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ABSTRACT

Peroxisome proliferators are nongenotoxic rodent carcinogens that act as tumor promoters by increasing cell pro-
liferation; however, their precise mechanism of action is not well understood. Oxidative DNA damage caused by
leakage of hydrogen peroxide (H2O2) from peroxisomes was hypothesized initially as the mechanism by which
these compounds cause liver tumors. It seems unlikely that oxidants of peroxisomal origin explain the mechanism
of action of peroxisome proliferators because treatment with these compounds in vivo does not lead to increased
H2O2 production. On the other hand, Kupffer cell-derived oxidants, such as superoxide, may play a role in initi-
ating tumor nerosis factor-a (TNF-a) production that leads to hepatocyte proliferation. Peroxisome proliferators
have been shown to activate Kupffer cells both in vitro and in vivo, and the use of Kupffer cell inhibitors such
as methyl palmitate and dietary glycine have demonstrated that Kupffer cells are responsible for hepatocyte pro-
liferation by mechanisms involve TNF-a. Moreover, peroxisome proliferators activate the transcription factor NF-
kB, one of the major regulators of TNF-a expression, in Kupffer cells. Importantly, activation of NF-kB by per-
oxisome proliferators was shown to be oxidant-dependent, leading to the hypothesis that oxidants of Kupffer cell
origin are involved in the mechanism of action. Many of the effects of peroxisome proliferators, including per-
oxisome induction and hepatomegaly, involve the peroxisome proliferator-activated receptor-a (PPARa). Recently,
it was shown that peroxisome proliferator-induced cell proliferation and tumors require the PPARa. However,
PPARa is not involved in TNF-a production by Kupffer cells because it is not expressed in this cell type. How it
is involved in liver tumor remains unclear and one possible explanation is that both Kupffer cell TNF-a and
parenchymal cell PPARa are required. Collectively, recent data are consistent with the hypothesis that oxidants
play a role in signaling hepatocellular proliferation due to peroxisome proliferators via activation of NF-kB and
incrase in mitogenic cytokines such as TNF-a. Antiox. Redox Signal. 2, 607–621.
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PEROXISOME PROLIFERATORS ARE 
A CLASS OF XENOBIOTICS THAT MAY

BE IMPORTANT FOR HUMAN 
RISK ASSESSMENT

General use, sources of human and animal exposure

Many chemicals have been shown to pro-
duce similar pleiotropic responses in rats and

mice consisting of hepatomegaly, induction of
peroxisomal enzymes of fatty acid b-oxidation,
and an increase in both the number and size of
peroxisomes (Reddy and Krishnakantha, 1975).
Importantly, continuous exposure of rodents 
to these agents for 1 to 2 years leads to the 
development of hepatocellular carcinomas
(Reddy et al., 1980; Lake, 1995). On the basis of
the striking similarity of their effects they have
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been combined in one group called “peroxi-
some proliferators.” Due to a wide range of
classes of chemicals that fall into this category,
these chemicals are often referred to as “struc-
turally dissimilar,” or “chemically unrelated”
(Cohen and Grasso, 1981; Reddy and Lalwani,
1983). To name just a few, clinically used phar-
maceuticals, plasticizers, food flavors, herbi-
cides, and industrial solvents all have repre-
sentative compounds that produce peroxisomal
proliferation in rodent liver (IARC, Working
Group on Peroxisome Proliferation, 1995).

One of the most important groups of perox-
isome proliferators, the phthalate esters, are
widely used as plasticizers to impart softness
and flexibility to polyvinyl chloride (PVC)
resins for fabricating flexible vinyl products.
These PVC resins are used to manufacture
many products, including teething rings, paci-
fiers, soft squeeze toys, balls, vinyl upholstery,
vinyl gloves, food containers, and flexible de-
vices for administering parenteral solutions
(Huber et al., 1996). Total U.S. production of
dioctyl phthalates, the common name for a
group of related phthalate esters such as di(2-
ethylhexyl) phthalate, remained almost con-
stant at about 300 million pounds/year in 1980s
(National Toxicology Program, 1998). There is
particular concern of possible health effects to
children because plasticizers are used in paci-
fiers and other plastic children’s toys. Indeed,
on December 1, 1999, the European Union (EU)
Commission approved an emergency EU-wide
ban on use of phthalates in chewable children’
toys. Another potential high-risk segment of
the population consists of individuals receiv-
ing treatments via phthalate-containing tubing
or containers. For instance, it was estimated
that exposure levels in some patients may be
up to 1–2 mg di(2-ethylhexyl) phthalate/day
(Huber et al., 1996), and in 3- to 12-month-old
infants chewing on their toys to be about
10–100 mg/kg/day (Wilkinson and Lamb,
1999). Moreover, a substantial fraction of the
U.S. population is exposed to measurable lev-
els of phthalates via inhalation, ingestion, and
dermal contact, as total releases of these chem-
icals to the environment are measured in mil-
lions of pounds per year, mainly from disposal
of plastic products.

