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ABSTRACT

Peroxisome proliferator-activated receptor a (PPARa) may work in the processes of both physiological
and toxicological response to various endogenous or exogenous substances. The literature on the study of
functional activation of PPARa by environmental chemicals in relation to their toxicities were reviewed.
Environmental chemicals that were found to induce peroxisomes (peroxisome proliferators) and to activate
the function of PPARa included plasticizers, herbicides, and organic solvents that have carboxyl groups in
their parent substances or their metabolites. Several studies have showed species differences in the constitu-
tive expression of PPARa and activation of PPARa, which may result in species differences in the induc-
tion of transcription of the genes encoding several peroxisomal enzymes. Although much information has
supported the view that PPARa is primarily involved in the hepatic carcinogenicity of peroxisome
proliferators, conflicting evidence exists. Most of the peroxisome proliferators have been shown to induce
reproductive and developmental disorders, which might, in part, be associated with the functional activation
of PPARa. Few epidemiological studies on the effect of peroxisome proliferators on humans have been con-
ducted. The effect of perfluorooctanoic acid on humans was evaluated from the aspect of lipid metabolism
in one study, which concluded that there was no effect.
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INTRODUCTION

A peroxisome is a subcellular organelle in many plant and animal cells, in which hydrogen
peroxide-producing enzymes and those involved in B-oxidation of fatty acids are found™?. It is
a globular body, approximately 0.5 pm in diameter, consisting of one membrane and a granular
matrix. The ratio of mitochondria to peroxisomes in a cell is 4 : 1. Chemicals that induce the
peroxisome are called peroxisome proliferators, which include plasticizers, harbicides, and
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antilipidemic drugs. These chemicals increase the size and number of peroxisomes and induce
enlargement of the liver and expression of peroxisomal enzymes™®.

The peroxisome proliferator-activated receptor (PPAR), a member of the nuclear hormonal
receptor family, has been recognized as a receptor that mediates the proliferation of peroxi-
somes. In the past ten years, research on PPARs has developed dramatically; a PPAR (PPARa,
one of its subtypes) was cloned by Issemann and Green®, and two other subtypes, PPARPB(3)
and PPARYy, were found in succession”. As a result, these receptors have been demonstrated to
have various important functions, including energy metabolism within the body, homeostasis of
intracellular lipids, maintenance of mitochondrial function, cell growth signaling, and control of
apoptosis®?. On the other hand, PPARa is also known to be related to the adverse effects of
peroxisome proliferators”.

Ligands of PPARa

There are 200 or more ligands, including long-chain fatty acids, fibrate antilipidemic drugs,
thiazolidinediones, non-steroidal anti-inflammatory drugs, plasticizers such as phthalic esters,
herbicides, and organic solvents'®. Of these chemicals, only the possible environmental ligands
of PPARa listed in Table 1 were dealt with. It is noted that these chemicals or their metabo-
lites include a carboxyl group.

Organ distribution of PPAR

Braissant et al. investigated the organ distribution of PPARa in mature rats, using immuno-
staining with in situ hybridization and polyclonal antibody?. It was suggested that different
subtypes of PPAR (a, B, p) are expressed in many cell types. PPARa was predominantly ex-
pressed in the hepatic and myocardial, crypt, and proximal rena tubule cells.

PPARa and the target genes

Figure 1 shows a functional activation of PPARa by environmental chemicals®®. A complex
of PPARa—peroxisome proliferators such as phthalic acid esters forms a heterodimer with RXR
(retinoid X receptor), combines with PPRE (peroxisome proliferator response element), and
regulates transcriptional activation of the target genes. Thus, ligands of PPARa influence the

Table 1. Ligands of PPARa

Commercia category Environmenta chemicals

Plasticizer Di-(2-ethylhexyl) phthalate (DEHP)
Di-(2-ethylhexyl) adipate (DEHA)
Dicyclohexyl phthalate (DCHP)
Butylbenzy! phthalate(BBP)
Dibutyl phthalate (DBP)
Perfluorooctanoic acid (PFOA)

Herbicide 2,4-dichlorophenoxyacetic acid(2,4-D)
2,4,5-trichlorophenoxyacetic acid (2,4,5-T)
dicamba (2-methoxy-3,6-dichlorobenzoic acid)

Solvents Trichloroethylene
Tetrachloroethylene
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Figure 1: Mechanism of transcriptional activation of PPARa by phthalic esters, reported by Auwerx et al'V. with
slight modification.

expression of enzymes involved in B-oxidation of fatty acids, w-oxidations (CYP4A), and me-
tabolism of lipoprotein.

