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Abstract The chlorinated methanes, particularly carbon tetrachloride and
chloroform, are classic models of liver injury and have developed into important
experimental hepatoxicants over the past 50 years. Hepatocellular steatosis and necro-
sis are features of the acute lesion. Mitochondria and the endoplasmic reticulum as
target sites are discussed. The sympathetic nervous system, hepatic hemodynamic
alterations, and role of free radicals and biotransformation are considered. With carbon
tetrachloride, lipid peroxidation and covalent binding to hepatic constituents have
been dominant themes over the years. Potentiation of chlorinated methane-induced
liver injury by alcohols, aliphatic ketones, ketogenic compounds, and the pesticide
chlordecone is discussed. A search for explanations for the potentiation phenomenon
has led to the discovery of the role of tissue repair in the overall outcome of liver
injury. Some final thoughts about future research are also presented.

INTRODUCTION

My interest in the chlorinated methane hepatotoxicants began during my graduate
training at the University of California, San Francisco campus. My master’s work
dealt with a chemical analytical problem in forensic toxicology. In 1956, imme-
diately after my master’s work, however, my mentor, the late Dr. Charles H. Hine,
provided me with a graduate student stipend and a very modest research fund to
study the halogenated hydrocarbons. So, my PhD dissertation dealt with certain
aspects of this subject. Later, during my own academic career, my research pro-
grams always involved these agents (1).

According to Drill (2), the hepatotoxic properties of chloroform and carbon
tetrachloride were recognized about 100 years ago. These chlorinated methanes
are classic models of liver injury and have developed into important experimental
hepatotoxicants. Other hepatotoxicants are often compared with these agents.

This describes how knowledge about chlorinated methane-induced liver injury
evolved over the past five decades. An exhaustive discussion of the subject is not
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presented. Only selected aspects were chosen to highlight some important con-
cepts. Complete coverage of the subject, particularly carbon tetrachloride, prior
to 1973 can be found elsewhere (3–6).

EARLY CONCEPTS OF LIVER INJURY

Most of the research interest in chemical-induced liver injury in the early part of
the twentieth century focused on the morphological development of the different
lesions, based on histological evaluation by light microscopy. The descriptions
still serve as the basis of our current understanding of the morphological aspects
of liver lesions. The dominant research theme during this period was how dietary
conditions or individual dietary components (diets high or low in fats, carbohy-
drates, or proteins; the presence of choline, methionine, or cystine) could modify
the hepatotoxic response (2). By midcentury, scientists turned to explaining vari-
ous morphological events in terms of altered physiological or biochemical func-
tion (7). In the past 50 years, research has largely dealt with mechanisms of action,
not only in terms of the target organ itself but in terms of the aggressor toxicant
as well.

In 1954, Himsworth (8) published a monograph on liver injury that serves as
a wonderful reservoir of the knowledge available at the time. He identified two
factors—vascular and nutritional—as playing influential roles in the development
of liver injury in its various forms. The so-called vascular factors, believed to
reflect circulatory abnormalities, were thought to be responsible for the acute
zonal necrotic lesions (centrilobular, periportal, and midzonal) observed in ani-
mals following exposure to different hepatotoxicants and a cause of the massive
hepatic necrosis seen with other agents. The idea of nutritional factors arose
mainly from studies where deficiencies in diets were investigated; the hepatic
lesions included were largely chronic, rather than acute, in form. Finally, Hims-
worth put forth the concept that hepatic necrosis of parenchymal cells could be
produced in one of two ways—‘‘by the presence of noxious agents or by the
absence of some factor essential to cellular life.’’

MITOCHONDRIA AND THE ENDOPLASMIC
RETICULUM AS SITES

With the advances made in biochemistry, particularly the isolation and functional
characterization of subcellular organelles, researchers began to search for bio-
chemical explanations for the development of liver lesions. The principal model
studied was the zonal hepatocellular lesion produced after acute exposure to
carbon tetrachloride; the primary pathological events of interest were the accu-
mulation of lipids within the hepatocyte (steatosis) and the appearance of
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hepatocellular death (necrosis), two independent events (9). A relatively complete
histological, histochemical, and biochemical study by Wahi et al (10) in rats
showed that the earliest histological evidence of derangement (necrosis and
inflammatory cell infiltration) occurred 6 h after administration of carbon
tetrachloride.

In 1956, Christie & Judah (11) proposed that the mechanism of action of
carbon tetrachloride was one of altered mitochondrial permeability, leading to
loss of essential cofactors and disruption of cellular metabolism. Mitochondrial
respiration was depressed 10 h after intoxication of rats with lethal doses; after
15 h, the oxidation of octanoate, pyruvate, citrate, hydroxybutyrate, and malate
was markedly reduced. Histologically, however, necrosis began at 5 h, and by 18
h massive necrosis was observed; all animals died within 36 h. This hypothesis
received support from Heim et al (12), who found a decrease in coenzyme A
content in guinea pig livers treated with lethal doses of carbon tetrachloride. The
alterations observed in these studies, however, might well have been a result of
the presence of necrotic tissue rather than the cause of the necrosis.