Studies in laboratory animals

In rodents, peroxisome proliferators cause
liver enlargement that is due to both hyper-
plasia and hypertrophy of parenchymal cells.
The major biochemical changes include induc-
tion of peroxisomal lipid metabolizing en-
zymes and the CYP4A subfamily of iso-en-
zymes (reviewed in Doull et al., 1999). While
marked effects have been observed in liver
parenchyma, only insignificant increases in
transcription of peroxisomal b-oxidation en-
zymes have been detected in other tissues such
as kidney, intestine, or heart (Nemali et al.,
1988). Another important feature characteristic
of this class of chemicals includes marked and
rapid induction of cell proliferation in rodent
liver in vivo, an effect that is relatively small in
isolated hepatocytes (Marsman et al., 1988).
This effect is transient in nature; however, po-
tent carcinogens from this class of chemicals
can increase cell proliferation as long as they
are administered leading to the development
of liver tumors (Reddy and Lalwani, 1983).
Moreover, peroxisome proliferators decrease
apoptosis both in vivo (Marsman et al., 1992)
and in vitro (Gerbracht et al., 1990; Bayly et al.,
1994). Increased cell proliferation and de-
creased apoptosis are two processes by which
initiated cells may achieve a selective growth
advantage. Indeed, the hepatocarcinogenic ef-
fects of different peroxisome proliferators have
been demonstrated in rats and mice (Reddy et
al., 1980; National Toxicology Program, 1982).

Human response and possible hazard

Several studies have examined the potential
human response to peroxisome proliferators.
In an in vitro study in human hepatocytes, these
chemicals had no significant effect on peroxi-
somal enzyme activities, number of peroxi-
somes, or replicative DNA synthesis (Lake,
1995). Furthermore, when several known ro-
dent peroxisome proliferators were adminis-
tered to human volunteers, no human peroxi-
some proliferative response was observed
(Ashby et al., 1994). Because some of the ther-
apeutic hypolipidaemic agents are carcino-
genic in rodents, several clinical trials have
looked into their potential human carcino-
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genicity. Historically, increased mortality from
cancer of the lung and of the lymphatic and
hematopoietic system has been linked to a low
serum cholesterol, but was interpreted as a re-
sult of a confounding factor because it was re-
stricted to certain groups within cohorts stud-
ied (Law and Thompson, 1991; Jacobs et al.,
1992). Also, two clinical randomized trials
(WHO Clofibrate Study and Helsinki Heart
Study) yielded no long-term differences in the
incidence of death from malignancy in patients
who received hypolipidaemic therapy with fi-
brates (Huttunen et al., 1994). At the same time,
one study reported that clinical use of these
chemicals increases malignancy risk for hu-
mans (Newman and Hulley, 1996); however,
this has been challenged and remains contro-
versial (Dalen and Dalton, 1996).

PEROXISOME PROLIFERATION: 
WHAT DOES IT MEAN?

Physiological role of peroxisomes

Peroxisomes, the intracellular organelles that
contain several hydrogen peroxide (H2O2)-pro-
ducing oxidases and catalase, are present in vir-
tually all eukaryotic cells. Morphologically,
they are characterized by a fine granular ma-
trix surrounded by a single membrane (De-
Duve and Baudhuin, 1966). The average diam-
eter of the peroxisomes in liver and kidney
where they are most abundant is 0.5 mm; how-
ever, in other tissues they are two-to three-fold
smaller (Novikoff et al., 1973). The major func-
tion of peroxisomes is the b-oxidation of fatty
acids and their derivates. In animal cells both
mitochondria and peroxisome are capable of b-
oxidizing fatty acids via a similar four-step
mechanism: initial oxidation, hydration, sec-
ond oxidation, and release of acyl-CoA from
the original molecule with the latter re-enter-
ing the b-oxidation spiral (Lazarow and De-
Duve, 1976). The first step of this reaction, cat-
alyzed by a FAD-containing acyl-CoA oxidase,
is rate limiting (Bronfman et al., 1984). Despite
the similarities in degradation of saturated and
unsaturated fatty acids by mitochondria and
peroxisomes, there are several important dif-

ferences between the two systems. Peroxisomal
b-oxidation of fatty acids is unique because it
produces H2O2 instead of NADH, and the en-
ergy that is produced in the first oxidation step
is lost as heat (Mannaerts et al., 1979). The for-
mer is important because it was initially
thought that these compounds caused oxida-
tive stress leading to oxidized DNA bases
(Lazarow, 1978) (see below); however, H2O2 is
degraded by catalase, which is abundant in
peroxisomes. Other important metabolic func-
tions of peroxisomes include b-oxidation of
cholesterol derivates into biliary salts, D- and L-
amino acid oxidation, polyamine breakdown,
and purine catabolism (Lazarow, 1987).

