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Phthalate esters are widely used as plasticizers in the manufac-
ture of products made of polyvinyl chloride. Mono-(2-ethylhexyl)-
phthalate (MEHP) induces rodent hepatocarcinogenesis by a
mechanism that involves activation of the nuclear transcription
factor peroxisome proliferator-activated receptor-alpha (PPAR�).
MEHP also activates PPAR-gamma (PPAR�), which contributes
to adipocyte differentiation and insulin sensitization. Human ex-
posure to other phthalate monoesters, including metabolites of
di-n-butyl phthalate and butyl benzyl phthalate, is substantially
higher than that of MEHP, prompting this investigation of their
potential for PPAR activation, assayed in COS cells and in PPAR-
responsive liver (PPAR�) and adipocyte (PPAR�) cell lines.
Monobenzyl phthalate (MBzP) and mono-sec-butyl phthalate
(MBuP) both increased the COS cell transcriptional activity of
mouse PPAR�, with effective concentration for half-maximal re-
sponse (EC50) values of 21 and 63 �M, respectively. MBzP also
activated human PPAR� (EC50 � 30 �M) and mouse and human
PPAR� (EC50 � 75–100 �M). MEHP was a more potent PPAR
activator than MBzP or MBuP, with mouse PPAR� more sensitive
to MEHP (EC50 � 0.6 �M) than human PPAR� (EC50 � 3.2 �M).
MEHP activation of PPAR� required somewhat higher concen-
trations, EC50 � 10.1 �M (mouse PPAR�) and 6.2 �M (human
PPAR�). No significant PPAR activation was observed with the
monomethyl, mono-n-butyl, dimethyl, or diethyl esters of phthalic
acid. PPAR� activation was verified in FAO rat liver cells stably
transfected with PPAR�, where expression of several endogenous
PPAR� target genes was induced by MBzP, MBuP, and MEHP.
Similarly, activation of endogenous PPAR� target genes was ev-
idenced for all three phthalates by the stimulation of PPAR�-
dependent adipogenesis in the 3T3-L1 cell differentiation model.
These findings demonstrate the potential of environmental phtha-
late monoesters for activation of rodent and human PPARs and
may help to elucidate the molecular basis for the adverse health
effects proposed to be associated with human phthalate exposure.
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Peroxisome proliferator chemicals (PPCs) include hypolipi-
demic drugs, phthalates, endogenous steroids, herbicides, and

solvents. These structurally diverse chemicals induce a pleio-
tropic set of responses in rat and mouse liver, including hep-
atomegaly, induction of enzymes involved in fatty acid �-ox-
idation, and an increase in the size and number of peroxisomes
(Reddy et al., 1980). Long-term exposure of rodents to PPCs is
associated with increased risk of developing hepatocellular
carcinoma (Reddy et al., 1980). These effects of PPCs are
mediated by peroxisome proliferator-activated receptor-alpha
(PPAR�), a ligand-activated transcription factor that belongs
to the nuclear receptor superfamily. Heterodimers between
PPAR� and retinoid X receptor bind to and trans-activate
peroxisome proliferator response elements (PPREs) found in
the 5�-regulatory region of PPC-activated genes, such as acyl-
CoA oxidase (ACOX), peroxisomal bifunctional enzyme, and
cytochrome P450 4A, a fatty-acid �-hydroxylase (Reddy and
Hashimoto, 2001). The role of PPAR� in PPC-induced hepatic
proliferative responses is evident from studies of PPAR� null
mice, which do not exhibit the characteristic hepatomegaly,
liver peroxisome proliferation, and target gene activation seen
in PPC-treated wild-type (wt) mice (Lee et al., 1995). Lipid
homeostasis and fatty acid metabolism are altered in these mice
(Aoyama et al., 1998), and the hepatocarcinogenic effects of
4-chloro-6-(2,3-xylidino)-2-pyrimidinythiol acetic acid (Wy-
14,643), a potent peroxisome proliferator, are abolished (Peters
et al., 1997). Thus, the major hepatic effects of PPCs, including
their hepatocarcinogenic effects, are mediated by PPAR�-
dependent gene transcription and signaling events. By contrast,
two other PPAR forms help regulate diverse physiological
processes in several other tissues, with PPAR� essential for
adipogenesis and PPAR� playing a role in development
(Berger and Moller, 2002).

