rates. However,
whereas in two studies of humans (9, 112) there was no correlation between
the concentration of chlordecone in blood and its half-life in a given individ-
ual (apparent first order kinetics), in rats, the half-life for chlordecone in
blood was 8.5 days for the first 4 weeks, 24 days for the next 8 weeks, and
45 days for the last 14 weeks.

Pathways of Intestinal Excretion

There is now strong evidence that chlordecone enters the intestine via
biliary excretion and also via a novel, nonbiliary pathway. Most organo-
chlorine pesticides are poorly excreted in bile. In contrast, substantial
amounts of chlordecone representing as much as 1% of total body content
are excreted in human bile when this fluid is collected either indirectly by
duodenal intubation (9), or directly from a surgically implanted T-tube (10).
Even higher fractional amounts of chlordecone ranging from 2-4% are
excreted in the bile in gerbils (106), hamsters (106), monkeys (107), and rats
(8). Although the mechanism of chlordecone excretion in bile in unknown,
it has been observed that biliary excretion of chlordecone is linked to the
bile salt dependent fraction of bile flow (97), and that chlordecone is solubil-
ized in bile by associating with mixed bile salt micelles (B. F. Scharschmidt,
personal communication). Perhaps a difference between the solubility of
chlordecone and mirex in bile accounts for the observation that the biliary
excretion of chlordecone in rats is 10-20 times greater than that of mirex
when comparable amounts of each chemical are in the liver (73).

It seemed logical that as a practical consequence of the unusually high
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rates of biliary excretion of chlordecone, the pesticide would be cleared
from the body more rapidly than would other hydrophobic chemicals.
However, in man, only 5-10% of the total amount of biliary chlordecone
entering the upper intestine appeared in the stool (9). We made the assump-
tion that the biliary chlordecone was being reabsorbed from the intestine
and recirculated to the liver. Accordingly, we tested the hypothesis that oral
administration of cholestyramine, a nonabsorbable anion exchange resin
that binds chlordecone in vitro (11), would interrupt the “enterohepatic
recirculation” of chlordecone by binding the pesticide in the intestine,
preventing its reabsorption, and augmenting its excretion in stool. Consis-
tent with this interpretation, a randomized, controlled clinical trial of cho-
lestyramine feeding to the workers demonstrated unequivocally that
cholestyramine increased fecal excretion of chlordecone (9) and signifi-
cantly shortened the half-life of chlordecone in blood (80 days) and in fat
(64 days) (94) as compared to the half-lives either prior to treatment or in
a concurrent control group treated with placebo (blood, 139 days) (9).
Removal of chlordecone from the body by cholestyramine therapy was
accompanied by amelioration of the signs and symptoms of chlordecone
toxicity (9).

In rats given a single dose of chlordecone, the amount of pesticide appear-
ing in the stool was 100% of that in the bile, in contrast to the value of
5-10% we found in humans (11). Thus, it appeared as if rats, unlike
humans, lacked the capability of reabsorbing biliary chlordecone in the
intestine (11). However, when the chlordecone-treated rats were fed choles-
tyramine, there was a prompt increase in the excretion of chlordecone in
the stool and a decrease in the total content of chlordecone in the carcass
(11). There was also a decrease in the concentration of chlordecone in each
tissue examined individually (11). The increased fecal excretion of chlorde-
cone in cholestyramine fed rats was not due to increased biliary excretion
of chlordecone (11). However, we noted that the amount of chlordecone in
the stool of cholestyramine fed rats was more than 200% of that appearing
in bile (11). This observation suggested that chlordecone entered the intes-
tine from a nonbiliary source. The first solid evidence for the existence of
a quantitatively important nonbiliary pathway for entry of chlordecone into
the intestine was obtained in a unique experiment in a chlordecone poisoned
patient who had a T-tube surgically implanted in his common bile duct
following cholecystectomy (10). When all bile was diverted from entering
the intestine, chlordecone continued to appear in the bile at the same
concentration. However, this maneuver failed to stop the excretion of
chlordecone in stool as would be expected if biliary chlordecone were the
only important source of fecal chlordecone (10). Indeed, with the biliary
stream completely diverted from entering the intestine, fecal excretion of
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chlordecone actually increased 8 times when compared to the fecal excre-
tion of chlordecone when the diverted bile (and biliary chlordecone) was
continuously infused into the duodenum (enterohepatic circulation intact).
The eightfold increase in fecal excretion of chlordecone produced by divert-
ing the bile was greater than the fivefold increase produced by treating this
patient with cholestyramine at a time when the diverted bile was being
continuously infused into the duodenum (10). To confirm the results of this
experiment, we subjected chlordecone-treated rats to complete diversion of
bile through a surgically externalized bile fistula. This produced no decrease
in fecal excretion of chlordecone when compared to a preceding control
period when bile was allowed to enter the intestine. This established that
in rats as in humans, chlordecone enters the intestine from a nonbiliary
source. However, unlike man, bile diversion in chlordecone-treated rats
failed to significantly increase fecal excretion of chlordecone (10). Adminis-
tration of cholestyramine to bile-diverted rats increased fecal excretion of
chlordecone by twofold, a value similar to that produced in unoperated
controls (10). It appears unlikely that the sloughing of chlordecone-laden
intestinal cells can account for the nonbiliary excretion of chlordecone,
based on a comparison of the rates of chlordecone excretion in stool with
the total amount of pesticide contained in the excised small and large
intestines (10).