In theory, a biochemical lesion responsible for initiation of such severe lesions
should be reflected as a functional change before extensive damage becomes
evident histologically. Other investigators, who were interested in mechanisms
responsible for steatosis, also looked at mitochondrial function but discounted the
effects as causal events. Calvert & Brody (13) were unable to show consistent
mitochondrial biochemical changes sooner than 20 h after in vivo haloalkane
intoxication; no temporal correlation between the histological findings present at
5 h and the biochemical events was obtained. Recknagel & Anthony (14)
observed a lag of 14–20 h between intoxication of the animal and the appearance
of mitochondrial changes, whereas increased hepatic lipids were already promi-
nent by 3 h. Both groups showed that the mitochondrial changes could be divorced
from the changes in hepatic lipids. Later, the membranes of the endoplasmic
reticulum were identified as the site of origin of the triglycerides (5), and triglyc-
eride secretion into plasma was markedly reduced by 2 h (15). Recknagel &
Lombardi (16) observed that changes in endoplasmic reticular function (reduced
glucose-6-phosphatase activity, increased cytochrome c reductase activity) were
evident by 2 h after carbon tetrachloride administration, well before the changes
seen in mitochondria. Other investigators (5, 6, 9) showed that depressed protein
synthesis in the endoplasmic reticulum occurred in rats within 3 h after carbon
tetrachloride exposure, accompanied by dispersion of polyribosomes. Also, a
rapid decline in liver microsomal cytochrome P450 content was observed. Moore
et al (17) showed that the activity of the microsomal calcium pump was markedly
reduced 0.5 h after carbon tetrachloride administration in rats. Calcium homeo-
stasis, which involves mitochondrial, endoplasmic reticular, and cytosolic calcium
pools, is markedly perturbed after carbon tetrachloride, chloroform, bromotrich-
loromethane, and 1,1-dichloroethylene intoxication (18–20). Thus, the endo-
plasmic reticulum appeared as a more likely site of action.
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THE SYMPATHETIC NERVOUS SYSTEM AND
LIVER INJURY

Altered sinusoidal circulation following carbon tetrachloride intoxication in rats
was proposed by several investigators (7). In 1960, Calvert & Brody (21) pro-
posed that carbon tetrachloride exerted its necrotic effect, not by acting on the
liver parenchyma directly, but by causing a persistent sympathetic discharge
resulting in diminished hepatic blood flow and cellular hypoxia. In contrast to
Himsworth (8), who envisioned an action of the hepatotoxicant on hepatic cells
and a tissue response leading to mechanical modification of sinusoidal blood flow,
the concept of Calvert & Brody centered on the central nervous system as the
site of action of carbon tetrachloride. The new provocative hypothesis was based
on indirect evidence (no measurements of hepatic blood flow or of tissue hypoxia
were performed) using adrenergic- and ganglionic-blocking agents as well as
spinal cord transection (21–24) to modify or block the usual hepatotoxic responses
to carbon tetrachloride (centrilobular necrosis, lipid accumulation). By far, the
best protection was afforded by cervical cordotomy at the level of C-6 or C-7.

Because cervical cordotomy could theoretically affect a number of physiolog-
ical systems, a series of studies was undertaken in my laboratory to unravel the
remarkable protection afforded by this procedure. The possibility of decreased
absorption of carbon tetrachloride was eliminated (25). We observed, however,
that the rats undergoing cordotomy became poikilothermic. By 10 h after surgical
interruption, the rectal temperature of animals transected at C-7 approached that
of the room. The severity of the hypothermic response was dependent on the level
of the cord transection in a pattern that paralleled the degree of protection afforded
by cordotomy. Also, it was shown that if cord-transected (C-6 or C-7) rats were
placed in an incubator to maintain normal body temperature, carbon tetrachloride
exerted its necrotic effect (26, 27). Furthermore, with animals maintained under
hypothermic conditions, one could produce carbon tetrachloride-induced liver
necrosis, if the agent was administered three times, every 12 h, and the rats killed
24 h after the last treatment. Finally, hypothermia induced by immersion of nor-
mal rats in cold water also resulted in a protective effect comparable to that of
cordotomy (27). We showed that the oxygen consumption of cord-sectioned rats
maintained at room temperature decreased to 50% of that of normal rats by 1 h
and to 30% of that of normal rats by 5 h. Our explanation for the protective effect
of cervical cordotomy was that in hypothermia, the metabolic activity of the liver
was diminished, and this would reduce the bioactivation of carbon tetrachloride
into its hepatotoxic intermediates. We further showed that large infusions of nor-
epinephrine, epinephrine, or mixtures of these catecholamines did not result in
lesions similar to those produced by carbon tetrachloride (27). We also found that
rats subjected to immunological sympathectomy after birth (injection of antisym-
pathetic nerve growth factor) and later adrenal demedullated were not protected
against carbon tetrachloride (28). Thus, these experiments showed that from all
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points of view, a vascular role attributed to carbon tetrachloride via release of
catecholamines should be rejected as a primary cause of injury.

Regarding steatosis, the Calvert & Brody hypothesis (21) proposed that a per-
sistent sympathetic discharge due to an action of carbon tetrachloride on the
central nervous system resulted in an oversupply of fatty acids from adipose tissue
to the liver. The events by which carbon tetrachloride causes steatosis are rea-
sonably well understood in terms of pathogenesis and biochemical sequences (5,
29, 30). Generally, the evidence points to a failure of the hepatic triglyceride
secretory mechanism as the causal event of major importance in the case of carbon
tetrachloride, not enhanced supply of fatty acids from peripheral stores (5). There
is agreement that fatty acids must be available from adipose tissue for the liver
to synthesize triglycerides, and that interruption of the pituitary-adrenal axis
diminishes plasma free fatty acids. This leads to a block in the accumulation of
triglycerides. The peripheral stores, however, play a permissive role in this situ-
ation, rather than one of initiation.