Strong species differences in the response to PPCs have been
observed, with rats and mice being quite sensitive to PPCs and
humans, guinea pigs, and other species being refractory
(Gonzalez et al., 1998). The relative insensitivity of human
liver cells to PPCs reflects several factors, including the lower
levels of PPAR� in human liver, as compared with rodents
(Palmer et al., 1998), and species differences in amino acid
sequence within the ligand binding domain (Keller et al.,
1997), which may contribute to the decreased intrinsic sensi-
tivity of human PPAR�, compared with its rodent counterparts
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seen with some but not all PPCs (Maloney and Waxman,
1999).

PPAR� is predominantly expressed in adipose tissue and at
lower levels in skeletal muscle, liver, and heart (Kliewer et al.,
2001). PPAR� plays a key role in adipocyte differentiation and
is the primary molecular target of a novel class of thiazo-
lidinedione drugs used to treat non-insulin–dependent diabetes
mellitus (Lehmann et al., 1995). In addition to PPAR�, factors
involved in the transcriptional control of adipogenesis include
CCAAT/Enhancer-binding proteins (C/EBPs) and signal trans-
ducer and activators of transcription (STATs) (Morrison and
Farmer, 1999; Nanbu-Wakao et al., 2002). PPAR� has also
been implicated in promoting macrophage differentiation and
the formation of atherosclerotic lesions in humans (Berger and
Moller, 2002). Given the extensive cross-talk between PPAR
and other transcription factors and signaling pathways control-
ling adipogenesis and other physiological processes (Shipley
and Waxman, in press; Zhou and Waxman, 1999; Zhou et al.,
2002), perturbation of these highly regulated processes by
environmental chemicals that interact with PPAR� may poten-
tially have significant pathophysiological consequences.

Phthalate esters are widely used as plasticizers in the man-
ufacture of products made of flexible polyvinyl chloride prod-
ucts, including medical bags and food packaging, and can also
be found in a variety of industrial fixatives, detergents, cos-
metics, and solvents (Blass, 1992). Phthalates are ubiquitous
environmental contaminants, and the potential for human ex-
posure by oral, dermal, inhalation, and intravenous means is
high (Huber et al., 1996). Di-(2-ethylhexyl)-phthalate (DEHP),
the most important phthalate ester in commercial use, is a
rodent reproductive toxicant, a teratogen, and a liver carcino-
gen (Doull et al., 1999). The hepatotoxicological effects of
DEHP are hypothesized to involve peroxisome proliferation
(Lake et al., 1975) induced by DEHP’s monoester hydrolysis
product, mono-(2-ethylhexyl)-phthalate (MEHP; Lhuguenot et
al., 1988; Maloney and Waxman, 1999). The testicular toxicity
of DEHP is independent of PPAR� (Ward et al., 1998) but
may conceivably be mediated by another PPAR form (PPAR�
or PPAR�). Recently, urinary phthalate monoester concentra-
tions were found to be exceptionally high in a human reference
population (Blount et al., 2000). Particularly high levels were
reported for monoethyl phthalate (6790 �g/g urinary creati-
nine), mono-n-butyl phthalate (M(n)BuP; 2760 �g/g), and
monobenzyl phthalate (MBzP; 544 �g/g), whereas urinary
levels of MEHP were much lower, at 192 �g/g (Blount et al.,
2000). M(n)BuP and MBzP are hydrolytic metabolites of the
environmental phthalate diesters dibutyl phthalate and butyl
benzyl phthalate, which are potential reproductive and devel-
opmental toxicants (Kavlock et al., 2002a,b). Human exposure
to phthalate monoesters is, thus, substantially higher and more
prevalent than previously suspected. Presently, DEHP receives
the most attention concerning health risks associated with
phthalate exposure. However, the results of Blount et al.
(2000) indicate that other phthalate monoesters need to be

considered when carrying out human health risk-assessment
analyses for this class of compounds. As a first step toward this
goal, this study set out to determine whether these environ-
mentally relevant phthalate monoesters can activate mouse or
human PPAR� and PPAR� when assayed in transfection stud-
ies and in intact cellular systems with endogenous receptors
and target genes. Our findings extend previous studies on the
effects of MEHP (Lovekamp-Swan et al., 2003; Maloney and
Waxman, 1999) and demonstrate significant activation of both
PPAR forms by phthalate monoesters, most notably MBzP and
mono-sec-butyl phthalate (MBuP), in addition to MEHP. The
potential toxicological implications of these findings are dis-
cussed in the context of the roles played by PPAR� and
PPAR� in lipid homeostasis and the regulation of energy
metabolism.