To summarize, chlordecone enters the intestine primarily from a nonbili-
ary source, probably transmucosal transport in the gut itself, by a process
that in man, but not in the rat, is inhibited by the presence of bile. Enhanced
fecal excretion of chlordecone by cholestyramine may be due to direct
binding of chlordecone in the intestinal lumen. In man, cholestyramine may
also bind bile constituents (e.g. bile salts) and, in so doing, release inhibition
of the nonbiliary pathway. Recent computer assisted modeling of chlorde-
cone pharmacokinetics suggest that even with cholestyramine therapy, the
nonbiliary pathway would be capable of excreting six times more chlorde-
cone if better sorbents were available (113). Liquid paraffin (114), algae
(115), and sucrose polyester (116) are among the sorbents currently under
investigation. Since it appears that other environmental chemicals including
mirex, dieldrin, and polychlorinated biphenyls (11) may be excreted by the
nonbiliary pathway, a better understanding of the comparative physiology
of intestinal transport of such chemicals could lead to the rational design
of practical means for enhancing the elimination of slowly excreted lipo-
philic toxins (117).

Metabolism

It was commonly believed that chlordecone was not subject to metabolism
in animals (118). We found that small amounts ofthe chlordecone in human
bile appeared to be glucuronide conjugates (<10%) (15). Furthermore, as
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much as 35% of the chlordecone in some human bile samples was present
as an unidentified metabolite that can be converted to chlordecone only by
acid hydrolysis under harsh conditions (15). However, the major chlorde-
cone metabolite is a stable, reduced form of chlordecone, termed chlorde-
cone alcohol, which was first isolated from human stool (119). This
metabolite, although present in human stool in four times greater concen-
trations than chlordecone (10), had escaped notice for several years. This
was because chlordecone alcohol is at least 10 times more lipophilic than
chlordecone (K. Triebwasser, unpublished observation) and, therefore, the
metabolite is poorly recovered when an alkali wash is used to “clean up”
stool extracts (7). This can be overcome by using an acid washing procedure
(15). There is strong evidence that the site of bioreduction of chlordecone
is human liver. When bile was diverted from the intestine through a T-tube
in one patient, chlordecone alcohol as well as chlordecone continued to
appear in the bile, while chlordecone alcohol disappeared from the stool
(10). However, in the same fecal samples, the concentration of chlordecone
was increased (10). The concentration of chlordecone alcohol in four hu-
man bile samples averaged three times higher than that of chlordecone (15).
Chlordecone alcohol in bile is largely conjugated with glucuronic acid (94%
releasable by B-glucuronidase), whereas chlordecone alcohol in stool is
unconjugated (<1% released by B-glucuronidase or sulfatase) (15). Thus,
hepatic bioreduction of chlordecone followed by glucuronide conjugation
of the alcohol metabolite is the major metabolic pathway of chlordecone in
man.

Studies of comparative metabolism of chlordecone among several species
disclosed that chlordecone alcohol was absent in the stool, bile, or liver of
chlordecone-treated rats, guinea pigs, or hamsters (106), and in the stool of
mice (107). In contrast, when Mongolian gerbils were given a single oral
dose of chlordecone, chlordecone alcohol appeared in stool and in bile
within 2448 hours (106). Indeed, eight days after the dose, the biliary
excretion of chlordecone alcohol was twice that of chlordecone (106), a
ratio similar to that observed in humans (15). Also similar to the results in
man, the bulk of the chlordecone alcohol in gerbil bile was present as a
glucuronide conjugate. Hence, the gerbil should be useful as a practical
model of human chlordecone metabolism. Indeed, in preliminary studies,
we found that when cytosolic extracts of gerbil liver homogenate were
incubated with chlordecone in the presence of NADPH, chlordecone alco-
hol was formed (106). It is known that the liver in many species of animals
including rats and mice contains aldoketo reductase activities (120). There-
fore, it would appear that chlordecone reduction is mediated by a substrate-
and species-specific liver reductase. The toxicity of chlordecone alcohol has
not been studied, although, like chlordecone, this metabolite can inhibit
Nat, Kt ATPase (40). Preliminary single dose pharmacokinetic studies in
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rats and gerbils suggested that chlordecone alcohol was excreted exclusively
in stool at a rapid rate for three days with very little of the metabolite being
excreted thereafter (106). In both species, some of the administered chlorde-
cone alcohol was converted to chlordecone, possibly in extrahepatic tissues
(106).