Although the original sympathetic nervous system explanation for the hepa-
totoxic action of carbon tetrachloride is no longer tenable, there are acute hepatic
hemodynamic consequences following exposure to carbon tetrachloride that jus-
tify consideration. Using the isolated perfused rat liver, we demonstrated (31–33)
that the circulatory action of carbon tetrachloride was actually biphasic. In these
experiments the animals received the haloalkane in vivo; the livers were removed
and perfused in vitro at various times after its administration. During the initial
phase (1–6 h after treatment), there was a moderate increase in hepatic resistance
(evident by perfusate flow/portal pressure curves) that returned to normal by 6 h;
this was followed by a more prolonged increase in resistance that persisted for
several days (96 h after treatment). The biphasic cycle observed was quite repro-
ducible. To determine the causal relationships involved in the phenomenon, a
variety of protective measures were investigated (promethazine, dimethoxy-pro-
pyltrimethylammonium chloride, ethylenediaminetetraacetic acid, hypophysec-
tomy, cordotomy, hypothermia), as well as comparisons to the hepatic effects of
ethionine (steatosis present but no necrosis) and thioacetamide (necrosis present
but no steatosis). These experiments allowed us to conclude that the initial phase
(first 6 h) of increased hepatic resistance was due to the accumulation of triglyc-
erides, whereas the later phase (after 6 h) was associated with the appearance of
hepatic necrosis.

Although the primary hepatotoxic action of carbon tetrachloride does not
involve the catecholamines, adrenoreceptor agonists can affect the progression of
the lesion. In mice, epinephrine or norepinephrine administered subcutaneously
was shown to potentiate the hepatotoxic properties of a small dose of the chlo-
rinated methane in a dose-related fashion (34). Electrical stimulation of the ven-
tromedial hypothalamus in rats was reported (35) to enhance markedly carbon
tetrachloride- or dimethylnitrosamine-induced liver injury, and this effect was
attenuated by surgical sympathetic denervation of the liver. The authors suggested
that the hypothalamus seemed to be involved in the progression of the lesion, but
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attributed the sympathetic effect to one on hepatic metabolism rather than on
blood flow. More recently, Roberts and collaborators (36–40) observed that phen-
ylpropylamine and methamphetamine can potentiate carbon tetrachloride- and
acetaminophen-induced hepatotoxicity in rodents, but that the temporal aspects
of each type of potentiation differ, which suggests that the pathways involved are
also different. With carbon tetrachloride, both central and peripheral (hepatic
microcirculation) adrenoreceptor components are put forth as possibilities,
whereas with acetaminophen the evidence suggests an adrenoreceptor-related
effect on liver glutathione (40).

FREE-RADICALS, BIOTRANSFORMATION,
AND LIVER INJURY

It is commonly held that in most instances, chemical-induced hepatotoxicity is
the result of biochemical disruptions caused by reactive metabolites arising from
biotransformation (41–43). The putative chemical species in most cases, however,
has not necessarily been identified, but the cascade of events leading to hepatic
dysfunction is usually reasonably well described based on in vitro and in vivo
studies. Examples where bioactivation becomes the initiating event include such
necrogenic hepatotoxicants as carbon tetrachloride, bromotrichloromethane,
chloroform, halothane, bromobenzene, acetaminophen, furosemide, isoniazid,
thioacetamide, dimethylnitrosamine, allyl formate, and aflatoxin. The bioactiva-
tion characteristics of aliphatic organohalogens (including the chlorinated meth-
anes), their detection, and relevance were reviewed by Sipes & Gandolfi (44).

In a seminal article published in 1961, Butler (45) showed that carbon tetra-
chloride administered to dogs was reduced to chloroform; he postulated the hom-
olytic fission of the carbon-chlorine bond as a possible mechanism, leading to the
formation of a free radical as the ultimate toxic moiety. Both Slater (46) and
Recknagel (5) proposed, independently, that the putative carbon tetrachloride-
derived free radical could attack membranes, leading to peroxidation and resulting
in necrosis or steatosis. The trichloromethyl free radical (•CCl3) was eventually
identified by spin trapping in rat liver microsomes incubated with carbon tetra-
chloride and in livers from animals treated with the haloalkane (47). The free
radical reacts very rapidly with oxygen to yield a highly reactive trichlorome-
thylperoxy free radical (•CCl3O2), which is said to be the initiator of lipid per-
oxidation (47). Furthermore, a carbon dioxide anion radical has been described
and its adduct identified in the urine of rats treated with the haloalkane, but its
role in the hepatotoxic process, if any, is still not established (48, 49). The bio-
transformation of carbon tetrachloride occurs in the endoplasmic reticulum and
is mediated by cytochrome P450; the principal isoform implicated as the catalyst
is CYP2E1, but evidence for CYP2B1/2 exists as well (50–53).
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LIPID PEROXIDATION, COVALENT BINDING,
AND LIVER INJURY

