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ABSTRACT

A wide variety of chemicals have been shown to produce liver enlargement,
peroxisome proliferation, and induction of peroxisomal and microsomal fatty
acid-oxidizing enzyme activities in rats and mice. Moreover, certain peroxi-
some proliferators have been shown to increase the incidence of liver tumors
in these two species. This review describes the characteristics of peroxisome
proliferation in rodent liver and in vitro in primary hepatocyte cultures and
gives examples of the range of different classes of chemicals that produce this
effect. Mechanisms of initiation of peroxisome proliferation in rodent hepato-
cytes, including peroxisome proliferator-activated receptors, are also de-
scribed. Peroxisome proliferators are not considered to be genotoxic
carcinogens, and proposed mechanisms of liver tumor formation include in-
duction of sustained oxidative stress, a role for enhanced cell replication, and
the promotion of spontaneous preneoplastic lesions. Data are also presented
on species differences in response and key issues concerning the risk assess-
ment to humans of rodent liver peroxisome proliferators.

INTRODUCTION

Peroxisomes (or microbodies) are single membrane-limited cytoplasmic or-
ganelles present in the cells of animals, plants, fungi, and protozoa. DeDuve
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Figure 1 Structures of some compounds known to produce peroxisome proliferation in rodent
hepatocytes (3, 4, 6, 14, 18, 20, 21).

and coworkers demonstrated that rat liver peroxisomes contain both catalase,
which destroys hydrogen peroxide, and a number of hydrogen peroxide—gen-
erating oxidase enzymes (1). Further work by Lazarow & DeDuve (2) revealed
that liver peroxisomes, like mitochondria, contain a complete fatty acid B-ox-
idation cycle. In rat hepatocytes, peroxisomes are normally spherical or oval
in shape, with a diameter of approximately 0.5 pm, and they are estimated to
account for around 2% of the total cytoplasmic volume and cellular protein
(3-7). Peroxisomes have several important functions in intermediary metabo-
lism (7), and peroxisomal disorders can have serious consequences for the
organism (8).
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Paget (9) and Hess and coworkers (10) demonstrated that clofibrate, a
hypolipidemic drug (Figure 1), could produce peroxisome proliferation in
rodent liver. Peroxisome proliferation is an important topic of study because
many chemicals have been shown to produce this effect in rodent liver, and
some of these agents are also hepatocarcinogenic (3, 4, 11-17). Indeed, Reddy
and coworkers (11) have suggested that peroxisome proliferators constitute a
novel class of chemical carcinogens.

The purpose of this review is to briefly consider the various mechanisms of
peroxisome proliferator~induced hepatocarcinogenicity in rodents and the rel-
evance of these tumors to humans. Several other reviews on various aspects
of peroxisome proliferation have previously been published (3, 4, 6, 12-21).
In addition, rodent liver peroxisome proliferators may also produce tumors in
other organs such as the testes and the pancreas (22).

Characteristics of Hepatic Peroxisome Proliferation

The administration of peroxisome proliferators to rats and mice results in a
marked increase in liver weight, which is associated with both morphological
and biochemical changes (3, 4, 13, 14, 16, 18). Liver enlargement is due
to both hepatocyte hyperplasia and hypertrophy. Morphological examination
reveals an increase in both the size and number of peroxisomes and increased
smooth endoplasmic reticulum. Unlike the livers of untreated animals, many
coreless peroxisomes (which lack the characteristic crystalline nucleoid that
contains urate oxidase) are observed. The major biochemical alterations con-
sist of the induction of both peroxisomal and microsomal fatty acid—oxidiz-
ing enzyme activities. The activity of the peroxisomal fatty acid B-oxidation
cycle is normally determined either by measuring overall activity (e.g. as
cyanide-insensitive palmitoyl-CoA oxidation) or by assaying the first rate-
limiting enzyme of the cycle, namely acyl-CoA oxidase (2, 7). It should be
noted that there is a differential induction of peroxisomal enzyme activities:
The B-oxidation cycle enzymes can be markedly induced, but much smaller
increases are observed in other peroxisomal enzymes such as D-amino acid
oxidase and catalase. The stimulation of microsomal fatty acid-oxidizing
enzymes (normally measured as lauric acid 12-hydroxylase) is caused
by induction of cytochrome P450 isoenzymes in the CYP4A subfamily (18,
23).

Other aspects of the effects of acute and chronic administration of peroxi-
some proliferators in rodent liver are described elsewhere (3, 4, 13-20, 24).
Peroxisome proliferators have also been reported to produce mitochondrial
proliferation and changes in mitochondrial enzyme activities (6, 16, 24-26).
Other studies have reported the induction of microsomal UDPglucuronosyl
transferase towards bilirubin and certain other substrates and of both micro-
somal and cytosolic epoxide hydrolase activities (27, 28).
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Rodent Liver Peroxisome Proliferators

Figure 1 shows the structure of some known rodent liver peroxisome pro-
liferators, such as hypolipidemic and other classes of therapeutic agents; phen-
oxyacetic acid and other classes of herbicides; phthalate and other classes of
plasticizers; steroids; solvents and other industrial chemicals; food flavors; and
natural products (6, 14, 20, 21). Although peroxisome proliferators appear to
be chemically unrelated, or structurally diverse, investigators have demon-
strated that some compounds have similar three-dimensional structures, and
other investigators have reported both qualitative and quantitative structure-
activity relationships for peroxisome proliferation in rodent hepatocytes (21,
29-31).