PPARa and carcinogenicity

Based on the fact that many peroxisome proliferators are carcinogenic to the liver, a rela-
tionship between carcinogenicity and PPARa has been noted*'®. David et al. administered
DEHP to rats and mice for 104 weeks at 0~12500 and 0~6000 ppm, respectively**'. Prolifera-
tion of peroxisomes was observed at an exposure concentration of 2500 ppm or more for rats,
and 500 ppm or more for mice. Moreover, an increase in hepatocellular tumors (adenomas and
carcinomas) was observed at 12500 and 1500 ppm in rats and mice, respectively. In contrast,
exposure to DEHP did not induce peroxisome proliferation in primates'®. Based on these data,
in 2000 the IARC downgraded DEHP to “not classifiable as to carcinogenicity to humans.”
Melnick'” objected to this decision because: 1) although determining whether the activation of
PPARa is deeply involved in the development of hepatocellular tumor is a top priority, under-
standing of the mechanism(s) of carcinogenicity of peroxisome proliferators remains incomplete;
2) cancer epidemiological studies of DEHP or hypolipidemic fibrate drugs (peroxisome
proliferators) are inconclusive; 3) although most of the pleiotropic effects of peroxisome
proliferators are mediated by the PPARa, hypolipidemic fibrates have been shown to modulate
the target gene expression, and thereby induce hypolipidemia even in humans, in whom expres-
sion is lower than in rats or mice; and 4) DEHP aso induces biological effects that occur in-
dependent of peroxisome proliferation (e.g., morphologic cell transformation), and it is possible
that some of these responses also contribute to the carcinogenicity of this chemical. Roberts et
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al'®. objected to this review because: 1) antilipidemic drugs cause peroxisome proliferation and
cell proliferation in rodent, but not in human hepatocytes; 2) hypolipidemic effects of
antilipidemic drugs in humans are mediated by activation of PPARa leading to regulation of
gene expression of apolipoprotein (Apo Al, etc.), but not to the induction of the gene battery
associated with rodent peroxisome proliferation and cancer; 3) species differences in molecular
sequences of PPARa-response elements (PPRES) were observed; and 4) there was no evidence
that antilipidemic drugs epidemically increased the incidence of carcinoma. For this controversy
to be resolved, carcinogenic mechanisms mediated by PPARa and species differences among
these mechanisms should be clarified.

Organic solvents

Exposure to trichloroethylene or tetrachloroethylene was found to induce peroxisome prolif-
eration due to the metabolites in these substances'®?). A study on whether these chemicals
acted as a ligand of PPARa or PPARy was conducted by Maloney and Waxman?. COS-1 cells
transfected with human or mouse PPARa and PPARy expression plasmids and a PPRE-Iu-
ciferase reporter were stimulated with trichloroethylene, tetrachloroethylene, or their metabolites
for 24 hours. A determination of luciferase activity indicated that mouse and human PPARa
were activated by both trichloroacetic and dichloroacetic acid. No species difference was ob-
served in terms of this activation. The activation, however, was not observed with the parent
chemicals or the metabolites, including chloral hydrate or trichloroethanol. In contrast, PPARy
was not activated by trichloroacetic acid or dichloroacetic acid. These results suggested that
peroxisome proliferation due to trichloroethylene or tetrachloroethylene might be associated with
the ligation of their metabolites, trichloroacetic acid or dichloroacetic acid, respectively, to
PPARa.

Nakajima et al. administered trichloroethylene to wild-type SV/129 mice and PPARa-null
mice, and demonstrated that a metabolite of trichloroethylene was a ligand for PPARa?. In
wild-type mice with PPARa, the number of peroxisomes in the liver was increased, and the ex-
pression of target gene products such as enzymes involved in the -oxidation of fatty acids, or
CYP4A, was enhanced after exposure to trichloroethylene. These phenomena were not observed
in PPARa-null mice, and, therefore, peroxisome proliferation after exposure to trichloroethylene
was judged to be caused by ligation of metabolites to PPARa. Interestingly, although no sex
difference was observed for induction of peroxisomes associated with exposure to trichloroethyl-
ene, a stronger induction of the target gene products was observed in males than in females.
This difference might be caused by a sex difference in PPARa expression, because no sex dif-
ference was observed for the biotransformation of trichloroethylene. Nakajima's findings also
suggest that the relationship between transcriptional activation of PPARa and peroxisome prolif-
eration is not unequivocal.