The carbon tetrachloride-derived free radical(s) can bind irreversibly to hepatic
proteins and lipids and can initiate a process of autocatalytic lipid peroxidation
by attacking the methylene bridges of unsaturated fatty acid side chains of micro-
somal lipids. Recknagel & Ghoshal (54) demonstrated that conjugated dienes,
typical of peroxidized polyenoic fatty acids, appeared in hepatic microsomal lip-
ids 1.5 h after rats were exposed to nonlethal doses of carbon tetrachloride. The
peroxidative process is thought to result in early morphologic alteration of the
endoplasmic reticulum, loss of cytochrome P450 activity, loss of glucose-6-phos-
phatase activity, depressed protein synthesis, loss of the capacity of the liver to
form and excrete very-low-density lipoproteins, and eventually cell death (6, 47,
55). Bromotrichloromethane, the bond dissociation energy of which is lower than
that of carbon tetrachloride and more reactive to homolytic cleavage (6, 47, 56),
is more potent than carbon tetrachloride in terms of hepatotoxicity and lipid per-
oxidative properties (6, 18, 20, 56). Chloroform, the bond dissociation energy of
which is higher than that of bromotrichloromethane or carbon tetrachloride, is
also bioactivated by cytochrome P450 but not to a free radical (47); the highly
reactive electrophilic metabolite phosgene was demonstrated in phenobarbital-
pretreated rats subsequently given chloroform (57, 58).

Lipid peroxidation is not the only process associated with the formation of
free radicals after carbon tetrachloride intoxication. The reactive products also
bind covalently to hepatic macromolecules; binding to lipids, proteins, and
nucleic acids has been demonstrated (59). Binding to cytochrome P450, which
leads to its destruction, occurs rapidly in vivo and in some instances can be shown
to be independent of lipid peroxidation (60–63). Castro (59) has been a proponent
of covalent binding of carbon tetrachloride–derived products as an important
element of the hepatotoxic mechanism of this agent. In 1973, Recknagel & Glende
(6), as strong supporters of the lipid peroxidation hypothesis, were critical of
those advocating a ‘‘toxic metabolite’’–based theory. However, 10 years later,
after recognizing the difficulties brought on by some of the artificial conditions
used in vitro for following lipid peroxidation, Recknagel et al (18) also put lipid
peroxidation into perspective; they pointed out that the covalent binding of carbon
tetrachloride–derived products could provoke secondary mechanisms that finally
resulted in important pathological consequences.

Lipid peroxidation, however, need not always appear after exposure to hepa-
totoxicants, even if reactive metabolites are formed (64, 65). 1,1-Dichloroethylene,
trichloroethylene, ethylene dibromide, dimethylnitrosamine, and thioacetamide
serve as examples. Klaassen & Plaa (66) found no evidence of the presence of
conjugated dienes (a sensitive in vivo indicator of lipid peroxidation) after admin-
istration of chloroform in rats with dosages that resulted in steatosis and necrosis;
depression of hepatic glucose-6-phosphatase activity (associated with peroxida-
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tion in the endoplasmic reticulum) was also absent. Brown et al (67) found that
rats pretreated with phenobarbital, but not untreated animals, produce conjugated
dienes during chloroform exposure; depression of glucose-6-phosphatase activity
was also reported to occur after chloroform only in phenobarbital-pretreated rats
(68). Because chloroform-induced liver injury is more severe in phenobarbital-
pretreated rats, the possibility exists that the initial lesion induced by chloroform
in these animals is merely aggravated by the additional appearance of lipid per-
oxidation. It is interesting to note that Wang et al (69) recently compared the time
courses of carbon tetrachloride and chloroform hepatotoxic responses and found
that cellular degeneration and necrosis appear sooner following carbon tetrachlo-
ride intoxication in rats. Previously, we had established dose-response curves for
hepatotoxicity with several haloalkanes (70–72) and demonstrated in mice and
dogs that the potency of carbon tetrachloride as an hepatotoxicant was much
greater than chloroform. Perhaps the presence of lipid peroxidation with carbon
tetrachloride accounts for the differences in potency between these two chlori-
nated methanes. These findings and others cast doubt on the general applicability
of lipid peroxidation as a mechanism of action for hepatotoxicants (73, 74).

Normal cellular metabolism itself can lead to reactive oxygen species (super-
oxide, hydrogen peroxide, singlet oxygen, and hydroxyl radical), and all cells
contain defense systems to prevent or limit damage; glutathione is the major
element, but a-tocopherol and ascorbic acid play important roles (75). An imbal-
ance between prooxidants and antioxidants is known as oxidative stress; redox
cycling can cause oxidative stress in cells. Calcium-induced permeability transi-
tion of the mitochondrial inner membrane may initiate cell death in oxidative
stress; morphological and functional changes in mitochondria are features of oxi-
dative stress-induced cell injury (76–78). It is now established that nonparenchy-
mal cells can be involved in oxidative stress leading to hepatotoxicity (79).
Reactive oxygen intermediates are generated by macrophages, as well as by endo-
thelial cells and stellate cells (Ito cells), but under physiological conditions, cel-
lular antioxidants normally present prevent the intermediates from producing
cytotoxicity. Enhanced formation of oxygen intermediates has been demonstrated
with carbon tetrachloride, galactosamine, and 1,2-dichlorobenzene. With the latter
agent, recent evidence indicates that Kupffer cell–derived oxygen species are
largely responsible for lipid peroxidation (80) Also, Kupffer cell activation and
inflammatory cells have been implicated in the potentiation of carbon tetrachlo-
ride liver injury by retinol (81, 82).