A feature of many, but not all, peroxisome proliferators is the presence of
an acidic function (18, 21, 25). This acidic function is normally a carboxyl
group, either present in the parent structure or generated by metabolism. For
example, clofibrate is metabolized to clofibric acid, and tiadenol is oxidized
to metabolites containing carboxyl groups (21). Alternatively, the compound
may contain a chemical group that is a bioisostere (32) of a carboxyl group,
as exemplified by the tetrazole and sulphonamide moieties (Figure 1) of LY
171883 and Fomasefen, respectively. For many compounds the “proximate”
peroxisome proliferator may be the parent structure or a metabolite containing
a carboxyl group or another acidic function. Glucuronide or other phase II
metabolites are not considered active peroxisome proliferators in rodent liver
(21). Other compounds may require more extensive phase I metabolism to
produce the proximate peroxisome proliferators. For example, di-(2-ethyl-
hexyl)phthalate (DEHP) is initially hydrolyzed to its corresponding monoester
and alcohol components; the former is further metabolized by side chain
oxidation, and the latter is converted to 2-ethylhexanoic acid (33, 34). Certain
peroxisome proliferators have chiral centers that may result in enantiomers
with differing potencies (21).

Marked compound potency differences are known to exist (21, 35). Figure
2A demonstrates that the hypolipidemic agent ciprofibrate is orders of magni-
tude more potent than DEHP, which is somewhat more potent than another
plasticizer, di-(2-ethylhexyl)adipate (DEHA).

Assessment of Peroxisome Proliferation

Chemicals may be screened for their ability to produce peroxisome prolifera-
tion in rodent hepatocytes, after either in vivo or in vitro administration, by
both biochemical and morphological markers. The most sensitive marker en-
zyme activities include palmitoyl-CoA oxidation, acyl-CoA oxidase, lauric
acid 12-hydroxylase, and carnitine acetyltransferase; catalase is not recom-
mended, as this enzyme shows only a relatively small increase in activity.
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Figure 2 (A) Comparison of the potency of ciprofibrate (CIP; @), DEHP (4), and DEHA (H) to
produce peroxisome proliferation (assessed as induction of palmitoyl-CoA oxidation) in the livers
of male F344 rats after 30 days treatment. (B) There is an excellent correlation between induction
of peroxisomal fatty acid B-oxidation and peroxisome morphometry. (Data from Reference 35.)

Carnitine acetyltransferase is localized in peroxisomal, mitochondrial, and
microsomal fractions (36, 37), and although peroxisome proliferators can
markedly induce this activity, it may be due to induction both in peroxisomes
and in other subcellular compartments. Peroxisome proliferation may also be
assessed by ultrastructural examination of liver sections, and in some studies
staining with 3,3’-diaminobenzidine has been employed to help identify per-
oxisomes from other intracellular organelles. For small increases in peroxisome
numbers a quantitative morphometric, rather than a qualitative subjective,
procedure should be employed. In addition, care should be taken to compare
effects in the same area of the liver lobule. For example, in the rat, hepatic
peroxisome proliferation, as opposed to cell replication, is more marked in
centrilobular than in periportal hepatocytes (6, 38—42).

Good correlations have been reported for rat liver between the induction of
peroxisomal fatty acid B-oxidation and organelle proliferation (19, 35, 43, 44).
For example, Figure 2B demonstrates an excellent correlation between induc-
tion of palmitoyl-CoA oxidation and changes in peroxisome morphometry in
male F344 rats fed various dietary levels of ciprofibrate, DEHP, and DEHA
(35). Good correlations have also been observed in rat hepatocytes between
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the induction of peroxisomal and microsomal fatty acid—oxidizing enzyme
activities (19, 44, 45). A reduction in plasma or serum cholesterol and partic-
ularly triglyceride levels may indicate that the test compound is a peroxisome
proliferator, but several rodent studies have demonstrated that a hypolipidemic
effect is not necessarily associated with hepatic peroxisome proliferation (21,
30).

Peroxisome Proliferation in Vitro

Studies conducted in this laboratory (21, 45-47) and by several other groups
(6, 18, 20, 30, 34, 48-51) have demonstrated that peroxisome proliferation
may be readily demonstrated in vitro in primary rat and mouse hepatocyte
cultures employing standard hepatocyte media and culture conditions. In gen-
eral, the characteristics of peroxisome proliferation in vivo—including the
stimulation of DNA synthesis, increased peroxisome numbers, and changes in
morphology—and a differential induction of enzyme activities have also been
observed in cultured hepatocytes. These studies demonstrate that the factors
responsible for the induction of peroxisome proliferation are intrahepatic in
nature and are retained in cell culture. Peroxisome proliferation may also be
observed in vitro in certain cell lines (52), cultured rat hepatocyte spheroids
(53), and cultured precision-cut rat liver slices (54).