CONCLUSIONS

The “Kepone Episode” has provided a unique opportunity in the field of
comparative toxicology. Contrary to the classical investigative approach to
such inter-species comparison, we were able to make the key toxicological
or pharmacokinetic findings first in humans and subsequently to confirm
these in animals. We have learned that there are striking similarities be-
tween man and experimental animals in the target organs (central nervous
system, liver, reproductive organs) of chlordecone toxicity, although classi-
cal toxicology studies in rats produced several “false positive” findings with
respect to human toxicity. The distribution and route of excretion of the
pesticide were similar in man and rats. Just as striking are the differences
between humans and rats in chlordecone metabolism and in the intestinal
physiology of chlordecone transport. Our experience emphasizes the utility
of aggressive clinical investigations of the effects of environmental chemi-
cals, especially in the face of industrial disasters or area-wide contamina-
tions. Clinicians and laboratory scientists should be encouraged to join
forces so that the scientific value of such “accidents” is not squandered.

ACKNOWLEDGMENTS

I would like to thank my colleagues who, over the past six years, have
created this most exciting scientific venture into clinical toxicology. They
are: William Cohn and James Boylan, Division of Gastroenterology; Robert
Blanke, Marc Fariss, Linda Mutter, Terry Houston, and Phyllis Soine,
Division of Environmental Pathology; Jack Howell, School of Pharmacy;
and Jack Egle and Joseph Borzelleca, Department of Pharmacology. I
would also like to thank Dr. David Rall of the National Institute of Envi-
ronmental Health Sciences for his trust and encouragement in helping to
initiate this project. Marcia Tetlak provided expert secretarial assistance.

Our studies are supported by a grant from the National Institute of
Environmental Health Sciences ( #R01ES01519), and by grants from the
Virginia Environmental Endowment and Allied Chemical Corporation. Dr.
Guzelian is the recipient of a Research Career Development Award from
the National Institutes of Health (#K04AMO00570).



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

TOXICOLOGY OF CHLORDECONE 109

Literature Cited

1.

Raloff, J. 1976. The Kepone episode.

Chemistry 492021

2.

3.
4.

10.

1L

12.

13.

14,

Jaeger, R. J. 1976. Kepone chronology.
Science 193:95-96

Sterrett, F. S, Boss, C. A. 1977. Care-
less kepone. Environment 19:30-37
Cannon, S. B, Veazey, J. M. Jr., Jack-
son, R. S, Burse, V. W., Hayes, C.,
Straub, W. E., Landrigan, P. J,, Liddle,
J. A. 1978. Epldemlc epone poisonin;
in chemical workers. Am. J. Epidemiol.
107:529-37

. Huggett, R. J., Bender, M. E. 1980. Ke-

pone in the James River. Environ. Sci.
Technol. 14:918-23

. Huggett, R. J,, Nichols, M. M,, Bender,

M. E. 1980. Kepone contamination of
the James River Estuary. Contam. Sedi-
ments 1:33-52

. Blanke, R. V,, Fariss, M. W., Griffith,

F. D. Jr, Guzelian, P. S. 1977. Analysis
of chlordecone (kepone) in biological
specimens. J. Anal. Toxicol. 1:57-62

. Egle, J. L. Jr, Fernandez, S. B,

Guzelian, P. S., Borzelleca, J. F. 1978.
Distribution and excretion of chlorde-
cone (kepone) in the rat. Drug Metab.
Dispos. 6.91-95

. Cohn, W. J., Boylan, J. J., Blanke, R

V., Farriss, M. W, Howell, J. R,
Guzelian, P. S. 1978. Treatment of
chlordecone (kepone) toxicity with cho-
lestyramine: Results of a controlled
clinical trial. N. Engl. J. Med.
298:243-48

Boylan, J.J.,, Cohn, W. J,, Egle,J. L. Jr.,
Blanke, R. V., Guzelian, P. S. 1979. Ex-
cretion of chlordecone by the gastroin-
testinal tract: Evidence for a nonbiliary
mechanism. Clin. Pharmacol. Ther.
25:579-85

Boylan, J. J,, Egle, J. L., Guzelian, P. S.
1978. Cholestyramme Use as a new
therapeutic approach for chlordecone
(kepone) poisoning. Science 199:893-95
National Cancer Institute, Carcino-
genesis Program, Division of Cancer
Cause and Prevention. January, 1976.
Report on Carcinogenesis Bioassay of
Technical Grade Chlordecone (Ke-
pone). 38 pp.

Moseman, R. F,, Crist, H. L., Edgerton,
T. R., Ward, K. M. 1977. Electron cap-
ture gas chromatographic determina-
tion of kepone residues in environmen-
tal samples. Arch. Environ. Contam.
Toxicol. 6:221

Hodgson, D. W., Kantor, E. J., Man, J.
B. 1978. Analytical methodology for
the determination of kepone residues in
fish, shellfish and hi-vol air filters. Arch.
Environ. Contam. Toxicol. 7:99

15.