Mechanisms of induction of peroxisome
proliferation

The initiation of peroxisome proliferation in
parenchymal cells was proposed to be a result
of activation of an intracellular receptor,
and/or substrate overload because peroxisome
proliferators can serve as a substrate for per-
oxisomal enzymes (Reddy and Lalwani, 1983;
Bentley et al., 1993). Indeed, Issemann and
Green (1990) cloned a peroxisome proliferator-
activated receptor (PPAR) from mouse liver,
and later three nuclear receptors were found to
share significant sequence similarity. Of those,
PPARa mediates the activation of genes en-
coding peroxisomal enzymes through dimer-
ization with the retinoid X receptor a (RXRa)
and binding to cis-acting regulatory elements
upstream of the promoter regions in target
genes (Schoonjans et al., 1997). Indeed, binding
of peroxisome proliferators to PPARa has been
demonstrated (Kliewer et al., 1997). In rats and
mice, PPARa is expressed at high levels in the
liver and kidney, the primary sites of peroxi-
some proliferation. Furthermore, PPARa-null
mice lack morphologic and biochemical re-
sponses to peroxisome proliferators (Lee et al.,
1995). Besides lipid metabolism, PPARa acti-
vation is also involved in gluconeogenesis, al-
teration of cytochrome P450s and acute-phase
proteins, changes in fibrinogen levels, and
other effects (reviewed in Torra et al., 1999). Im-
portantly, PPARa-dependent alterations in cell
cycle regulatory proteins, which includes
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changes in cyclins and cyclin-dependent ki-
nases, have been reported recently (Peters et al.,
1998). PPARg is highly expressed in white and
brown adipose tissues, where it is required for
the differentiation of adipocytes and the tissue-
specific regulation of genes (Spiegelman, 1998).
Moreover, it was recently shown that PPARg
is not expressed in hepatocytes but is abundant
in Kupffer cells (Peters et al., 2000). Unlike other
two isoforms, PPARb is more ubiquitously ex-
pressed and is most abundant in the central
nervous system; however, the target genes and
physiologic function of PPARb are not yet com-
pletely understood (Lemberger et al., 1996).

Furthermore, it has been suggested that per-
oxisome proliferators inhibit fatty acid oxida-
tion and displace fatty acids from cytosolic
fatty acid-binding proteins, thus causing an in-
crease in levels of fatty acids and an increase
in peroxisomes due to substrate overload (Lock
et al., 1989; Bojes and Thurman, 1996a). How-
ever, this adaptive response to perturbations in
lipid metabolism cannot be differentiated from
the PPAR pathway, since fatty acids and prod-
ucts of their metabolism are also ligands for
PPARa (Devchand et al., 1996; Kliewer et al.,
1997). Indeed, Bentley et al. (1993) have sug-
gested that these two hypotheses are not mu-
tually exclusive.

Species differences

Large species differences in the sensitivity to
peroxisome proliferators exist. Of many
species, mice and rats are most responsive,
whereas humans and nonhuman primates
chronically exposed to fibrate drugs are re-
sponsive only to hypolipidemic effects, but
showed little evidence of peroxisome prolifer-
ation (see above). Whether this is due to lower
doses given to humans remains a subject to dis-
cussion. Rats and mice given these agents for
prolonged periods of time develop hepatocel-
lular adenomas and carcinomas; hamsters and
rabbits also exhibit peroxisome proliferation,
albeit to a lesser degree than rats (Watanabe et
al., 1989; Makowska et al., 1992). In contrast,
guinea pigs and marmosets are not responsive,
even to potent agents such as nafenopin and
WY-14,643 (Lake et al., 1989, 1993). The mech-
anisms by which humans and some other

species are resistant to peroxisome prolifera-
tion are debatable. Even though species differ-
ences in the absorption, distribution, metabo-
lism, and excretion of peroxisome proliferators
have been reported, it was suggested that they
could not comprehensively explain this phe-
nomenon. On the other hand, it is known that
humans possess a functional PPARa, indicat-
ing that lack of receptor is not responsible for
the lack of peroxisome proliferation upon treat-
ment with these compounds (Sher et al., 1993;
Palmer et al., 1998). However, expression of
PPARa mRNA in liver is an order of magni-
tude lower in humans than in mice. Moreover,
human PPARa mRNA does not encode a
wholly functional PPARa, which results in
over 10-fold lower amounts of PPARa DNA-
binding activity compared to the mouse
(Palmer et al., 1998). In addition, the human
acyl-CoA oxidase gene lacks a peroxisome pro-
liferator-responsive element (PPRE) that is re-
quired for activation of gene expression by
PPARa, possibly explaining differences be-
tween humans and rodents (Lambe et al., 1999;
Woodyatt et al., 1999). Finally, it was shown
that when mouse PPARa and its heterodimer-
ization partner RXRa were introduced to
guinea pig hepatocytes, where PPARa expres-
sion is low, the response to peroxisome prolif-
erators was comparable to that in mice and rats
(Macdonald et al., 1999). Collectively, from
these data it is evident that differences in
PPARa might play an important role in the lack
of response to peroxisome proliferators in he-
patocytes from humans and other unrespon-
sive species. This observation is of a particular
importance for human risk assessment because
it is known that humans have less than one-
tenth the levels of PPARa expression observed
in mice and that reduced levels may be the re-
sult of lower transcription rates, inefficient pre-
messenger RNA splicing, or both (Palmer et al.,
1998).