MECHANISMS OF INDUCTION OF HEPATIC
PEROXISOME PROLIFERATION

Proposed mechanisms for the initiation of peroxisome proliferation in rodent
hepatocytes include a receptor hypothesis, a substrate overload hypothesis, and
a hypothesis that peroxisome proliferators serve as substrates for peroxisomal
enzymes (4, 16, 18, 20, 31, 55). Most attention has focused on the identification
of receptors and the effect of peroxisome proliferators on lipid metabolism,
and it should be noted that these two hypotheses are not mutually exclusive
(18, 20, 55). In the substrate overload hypothesis it is proposed that peroxisome
proliferation is an adaptive response to a perturbation of lipid metabolism and
also involves induction of CYP4A isoenzymes (18, 20, 34, 44, S5). Certainly
peroxisome proliferators inhibit fatty acid oxidation, form coenzyme A esters,
increase levels of fatty acids, and displace fatty acids from the cytosolic fatty
acid-binding protein (6, 18, 20, 30, 31, 34, 55, 56).

Although the presence of cytosolic peroxisome proliferator-binding proteins
has been reported in some studies (4, 12, 57, S8), more recently Green and
coworkers have cloned a peroxisome proliferator—activated receptor (PPAR)
from mouse liver (59, 60). This protein is a member of the steroid hormone
receptor superfamily, has a molecular weight of around 52 kDa, and possesses
both putative ligand- and DNA-binding domains. When a chimeric receptor
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expression vector containing regions that encode the putative ligand-binding
domain of this mouse PPAR and the DNA-binding domain of the human
estrogen receptor was transfected into COSI1 cells, it could be activated by
peroxisome proliferators (59, 60). Other studies have demonstrated that PPAR
is involved in the activation of genes for both peroxisomal and microsomal
(i.e. CYP4A subfamily) fatty acid-oxidizing enzymes (61, 62, 63). Several
different PPARs have now been described in the mouse (59, 64, 65, 65a), rat
(66, 67), Xenopus laevis (61, 68), and human (69, 70). The administration of
peroxisome proliferators may increase the levels of certain PPARs in rodent
liver (65, 67).

Figure 3 summarizes some possible mechanisms of induction of peroxisome
proliferation in rodent hepatocytes. Clearly there is much scope for further
studies to fully elucidate the precise mechanism(s) of peroxisome proliferation
in rodent hepatocytes and to determine differences between rodent and human
hepatocytes. Peroxisome proliferation in rodents can also be produced by
various physiological factors—such as feeding high-fat diets, vitamin E defi-
ciency, and starvation—which may be related to xenobiotic-induced organelle
proliferation (4, 18, 20). Although some evidence has been obtained for the
formation of coenzyme A esters of peroxisome proliferators, this could not be
a universal mechanism because while most peroxisome proliferators contain
an acidic function, this is not always a free carboxyl group (18, 20, 21, 29-31,
56). While molecular modeling studies have identified a putative peroxisome
proliferator-binding site in one PPAR, the binding of nafenopin has not been
observed (31, 59, 71). In contrast, certain fatty acids, such as oleic and arach-
idonic acids, may act as endogenous ligands because they have been shown
both to bind to and to activate PPARs in in vitro expression systems (66, 68,
69, 71, 72). Assuming that peroxisome proliferators do interact directly with
PPARSs, the binding may be only of a transient nature. Steroid hormone recep-
tors are associated with heat shock proteins, and PPAR activation could con-
ceivably involve displacement of the peroxisome proliferator and a heat shock
protein such as HSP72 (73, 74). PPARs have been shown to bind to DNA as
a heterodimer with retinoid X receptor (RXR), and another member of the
steroid hormone receptorsuperfamily, namely the chicken ovalbumin upstream
promoter transcription factor (COUP-TF), has been shown to act as a repressor
(75-78). In addition, studies with three mouse liver PPARs (designated a, 0,
v) have demonstrated differences in activation by some peroxisome prolifera-
tors and fatty acids (65a). Moreover, the PPAR 0 and v forms interfered with
the activation of the PPAR o form by Wy-14,643, suggesting that some PPARs
may be dominant repressors of other forms (65a).