MATERIALS AND METHODS

Chemicals. MBzP, MBuP, diethyl phthalate, and monomethyl phthalate
were purchased from Aldrich Chemical Co. (Milwaukee, WI). MEHP (TCI
America, Portland, OR), M(n)BuP (Chem Service, West Chester, PA), phthalic
acid (Sigma Chemical Co., St Louis, MO), and troglitazone (Sankyo Co.,
Japan) were obtained from the sources indicated.

Plasmids. The mouse PPAR� expression plasmid pCMV-PPAR� was
provided by Dr. E. Johnson (Scripps Research Institute, La Jolla, CA). The
mouse PPAR� expression plasmid pSV-Sport1-PPAR�1 was provided by Dr.
J. K. Reddy (Northwestern University Medical School, Chicago, IL). The
human PPAR� expression plasmid pSG5-PPAR� was obtained from Dr. F.
Gonzalez (National Cancer Institute, Bethesda, MD). The human PPAR�1

expression plasmid pSG5-PPAR�1 was obtained from Dr. S. Kliewer (Glaxo-
SmithKline, Research Triangle Park, NC). The firefly luciferase reporter plas-
mid pHDx3-luc contains three copies of a PPRE derived from the rat enoyl
CoA hydratase/3-hydroxyacyl CoA promoter (nts –2956 to –2919) cloned into
pCPS-Luc and was obtained from Dr. J. Capone (McMaster University,
Ontario, Canada). This reporter plasmid is based on a known PPAR� target
gene but also responds to PPAR�. The renilla luciferase reporter plasmid
pRL-CMV was purchased from Promega (Madison, WI). The Moloney murine
leukemia virus-derived expression vector pBabe-Puro containing a full-length
cDNA insert encoding mouse PPAR� was obtained from Dr. B. M.
Spiegelman (Dana-Farber Cancer Institute, Boston, MA).

Cell culture and transient transfections. COS-1 cells (ATCC, Manassas,
VA) were grown in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine system (FBS; Sigma, St. Louis, MO) and 50
U/ml penicillin/streptomycin (Gibco) in 75 cm2 tissue culture flasks. Cells
were cultured overnight at 37°C, then trypsinized and reseeded at 30,000
cells/well in a 48-well plate (Corning Inc., Corning, NY) in DMEM containing
10% FBS. The cells were transfected 24 h later, using FuGENE 6 transfection
reagent (Boehringer-Mannheim, Germany), as previously described (Maloney
and Waxman, 1999). The transfection mixture contained 90 ng pHD(x3)-luc,
5 ng PPAR expression plasmid, and 1 ng pRL-CMV per well in a volume of
15 �l of DMEM containing 0.3 �l of FuGENE 6. Salmon sperm DNA
(Stratagene Inc., La Jolla, CA) was added as carrier DNA to give 250 ng total
DNA per well. The media was replaced 16–18 h later with serum-free DMEM
containing the PPCs or phthalates to be tested for PPAR activation. Stock
solutions of PPCs and phthalates dissolved in dimethyl sulfoxide (DMSO)
were prepared fresh on the day of cell treatment. MEHP (20 �M) or Wy-
14,643 (5 �M) was used as a positive control for phthalate activation of mouse
and human PPAR� (Maloney and Waxman, 1999). Troglitazone (3 �M) was
used as a positive control for the activation of PPAR�. Following PPC or
phthalate treatment for 24 h, cells were lysed by incubation at 4°C in 200 �l
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passive lysis buffer (Promega) for 20 min. Firefly and renilla luciferase
activities were measured in the cell lysate, using a dual reporter assay system
(Promega) and a Monolight 2010 luminometer (Analytical Luminescence
Laboratory, San Diego, CA). Luciferase activity values were normalized for
transfection efficiency, using Renilla luciferase activity assayed in the same
cell lysates (firefly luciferase/renilla luciferase). Firefly/renilla ratios calculated
for PPC- or phthalate-treated cells were then expressed relative to untreated
DMSO controls. The range of renilla luciferase activity for 5 �l of cell lysate
was typically 150,000–400,000 light units. Data shown in each figure are
presented as mean � SED (n � 3 replicates). Each figure is representative of
two to three independent replicate experiments. Effective concentration for
half-maximal response (EC50) values were calculated using GraphPad Prism
software, version 3.0 (GraphPad, San Diego, CA).