Plasticizers

Di (2-ethylhexyl) phthalate (DEHP), a typical plasticizer, is hydrolyzed into mono (2-
ethylhexyl) phthalate (MEHP) and 2-ethylhexyl alcohol (2-EH) by lipase. MEHP is further me-
tabolized to a conjugate with UDP-glucuronyltransferase, or to dicarboxylic acids with CYP4A,
alcohol dehydrogenases (ADH), and aldehyde dehydrogenases (ALDH). 2-EH is oxidized into
2-ethylhexanoic acid (2EHA) under the catalytic effect of ADH and ALDH. Maloney and
Waxman?? studied the activation of human and mouse PPARa and PPARy associated with
DEHP and its metabolites, using the same technique as that used for trichloroethylene and tetra-
chloroethylene. DEHP did not activate human or mouse PPARa or PPARy. MEHP, however,
activated both human and mouse PPARa. It was noted that MEHP also activated human and
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mouse PPARy, which effect was not observed on other peroxisome proliferators such as trichlo-
roacetic acid, dichloroacetic acid, or wy-14,643. 2-EH did not activate human or mouse PPARa
or PPARy. On the other hand, 2EHA, a 2-EH metabolite, activated human and mouse PPARa
at higher concentrations than those activated by MEHP. In contrast to MEHP, 2EHA did not
activate PPARY. These results suggest that DEHP metabolites with carboxyl groups activated
both human and mouse PPARa. It should be noted that MEHP also activated the PPARy of
both species.

The transcriptional activation of PPARa in response to phthalic esters and adipic ester was
evaluated by analyzing the expression of PPARa-mRNA and the target gene products. An in-
crease in PPARa-mRNA was found in the groups administered butylbenzyl phthalate (BBP),
dicyclohexyl phthalate (DCHP), DEHP, or di(2-ethylhexyl) adipate (DEHA). This increase was
proportional to the molecular weight and lipid solubility (log Pow) of the parent chemicals
(Fig. 2). Since these parent substances do not activate PPARa, the lipid solubility of their me-
tabolites may increase with an increase of parent substances, resulting in easier transfer into the
nucleus or in stronger ligations.

The reproductive toxicity of DEHP has been investigated in relation to PPARa in several
studies (Table 2). Ward et al. administered DEHP at 12000 ppm to Sv/129 wild-type mice and
PPARa-null mice for 24 weeks?®. Activation of PPARa at this exposure concentration was con-
firmed at the mRNA-level. In the DEHP-exposed group, al wild-type mice died from cystic
ateration of the renal tubules by the 16th week, although no weight loss or death was ob-
served in PPARa-null mice. Although hepatomegaly and liver disorders (hepatocytomegaly and
cytoplasmic granular hepatocyte eosinophilia) were observed in wild-type mice exposed to
DEHP, no such abnormality was found in PPARa-null mice similarly exposed. Kidney and tes-
tes disorders were observed in both wild-type and PPARa-null mice. Rena toxicity appeared
earlier in wild-type mice, and severe testicular toxicity was observed in wild-type mice. These
results suggest that toxicity of DEHP mediated by PPARa was found in the liver, kidney, and
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Figure 2: Relationship between lipid solubility (octanol/water partition coefficients) of phthalic esters and PPARa-
mRNA level in the liver. Each point and bar represents the mean + SD.
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Table 2 Genital organ disorders associated with phthalic esters

Phthalic esters  Dose and Animal (sex) Male genital Female genital organ Other organs
(author(s)) duration organ or reproductive effects
DFEP 12000 ppm SV/129 mice Decreased Weight loss,
(Ward et al.) x 24 weeks (M) spermatogenesis liver and kidney
and giant cells in disorders
epididymis
DEHP 100, 500, Marmosets No change No change
(Kurata et al.) 2500 mg/kg M, F)
x 13 weeks
DEHP Single dose SV/129 mice Decreased survival Retarded maternal
(Peters et al.) of 1 g/kg (3] rate of fetus weight gain, elevated
(on the 8 and metallothioneine and
9 gestational zinc concentration,
days) decreased zinc
concentration in fetus
DEHP 2 gkg x 7-12  SD rats Prolonged sexual cycle,
(Davis et al.) days/ ()] suppressed ovulation,

contracted preovulatory
follicles, decreased
estradiol, elevated FSH

DEHP, DBP, 0.01-0.3% CD-1 mice Decreased Decreased survival rate
DEPR, DHP x 105 days M, F) sperm, increased  of newborn pups
(Lamb et al.) abnormal sperm,

reduced sperm

motility

testes; toxicity without relation to this receptor was also found in the kidney and testes.