Multiple PPARs, together with activating receptors (e.g. RXR) and repress-
ing receptors (e.g. COUP-TF and possibly truncated receptors), may account
for known tissue and species differences in response to peroxisome prolif-
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Figure 3 Some possible mechanisms of induction of peroxisome proliferation in rodent
hepatocytes. The peroxisome proliferator (PP) may either bind directly to or otherwise activate one
or more peroxisome proliferator-activated receptors (PPARs) that bind to DNA as a heterodimer
with retinoid X receptor (RXR) and possibly other receptors. Alternatively, the PP may require
metabolism (e.g. formation of an acidic function and/or a coenzyme A ester) that could interact with
a PPAR either directly or via an endogenous ligand (a fatty acid?) formed as a consequence of a
perturbation of lipid metabolism.

erators (3, 18, 20, 59). One human PPAR has been shown to be activated by
rodent peroxisome proliferators in an in vitro expression system (70). As
peroxisome proliferation does not appear to occur in humans to any significant
extent (see below), further work is required to assess the significance of this
study. Modulating factors may include levels of expression of PPARs, activa-
tors and repressors in human hepatocytes, and differences between the regu-
latory elements of human and rodent genes for enzymes such as acyl-CoA
oxidase (62, 70, 79).

HEPATOCARCINOGENICITY IN RATS AND MICE

Many peroxisome proliferators have been reported to produce liver tumors,
including hepatocellular carcinoma, in rats and/or in mice (3, 4, 11, 13, 17,
19). Potent compounds (e.g. ciprofibrate, Wy-14,643) may produce a 100%
incidence of tumors in rat liver within a relatively short period (e.g. 40-60
weeks), whereas weaker agents (e.g. clofibrate, DEHP) may require two years
of administration to produce a lower tumor incidence (3, 4, 17, 35, 80-82).
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Although peroxisome proliferators may be hepatocarcinogenic in rats and
mice, they are not considered to be genotoxic agents. Several studies have
shown that peroxisome proliferators do not bind covalently to DNA after in
vivo administration to rats and mice (13, 17, 19, 83, 84), and short-term
administration does not result in DNA adducts identified by the sensitive
32p.postlabeling technique (85). However, chronic administration for 18
months did produce DNA adducts, the nature of which awaits elucidation (84,
86). The chronic administration of peroxisome proliferators and other non-
genotoxic carcinogens may lead to genetic alterations that can be detected by
DNA adduct analysis. Peroxisome proliferators have been shown to be essen-
tially negative in a range of short-term tests for genotoxicity, including the
Ames test and unscheduled DNA synthesis (3, 13, 17, 19, 83, 84). Although
a few positive results (e.g. chromosomal aberrations) have been reported
(87-89), the significance of these findings is unclear; the positive results may
be due to the perturbation of cellular processes rather than direct DNA damage
(90).

Several mechanisms have been proposed to account for peroxisome pro-
liferator-induced hepatocarcinogenesis in rodents. These hypotheses include
(a) induction of sustained oxidative stress, (b) a role for enhanced cell repli-
cation, and (c) the promotion of spontaneous preneoplastic lesions. Some of
the experimental data in support of these hypotheses are briefly reviewed
below, together with other effects of peroxisome proliferators.

Oxidative Stress

The oxidative stress hypothesis (Figure 4) is based on the observation that
chronic administration of peroxisome proliferators produces a sustained oxi-
dative stress in rodent hepatocytes due to an imbalance in the production and
degradation of hydrogen peroxide (4, 12, 15, 83). Peroxisome proliferators
markedly induce the enzymes of the peroxisomal fatty acid B-oxidation cycle
but produce only a small increase in catalase activity. The first enzyme of the
B-oxidation cycle, acyl-CoA oxidase, unlike its mitochondrial counterpart,
produces hydrogen peroxide; hence, the cyclic oxidation of a single fatty acid
molecule can result in the production of several molecules of hydrogen per-
oxide (2, 19, 83). Any excess hydrogen peroxide not destroyed by peroxisomal
catalase can easily diffuse through the peroxisomal membrane where it will
be a substrate for cytosolic selenium-dependent glutathione peroxidase (Figure
4). However, this enzyme activity and that of other enzymes such as superoxide
dismutase and glutathione S-transferases are often reduced by the administra-
tion of peroxisome proliferators (19, 25, 83, 91).

These enzyme changes are postulated to result in increased intracellular
levels of hydrogen peroxide that can attack membranes and DNA either di-
rectly or via other reactive oxygen species (e.g. hydroxyl radical). Another
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Figure 4 Postulated mechanism for the hepatocarcinogenicity of peroxisome proliferators caused
by sustained oxidative stress (4, 12, 83). The imbalance in production and degradation of peroxisomal
hydrogen peroxide results in increased cytosolic levels of this and other reactive oxygen species,
which arebelieved to result in cell injury and ultimately tumor formation.

possible source of reactive oxygen species is CYP4A-dependent metabolism
of fatty acids and other endogenous substrates (Figure 4). This source does
not appear to have been extensively studied, although in one in vitro study
with liver microsomes from ciprofibrate-treated rats, little hydrogen peroxide
was formed in either the presence or absence of a fatty acid substrate (92).
The reduction of glutathione peroxidase, superoxide dismutase, and glutathi-
one S-transferase activities may result in a reduced ability of rodent hepatocytes
to detoxify active forms of oxygen and organic hydroperoxides (e.g. products
of lipid peroxidation). Conversely, peroxisome proliferators induce hepatic
aldehyde dehydrogenase and cytosolic epoxide hydrolase activities (19, 27,
28). The induction of these enzymes could be construed as increasing the
capacity of hepatocytes to detoxify certain aldehydes and fatty acid epoxides
produced as a consequence of lipid peroxidation.