Peroxisome proliferation as a marker for
carcinogenic potency

Induction of peroxisomes has been hypothe-
sized to play a role in the carcinogenicity of this
class of compounds (Reddy and Lalwani, 1983)
and it has been suggested that a direct rela-
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tionship between potency of the chemical for
peroxisome proliferation and potency for he-
patocarcinogenesis exists. Furthermore, it was
proposed that peroxisome proliferation and
acyl-CoA oxidase induction, which generates
H2O2, could serve as a useful biological marker
for identifying the potential carcinogenicity of
these compounds. However, no direct rela-
tionship was observed when a weak carcino-
gen (DEHP) was compared with the potent one
(WY-14,643) (Marsman et al., 1988). An initial
burst of DNA replication occurs with both
compounds within a few days after initiation of
feeding of either compound; however, livers
from WY-14,643-treated animals showed a per-
sistent increase in DNA labeling over control
whereas DEHP-fed rats did not. At the same
time, peroxisomes were increased to the same
extent by both DEHP and WY-14,643. This re-
sult shows that peroxisome proliferation alone
is not associated with carcinogenicity, but sug-
gests that persistent increased cell replication
may be an important factor (see below). Indeed,
it was demonstrated that after treatment with a
peroxisome proliferator the extent of DNA syn-
thesis and peroxisomal enzyme induction were
independent events (Grasl-Kraupp et al., 1993;
Bojes and Thurman, 1996b; Rose et al., 1997a).
Combined, these studies show that the
processes of peroxisome proliferation and mi-
togenesis can be functionally distinguished,
thus supporting the hypothesis that peroxiso-
mal H2O2 is not responsible for genetic damage
leading to carcinogenesis. Therefore, the use of
peroxisome proliferation as a short-term bio-
logical marker to identify the potential carcino-
genic nature of an agent may not be useful.

HEPATOCARCINOGENICITY 
OF PEROXISOME PROLIFERATORS 

IN RATS AND MICE

Possible mechanisms

A number of nonexclusive hypotheses have
been postulated to contribute to the mecha-
nisms underlying hepatocarcinogenicity of
peroxisome proliferators including: (i) oxida-
tive damage to DNA or proteins resulting from
increased intracellular levels of H2O2 (Fahl et

al., 1984); (ii) alterations in cell proliferation and
cell cycle control (Marsman et al., 1988; Peters
et al., 1998); (iii) inhibition of apoptosis (Ger-
bracht et al., 1990; Bayly et al., 1994); and (iv) a
combination of these vents (see Fig. 1). A hy-
pothesis that H2O2 generated from peroxiso-
mal fatty acyl-CoA oxidase causes DNA dam-
age in liver parenchymal cells (Fig. 1A) has not
received overwhelming experimental support
(see below). On the contrary, the role of cell
proliferation in nongenotoxic carcinogenesis
due to peroxisome proliferators is widely ac-
cepted (Marsman et al., 1988) (Fig. 1B). This hy-
pothesis is based on the finding that all perox-
isome proliferators markedly increase cell
proliferation in liver of rats and mice, at least
during the first few weeks of administration
(reviewed in Conway et al., 1989a). However,
only potent carcinogens of this class of com-
pounds cause a sustained increase in hepato-
cyte replication. Collectively, a good correla-
tion between sustained increases in replicative
DNA synthesis associated with hyperplasia

OXIDANTS AND PEROXISOME PROLIFERATORS 611

FIG. 1. Hypotheses that have been proposed to explain
peroxisome proliferator-induced carcinogenesis in ro-
dent liver. PP, Peroxisome proliferators; TNF-a, tumor
necrosis factor-a; PPARa, peroxisome proliferator-acti-
vated receptor a.
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and the carcinogenicity of peroxisome prolif-
erators exists (Marsman et al., 1988); however,
signaling events involved in stimulation of the
cell cycle and its contribution to tumor forma-
tion remain unclear. Alternatively, since per-
oxisome proliferators inhibit apoptosis both in
vivo (Marsman et al., 1992) and in vitro (Ger-
bracht et al., 1990; Bayly et al., 1994), it is pos-
sible that inhibition of programmed cell death
may predispose cells to ultimately form tumors
(Gonzalez et al., 1998).

Another piece of evidence for the above-
mentioned hypothesis, that has been proposed
for peroxisome proliferators, is promotion of
spontaneously initiated cells (Cattley et al.,
1991; Grasl-Kraupp et al., 1991). These studies
demonstrated a higher incidence of hepatic tu-
mors in old than in young rats after treatment
with peroxisome proliferators. The fact that
young rats developed tumors after administra-
tion of either weak or potent peroxisome pro-
liferators was interpreted by some investiga-
tors as evidence that peroxisome proliferators
are not simply promoters but complete car-
cinogens (Rao et al., 1988, 1990). However, per-
oxisome proliferators have not been shown to
exhibit initiating activity when tested in two-
stage models of rodent hepatocarcinogenesis
(Williams et al., 1987; Popp and Cattley, 1993).
Collectively, the tumor-promoting activity of
peroxisome proliferators appears to be related
to their effect on hepatocellular proliferation
and is distinct from the biochemical effects of
phenobarbital, a classic liver tumor promoter
(Doull et al., 1999).