16.

17.

18.

19.

20.

21

22

23.

24,

25.

26.

27.

28.

Fariss, M. W., Blanke, R. V., Saady, J.
J., Guzelian, P. S. 1980. Demonstration
of major metabolic pathways for
chlordecone (kepone) in humans. Drug
Metab. Dispos. 8:434-38

Larson, P. S., Egle, J. L. Jr., Hennigar,
G. R, Lane, R. W., Borzelleca, J. F.
1979. Acute, subchronic, and chronic
toxicity of chlordecone. Toxicol. Appl.
Pharmacol. 48:29-41

Gaines, T. B. 1969. Acute toxicity of
pesticides. Toxicol. Appl. Pharmacol.
14:515-34

Sherman, M, Ross, E. 1961. Acute and
subacute toxicity of insecticides to
chicks. Toxicol. Appl. Pharmacol.
3:521-33

Huber, J. J. 1965. Some physiological
effects of the insecticide kepone in the
laboratory mouse. Toxicol. Appl. Phar-
macol. 7:516-24

Huang, T.-P., Ho, L K., Mehendale, H.
M. 1980. Assessment of neurotoxicity
induced by oral administration of
chlordecone (kepone) in the mouse.
Neurotoxicology 2:113-24

Curtis, L. R., Mehendale, H. M. 1979.
The effects of kepone pretreatment on
biliary excretion of xenobiotics in the
male rat. Toxicol. Appl. Pharmacol.
47:295-303

Cannon, S. B., Kimbrough, R. D. 1979.
Short-term chlordecone toxicity in rats
including effects on reproduction,
pathological organ changes, and their
reversibility. Toxicol. Appl. Pharmacol.
47:469-76

Chernoff, N., Rogers, E. H. 1976. Fetal
toxicity of kepone in rats and mice. Tox-
icol. Appl. Pharmacol. 38:189-94

Ho, 1. K,, Fujimori, K., Huang, T.-P.,
Chang-Tusi, H. 1981. Neurochemical
evaluation of chlordecone toxicity in
the mouse. J. Toxicol. Environ. Health
In press

Naber, E. C, Ware, G. W. 1964. Effect
of kepone and mirex on reproductive
performance in the laying hen. Ohio
Agric. Exp. Stn J. 80-64:875-80
McFarland, L. Z., Lacy, P. B. 1969.
Physiologic and endocrinologic effects
of the insecticide keponein the Japanese
Quail. Toxicol. Appl. Pharmacol.
15:441-50

Taylor, J. R., Selhorst, J. B., Houff, S.
A., Martinez, A. J. 1978. Chlordecone
intoxication in man. I. Clinical observa-
tions. Neurology 28:626-30

Sanborn, G. E Selhorst, J. B, Cala-
brese, V. P, Taylor, J. R. 1979.



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

110

29.

3o.

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

GUZELIAN

Pseudotumor cerebri and insecticide in-
toxication. Neurology 29:1222-27
Haymaker, E., Ginzler, A. M. 1946.
The toxic effects of prolonged ingestion
of DDT on dogs with special reference
to lesions in the brain. Am. J. Med. Sci.
212:423-31

Egle, J. L. Jr., Guzelian, P. S., Borzel-
leca, J. F. 1979. Time course of the
acute toxic effects of sublethal doses of
chlordecone (kepone). Toxicol. Appl.
Pharmacol. 48:533-36

Mehendale, H. M. 1981. Onset and re-
covery from chlordecone- and mirex-
induced hepatobiliary dysfunction.
Toxicol. Appl. Pharmacol. 58:132-39
Reiter, L., Kidd, K., Ledbetter, G.,
Gray, L. E. Jr, Chernoff, N. 1977.
Comparative behavioral toxicology of
mirex and kepone in the rat. Toxicol.
Appl. Pharmacol. 41:143 (Abstr.)
Baggett, J. McC., Thureson-Klein, A.,
Klein, R. L. 1980. Effects of chlorde-
cone on the adrenal medulla of the rat.
Toxicol. Appl. Pharmacol. 52:313-22
Desaiah, D. 1981. Interaction of
chlordecone with biological mem-
branes. J. Toxicol. Environ. Health In
press

Kaminsky, L. S, Piper, L. J, McMar-
tin, D. N,, Fasco, M. J. 1978. Induction
of hepatic microsomal cytochrome P-
450 by mirex and kepone. Toxicol. Appl.
Pharmacol. 43:327-38

Hendrickson, C. M., Bowden, J. A.
1975. The in vitro inhibition of rabbit
muscle lactate dehydrogenase by mirex
and kepone. J. Agric. Food Chem.
23:407-9