Several experimental observations support a role for enhanced oxidative
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stress in the mechanism of toxicity of peroxisome proliferators in rodent liver.
These observations include (a) increased peroxisomal hydrogen peroxide for-
mation, (b) evidence from in vitro studies that fatty acid metabolism in per-
oxisomal fractions can result in hydroxyl radical formation and DNA damage,
(c) increased lipid peroxidation, (d) increased lipofuscin deposition, (e) effects
on levels of hepatic antioxidants, (f) inhibition of tumor formation by antiox-
idants, and (g) effects on hepatic DNA. Some of these data are briefly discussed
below, but not all the available experimental data support the findings listed
above. Investigations with liver homogenates, isolated hepatocytes, and iso-
lated perfused liver systems have suggested that peroxisome proliferators can
increase the capacity for hydrogen peroxide production in rodent hepatocytes
(19). Two in vitro studies have demonstrated that the hydrogen peroxide
formed from the metabolism of fatty acids by peroxisomal fractions from rats
pretreated with peroxisome proliferators can result in both hydroxyl radical
formation (93) and damage to added DNA (94). Although these studies appear
to provide support for the oxidative stress hypothesis, it should be noted that
cyanide was added to inhibit catalase activity. Hence, care needs to be taken
in extrapolating these in vitro results to potential in vivo effects of peroxisome
proliferators.

In some studies the chronic administration of peroxisome proliferators has
been reported to increase lipid peroxidation and lipofuscin deposition in rodent
liver (17, 19, 25, 83, 91, 95, 96). Lipofuscin deposition is a feature of the
chronic administration of a number of peroxisome proliferators; the pigment
is only observed in nonnodular and nontumorous portions of the liver (25, 96).
The material is stored within hepatocytes in lysosomal residual bodies, and
lipofuscin deposition is associated with the induction of lysosomal enzyme
activities (24, 95). Because many peroxisome proliferators contain a free
carboxyl group (Figure 1), they can form coenzyme A esters and, hence, can
enter intermediary metabolism and be incorporated into triglycerides (56).
Thus, lipofuscin deposition observed after treatment with some agents may
not represent lipid peroxidation but, rather, may be due to the storage in
lysosomes of modified triglycerides that are resistant to catabolism by intra-
cellular lipases.

In some studies peroxisome proliferators have been reported to produce
effects on levels of hepatic antioxidants, such as vitamin E and reduced glu-
tathione (17, 19). Reddy and coworkers (81, 97) have compared the hepato-
carcinogenicity of ciprofibrate in rats fed either a control diet or a diet con-
taining one of two antioxidants, namely ethoxyquin and 2(3)-tert-butyl-4-
hydroxyanisole (BHA). Treatment with ciprofibrate alone for 60 weeks pro-
duced a 100% incidence of liver tumors (81, 97). However, although all rats
coadministered ciprofibrate with either ethoxyquin or BHA also had liver
tumors, the total number and size of these tumors were reduced. Although this
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study suggests that antioxidants may ameliorate against the magnitude of
peroxisome proliferator-induced tumor formation, these results are at variance
with those of other investigations. For example, the hepatocarcinogenicity of
both ciprofibrate and nafenopin was greater in rats fed diets containing high
levels of vitamin E than in those fed low levels of vitamin E (98, 99).

Oxygen radical attack on DNA is known to result in a variety of modified
DNA bases including 8-hydroxydeoxyguanosine (8-OH-dG). Treatment with
a number of peroxisome proliferators has been reported to increase levels of
8-OH-dG in rat hepatic DNA (100, 101). While elevated levels of 8-OH-dG
appear to imply oxidative stress, such increases are small and do not correlate
with potency. For example, there is little difference between the levels of
8-OH-dG produced in male F344 rats fed diets containing 0.025% ciprofibrate,
1.2% DEHP, or 2.5% DEHA (100, 101). However, although ciprofibrate is a
potent hepatocarcinogen, DEHP produced only a small incidence of tumors
after two years, and DEHA was not hepatocarcinogenic in the rat (80, 81, 102).
Most studies of 8-OH-dG have utilized whole liver homogenates (i.e. nuclear
and mitochondrial DNA), and normal levels of 8-OH-dG in mitochondrial
DNA are 16-fold greater than in nuclear DNA (103). Indeed, recent studies
suggest that peroxisome proliferators may increase 8-OH-dG levels primarily
in mitochondrial DNA (104). A few studies have examined the effects of
peroxisome proliferators on other modified DNA bases, and generally, treat-
ment with peroxisome proliferators does not result in DNA strand breaks, as
detected by the alkaline elution assay (18-20).