Role of Kupffer cells in hepatocarcinogenesis of
peroxisome proliferators

Peroxisome proliferators increase prolifera-
tion of liver parenchymal cells both in vivo and
in vitro; however, the in vitro effect is much less
robust and persistent (i.e., eight- to 10-fold in-
creases in vivo versus only up to two-fold in-
creases in vitro), regardless of the dose of the
compound used (Marsman et al., 1988, 1993).
The possible explanation of this difference is
the involvement of mitogenic cytokine(s) from
nonparenchymal cell(s) in the proliferative re-
sponse (Bojes et al., 1997; Rose et al., 1999a). In-
deed, it is well known that Kupffer cells, the

resident hepatic macrophages, are the pre-
dominant source of mitogens and comitogens
in liver (Decker, 1990). For example, Kupffer
cells are a major source of TNF-a as well as
eicosanoids (Weinhold et al., 1991), and TNF-a
is mitogenic to hepatocytes (Beyer and The-
ologides, 1993) (see Fig. 2). To address the pos-
sibility that Kupffer cells participate in the
mechanism of action of peroxisome prolifera-
tors, we performed several studies. First, it was
shown that LY-171883, a peroxisome prolifera-
tor, was taken up by Kupffer cells via phago-
cytosis leading to activation (Rose et al., 1999a).
Next, interactions between Kupffer and
parenchymal cells were studied in the intact
liver. Using liver perfusion, it was demon-
strated that nafenopin and WY-14,643 doubled
uptake of particulate colloidal carbon, reflect-
ing activation of Kupffer cells (Bojes and Thur-
man, 1996b). Furthermore, the increase in cell
proliferation due to WY-14,643 was blocked by
an antibody to TNF-a (Bojes et al., 1995). In-
deed, increases in whole-liver TNF-a mRNA
(Rose et al., 1997a) and serum TNF-a levels fol-
lowing treatment with peroxisme proliferators
have been reported (Adinehzadeh and Reo,
1998). Collectively, these data led to the new
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FIG. 2. Signaling pathways induced in Kupffer cells
by peroxisome proliferators. PKC, Protein kinase C;
NADPH OX, NADPH oxidase; ROS, reactive oxygen
species; NF-kB, nuclear factor kB; TNF-a, tumor necrosis
factor-a.
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hypothesis that TNF-a produced by Kupffer
cells is responsible for increased cell prolifera-
tion due to peroxisome proliferators (Fig. 1C).
Implicit in this idea is that TNF-a is produced
by Kupffer cells at low levels, which are mito-
genic (Ankerman et al., 1992), since higher lev-
els induce apoptosis (Heller and Kronke, 1994;
Schulte-Hermann et al., 1995) and cause in-
flammation (Decker, 1990).

The hypothesis that Kupffer cells are in-
volved in the mechanism of action of peroxi-
some proliferators was further supported by
experiments with methyl palmitate and
glycine, agents that inhibit Kupffer cells in vivo.
Recently, it was discovered that Kupffer cells
contain a glycine-gated chloride channel simi-
lar to that described earlier in the central ner-
vous system (Wheeler et al., 1999). Glycine 
activates a Cl2 channel leading to hyperpolar-
ization of the cell membrane thereby blunting
increases in intracellular Ca21 and blocking sig-
naling. Activation of this channel in Kupffer
cells by feeding glycine in vivo reduced TNF-a
and increased survival in rats given a lethal
dose of endotoxin (Ikejima et al., 1996). Fur-
thermore, dietary glycine prevented the in-
creases in both TNF-a mRNA and protein and
cell proliferation due to the peroxisome prolif-
erator WY-14,643 (Rose et al., 1997b). Methyl
palmitate is a nonmetabolizable fatty acid that
suppresses reticuloendothelial function, and it
blunts uptake of colloidal carbon, a measure of
Kupffer cell activation (Cowper et al., 1990). It
also completely prevented the stimulation of
TNF-a production and cell proliferation by
WY-14,643 (Rose et al., 1997a). From these data,
it was concluded that TNF-a of Kupffer cell ori-
gin was causally responsible for the mitogenic
effect of peroxisome proliferators.

Because the transcription factor NF-kB plays
an essential role in the regulation of a variety
of genes involved in inflammatory responses,
immune function, and control of cell growth
and differentiation including production of
TNF-a (Baldwin, 1996), it was suggested that it
may be involved in signaling induced by per-
oxisome proliferators in Kupffer cells. Indeed,
NF-kB activity was elevated about three-fold
early after WY-14,643 treatment in the hepatic
nonparenchymal cell fraction and then de-
clined toward basal values (Rusyn et al., 1998a).

Importantly, 2 hr after WY-14,643 treatment,
the active form of NF-kB was localized almost
exclusively in nonparenchymal cells with val-
ues 20 to 25 times greater than in parenchymal
cells (Rusyn et al., 1998a). In contrast, parenchy-
mal cells exhibited maximal activity only after
8 hr. These findings are consistent with the hy-
pothesis that activation of NF-kB in Kupffer
cells leads to increases in TNF-a production,
which are ultimately responsible for WY-
14,643-induced hepatocyte replication (see Fig.
2 for scheme). Furthermore, dietary feeding of
ciprofibrate increased NF-kB activity in rat
whole liver nuclear extracts after 3 days (Li et
al., 1996).