POTENTIATION OF LIVER INJURY

The potentiation of liver injury caused by one agent because of the simultaneous
or sequential exposure to another chemical is not a recent discovery. Anecdotal
clinical evidence and experimental laboratory evidence of interactions between
ethanol and carbon tetrachloride or chloroform appeared in the literature before
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1930 (see 2, 3), but experiments designed to explain this interesting phenomenon
did not appear until much later. With the development of the pentobarbital sleep-
ing time assay for quantifying liver injury (70), an experimental tool was available
to assess this phenomenon in rodents. In 1962 Kutob & Plaa (83) demonstrated
that administration of a nonlethal dose of ethanol to mice prior to their subsequent
exposure to a small dose of chloroform resulted in potentiation of the haloalkane-
induced liver injury. Later these findings were extended to carbon tetrachloride
in experiments where elevations in plasma aminotransferase activity to quantify
liver injury were employed (71, 72, 84). As an explanation for the potentiation
of chloroform toxicity, we proposed that the elevation in hepatic triglycerides
resulting from the ethanol pretreatment might cause enhanced hepatic retention
of chloroform, thus increasing the hepatic internal ‘‘dose’’ of toxicant. Some
evidence supporting the hypothesis was presented (83), but the issue was never
investigated in depth and remains unresolved.

Aliphatic alcohols other than ethanol can enhance the hepatotoxic properties
of carbon tetrachloride (85). We studied the potentiating characteristics of iso-
propanol (86–90) and showed that the potency of isopropanol exceeds that of
ethanol; the severity of the hepatotoxic response is also more extensive with
isopropanol potentiation. Isopropanol is rapidly biotransformed to acetone; com-
prehensive dose-effect and time-effect studies (87, 91), as well as various sce-
narios of altered metabolism, demonstrated that acetone, the major metabolite of
isopropanol, is responsible for the potentiating properties of isopropanol. Finally,
it was postulated that the isopropanol-carbon tetrachloride interaction observed
in rodents might present itself in humans during occupational exposures (90).
Later two industrial accidents did occur, one in the United States (92) and the
other in Taiwan (93); they mimicked the potentiation phenomenon we first
observed in rodents.

Other aliphatic ketones have been shown to potentiate the hepatotoxic prop-
erties of carbon tetrachloride and chloroform. These include the following: 2-
butanone (methyl ethyl ketone), 2-pentanone (methyl propyl ketone), 2-hexanone
[methyl n-butyl ketone (MnBK)], 2,5-hexanedione (metabolite of MnBK), 4-
methyl-2-pentanone [methyl isobutyl ketone (MiBK)], 1-hydroxy-4-methyl-
2-pentanone (metabolite of MiBK), and 2-heptanone (methyl amyl ketone)
(94–99). Also, certain chemicals are biotransformed to ketones (‘‘ketogenic’’
chemicals), like n-hexane, 2-butanol, or 4-methyl-3-pentanol, and are effective
potentiators (100–103). The metabolic ketosis produced by 1,3-butanediol (bio-
transformed to b-hydroxybutyrate) is responsible for the potentiating properties
of this agent, as an excellent correlation exists between the plasma concentrations
of b-hydroxybutyrate and the severity of the potentiation (101). Furthermore, the
potentiating properties of this ketone body probably accounts for the potentiation
of carbon tetrachloride liver injury observed in acute alloxan- or streptozotocin-
induced diabetic rats (104–107), as well as the differences in chloroform toxicity
observed in fed and fasting rats (108).
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Carbon tetrachloride and chloroform are not the only chlorinated hydrocarbon
solvents whose hepatotoxic properties are enhanced by ketones. The others con-
sist of 1,1,2-trichloroethane, 1,1-dichlorethylene, bromoform, bromodichloro-
methane, and dibromochloromethane, but not 1,1,1-trichloroethane, 1,1,2,2,-
tetrachloroethane, trichloroethylene, or tetrachloroethylene (103, 109–111). There
is a strong suggestion that weak hepatotoxic chlorinated alkanes are not converted
into potent hepatotoxicants by a previous exposure to ketones. With the bromi-
nated methane derivatives, however, this conclusion does not appear to be appli-
cable because potent hepatotoxic combinations are produced by ketone
potentiation (103, 109, 111).

Pessayre et al (112) showed that trichloroethylene can aggravate the hepato-
toxic response to carbon tetrachloride in rats and that mixtures of these two agents
are more potent hepatotoxicants than either given singly; the interaction was con-
firmed by others (113–115). Acetone potentiates the hepatotoxicity of trichloro-
ethylene-carbon tetrachloride mixtures and has variable effects on the hepatotoxic
effects of other chlorinated hydrocarbon mixtures composed of chloroform, car-
bon tetrachloride, 1,1,1-trichloroethane, 1,1,2-trichloroethane, tetrachloroethy-
lene, 1,1,2,2-tetrachloroethane, or 1,1-dichloroethylene (113, 116). Furthermore,
multiple exposures of acetone to rats receiving concurrently repetitive adminis-
trations of carbon tetrachloride were shown to enhance the appearance of liver
fibrosis (117). Thus, the potentiation of halogenated hydrocarbon hepatotoxicants
by ketones and ketogenic substances is extensive and covers both acute and
chronic aspects of the injury.