In summary, although evidence of oxidative damage to hepatocytes has been
obtained in some studies, the magnitude of such effects does not correlate with
the ability of peroxisome proliferators to produce tumors. Moreover, the liter-
ature contains many anomalous findings that question the probability of sus-
tained oxidative stress being solely responsible for peroxisome proliferator—
induced liver tumor formation.

Cell Replication

Many studies have demonstrated that cell proliferation is an important factor
in the development of tumors by both genotoxic and nongenotoxic agents
(105-107). For example, an enhanced rate of cell replication can increase the
frequency of spontaneous mutations and the probability of converting DNA
adducts from both endogenous and exogenous sources into mutations before
they can be repaired. Moreover, cell replication is clearly important for the
promotion and progression of initiated cells into tumors. Peroxisome pro-
liferators are known to produce a burst of cell replication in rodent hepatocytes
during the first few days of administration (4, 14, 19, 39-41, 108). In some,
but not all, studies peroxisome proliferators have been shown to produce a
sustained stimulation of replicative DNA synthesis (19, 39, 41, 109-115). The
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majority of these studies have employed the more sensitive continuous infusion
(e.g. osmotic pump), rather than the pulse-labeling technique, to administer
the DNA precursor. For example, when rat hepatocyte labeling index values
were determined over 7-day periods, Wy-14,643 produced a 3.8- to 11.6-fold
sustained increase in replicative DNA synthesis between the 8th and 365th
day of treatment (39). Apart from intrinsic compound potency, dose is an
important factor in determining whether a particular peroxisome proliferator
can produce either a transient or a sustained stimulation of cell replication in
rodent hepatocytes. Thus low doses of Wy-14,643, methylclofenapate, and
nafenopin do not produce a sustained stimulation of replicative DNA synthesis,
whereas higher doses do produce this effect (113-116). Peroxisome prolifera-
tors may exert lobular differences in effects on replicative DNA synthesis. For
example, while short-term administration of Wy-14,643 produces a panlobular
stimulation of cell replication in the mouse (40), the acute and chronic admin-
istration of this and other peroxisome proliferators primarily produces a peri-
portal stimulation of DNA synthesis in the rat (39-42).

Promotion of Liver Lesions

Peroxisome proliferators have been examined as initiators and promoters of
rodent hepatocarcinogenesis (117). In keeping with their nongenotoxic prop-
erties, peroxisome proliferators do not produce positive results in initiation
studies. However, when appropriate morphological markers are employed,
peroxisome proliferators are efficient promoters of certain genotoxic carcino-
gen-induced lesions, and differences between peroxisome proliferators and
other promoters such as sodium phenobarbitone have beenreported (117, 118).
Several studies have demonstrated the presence of numerous foci of putative
preneoplastic cells in the livers of untreated old rats and mice (119, 120). These
lesions are considered to represent spontaneously initiated cells because they
have similar biological characteristics to those of cells initiated by genotoxic
carcinogens. The ability of peroxisome proliferators to produce tumors in
young compared to in old rats has been investigated in studies with nafenopin
(121) and Wy-14,643 (122). In both studies more liver adenomas and carci-
nomas were produced in old than in young rats, which is consistent with the
promotion of spontaneously initiated hepatocytes by peroxisome proliferators.
A study of Wy-14,643 in the rat has demonstrated a significant morphological
continuity between peroxisome proliferator-induced basophilic foci and the
development of tumors (123). Moreover, the basophilic foci were highly pro-
liferative; they had cell replication rates higher than nonfocal hepatocytes in
treated animals and many-fold higher than in hepatocytes in untreated rats.
However, such foci appear to require the continued presence of the peroxisome
proliferator (123), and in other studies some evidence for the reversibility of
peroxisome proliferator—induced liver lesions has been reported (124, 125).
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Other Factors

Several studies have shown that nongenotoxic carcinogens can affect apoptosis
(i.e. gene-directed cell death) in rodent liver (126). Nafenopin has been re-
ported to inhibit the apoptosis that occurs in rat liver after withdrawal of a
mitogenic agent (127) and to inhibit apoptosis in hepatocytes and a rat hepa-
tocyte cell line in vitro (128). In contrast, treatment with Wy-14,643 for 22
weeks was found to increase the incidence of apoptotic bodies in rat liver
(112). Transforming growth factor—fB, (TGF-B,) is produced by the nonparen-
chymal cells of the liver, is a potent inhibitor of DNA synthesis in hepatocytes,
and can also initiate apoptosis (129, 130). The insulin-like growth factor
II-mannose-6-phosphate (IGFII-Man6P) receptor catalyzes the proteolytic ac-
tivation of latent TGF-B, (131), and the administration of peroxisome pro-
liferators has been shown to increase both TGF-, and IGFII-Man6P receptor
gene expression in rat liver (116, 132). The time course and lobular distribution
of peroxisome proliferator effects on various growth factors and apoptosis in
rodent liver may be important in the mechanism of tumor formation. Liver
tumors formed by treatment with Wy-14,643 have been reported to contain
only low levels of TGF-B; and the IGFII-Man6P receptor (133).