Because peroxisome proliferators are highly
lipophilic compounds, it was hypothesized
that they act in a manner similar to phorbol es-
ters, also nongenotoxic carcinogens and in-
crease protein kinase C (PKC). PKC is a sec-
ond-messenger system that is elevated during
increased cell turnover and is involved in the
signaling cascade leading to increased cell pro-
liferation (Nishizuka, 1984, 1988). In support of
this hypothesis, it was demonstrated that a
wide range of peroxisome proliferators ele-
vated PKC in whole liver roughly in propor-
tion to their carcinogenicity in long-term feed-
ing studies (Bojes and Thurman, 1994). It was
proposed, therefore, that the mitogenic effect of
peroxisome proliferators involved activation of
PKC. Recently, changes in PKC a, b, d, and z
isoforms were detected after exposure to WY-
14,643 (Corton et al., 1999). On the basis of these
results, it was concluded that alterations in
PKC isoforms could play an important role in
perpetuating the high cell proliferative rate in
peroxisome proliferator-induced hepatocellu-
lar adenomas. Finally, WY-14,643 increased
PKC activity about three-fold in isolated Kupf-
fer cells and pretreatment of Kupffer cells with
the amino acid glycine, which blunts calcium
signaling (see above), inhibited WY-14,643-
stimulated increases in PKC activity com-
pletely (Rose et al., 1999b). These data are con-
sistent with the hypothesis that peroxisome
proliferators directly activate Kupffer cells and
TNF-a production via mechanisms involving
PKC. A possible link between PKC and activa-
tion of NF-kB also exists because activation of
NF-kB by peroxisome proliferators is sensitive
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to reactive oxygen species (ROS) (Rusyn et al.,
1998a; see below) and PKC activates oxidant
production (Majumdar et al., 1993).

Role of PPARa in the mechanism of peroxisome
proliferators

Recent studies in PPARa knockout mice pro-
vided unequivocal evidence for a role for this
intracellular receptor in both hepatocellular
proliferation and tumors due to peroxisome
proliferators (Peters et al., 1997). Specifically,
the effect of the prototypical peroxisome pro-
liferator WY-14,643 on replicative DNA syn-
thesis and carcinogenesis in wild-type and
PPARa-null mice was evaluated. Mice of both
(1/1) and (2/2) genotypes were fed either a
control diet or one containing WY-14,643 for 1
week, 5 weeks, or 11 months. Wild-type, but
not knockout mice, fed the WY-14,643 diet for
1 or 5 weeks showed increased hepatocellular
proliferation. After 11 months, 100% of the
(1/1) mice fed the WY-14,643 diet had multi-
ple hepatocellular neoplasms, including ade-
nomas and carcinomas, while the (2/2) mice
were unaffected. This work demonstrates
clearly that the in vivo effects of WY-14,643 on
replicative DNA synthesis and hepatocarcino-
genesis involved PPARa.

A contributing role for Kupffer cells and cy-
tokines in hepatocyte proliferation has been pro-
posed (see above); however, whether PPARa is
expressed in Kupffer cells or parenchymal cells
was not known. To address this important gap
in our knowledge, the expression of PPAR iso-
forms in rat Kupffer and parenchymal cells was
examined (Peters et al., 2000). Kupffer cells and
hepatocytes of greater than 99% purity were
isolated from rats fed either a control diet or
one containing 0.1% WY-14,643 for 1 week. Pro-
tein and RNA were obtained, and PPAR ex-
pression was analyzed using Northern and
Western blotting. PPARa, PPARb, and PPARg
mRNA was detected in purified hepatocytes.
In Kupffer cells, mRNA encoding PPARg was
present whereas transcripts for PPARa and
PPARb were not detected. Immunoblots were
consistent with the results from Northern
analysis. Combined, these results show that
PPARa is expressed in rat parenchymal cells
but not in Kupffer cells. These data are consis-

tent with the hypothesis that parenchymal cells
respond to Kupffer cell-derived TNF-a via
mechanisms dependent on PPARa in paren-
chymal cells (see Fig. 3); however, how PPARa
is involved in signaling proliferation of
parenchymal cells remains to be determined.