Mishra, S. K., Koury, M,, Desaiah, D.
1980. Inhibition of calcium ATPase ac-
tivity in rat brain and muscle by
chlordecone. Bull. Environ. Contam.
Toxicol. 25:262-68

Desaiah, D., Trottman, C. H., Bansal,
S. K. 1980. Sensitivity of rat brain
synaptosomal ATPases to several struc-
turally related organochlorine com-
pounds. In Mechanisms of Toxicity and
Hazard Evaluation, ed. B. Holmstedt,
R. Lauwerys, M. Mercier, M. Rober-
froid, 87-90. New York: Elsevier/
North-Holland

Desaiah, D, Gilliland, T.,, Ho, I K,,
Mehendale, H. M. 1980. Inhibition of
mouse brain synaptosomal ATPases
and ouabain binding by chlordecone.
Toxicol. Lett. 6:275-85

Desaiah, D., Koch, R. B. 1975. Inhibi-
tion of ATPases activity in channel
catfish brain by kepone and its reduc-

41.

42.

43.

45.

46.

47.

48.

49.

50.

SL

52.

tion product. Bull. Environ. Contam.
Toxicol. 13:153-58

Desaiah, D. 1980. Comparative effects
of chlordecone and mirex on rat cardiac
ATPases and binding of [*H]-catechola-
mines. J. Environ. Pathol. Toxicol.
4:237-48

Desaiah, D., Ho, I. K., Mehendale, H.
M. 1977. Inhibition of mitochondrial
Mg?* ATPase activity in isolated per-
fused rat liver by kepone. Biochem.
Pharmacol. 26:1155-59

Mehendale, H. M. 1977. Effectof preex-
posure to kepone on the biliary excre-
tion of imipramine and sulfobromo-
phthalein. Toxicol. Appl. Pharmacol.
40:247-59

. Koch, R. B, Patil, T. N., Glick, B,

Stinson, R. S., Lewis, E. A. 1979. Prop-
erties of an antibody to kelevan isolated
by affinity chromatography: Antibody
reactivation of ATPase activities inhib-
ited by pesticides. Pest. Biochem.
Phsyiol. 12:130-40

Koch, R. B, Desaiah, D, Glick, B.,
Subba Rao, D. S. V., Stinson, R. 1977.
Antibody reactivation of kepone inhib-
ited brain ATPase activities. Gen. Phar-
macol. 8:231-34

End, D. W,, Carchman, R. A., Ameen,
R., Dewey, W. L. 1979. Inhibition of rat
brain mitochondrial calcium transport
by chlordecone. Toxicol. Appl. Phar-
macol. 51:189-96

Carmines, E. L., Carchman, R. A,, Bor-
zelleca, J. F. 1979. Kepone: Cellular
sites of action. Toxicol. Appl. Phar-
macol. 49:543-50

Guzelian, P. S., Vranian, G., Boylan, J.
J., Cohn, W. J., Blanke, R. V. 1980.
Liver structure and function in patients
poisoned with chlordecone (kepone).
Gastroenterology 78:206-13

Hunter, J., Maxwell, J. D., Stewart, D.
A. 1972. Increased hepatic microsomal
enzyme activity from occupational ex-
posure to certain organochlorine pesti-
cides. Nature 237:399-400

Whitfield, J. B., Moss, D. W., Neale, G.
1973. Changes in plasma 7y-glutamyl
transpeptidase activity associated with
alterations in drug metabolism in man.
Br. Med. J. 1:316-18

Rosalki, S. B, Tarlow, D., Rau, D.
1971. Plasma A-glutamyl transpepti-
dase elevation in patients receiving en-
zyme-inducing drugs. Lancet 1:376-77
Meyer, U. A, Schmid, R. 1978. The
porphyrias. In The Merabolic Basis of
Inherited Disease, ed. J. B. Stanbury, J.
B. Wyngaarden, D. S. Frederickson,



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

53.

54.

Ss.

56.

57.

58.

59.

61.

62.

63.

64.

TOXICOLOGY OF CHLORDECONE 111

1166-1220. New York: McGraw Hill.
1778 pp.
Ishikawa, T. T., McNeely, S., Steiner,
P. M., Glueck, C. J., Mellies, M., Gart-
side, P. S., McMlllan, C. 1978. Effects
of chlorinated hydrocarbon on plasma
a-lipoprotein cholesterol in rats. Me-
tabolism. 27:89-96
Eroschenko, V. P., Wilson, W. O. 1974.
Photoperiods and age as factors modif'y-
ing the effects of iepone in Japanese
%ﬂg Toxicol. Appl. Pharmacol. 29:
-39
Eroschenko, V. P., Palmiter, R. D.
1980. Estrogenicity of kepone in birds
and mammals. In Estrogens in the Envi-
ronment, ed. J. A. McLachlan, 305-24.
New York: Elsevier/North Holland.
427 pp.
Chu, I, Villeneuve, D. C, Becking, G.
C,, Iverson, F, Ritter, L. 1980. Short-
term study of the combined effects of
mirex, photomirex, and kepone with
halogenated biphenyls in rats. J. Tox-
icol. Environ. Health 6:421-32
Eroschenko, V. P., Wilson, W. O. 1975.
Cellular changes in the gonads, livers,
and adrenal glands of Japanese quail as
affected by the insecticide kepone. Tox-
icol. Appl. Pharmacol. 31:491-504
Atwal, O. S. 1973. Fatty changes and
hepatic cell excretion in avian liver: An
electron microscopical study of kepone
toxicity. J. Comp. Pathol. 83:115-24
Hewitt, W. R., Miyajima, H., Cote, M.
G., Plaa, G. L. 1979. Acutealteration of
chloroform-induced hepato- and ne-
phrotoxicity by mirex and kepone. Tox-
icol. Appl. Pharmacol. 48:509-27