Peroxisome proliferators, like some other nongenotoxic carcinogens, have
been reported to inhibit intercellular communication in rodent liver, which may
be important in tumor promotion (134). Other studies have demonstrated that
peroxisome proliferators can modulate intracellular calcium concentrations
that may be associated with effects on various cellular signaling pathways,
DNA synthesis, and possibly tumor promotion (135, 136). Other work has
suggested that peroxisome proliferators inhibit acyl-CoA synthetase and stim-
ulate protein kinase C, which may promote tumor formation (137).

SPECIES DIFFERENCES

Many studies have investigated species differences in hepatic peroxisome
proliferation (3, 13, 14, 16, 18, 20, 138). Such studies have been conducted
either in vivo or in vitro in primary hepatocyte cultures and have focused
mainly on the measurement of organelle proliferation and induction of peroxi-
somal and microsomal enzyme activities. Clearly the rat and mouse may be
considered responsive species to peroxisome proliferators. Studies with a va-
riety of compounds—including ciprofibrate, clobuzarit, DEHP, LY 171883,
and nafenopin—have demonstrated that the Syrian hamster exhibits an inter-
mediate response, whereas in most studies the guinea pig is either nonrespons-
ive or refractory (138-143).

When assessing species differences in response, several factors should be
considered, including the disposition, metabolism, and dose of the test com-
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pound; sex differences; and intrahepatic differences in response. For example,
trichloroethylene produces peroxisome proliferation in the mouse but has little
effect in the rat (48). Metabolic studies have demonstrated that trichloroeth-
ylene is extensively metabolized to trichloroacetic acid in mouse but not in rat
hepatocytes and that trichloroacetic acid can produce peroxisome proliferation
in rat and mouse hepatocytes both in vivo and in vitro (48). An example of
compound disposition is provided by DEHP, which is known to be more
extensively absorbed after oral administration in the rat than in the marmoset
(144). However, the observed species difference is supported by the observa-
tion that DEHP metabolites produce peroxisome proliferation in rat hepato-
cytes in vitro but not in marmoset hepatocytes (33, 34). In general, in vitro
studies with rat, mouse, Syrian hamster, guinea pig, and primate hepatocytes
have paralleled the results of in vivo studies in these species (18, 20, 34,
47-51).

Several in vivo studies in primates have failed to provide any evidence of
significant peroxisome proliferation in both New and Old World monkeys (18,
20, 138). However, studies with ciprofibrate and DL-040 have reported per-
oxisome proliferation in primates, albeit at high doses (145, 146). Several
studies have been conducted on humans receiving hypolipidemic agents (e.g.
ciprofibrate, clofibrate, fenofibrate, and gemfibrozil) that are known to produce
peroxisome proliferation in rodent liver (20). Most studies have failed to detect
any significant changes, although clofibrate was reported to produce a small
increase in the number of peroxisomes, and ciprofibrate reportedly produced
a small increase in the proportion of the hepatocyte cytoplasm occupied by
peroxisomes (20, 147). However, owing to the observed large interindividual
variation in peroxisome morphometrics, together with cell-to-cell and lobular
variations, it is difficult to attach any clear significance to these findings.

Few studies have evaluated species differences in cell replication and
hepatocarcinogenesis. Although nafenopin and Wy-14,643 are potent mitogens
in rat liver, they do not appear to stimulate replicative DNA synthesis in Syrian
hamster hepatocytes after either acute or chronic treatment (114, 115). Peroxi-
some proliferators can stimulate DNA synthesis in cultured rat hepatocytes,
but methylclofenapate has been shown not to increase DNA synthesis in guinea
pig, marmoset, and human hepatocytes, and nafenopin was also ineffective in
human hepatocytes (51, 148, 149). In one report nafenopin did increase DNA
synthesis in marmoset hepatocytes, but this finding was dependent on the
particular culture conditions that were used (150). With respect to tumor
formation, both nafenopin and Wy-14,643 produced liver nodules and hepato-
cellular carcinoma after 60 weeks in rats; they did not produce such lesions
in Syrian hamsters (115). Two studies have suggested that peroxisome pro-
liferators may not produce liver lesions in marmosets. In an ongoing study
ciprofibrate has been shown not to produce liver lesions after three years’
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treatment (151), and in a 6.5-year study clofibrate was shown not to increase
liver weight nor to produce tumors (152).

CONCLUSIONS

Key issues concerning the risk assessment to humans of rodent liver peroxi-
some proliferators include (a) genotoxicity; (b) compound potency, no effect
levels, and likely human exposure; (c) precise mechanism(s) of hepatocarcino-
genesis; and (d) species differences in response.