Construction of FAO cells expressing PPAR� by retroviral infection
(FAO-PPAR� cells). Rat hepatoma FAO cells obtained from Dr. J. Vanden
Heuvel (Pennsylvania State University, University Park, PA) were grown in
DMEM containing 5% FBS. Transfection of the packaging cell line Bosc 23
with mouse PPAR�-encoding pBabe-Puro retroviral plasmid DNA, harvesting
of the retroviral supernatant, and infection of the rat FAO hepatoma cells were
carried out using methods described previously (Jounaidi et al., 1998). Pools
of puromycin-resistant FAO cells were selected using 2 �g/ml puromycin for
2 weeks. Drug-resistant clones (FAO-PPAR� cells) were grown and analyzed
for nafenopin responsiveness by Western blot analysis of the PPAR� target
gene peroxisomal 3-ketoacetyl-CoA thiolase (PTL).

Western blotting. Whole-cell extracts were prepared from FAO or FAO-
PPAR� cells dissolved in 1� passive lysis buffer (Promega) containing
Complete (Roche Diagnostics, Mannheim, Germany) cocktail of protease
inhibitors. Cells were lysed on ice for 30 min, and insoluble materials were
pelleted by centrifugation (30 min at 15,000 x g). Protein concentrations were
determined using a commercially available protein assay kit (Bio-Rad, Her-
cules, CA) with bovine serum albumin as a standard. Protein was electropho-
resed on 10% Laemmli SDS gels (40 �g protein/lane), electrotransferred onto
nitrocellulose membranes, then probed with rabbit polyclonal anti-ACOX or
anti-PTL antibody (1:10,000 dilution), generously provided by Drs. T. Hashi-
moto and J. K. Reddy (Northwestern University, Chicago, IL), as described
earlier (Zhou et al., 2002). Antibody binding was visualized on X-ray film by
enhanced chemiluminescence using the ECL kit from Amersham Pharmacia
Biotech (Piscataway, NJ). Scans of Western blots were obtained using a
Microtek ScanMaker (Carson, CA) V6USL scanner and Ofoto software (Em-
eryville, CA). Protein band intensities were quantitated using ImageQuant,
v1.2 software (Molecular Dynamics, Piscataway, NJ).

Quantitation of mRNA levels by real-time PCR. Relative cellular levels
of rat 18S rRNA and PTL, ACOX, peroxisomal bifunctional enzyme (PBE),
and urate oxidase mRNAs were quantified by real-time PCR analysis using the
ABI 7900 Prism Sequence Detection System (Applied Biosystems, Foster
City, CA). Total RNA was extracted using TRIZOL reagent (Gibco BRL,
Carlsbad, CA) from FAO-PPAR� cells that were seeded in 6-well plates at 7 �
105 cells/well and treated for 48 h with nafenopin (100 �M) or the indicated
phthalate monoesters beginning 4 h after cell plating. The RNA obtained was
treated with DNase I (1 U/ml) for 1 h to remove contaminating DNA. SYBR
Green real-time PCR assays were used to quantify the following rat mRNAs:
PTL (forward primer 5�-GGC-ACA-AGG-GCA-TCC-AAT-C-3�, reverse
primer 5�-GTG-CGC-TGT-CTT-TGG-TTC-AA-3�); ACOX (forward primer
5�-CCT-CTG-TCG-ACC-TTG-TTC-GG-3�, reverse primer 5�-ACG-ACC-
ACG-TAG-TGC-CAA-TG-3�); PBE (forward primer 5�-GCC-TTG-GGC-
TGT-CAC-TAT-CG-3�, reverse primer 5�-CAA-GCC-GAC-ACG-AGC-CTT-
T-3�); urate oxidase (forward primer 5�-ACT-GCA-AGT-GGC-GCT-ACC-A-
3�, reverse primer 5�-CCC-AGG-TAG-CCT-CGA-AAT-CC-3�); and 18S
rRNA (forward primer 5�-CGC-CGC-TAG-AGG-TGA-AAT-TC-3�, reverse
primer 5�-CCA-GTC-GGC-ATC-GTT-TAT-GG-3�). For reverse transcription
reactions, 0.4 �g RNA was transcribed into cDNA, using random hexamer
primers and MuLV reverse transcriptase (Applied Biosystems). Each real-time
PCR reaction contained SYBR Green PCR Master Mix and 300 nM of each
primer in a volume of 4 �l and was carried out in triplicate. The PCR program

was 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s,
60°C for 1 min, and 95°C for 15 s. No PCR amplification was observed in
control reactions that omitted reverse transcriptase or the cDNA template.
Relative levels of PTL, ACOX, PBE, and urate oxidase mRNA were calculated
for each cDNA sample after subtracting the threshold cycle (CT) for 18S RNA
(determined in triplicate for each cDNA) from the CT values (determined in
triplicate) for PTL, ACOX, PBE, and urate oxidase to adjust for small differ-
ences in the amount of cDNA template present in each sample (�CT). The
average �CT for untreated FAO-PPAR� cells was then subtracted from the
corresponding �CT for phthalate-treated cells (��CT), and the values were
back-transformed (2–��CT) to calculate the amounts of each RNA in the treated
cells, relative to untreated controls.