. Mehendale, H. M., Takanaka, A., De-

saiah, D, Ho, I. K. 1977. Kepone in-
duction of hepatic mixed function oxi-
dases in the male rat. Life Sci. 20:
991-98
Mehendale, H. M., Takanaka, A., De-
saiah, D., Ho, I. K. 1978. Effect of
preexposure to kepone on hepatic mix-
ed-function oxidases in the female rat.
Toxicol. Appl. Pharmacol. 44:171-80
Fabacher,ll,). L., Hodgson, E. 1976. In-
duction of hepatic mixed-function oxi-
dase enzymes in adult and neonatal
mice by kepone and mirex. Toxicol.
Appl. Pharmacol. 38:71-77
Eaton, D. L., Klaassen, C. D. 1979.
Effects of 2,3,7,8-tetrachlorodibenzo-
-dioxin, kepone, and polybrominated
ﬁiphenyls on transport systems in iso-
lated rat hepatocytes. Toxicol. Appl.
Pharmacol. 51:13744
Ebel, R. E. 1980. In vitro effects of
chlordecone (kepone) on hepatic mi-

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

crosomal cytochrome P-450. Pestic.
Biochem. Physiol. 14:221-26

Nebert, D. W, Levitt, R. C,, Orlando,
M. M,, Felton, J. S. 1977. Effects of
environmental chemicals on the genetic
regulation of microsomal enzyme sys-
tems. Clin. Pharmacol. Ther. 22:640-58
Mehendale, H. M. 1981. Chlordecone-
induced hepatic dysfunction. J. Toxicol.
Environ. Health. In press

Forker, E. L. 1977. Mechanisms of
hepatic bile formation. Ann. Rev.
Physiol. 39:323-47

Desaiah, D., Ho, 1. K., Mehendale, H.
M. 1977. Effects of kepone and mirexon
mitochondrial Mg?*-ATPase activity in
rat liver. Toxicol. Appl. Pharmacol.
39:219-28

Boyer, J. L. 1980. New concepts of
mechanisms of hepatocyte bile forma-
tion. Physiol. Rev. 60:303-26
Cianflone, D. J., Hewitt, W. R., Vil-
leneuve, D. C, Plaa, G. L. 1980. Role
of biotransformation in the alterations
of chloroform hepatotoxicity produced
by kepone and mirex. Toxicol. Appl.
Pharmacol. 53:140-49

Curtis, L. R., Williams, W. L., Mehen-
dale, H. M. 1979. Potentiation of the
hepatotoxicity of carbon tetrachloride
following preexposure to chlordecone
(kepone) in the male rat. Toxicol. Appl.
Pharmacol. 51:283-93

Davis, M. E., Mehendale, H. M. 1980.
Functional and biochemical correlates
of chlordecone exposure and its en-
hancement of CCIl, hepatotoxicity.
Toxicology 15:91-103

Curtis, L. R., Mehendale, H. M. 1980.
Specificity of chlordecone-induced po-
tentiation of carbon tetrachloride hepa-
totoxicity. Drug Metab. Dispos. 8:23-27
Curtis, L. R., Thureson-Klein, A. K.,
Mehendale, H. M. 1981. Ultrastructu-
ral and biochemical correlates of the
specificity of chlordecone-potentiated
carbon tetrachloride hepatotoxicity. J.
Toxicol. Environ. Health 7:499-517
Roberts, C. W., Travis, G. D., Hees-
chen, J. D. 1967. The synthesis of a se-
ries of 1,1a,3,3a,4,5,5,5a,5b,6-deca-
chlorooctahydro-4-substituted  spiro
[1,3,4-metheno-2H-cyclobuta[cd]pental-
ene-2,2!-oxagolidin}-5"-ones. J.  Org.
Chem. 32:3194

Gilbert, E. E., Lombardo, P., Ruma-
nowski, E. J., Walker, G. L. 1966. Prep-
aration and insecticidal evaluation of al-
coholic analogues of kepone. J. Agric.
Food Chem. 14:111-14