Peroxisome proliferators are generally considered nongenotoxic agents (20,
84) that should be assessed differently than genotoxic carcinogens (153).
Human exposure is dependent on the usage of the particular chemical: While
hypolipidemic agents are administered only to a restricted population of hu-
mans, exposure to plasticizers (e.g. DEHP, DEHA) is more widespread. Com-
pound potency to produce both peroxisome proliferation and liver tumors
varies greatly, and it should be noted that rodent peroxisome proliferators
exhibit clear no-effect levels for peroxisome proliferation and for tumor for-
mation (Figure 5). For example, in the rat no-effect levels for tumor formation
have been observed in studies with bezafibrate, clofibrate, DEHA, or DEHP
(80, 102, 154). Moreover, the threshold for tumor formation in rodents (Figure
S) is appreciably higher than the threshold for peroxisome proliferation and
other effects, as illustrated in Figure 2 and in other studies (20, 35, 154).

Several mechanisms have been proposed to account for why peroxisome
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Figure 5 Dose-response relationships for peroxisome proliferation, cell replication, and tumor
formation in rodent liver. Many studies have demonstrated that there are clear no-effect levels for
organelle proliferation, induction of enzyme activities, etc, but that the threshold for liver tumor
formation occurs athigher doses (i.e. where there is sustained stimulation of peroxisome proliferation
and possibly cell replication, etc).
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proliferators produce tumors in rodent liver. Although some studies have
demonstrated that peroxisome proliferation may produce oxidative damage in
hepatocytes, sustained oxidative stress does not appearto be solely responsible
for peroxisome proliferator-induced hepatocarcinogenesis. In general, there is
a poor quantitative correlation between markers of oxidative stress (e.g. levels
of lipid peroxidation, 8-OH-dG in DNA, etc) and compound potency to pro-
duce tumors. In addition, the oxidative stress hypothesis suggests that there
should be some correlation between the magnitude of peroxisome proliferation
(in particular the balance between hydrogen peroxide—producing and —degrad-
ing enzymes) and subsequent tumor formation. For example, in Figure 2B liver
tumors are produced in male F344 rats by 0.01 and 0.02% ciprofibrate and
2.0% DEHP but not by <2.0% DEHA (35, 80-82, 102). Although potent
peroxisome proliferators are more likely to produce liver tumors than weaker
agents, the magnitude of peroxisome proliferation does not always correlate
with tumor formation. Indeed peroxisome proliferators (e.g. Wy-14,643, meth-
ylclofenapate) at dose levels that produce a sustained stimulation of cell rep-
lication produce liver tumors more rapidly than other agents (e.g. DEHP,
clofibric acid) that produce a similar magnitude of peroxisome proliferation
but not a sustained stimulation of cell replication (4, 19, 39, 112, 115).

If the various mechanisms for peroxisome proliferator-induced hepato-
carcinogenesis are combined, then a role for increased cell replication in tumor
formation is readily identified (Figure 6). Thus if hepatocytes are transformed
by either oxidative stress or alternative mechanisms, such initiated cells may
be promoted and progress to tumors by enhanced cell replication. Peroxisome
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Figure 6 Some possible mechanisms of peroxisome proliferator (PP)~induced hepatocarcino-
genicity. Hepatocytes may become initiated by sustained oxidative stress—induced damage, by
enhanced cell replication (CR), or spontaneously. Growth selection of initiated cells and their
promotion and progression to hepatocellular carcinomamay involve enhanced CR, effects on growth
factors, and inhibition of apoptosis.
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proliferators are effective promoters of particular populations of initiated cells,
and peroxisome proliferators can influence the rates of cell replication and cell
death in particular populations of hepatocytes (112, 117, 120, 123). Thus the
basophilic nodules that appear to be precursors of peroxisome proliferator—in-
duced tumors have high cell replication rates and peroxisome proliferators can
also affect rates of apoptosis and growth factor expression (e.g. TGF-B;) in
rodentliver (123, 126,128, 131, 132). Further studies are required to elucidate
the precise mechanism(s) of peroxisome proliferator-induced tumor formation
in rodent liver, although it is clear that both peroxisome proliferation and cell
replication are important biomarkers.

With respect to species differences in response, most studies suggest that
the rat and mouse are responsive, but primates and humans are either much
less responsive or essentially refractory. Apart from the observed lack of effect
on organelle proliferation and induction of peroxisomal and microsomal fatty
acid-oxidizing enzymes, the limited data available suggest that species such
as the Syrian hamster and primates are not susceptible to peroxisome prolifer-
ator-induced liver tumor formation.

Current literature suggests that rodent peroxisome proliferators are non-
genotoxic agents that as a class of chemicals do not appear to pose any serious
hazard for humans. However, further elucidation of the mechanism(s) of liver
tumor formation in susceptible species (i.e. rat and mouse) is desirable. From
such studies the most appropriate biomarkers of tumor formation could be
identified and examined in studies of species differences, possibly including
in vitro studies with human hepatocytes. Finally, further carcinogenicity stud-
ies in partially (e.g. Syrian hamster) and essentially nonresponsive (e.g. guinea
pig) species would strengthen the conclusion that peroxisome proliferators do
not constitute any significant hazard to humans.
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