3T3-L1 cell differentiation assay. Mouse 3T3-L1 fibroblasts (ATCC, Ma-
nassas, VA) were grown in DMEM containing 10% FBS. Cells were seeded in
12-well plates at �60% confluence. Two days postconfluence, adipogenesis
was induced by changing the media to DMEM/10% FBS containing 1.67 �M
insulin, 1 �M dexamethasone, 0.5 mM isomethylbutylxanthine, and a PPAR�
activator. Troglitazone (10 �M) was used a positive control for PPAR�-
dependent adipocyte differentiation. Phthalate monoester or troglitazone was
added to the culture medium at the time of initiation of differentiation (2 days
postconfluence) and with each subsequent medium change (every 48 h). Six
days after initiation of adipocyte differentiation, the 3T3-L1 cells were fixed
with formalin and stained with Oil Red O (Green and Kehinde, 1974). Briefly,
cells were washed twice with PBS, then fixed with 10% formalin in phosphate
buffer for 1 h at room temperature. The fixed cells were stained with Oil Red
O (3 mg/ml) for 15 min. Cells were washed three times with water, visualized
with a Nikon TMS-F light microscope, and photographed.

Color photomicrographs of 3T3-L1 adipocyte differentiation were converted
to grayscale images using the “Color Range” tool in Adobe Photshop 6.0. This
tool was used to select red color corresponding to a RGB value of 154, 0, 0.
The range of reds selected was expanded using the “Fuzziness” option, which
was set to the maximum value of 200. The selected color range was copied and
pasted in a new Photoshop document and converted to grayscale. Dark stained
lipid droplets shown in the final image indicate an increase in adipocyte
differentiation.

Statistical analysis. GraphPad Prism v3.0 was used to perform all statis-
tical analyses. All data were log-transformed, and a one-way ANOVA fol-
lowed by Dunnett’s post hoc test was used to determine whether differences
between phthalate treatments were significantly different from the control
values, with p � 0.05 as the limit of significance.

RESULTS

trans-Activation PPAR� and PPAR� by MEHP

The trans-activation of PPAR� by MEHP, the monoester
hydrolysis product of DEHP, was investigated in COS-1 cells
transfected with mouse or human PPAR� expression plasmid
and a PPRE-luciferase reporter. Cells were then treated for
24 h with MEHP (0.03–60 �M), which was previously shown
to activate PPAR� (Maloney and Waxman, 1999). MEHP
activated PPAR�-dependent reporter activity �2- to 2.5-fold,
relative to DMSO (control)-treated cultures with both the
mouse and human receptor (Figs. 1A and 1B). Dose-response
studies showed mouse PPAR� to be �5-fold more sensitive to
MEHP (EC50 � 0.6 �M) than human PPAR� (EC50 � 3.2 �M)
(Fig. 2). Further investigation demonstrated that MEHP acti-
vates mouse PPAR� and human PPAR� transcriptional activ-
ity 3- to 4-fold (Figs. 1C and 1D), with EC50 values of 10.1 �M
and 6.2 �M, respectively (Fig. 2).
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Effect of Phthalate Monoesters on PPAR� Activity

We next examined several other phthalate monoesters for
their ability to activate mouse and human PPAR�. MBzP (Fig.
3A) and MBuP (Fig. 4A) both increased the transcriptional
activity of mouse PPAR� up to �3- to 3.5-fold, with EC50

values of 21 �M (MBzP) and 63 �M (MBuP; data not shown).
MBzP also activated human PPAR� (Fig. 3B), but the activa-
tion was less robust than that of mouse PPAR�, suggesting a
reduced responsiveness of the human receptor. Treatment of
the cells with Wy-14,643, an established PPAR� ligand and
potent PPAR� activator, resulted in 5- to 8-fold induction of
mouse PPAR� activity. Monomethyl phthalate activated
mouse PPAR� by 2-fold; however, no trans-activation of
human PPAR� was detected (data not shown). In contrast to
the activation seen with the sec-butyl ester MBuP, mouse and
human PPAR� were unresponsive to M(n)BuP at concentra-

tions up to 300 �M. The dimethyl and diethyl esters of phthalic
acid were inactive when assayed for mouse and human PPAR�
trans-activation (data not shown).