Kurata et al. investigated the genital organ toxicity of this chemical using 100~2500 mg/kg
of DEHP administered to marmosets for 13 weeks'®. In this study, hepatic peroxisome prolif-
eration was not observed, suggesting a lack of the activation of PPARa by DEHP. The authors
also reported that DEHP did not induce testicular damage, decrease of blood testosterone, or
estradiol concentration. Considering all of the above findings, the relationships among PPARQ,
male genital organ disorders associated with DEHP, and the effect of DEHP on sex hormones
seems inarguable. The toxicity of DEHP is attributable to that of MEHP or its metabolites,
which have been shown to inhibit mitochondrial respiratory function in Sertoli cells®. Consider-
ing the deep involvement of PPARa in fatty acid oxidation in mitochondria?® and the findings
that PPARa constitutively expresses in Sertoli cells in the testes™, further study on the testicu-
lar damage mediated by PPARQ is expected.

Phthalic esters aso have female genital organ toxicity. Davis et al. administered 2 g/kg of
DEHP to female Sprague-Dawley rats to examine the effect of the chemical on femae genital
organs®”. DEHP induced a prolongation of the female sexual cycle, a suppression of ovulation,
a decrease in the size of ovarian follicles before ovulation (not a decrease in the number of
granulosa cells), a decrease in estradiol, and an increase in FSH. Histopathologically, polycystic
ovary was observed in DEHP-treated rats. These results indicate that estradiol formation was
decreased due to the effect of DEHP on preovulatory granulosa cells. It is possible that MEHR,
not DEHP, inhibited aromatase activity, resulting in inhibition of estradiol formation from test-
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osterone, and this might be a possible pathway of femae genital organ damage associated with
DEHP, based on the fact that MEHP decreased the content of aromatase independent of FSH-
cAMP?. The results above are interesting in that PPARa expresses in the ovarian follicular
cells, where disorders associated with DEHP occur. However, the exposure concentration used
was too high, as was the case in Ward et al®.

Peters et al. reported on PPARa-independent teratogenicity and reproductive disorders of
DEHP?). Female Sv/129 wild-type and PPARa-null mice were mated with a male with the
same genotype, and 1 g/kg of DEHP was administered orally on the 8th and 9th gestational
days. Autopsies were performed on the 10th and 18th days. An increase in liver weight in
dams and a decrease in the number of living fetuses were observed in both wild-type and
PPARa-null mice, suggesting that these adverse effects were independent of PPARa. Zinc is
known to be essential for embryonic and fetal development, suggesting that aterations in zinc
level may contribute to the mechanisms underlying reproductive toxicity (maternal toxicity and
fetal toxicity) and teratogenicity by DEHP. In the study by Peters et al., the influence on the
fetus was observed to occur simultaneously with a decrease in zinc concentration in the mater-
na liver, and thus, the involvement of zinc might not be negligible.

Lamb et al. studied the effect of four phthalic esters including DEHP on reproductivity and
toxicity of male genital organs in mice®. Diethyl phthalate (DEP) had a slight effect on body
and liver weights, and no effect was observed on fertility. Dibutyl phthalate (DBP) caused a
decrease in litter size and the survival rates of pups. Dihexyl phthalate (DHP) and DEHP
caused a dose-response decrease in litter size and the survival rate of pups, leading to a reduc-
tion in fertility. The effect appeared at exposure concentrations of 0.01% DEHP, and was stron-
ger in mice exposed to DEHP than in those exposed to DHP. DHP and DEHP also decreased
sperm concentration and reduced sperm motility, and increased the rate of abnormal spermato-
zoa. Testicular atrophy was also induced by both chemicals. Interestingly, although no pups
were born after mating a female exposed to 0.3% DEHP with a male in the control group,
20% of females in the control group gave birth after mating with a male exposed to 0.3%
DEHP. DEHP did have toxicity for the male genital organ, but the effect of the chemical might
be stronger in females; i.e, in this case, the effect of DEHP on fertility might reflect a greater
influence on females than on males.