Chlordecone (Kepone), a cyclic organochlorine pesticide containing a carbonyl
group, is a remarkable potentiator of chlorinated methane liver injury, in contrast
to its nonketonic analog mirex. We were the first to describe the potentiating
properties of chlordecone on chloroform hepatotoxicity in mice (118) and con-
tinued to study the chlordecone-chloroform combination later in rats. Shortly
thereafter, Mehendale and his colleagues published their first chlordecone-
potentiation experiments with carbon tetrachloride in rats (119); later they dem-
onstrated that bromotrichloromethane hepatotoxicity was also potentiated (120).
Mehendale’s group has published extensively on the carbon tetrachloride poten-
tiation model and has made some important observations, including the role of
tissue repair on the overall outcome of the potentiation (121). The acute effects
of chlordecone on chloroform toxicity persist because the agent is poorly metab-
olized and is very lipophilic (122, 123); a threshold chlordecone liver concentra-
tion appears to exist. The potentiation of chloroform can still be elicited 20 days
after exposure to a single dose of chlordecone, coinciding with the presence of
enhanced covalent binding of chloroform-derived reactive metabolites and per-
sistent chlordecone liver residues (122).

Regarding mechanisms involved in the potentiations observed with ethanol,
isopropanol, 1,3-butanediol, various aliphatic ketones, and chlordecone, increased
production of haloalkane-derived reactive metabolites (via cytochrome P450) is
certainly of major importance (51, 100, 122, 124–132). The induction of CYP2E1
by ethanol and acetone is well established. Methyl n-alkyl ketones were shown
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to induce CYP2E1 and CYP2B1/2 (133) and chlordecone was shown to induce
CYP2B1/2 (134–136). Experiments where the irreversible (covalent) binding of
chloroform-derived or carbon tetrachloride–derived radioactivity to liver constit-
uents (usually microsomal proteins or lipids) was followed in vivo or in vitro
have consistently shown increased binding in treatment regimens with the various
potentiators. One exception is a study reported by Davis & Mehendale (137) with
chlordecone, where enhanced covalent binding of carbon tetrachloride–derived
radiolabel was not observed; in this experiment, however, the dosage of chlor-
decone employed (5 mg/kg) was below the threshold dose of chlordecone (10
mg/kg) determined by Plaa et al (123). Later, Britton et al (131) used 15 mg of
chlordecone/kg and demonstrated a 67% increase in cytochrome P450 content
and an increase in the covalent binding of carbon tetrachloride–derived radioac-
tivity to microsomal protein and lipids in vivo. In another study from Mehendale’s
group (138), the authors report that increased covalent binding after chlordecone
was not found, but on this occasion the authors apparently measured radiolabel
bound to total liver proteins. All things considered, enhanced bioactivation of the
haloalkane hepatotoxicant (likely due to induction of cytochrome P450) appears
to be the major mechanism of action.

Nevertheless, there are indications that other mechanisms may also be involved
in these potentiations. With isopropanol potentiation, mitochondrial and lysoso-
mal damage following carbon tetrachloride appears more severe than that pro-
duced by a larger dose of carbon tetrachloride given alone (139). The lesion
observed in animals treated with chlordecone and carbon tetrachloride or chloro-
form differs from that seen with carbon tetrachloride or chloroform given alone
(118, 119). More severe hepatobiliary dysfunction (possibly due to altered mem-
branes) was reported with the combination of chlordecone-carbon tetrachloride
(119, 140). Lysosomal fragility to osmotic stress in vitro was enhanced when the
hepatic organelles were obtained from rats treated in vivo with the combination
of chlordecone-chloroform or acetone-chloroform (130). In the same study, mor-
phological evaluation suggested mitochondria respond differently to chloroform
in chlordecone- or 2-hexanone–pretreated animals compared with vehicle-pre-
treated rats; the mitochondria appeared to have reached a terminal stage of damage
earlier than the cell in general. Finally, Mehendale and his colleagues (121, 141–
143) postulate that in chlordecone-potentiated carbon tetrachloride hepatotoxicity,
early tissue repair processes are markedly disrupted; the greater severity of the
lesion observed and its consequences appear due to the absence of this protective
mechanism. Thus it is clear that a complete explanation for the potentiation phe-
nomenon remains unresolved.

TISSUE REPAIR AND RECOVERY

Although various aspects of chemical-induced liver injury have been studied for
over 50 years, interest generally has focused on the early initiating events leading
to hepatocellular dysfunction, rather than on the later recovery phase of the lesion.
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Searching for the ‘‘biochemical lesion’’ has dominated research in this area. How-
ever, repair is an important component of the lesion. Hepatocellular regeneration
begins within 6 h after administration of a small dose of carbon tetrachloride in
rats; yet the centrilobular necrosis is just becoming evident (144, 145). With the
combination of carbon tetrachloride and several potentiating agents (n-hexane, 2-
hexanone, 2,5-hexanedione, isopropanol, and acetone), recovery time was
assessed using biochemical indices (activities of serum enzymes) and morpho-
logical patterns (quantitative histology) of liver injury; appropriate dose-response
curves were established from the percentage of animals affected (146). Recovery
time was shown to be related to the maximal severity of the lesion, regardless of
the potentiating combination. Although pretreatment with the potentiator resulted
in an enhanced hepatotoxic response from a small dose of carbon tetrachloride,
the dose-response curve for the enhanced response was no different than that
produced by a larger, but equitoxic, dose of the haloalkane given alone. These
data were interpreted as indicating that the five potentiators did not alter the
temporal progression of carbon tetrachloride-induced liver injury.