Griffen, G. W., Price, A. K. 1964. Per-



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

112

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

GUZELIAN

chloro cage compounds. I. Structural
studies. J. Org. Chem. 29:3192-96
Anderson, J. H. Jr, Cohn, W. J,
Guzelian, P., Taylor, J. R., Griffith, F.
D., Blanke, R. V., dos Santos, J. G.,
Blackard, W. G. 1976. Effects of kepone
associated toxicity on testicular function.
Presented at Ann. Meet. Endocrine
Soc., 24th, San Francisco

DeWitt, J. B, Crabtree, D. G, Finley,
R. B, George, J. L. 1962. Effects of
pesticides on fish and wildlife: A review
of investigations during 1960. US Dept.
Inter. Fish Wildl. Serv. Circ. 167. 36 pp.
Eroschenko, V. P., Place, T. A. 1977.
Prolonged effects of kepone on strength
and thickness of eggshells from Japa-
nese quail fed different calcium level di-
ets. Environ. Pollut. 13:255-64
Eroschenko, V. P., Place, T. A. 1978.
Variations in dimensions and shell
weights of eggs collected from Japanese
quail fed kepone with different level cal-
cium diets. Environ. Pollut. 16:123-27
Eroschenko, V. P. 1979. Changes in the
reproductive performance of Japanese
quail fed kepone in different calcium di-
ets. Bull. Environ. Contam. Toxicol.
21:631-38

Good, E. E., Ware, G. W., Miller, D. F.
1965. Effects of insecticides on repro-
duction in the laboratory mouse. I. Ke-
pone. J. Econ. Entomol. 58:754-57
Chernoff, N., Linder, R. E., Scotti, T.
M., Rogers, E. H., Carver, B. D, Kav-
lock, R. J. 1979. Fetotoxicity and cata-
ractogenicity of mirex in rats and mice
with notes on kepone. Environ. Res.
18:257-69

Palmiter, R. D., Mulvihill, E. R. 1978.
Estrogenic activity of the insecticide ke-
pone on the chicken oviduct. Science
201:356-58

Gellert, R.J. 1978. Kepone, mirex, diel-
drin, and aldrin: Estrogenic activity and
the induction of persistent vaginal es-
trus and anovulation in rats following
neonatal treatment. Environ. Res.
16:131-38

Hammond, B., Katzenellenbogen, B. S.,
Krauthammer, N., McConnell, J. 1979.
Estrogenic activity of the insecticide
chlordecone (kepone) and interaction
with uterine estrogen receptors. Proc.
Natl. Acad. Sci. USA 76:6641-45
Bulger, W. H., Muccitelli, R. M,
Kupfer, D. 1979. Studies on the estro-
genic activity of chlordecone (kepone)
in the rat: Effects on uterine estrogen
receptor. Molec. Pharmacol. 15:515-24
Reuber, M. D. 1979. Carcinomas of the

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

liver in rats ingesting kepone. Neo-
plasma 26:231-35

Reuber, M. D. 1978. Carcinogenicity of
kepone. J. Toxicol. Environ. Health
4:895-911

Schoeny, R. S., Smith, C. C., Loper, J.
C. 1979. Non-mutagenicity for sal-
monella of the chlorinated hydrocar-
bons aroclor 1254,1,2,4-trichloroben-
zene, mirex and kepone. Mutat. Res.
68:125-32

Williams, G. M. 1980. Classification of
genotoxic and epigenetic hepatocar-
cinogens using liver culture assays. Ann.
NY Acad. Sci. 349:273-82

Probst, G. S., McMahon, R. E., Hill, L.
E., Thompson, C. Z., Epp, J. K., Neal,
S. B. 1981. Chemically-induced un-
scheduled DNA synthesis in primary
rat hepatocyte cultures: A comparison
with bacterial mutagenicity using 218
compounds. Environ. Mutat. 3:11-32
Pitot, H. C., Sirica, A. E. 1980. The
stages of initiation and promotion in
hepatocarcinogenesis. Biochim. Bio-
phys. Acta 605:191-215

Farber, E. 1980. The sequential analysis
of liver cancer induction. Biochim. Bio-
phys. Acta 605:149-66

Kavlock, R. J., Chernoff, N,, Rogers,
E., Whitehouse, D. 1980. Comparative
tissue distribution of mirex and chlorde-
cone in fetal and neonatal rats. Pestic.
Biochem. Physiol. 14:227-35

Mutter, L. C. 1980. Hepatic transport of
chlordecone in the rat. PhD thesis. Med.
Coll. Virginia, Richmond, Va. 188 pp.
Morgan, D. P., Roan, C. C. 1974. The
metabolism of DDT in man. Essays
Toxicol. 12:39-97

Landrigan, P. J., Wilcox, K. R,, Silva,
J. Jr, Humphrey, H. E. B, Kauffman,
C., Heath, C. W. Jr. 1979. Cohort study
of Michigan residents exposed to poly-
brominated biphenyls: Epidemiologic
and immunologic findings. Ann. NY
Acad. Sci. 320:284-94