The relationship between PPARa and DEHP reproductive toxicity reported by Lamb et al.
was investigated. A diet containing 0.05% DEHP was given to male and female Sv/129 wild-
type and PPARa-null mice ad libitum (FO). After one month of administration, wild-type and
PPARa-null mice were mated, respectively. Neonates (F1) were reared in the same way as their
parents, and were mated after maturation. Litter size and the surviva rates of their neonates in
F1 and F2 generations were observed. The neonatal survival rates of F1 and F2 were calculated
to be about 60% in the DEHP-exposed group of wild-type mice, indicating that the rates were
clearly lower than that (97%) of the control group. Litter size was aso smaller in DEHP-ex-
posed wild-type mice than in control mice. On the other hand, in PPARa-null mice, no differ-
ence in survival rate of neonates or in litter size of F1 and F2 was observed between the
DEHP-exposed mice and the control mice. Exposure to DEHP had no significant influence on
male genital organs at this exposure concentration. Therefore, PPARa might be involved in
reproduetive toxicity of DEHP, to which females might have the key; this mechanism is now
under research.

Herbicides
Maloney and Waxman studied the activation of PPAR associated with 2,4-dichlorophenoxy
acetic acid (2,4-D) and 2- methyl-4-chlorophenoxyacetic acid (MCPA), in addition to that of the
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above-mentioned peroxisome proliferators?. In contrast to other peroxisome proliferators, neither
2,4-D nor MCPA directly activated human or mouse PPARa or PPARy. Therefore, the authors
considered that metabolites of 2,4-D and MCPA might be responsible for the proliferation of
peroxisomes. It was confirmed in the recent study that 2,4-D did induce peroxisome prolifera-
tion, and an increase in PPARa protein and PPARa-mRNA as well as an increase in the ex-
pression of the target gene products, athough whether 2,4-D itsdlf or its metabolites is the ac-
tive ligand is till unclear (data not shown).

Dicamba (2-methoxy-3,6-dichlorobenzoic acid), widely used as an herbicide, is aso a peroxi-
some proliferator. Espandiari et al. administered 0~1% dicamba to female and male Sprague-
Dawley rats for 3 weeks®%. Although dicamba had no effect on relative liver weight or food
consumption, enzyme activities involved in (-oxidation of fatty acids or in CYP4A (hydroxyla
tion activity of lauryl acid) in liver peroxisomes increased in the 1% dicamba group. These re-
sults suggest that dicamba might cause activation of PPARQ.

Foecies differences in activation of PPARa

Species differences were observed in the induction of peroxisome proliferations and the tran-
scription of genes encoding several peroxisomal enzymes by environmental chemicals®™. Accord-
ing to Maloney and Waxman??, activation of PPARa by Wy-14,643 and perfluorooctanoic acid
(PFOA), a plasticizer, was stronger in mice than in humans. Another study showed that the ac-
tivation by Wy-14,643 was stronger in rats than in humans®. These results suggest that species
differences in induction of peroxisome proliferations and peroxisomal enzymes are due, in part,
to difference in PPARa activation. Species differences were also observed in constitutive ex-
pression of PPARa, suggesting that these species differences might also contribute to differ-
ences in activation.

Effect of peroxisome proliferators on humans

Few studies have investigated the effect on humans of the above-mentioned peroxisome
proliferators through the mediation of PPARa. Gilliland and Mandel examined the effect of
PFOA on humans, based on the fact that this chemical acted as a ligand for animal PPARa
and influenced lipid metabolism, leading to hepatocellular necrosis and hypolipidemia®. A
cross-sectional epidemiological study was conducted in 115 workers with occupational exposure
to PFOA in order to examine the relationship between exposure to PFOA and levels of liver
enzymes, lipoproteins, and cholesterol. No association was confirmed, and it was concluded that
no effect on humans was found under this exposure condition.

CYP4A

The CYP4 family consists of 18 subfamilies, one of which is CYP4A%). It has been con-
firmed that CYP4A includes 12 isozymes found in nine species of mammals. CYP4A catalyzes
mainly w-oxidation of medium- and long-chain fatty acids, although chemical substrates other
than fatty acids are also catalyzed. We studied the relationship between PPARa-mRNA induc-
tion and CYP4A inducibility for phthalic esters (Fig 2). A positive relationship was found, sug-
gesting that CYP4A could be a promising indicator for PPARa induction.
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