ROS AND THE MECHANISM OF
PEROXISOME PROLIFERATORS

Role of oxidants and DNA damage in the carcino-
genesis of peroxisome proliferators

The hypothesis that the hepatocarcinogenic-
ity of peroxisome proliferators is due to oxida-
tive stress relies on several sets of experimen-
tal evidence. These include disproportionate
increases in the activities of enzymes that gen-
erate and degrade H2O2 in these cells, and in-
creases in 8-HO-dG and lipid peroxidation. In-
creased amounts of lipofuscin and high levels
of conjugated dienes have been reported in liv-
ers of rats treated for prolonged periods with
peroxisome proliferators (Goel et al., 1986; Lake
et al., 1987; Conway et al., 1989b). Furthermore,
livers with chronic peroxisome proliferation
show a two- to four-fold increase in the amount
of 8-HO-dG in DNA (Kasai et al., 1989; Qu et
al., 1999) and DNA damage has been induced
in vitro in SV40 DNA by peroxisomes isolated
from the livers of rats exposed to a peroxisome
proliferator (Fahl et al., 1984). More recent evi-
dence comes from experiments where the en-
zyme fatty acyl-CoA oxidase was overex-
pressed in mammalian cells (Chu et al., 1995).
In a cell line that stably express rat peroxiso-
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FIG. 3. Proposed role for Kupffer cell TNF-a in pro-
liferation of parenchymal cells induced by peroxisome
proliferators.TNF-a, Tumor necrosis factor-a; NF-kB, nu-
clear factor kB; PPARa; peroxisome proliferator-activated
receptor a.
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mal fatty acyl-CoA oxidase and which was ex-
posed to a fatty acid for 2 weeks, a growth ad-
vantage and transformed phenotype were ob-
served. The growth of these cells in soft agar
and the formation of tumors when the trans-
formed cells were transplanted into nude mice
were also reported. Although this is an impor-
tant observation, it does not establish carcino-
genicity of H2O2 in an intact animal model. Fi-
nally, when ciprofibrate was fed for 21 days to
transgenic mice, which overexpress catalase in
the liver, the increase in cell proliferation ob-
served in wild-type mice was abolished (Ni-
lakantan et al., 1998).

Importantly, several studies presented evi-
dence that does not support the hypothesis of
oxidative DNA damage due to peroxisome
proliferators. It was reported that chronic di(2-
ethylhexyl)phthalate (DEHP) treatment does
not result in increased 8-hydroxydeoxyguano-
sine (8-OH-dG) levels in liver (Cattley and
Glover, 1993). Moreover, it was suggested that
such increases may be due to oxidation of mi-
tochondrial, rather then nuclear DNA (Sausen
et al., 1995). Furthermore, given the extremely
high rate at which peroxisomal catalase con-
verts H2O2 into H2O and O2, it should not es-
cape peroxisomes (Nicholls and Schonbaum,
1963), and it was shown that treatment with
peroxisome proliferators increased H2O2 in
vitro, but not in the perfused liver because fatty
acid supply is rate limiting for H2O2 produc-
tion in intact cells (Handler and Thurman, 1988;
Handler et al., 1992). Moreover, spontaneous
liver tumors occur in mice lacking peroxisomal
fatty acyl-CoA oxidase (Fan et al., 1998). Col-
lectively, the role of oxidants in the mechanism
of action of this important class of chemicals is
far from clear and taking oxidant production
in specific liver cell types into consideration
may provide important insights (see above).

Evidence for increased oxidant production in
Kupffer cells due to peroxisome proliferators

Stimulation of Kupffer cells results in acti-
vation of NADPH oxidase and production of
superoxide anion (Decker, 1990). Because
Kupffer cells are known to be activated by per-
oxisome proliferator treatment in vivo (Bojes
and Thurman, 1996b), it was hypothesized that

such activation would result in increased pro-
duction of oxidants. To address this hypothe-
sis, Kupffer cells were isolated from untreated
rats and cultured in the presence of peroxisome
proliferators, and then superoxide production
was assessed. Indeed, WY-14,643 and mono-
ethylhexylphthalate (MEHP), a key lipophilic
metabolite of DEHP, increased superoxide pro-
duction in isolated Kupffer cells in a dose-de-
pendent manner, indicating that they can affect
Kupffer cells directly (Rose et al., 1999b). Fur-
thermore, WY-14,643-stimulated superoxide
production by isolated Kupffer cells was pre-
vented by glycine, consistent with the hypoth-
esis that Ca21-dependent signaling (e.g., via
PKC, see above) is involved in activation of
Kupffer cells by peroxisome proliferators. The
involvement of PKC in Kupffer cell superoxide
production stimulated by WY-14,643 was eval-
uated further by measuring PKC activity in
Kupffer cells. Indeed, WY-14,643 increased cal-
cium-dependent PKC activity in Kupffer cells
nearly three-fold, an effect also blocked by
glycine (Rose et al., 1999b).

As mentioned above, both WY-14,643 and
DEHP elevate hepatocyte replication during
the first few days of treatment; however, only
WY-14,643 sustains rates of proliferation with
long-term treatment (Marsman et al., 1988). To
determine if oxidants such as superoxide are
involved in sustained cell replication in vivo,
Kupffer cells were isolated from rats treated
with 0.1% WY-14,643 or 1.2% DEHP in the diet
for 21 days, a time when hepatocellular prolif-
eration is elevated only in WY-14,643 but not
DEHP-treated animals, and basal rates of su-
peroxide production were measured (Rose et
al., 1999b). Kupffer cells isolated from rats fed
WY-14,643 generated superoxide at rates sig-
nificantly greater than cells from controls; how-
ever, superoxide production was not stimu-
lated by feeding DEHP for 3 weeks. Therefore,
these data are consistent with the hypothesis
that oxidants play a role in signaling a sus-
tained increase in cell proliferation in rodent
liver.