FAO-PPAR� Cells Are Responsive to Phthalate Monoesters

Initial experiments with rat liver FAO cells demonstrated
that these cells were weakly responsive to PPCs, as revealed by
Western blot analysis to detect induction of the PPAR� target
genes and peroxisomal enzymes ACOX and PTL. To increase
the sensitivity of this liver cell line to PPCs, FAO cells ex-
pressing 4-fold higher levels of PPAR� mRNA (FAO-PPAR�
cells) were generated by retroviral transduction (see Materials
and Methods). The resultant stable cell line FAO-PPAR� was
then compared with wt FAO cells with respect to responsive-
ness to the PPCs Wy-14,643, nafenopin, and MEHP (48-h
treatment). Cell extracts were analyzed on Western blots

FIG. 1. Activation of mouse and human PPAR� and PPAR� by MEHP. COS-1 cells were transfected with expression plasmid encoding the indicated PPAR
isoform, a PPRE-Luc reporter plasmid, and a renilla luciferase internal control plasmid. Treatment of cells with the indicated concentrations of MEHP for 24 h
and determination of firefly luciferase activity normalized to the renilla luciferase internal control were carried out as described in Materials and Methods. Data
shown are luciferase reporter values normalized to untreated DMSO controls, mean � SD, n � 3 based on a single representative experiment. *p� 0.01; **p �
0.05 from DMSO-control values by ANOVA.
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probed for ACOX and PTL. Wt FAO cells responded to MEHP
and nafenopin by induction of the 52-kDa form of ACOX (Fig.
5). Little or no induction of PTL was detected, despite the
strong induction of this PPAR� target gene seen in rat liver
after treatment with the PPC ciprofibrate (lane 2 vs. lane 1). In
contrast, ACOX and PTL were both strongly increased in
FAO-PPAR� cells treated with Wy-14,643, MEHP, or
nafenopin (Fig. 5, lanes 6, 8, 10 vs. untreated control in lane 4).
Therefore, we used FAO-PPAR� cells as a model to study the
activation of endogenous PPAR� target genes by the trans-
activating phthalate monoesters identified in Figures 3 and 4.
Treatment of FAO-PPAR� cells with MBzP for 48 h resulted
in dose-dependent increases in ACOX protein (4-fold) and
PTL protein (6-fold; Fig. 6). Both protein products of the
ACOX gene were induced. However, induction of ACOX was
less robust with MBuP (2- to 3-fold), as compared with MBzP
(4-fold). These findings demonstrate that both phthalate mono-
esters are able to activate PPAR� and stimulate expression of
endogenous PPAR� target genes in a liver cell model.

Induction of PPAR�-Responsive Genes in FAO-mPPAR�
Cells

The induction of fatty-acid �-oxidation genes in FAO-
mPPAR� cells following MBzP or MBuP was confirmed by
real-time PCR analysis. PTL mRNA was induced �7-fold at
300 �M MBzP (Fig. 7). However, no induction of PTL mRNA
was observed with MBuP, in agreement with the protein data
shown in Figure 6. Induction of PTL mRNA in response to
MBzP treatment was substantially lower than that achieved in

cells treated with Wy-14,643 or nafenopin. PBE mRNA was
induced up to �7 to 10-fold in FAO-mPPAR� cells treated
with MBzP or MBuP. Although ACOX mRNA was induced
with Wy-14,643 or nafenopin (4- to 7-fold increase), no sig-
nificant increase was seen with MBzP or MBuP. By contrast,
the protein data shown in Figure 6 indicate induction of the 52-
and 72-kDa protein bands was observed with both MBzP and
MBuP. Finally, urate oxidase mRNA, which encodes a perox-
isomal enzyme that is not responsive to PPCs, was not induced
by Wy-14,643, nafenopin, MBzP, or MBuP (Fig. 7).

trans-Activation of Mouse and Human PPAR� by Phthalate
Monoesters

Transient transfections were carried out in COS-1 cells to
assay the responsiveness of mouse and human PPAR� to
phthalate monoesters. MEHP activated both mouse and human
PPAR� (Figs. 1C and 1D), with EC50 values of 10.1 �M and
6.2 �M, respectively (Fig. 2). MBzP also stimulated a 3-fold
increase in mouse and human PPAR� activity, as compared
with a 10- to 15-fold activation by the potent PPAR� ligand
troglitazone (Figs. 3C and 3D), with EC50 values of 75 and 100
�M, respectively (data not shown). MBuP activated mouse
PPAR� �2- to 3-fold at 300 �M (Fig. 4B) but induced little or
no increase (� 2-fold) in human PPAR� activity (data not
shown). Mouse and human PPAR� were also unresponsive to
M(n)BuP, monomethyl phthalate, and diethyl phthalate when
tested at concentrations up to 300 �M (data not shown).