Mehendale and his collaborators have performed an extensive series of exper-
iments to assess the role of tissue repair in potentiated liver injury (142, 147–
150). The studies originated from the observation that chlordecone-potentiated
carbon tetrachloride hepatotoxicity in rats was quantitatively quite remarkable
and resulted in greatly enhanced lethality when compared with the results
obtained in animals not pretreated with the pesticide. Normally, two tissue repair
processes are observed after exposure to a small dose of the haloalkane (121,
142); the early phase regeneration (EPR) response (arrested G2 hepatocytes acti-
vated to proceed through mitosis) occurs quickly (peaks at about 6 h) and is
followed (at about 24 h) by the secondary phase regeneration (SPR) response
(hepatocytes mobilized from G0/G1 to proceed through mitosis). During chlor-
decone potentiation of carbon tetrachloride liver injury, EPR is thought to be
eliminated and SPR decreased; thus the progression of the severe injury is facili-
tated and leads to lethality. There is evidence that induction of EPR may accelerate
SPR. It is interesting to note that a large dose of carbon tetrachloride given alone
also results in a regeneration response similar to that obtained with chlordecone
and a small dose of haloalkane. Experiments performed with colchicine, partial
hepatectomy, carbon tetrachloride autoprotection, nutritional factors, and different
animal species have provided data consistent with the purported roles attributed
to EPR, SPR, and liver injury (121, 142, 143).

The role of tissue repair has been assessed with other hepatotoxicants (143).
The data indicate that thioacetamide, o-dichlorobenzene, and trichloroethylene
when given alone affect hepatic tissue regeneration in a manner not unlike that
observed with carbon tetrachloride. Increased lethality, however, was not
observed with isopropanol- or ethanol-potentiated carbon tetrachloride–induced
liver injury (151, 152). Mehendale (141) and Soni & Mehendale (143) have pro-
posed a two-stage model for chemical-induced hepatotoxicity. Stage one would
involve initiation and infliction of injury; stage two would lead to recovery or
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progression to massive injury, depending on the effects of the toxicant on cellular
regeneration (enhanced regeneration would lead to recovery; inhibition would
lead to massive injury). Although various aspects of the repair-recovery process
are still hypothetical and speculative, the concept itself is thought-provoking and
certainly an important contribution to the understanding of chemical-induced liver
injury. It will be interesting to see how it evolves with time.

SOME FINAL THOUGHTS

The amount of knowledge acquired over the past 50 years about the liver injury
produced by chlorinated methanes, particularly carbon tetrachloride, is truly
remarkable. One can wonder, however, what might have happened if chloroform,
instead of carbon tetrachloride, had been the gold standard for studying the bio-
chemistry of chemical-induced acute necrogenic liver injury. Certainly the free-
radical picture and the phenomenon of lipid peroxidation as we know it today
might have been very different because each one seems to play a different role
with chloroform. Acquired knowledge about carbon tetrachloride has had a great
influence on research approaches designed to understand other types of chemical-
induced hepatotoxicity. In drug-induced liver disease, the acetaminophen and hal-
othane models, however, have now attained their own distinct identities. Also,
the chlorinated methanes are not very useful for understanding the idiosyncratic
liver injury that may occur in an unpredictable fashion with some therapeutic
agents.

The steatosis observed after the acute administration of chlorinated methanes
is largely attributed to a failure of the triglyceride secretory mechanism of the
hepatocyte. Yet, the possible effects of these agents on the more recently described
molecular events involved in triglyceride secretion (153–156) remain to be inves-
tigated. This area of research should be brought up-to-date, in line with more
current concepts.

Unfortunately, the perception of altered mitochondria as only a late event in
the temporal development of the liver injury produced by the chlorinated meth-
anes might have contributed to an apparently lessened interest in the role of this
organelle in other forms of chemical-induced liver injury. Yet, the importance of
mitochondrial function in oxidative stress-related aspects of hepatotoxicity is now
evident. Also, early mitochondrial dysfunction has been proposed as an important
element in bromobenzene toxicity (157), and inhibition of mitochondrial b-
oxidation has been associated with the microvesicular steatosis observed in rats
following valproic acid intoxication (158). This biochemical lesion is now con-
sidered of major importance in other forms of liver injury in humans and animals
(159, 160). It would be worthwhile that in the future, mitochondrial function be
revisited even for chlorinated methane–induced liver injury, possibly as a con-
tributory lesion.
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Despite all the advances made with chemical-induced liver injury, we still
cannot establish which of the changes observed lead to cell death and which are
secondary disturbances. We know what can be done to a liver cell and yet not
destroy it. Judah’s words published in 1970 (9) are still appropriate 30 years later:
‘‘Necrosis is a histologist’s conception. The dead cell is recognized by changes
that are the consequences of cell death . . . . These signs take some time to develop,
hence one is ignorant of the precise moment of cell death.’’ It is likely that the
fervent search for the ‘‘biochemical lesion’’ pursued over the past 40 years has
distorted our ability to recognize what the necrotic process actually represents. In
this regard, the two-stage model of toxicity proposed by Mehendale (141) from
chlordecone-carbon tetrachloride interactions is a novel way of looking at chem-
ical-induced liver injury. Cohen & Khairallah (161) discussed an analogous sit-
uation with acetaminophen hepatotoxicity (a field largely influenced by prior
experience acquired with carbon tetrachloride). They came to the conclusion that
multiple independent insults to cells may be involved in toxicity and proposed
the concept of a multistage process as being appropriate for acetaminophen; col-
lectively, a number of cellular events set in motion and perpetuate the processes
that determine outcome. Such ideas should become stimulating influences and
should be pursued in future hepatotoxic research.