Because hard evidence for increased oxidant
production in vivo after treatment with perox-
isome proliferators is lacking, the spin-trap-
ping technique and electron spin resonance
(ESR) spectroscopy were employed (Rusyn et
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al., 1999). Specifically, when rats were given
DEHP acutely for 2 hr, an ESR-detectable radi-
cal adduct signal was detected. Furthermore,
DEHP given with [13C2]DMSO produced a 12-
line spectrum providing solid evidence in sup-
port of the hypothesis that DEHP stimulates
HOÇ  formation in vivo. Also, when rats were pre-
treated with dietary glycine, a treatment known
to inactivate Kupffer cells, no increase in POBN
(a-[4-Pyridyl-1-oxide] N-tert-bytylnitrone)/rad-
ical signal due to DEHP was observed. This ob-
servation is important because it is the first ev-
idence of rapid phthalate-induced free radical
production in vivo. Moreover, this occurs long
before H2O2 generating enzymes are induced in
peroxisomes by phthalates.

Oxidants as signaling molecules in hepatocellular
proliferation

Recently, it was suggested that low levels of
oxidants may play a role in signaling increases
in cell proliferation caused by peroxisome pro-
liferators via a Kupffer cell-mediated mecha-
nism involving TNF-a and NF-kB (Rose et al.,
1999a). Collective evidence presented above
supports the concept that oxidants play a sig-
nificant role in the peroxisome proliferator-in-
duced proliferative response by participating
in signaling in Kupffer cells.

Because NADPH oxidase is a major super-
oxide-producing enzyme in macrophages, it
was hypothesized that it is involved in oxidant-
dependent activation of NF-kB by the peroxi-
some proliferator WY-14,643 in Kupffer cells
(Rusyn et al., 1998b). Indeed, both activation of
NF-kB and increases in cell proliferation due to
a single dose of WY-14,643 were prevented
completely when rats were pretreated with
diphenyleneiodonium, an inhibitor of NADPH
oxidase. p47phox is a critical subunit of NADPH
oxidase; therefore, p47phox knockout mice were
used to address specifically the hypothesis of
involvement of NADPH oxidase in the mech-
anism of peroxisome proliferator-induced he-
patocellular proliferation. In livers of wild-type
mice, WY-14,643 activated NF-kB, which was
followed by an increase in mRNA for TNF-a.
Importantly, these changes did not occur in
p47phox knockouts. Moreover, when Kupffer
cells were treated with WY-14,643 in vitro, su-

peroxide production was induced in cells from
wild type but not p47phox-null mice. Finally,
when mice were fed a WY-14,643 containing
diet for 7 days, the increase in liver weight and
cell proliferation caused by WY-14,643 in wild-
type mice did not occur in p47phox-null mice.
Combined, these results provide strong evi-
dence for a key role of NADPH oxidase in
Kupffer cells as a source of oxidants increased
by treatment with the peroxisome proliferator
WY-14,643. Furthermore, it is suggested that
reactive oxygen species play a novel signaling
role in the mechanism of action of this class of
tumor promoters. Therefore, these data further
support a role of Kupffer cells in the mecha-
nism of increased cell proliferation due to this
important class of toxic chemicals.

CONCLUDING REMARKS

The issue of human risk associated with ex-
posure to chemicals that belong to the peroxi-
some proliferator group remains controversial.
Despite several major advances in understand-
ing the mechanisms of how these chemicals
cause liver tumors in rodents, the issue of tox-
icity to human population is far from being re-
solved. Recent experimental evidence suggests
that ROS, at least early after treatment with 
peroxisome proliferators, are derived from
NADPH oxidase in Kupffer cells. Furthermore,
it was hypothesized that ROS play a novel sig-
naling role in the mechanism of action of this
class of nongenotoxic liver carcinogens. Specif-
ically, it was shown that peroxisome prolifera-
tors (i) cause formation of free radicals in vivo,
and (ii) increase activity of the redox-sensitive
transcription factor NF-kB via oxidants pro-
duced from NADPH oxidase. Therefore, oxi-
dants act as important second messengers and
might be involved in signaling of Kupffer cells
mitogen production resulting in increased pro-
liferation of parenchymal cells.

On the other hand, PPARa is required for
both increases in cell proliferation and tumors
due to peroxisome proliferators in rodents (Pe-
ters et al., 1997), but it is not present in Kupf-
fer cells (Peters et al., 2000). Combined with ev-
idence for the role of Kupffer cells presented
above, these results suggest that the effects of
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peroxisome proliferators on two separate cell
types are both necessary for the maximal in-
crease in hepatocellular proliferation. Collec-
tively, these interesting new findings will be
useful in determining the exact mechanism by
which peroxisome proliferators cause liver tu-
mors in rodents so that the potential risk of hu-
man exposure to these compounds can be bet-
ter predicted.

ACKNOWLEDGMENT

This work was supported, in part, by a grant
from NIEHS (ES-04325).

ABBREVIATIONS
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