Effect of MBzP and MBuP on Adipocyte Differentiation

We next investigated the effect of MBzP and MBuP on
endogenous PPAR� function. We selected the 3T3-L1 preadi-
pocyte differentiation model to characterize the ability of
phthalate monoesters to activate endogenous PPAR� in an
intact cell system. 3T3-L1 preadipocytes differentiate into ma-
ture fat cells in a PPAR�-dependent manner when treated with
PPAR� activators in the presence of a cocktail of hormonal
inducers (dexamethasone, isobutylmethylxanthine, and insulin;
Brun et al., 1996) and can be used to assay for PPAR�
ligands/activators. PPAR�-dependent adipogenesis can be vi-
sualized by staining of accumulated fat droplets with Oil Red
O. To test the effects of environmental phthalate monoesters in
this model, 3T3-L1 cells were treated with differentiation
cocktail for 6 days in the presence of increasing concentrations
of MEHP, MBzP, or MBuP. The established PPAR� activator
troglitazone served as positive controls for PPAR�-dependent
differentiation (Fig. 8, panel C vs. panel B). Strong induction
of differentiation was seen with MEHP (50 �M; panel D).
Moreover, a dose-dependent increase in adipocyte differentia-
tion was observed with both MBzP (Fig. 8, panel E and panel
F vs. panel B) and MBuP (Fig. 8, panel G and panel H vs. panel
B). At the highest concentration of phthalate tested, the extent
of differentiation induced by MBuP was less than that of MBzP

FIG. 2. Dose-response for activation of PPAR� and PPAR� by MEHP.
COS-1 cell transfection, treatment with MEHP, and determination of relative
luciferase values were carried out as described in Materials and Methods. Data
shown are based on normalized luciferase reporter values, such as those shown
in Figure 1. Maximal activation for each receptor was arbitrarily set as 1. EC50

values were calculated using nonlinear regression analysis (GraphPad Prism
v3.0).
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(Fig. 8). MBzP and MBuP are, thus, both able to activate
PPAR� in an intact cell system.

DISCUSSION

Environmental exposure to DEHP, its active monoester hy-
drolysis product MEHP, and other phthalate esters occurs
when these compounds leach from plastic, leading to the
contamination of food, water, and soil (Albro and Lavenhar,
1989). Although DEHP is produced in the largest quantity,
human exposure to phthalate monoesters derived from other
phthalates is apparently much greater than that of DEHP and
MEHP (Blount et al., 2000). Rodent model studies demon-
strate a causal link between exposure to phthalates and toxicity
to liver, kidney, and testis, in addition to reproductive toxicity
and teratogenicity, in some cases mediated by the nuclear
receptor PPAR�. The objective of this study was to determine
the potential of environmental phthalate monoesters for acti-

vation of PPAR� and PPAR�, using cell-based trans-activa-
tion assays and by monitoring PPAR target gene expres-
sion (PPAR�) or PPAR-dependent adipocyte differentiation
(PPAR�).

Long-term administration of phthalates leads to rodent hepa-
tocarcinogenesis (Reddy et al., 1980) by a mechanism that is
dependent on PPAR� (Peters et al., 1997). Hepatic peroxisome
proliferation and the associated hepatocarcinogenic response
are not caused by DEHP itself but by its bioactive metabolite,
MEHP (Albro et al., 1989). In this study, MEHP activated
mouse and human PPAR� at low micromolar levels, with the
mouse receptor �5-fold more sensitive to MEHP (EC50 � 0.6
�M) than human PPAR� (EC50 � 3.2 �M). Mouse and human
PPAR� were also activated by MEHP in the micromolar range
(EC50 � 6–10 �M), as determined in cell-based transient
trans-activation assays. These assays enabled us to compare
the phthalate monoester responsiveness of PPAR from a spe-
cies that is highly responsive to classic peroxisome proliferator

FIG. 3. Activation of mouse and human PPAR� and PPAR� by MBzP. COS-1 cell transfection, treatment with MBzP at the indicated concentrations, and
determination of relative luciferase activities were carried out as described in Materials and Methods. Data shown are normalized luciferase reporter values
normalized to untreated DMSO controls, mean � SD, n �3. Wy: Wy-14,643 (5 �M) and MEHP (20 �M) were used as positive controls for mouse PPAR�
activation, as shown. Troglitazone (Trog; 3 �M) was used as a positive control for PPAR� activation. *p � 0.01; **p � 0.05 from DMSO-control values by
ANOVA.
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chemicals (mouse) with that of a species that is poorly respon-
sive (humans). Potential limitations of this assay system in-
clude the possibility that differences in PPAR plasmid expres-
sion, relative mRNA levels, and/or stability of mouse and
human PPAR� and PPAR� proteins may result in differences
in the absolute levels of each PPAR protein in the transfected
cells. Because PPAR isoform and species-specific antibodies
were not available, it was not possible to determine the precise
expression levels of the four PPAR proteins (mouse and human
PPAR� and PPAR�) included in this study. However, such
differences would not alter the intrinsic ability of the phthalate
esters to activate each PPAR, as discussed elsewhere (Maloney
and Waxman, 1999).