The discovery by Mehendale and his colleagues (121, 142, 143) of the con-
sequences of early-phase–regeneration and secondary-phase–regeneration tissue
repair processes, and their interactions, on the outcome of carbon tetrachloride–
induced hepatotoxicity (with or without chlordecone potentiation) is an exciting
and intriguing development. It expands our conception of the overall process of
liver injury in a significant manner. The fact that elements of the processes are
applicable to other hepatotoxicants appears to be quantifiable and follows dose-
dependent criteria (including the appearance of a threshold) contributes greatly
to their importance. The pursuit of the biochemical and molecular aspects of these
phenomena in much greater depth, including genetic expression, should undoubt-
edly have a marked influence on our better understanding of chemical-induced
hepatotoxicity. The next 15 years or so should be really interesting.

Visit the Annual Reviews home page at www.AnnualReviews.org.
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Plaa GL. 1985. Temporal analysis of rat
liver injury following potentiation of car-
bon tetrachloride hepatotoxicity with
ketonic or ketogenic compounds. Toxi-
cology 35:95–112

147. Bell AN, Young RA, Lockard VG, Meh-
endale HM. 1988. Protection of chlor-
decone-potentiated carbon tetrachloride
hepatotoxicity and lethality by partial
hepatectomy. Arch. Toxicol. 61:392–405

148. Mehendale HM, Purushotam KR, Lock-
ard VG. 1989. The time course of liver
injury and [3H]thymidine incorporation
in chlordecone-potentiated CHCl3 hepa-
totoxicity. Exp. Mol. Pathol. 51:31–47

149. Mehendale HM, Thakore KN, Rao CV.
1994. Autoprotection: stimulated tissue
repair permits recovery from injury. J.
Biochem. Toxicol. 9:131–39

150. Soni MG, Mehendale HM. 1991. Protec-
tion from chlordecone-amplified carbon
tetrachloride toxicity by cyanidanol:
regeneration studies. Toxicol. Appl.
Pharmacol. 108:58–66

151. Ray SD, Mehendale HM. 1990. Potentia-
tion of CCl4 and CHCl3 hepatotoxicity
and lethality by various alcohols. Fun-
dam. Appl. Toxicol. 15:429–40

152. Rao PS, Dalu A, Kulkarni SG, Mehen-
dale HM. 1996. Stimulated tissue repair
prevents lethality in isopropanol-induced
potentiation of carbon tetrachloride hepa-
totoxicity. Toxicol. Appl. Pharmacol.
140:235–44

153. Vance JE, Vance DE. 1990. Lipoprotein
assembly and secretion by hepatocytes.
Annu. Rev. Nutr. 10:337–56

154. Rusinol A, Verkade H, Vance JE. 1990.
Assembly of rat hepatic very low density
lipoproteins in the endoplasmic reticu-
lum. J. Biol. Chem. 268:3555–62

155. Kuipers F, Jong MC, Lin Y, Eck M, Hav-
inga R, et al. 1997. Impaired secretion of
very low density lipoprotein-triglycer-
ides by apolipoprotein E-deficient mouse
hepatocytes. J. Clin. Invest. 100:2915–22

156. Yamauchi T, Iwai M, Kobayashi N, Shi-
mazu T. 1998. Noradrenaline and ATP
decrease the secretion of triglyceride and
apoprotein B from perfused rat liver. Eur.
J. Physiol. 435:368–74

157. Maellaro E, Del Bello B, Casini AF,
Comporti M, Ceccarelli D, et al. 1990.
Early mitochondrial disfunction in bro-
mobenzene treated mice: a possible fac-
tor of liver injury. Biochem. Pharmacol.
40:1491–97

158. Tang W, Borel AG, Fujimiya T, Abbott
FS. 1995. Fluorinated analogues as
mechanistic probes in valproic acid hepa-
totoxicity: hepatic microvesicular stea-
tosis and glutathione status. Chem. Res.
Toxicol. 8:671–82

159. Fromenty B, Pessayre D. 1995. Inhibi-
tion of mitochondrial beta-oxidation as a
mechanism of hepatotoxicity. Pharma-
col. Ther. 67:101–54

160. Tennant BC, Baldwin BH, Graham LA,
Ascenzi MA, Hornbuckle WE, et al.
1998. Antiviral activity and toxicity of
fialuridine in the woodchuck model of
hepatitis B virus infection. Hepatology
28:179–91

161. Cohen SD, Khairallah A. 1997. Selective
protein arylation and acetaminophen-



CHLORINATED METHANE LIVER INJURY 65

induced hepatotoxicity. Drug Metab.
Rev. 29:59–77

162. Plaa GL, Hewitt WR, eds. 1982. Toxi-
cology of the Liver. New York: Raven

163. Plaa GL, Hewitt WR, eds. 1998. Toxi-
cology of the Liver. Washington, DC:
Taylor & Francis. 2nd ed.

164. Wallace KB, ed. 1997. Free Radical Tox-
icology. Washington, DC: Taylor &
Francis

165. Arias IM, Jakoby WB, Popper H,
Schachter D, Shafritzs DA, eds. 1988.
The Liver: Biology and Pathobiology.
New York: Raven. 2nd ed.