Hunter, C. G., Robinson, J., Roberts,
M. 1969. Pharmacodynamics of diel-
drin (HEOD): Ingestion by human sub-
jects for 18 to 24 months, and post-
exposure for eight months. Arch. Envi-
ron. Health 18:12-21

Robinson, J., Hunter, C. G. 1966. Or-
ganochlorine insecticides: Concentra-
tions in human blood and adipose tis-
sue. Arch. Environ. Health 13:558-63
Lindstrom, F. T., Gillett, J. W., Rode-
cap, S. E. 1974. Distribution of HEOD
(dieldrin) in mammals. I. Preliminary
m;)del. Arch. Environ. Contam. Toxicol.
2:9-42



Annu. Rev. Pharmacol. Toxicol. 1982.22:89-113. Downloaded from www.annualreviews.org
by Central College on 12/12/11. For personal use only.

103.

104.

105.

106.

107.

108.

109.

110.

111

TOXICOLOGY OF CHLORDECONE 113

Soine, P. J., Blanke, R. V., Guzelian, P.
S., Schwartz, C. C. 1981. Preferential
binding of chlordecone to the protein
and high density lipoprotein fractions of
plasma from man and other species. J.
Toxicol. Environ. Health. In press
Skalsky, H. L., Fariss, M. W., Blanke,
R. V,, Guzelian, P. S. 1979. The role of
plasma proteins in the transport and
distribution of chlordecone (kepone)
and other polyhalogenated hydrocar-
bons. Ann. NY Acad. Sci. 320:231-37
Arias, I. M., Ohmi, N., Bhargava, M.,
Listowsky, I. 1980. Ligandin: An ad-
venture in liverland. Mol. Cell. Bio-
chem. 29:71-80
Houston, T. E. Blanke, R. V,,
Guzelian, P. S. 1981. Chlordecone alco-
hol formation in the Mongolian gerbil
(Meriones unguiculatus): A model for
human metabolism of chlordecone (ke-
lBﬂ‘one). Fundam. Appl. Toxicol. In press
ariss, M. W. 1980. Comparative me-
tabolism of chlordecone (kepone) in
mammals. PhD thesis, Med. Coll. Va.
131 pp.
National Research Council. 1978.
Kepone/mirex/hexachlorocyclopenta-
diene: An environmental assessment.
Wash. DC: Natl. Acad. Sci.
Carlson, D. A, Konyha, D. K,
Wheeler, W. B. 1976. Mirex in the en-
vironment: Its degradation to kepone
and related compounds. Science 194:
93941
Smith, J. C., Arant, F. S. 1967. Residues
of kepone in milk from cows receiving
treated feed. J. Econ. Entomol. 60:
925-27
Garrettson, L. K., Curley, A. 1969.
Dieldrin: Studies in a poisoned child.
Arch. Environ. Health 19:814-22

112.

113.

114.

115.

116.

117.

118.

119.

120.

Adir, J,, Caplan, Y. H, Thompson, B.
C. 1978. Kepone serum half-life in hu-
mans. Life Sci. 22:699-702

Bungay, P. M., Dedrick, R. L. 1979.
Pharmacokinetics of halogenated hy-
drocarbons. Ann. NY Acad. Sci.
320:257-70

Richter, E, Lay, J. P, Klein, W,,
Korte, F. 1979. Enhanced elimination
of kepone-“C in rats fed liquid paraffin.
J. Agric. Food Chem. 27:187-89
Pore, R. S., Sorenson, W. G. 1981. Ke-
pone removal from aqueous solution by
immobilized algae. J. Environ. Sci.
Health A16:51-63

Jandacek, R. S. 1981. The effect of non-
absorbable lipids on the intestinal ab-
sorbtion of lipophiles. Drug. Metab.
Rev. In press

Guzelian, P. S, Wolff, M. S. 1979. Body
clearance of halogenated hydrocarbons:
Workshop summary. Ann. NY Acad.
Sci. 320:271-72

Wilson, N. K., Zehr, R. D. 1979. Struc-
tures of some kepone photoproducts
and related chlorinated pentacyclodec-
anes by carbon-13 and proton nuclear
magnetic resonance. J. Org. Chem.
44:1278-82

Blanke, R. V., Fariss, M. W., Guzelian,
P. S, Paterson, A. R, Smith, D. E.
1978. Identification of a reduced form
of chlordecone (kepone) in human
stool. Bull. Environ. Contam. Toxicol.
20:782-85

Roerig, S. C., Christiansen, K. L., Jan-
sen, M. A, Wang, R. I. H, Fujimoto,
J. M, Nickerson, M. 1980. Phylogen-
etic distribution of the hepatic enzyme
system for reducing naloxone to 6a-
and 68-naloxol in vertebrates. Comp.
Biochem. Physiol. C 65:93-97



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