Although the observed peroxisome proliferation and other
hepatic toxicities of PPCs such as DEHP and MEHP are
dependent on PPAR� (Lee et al., 1995), the testicular, renal,
and developmental toxicities exhibited by DEHP are indepen-

dent of PPAR� (Ward et al., 1998) and may conceivably be
mediated by other PPAR forms, such as PPAR�. Decreased
testosterone production is observed in mice fed diets contain-
ing DEHP or MEHP (Oishi and Hiraga, 1980a; Oishi and
Hiraga, 1980b), and testosterone secretion by Leydig cells in
the testis is inhibited following phthalate monoester treatment
(Jones et al., 1993), suggesting that Leydig cells, which ex-
press PPAR� and PPAR� (Braissant et al., 1996) but not
PPAR� (Gazouli et al., 2002), may be the target for MEHP’s
testicular toxicity. However, the inhibitory effects of MEHP on
testosterone production are dependent on PPAR� (Gazouli et
al., 2002) and are, thus, distinct from the PPAR�-independent
testicular toxicity of MEHP. Rather, the testicular toxicity of
MEHP seems more likely to be associated with the Sertoli cell
toxicant effect of these phthalates, which leads to a disruption
of germ cell apoptosis (Richburg and Boekelheide, 1996).

FIG. 4. Activation of mouse PPAR� and PPAR� by MBuP. COS-1 cell transfection, treatment with MBuP at the indicated concentrations, and determination
of relative luciferase activities were carried out as described in Materials and Methods. Data shown are normalized luciferase reporter values normalized to
untreated DMSO controls, mean � SD, n � 3. Wy: Wy-14,643 (5 �M was used as a positive control for mouse PPAR� activation. Troglitazone (Trog; 3 �M)
was used as a positive control for mouse PPAR� activation. *p � 0.01; **p � 0.05 from DMSO-control values by ANOVA.

FIG. 5. Peroxisomal enzyme induc-
tion in FAO and FAO-PPAR� cells
treated with peroxisome proliferators.
Shown is a Western blot of rat liver mi-
crosomes (lane 1, UT [untreated]; lane 2,
ciprofibrate-induced) or FAO cell ex-
tracts probed with antibody to ACOX or
PTL, as described under Materials and
Methods. Data shown are for FAO cells
(lanes 3, 5, 7, 9) and FAO-PPAR� cells
(lanes 4, 6, 8, 10) treated for 48 h with
DMSO control (lanes 3, 4), 100 �M Wy-
14,643 (lanes 5, 6), 250 �M MEHP
(lanes 7, 8), or 250 �M nafenopin (lanes
9, 10).
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Further study is required to determine whether the activation of
PPAR� is involved in this latter toxicity of MEHP.

MBzP, the primary metabolite of butyl benzyl phthalate, and
M(n)BuP, the primary metabolite of dibutyl phthalate, are both
teratogenic in animal studies (Ema et al., 1993a,b). MBzP was
found to activate PPAR�, as did MBuP, both in a trans-
activation assay and by the induction of the endogenous
PPAR� target gene proteins ACOX and PTL in FAO rat liver
cells that stably express elevated levels of PPAR�. Further-
more, MBzP increased mRNA levels of both PTL and PBE,
whereas MBuP treatment increased PBE mRNA only. A small
(�2-fold) increase in ACOX mRNA was observed with MBzP
or MBuP treatment, but this effect did not reach statistical
significance. In the present in vitro studies, human PPAR� was
found to be somewhat less sensitive than mouse PPAR� to
both MBzP and MBuP. In vivo studies will be required to
determine whether the lower sensitivity of human PPAR� to
MBzP and MBuP helps explain the significantly reduced per-
oxisome proliferation observed in human compared with ro-
dent liver cells. Other factors are likely to include the lower
PPAR� expression in human compared with rodent liver
(Palmer et al., 1998). MBzP activated mPPAR� to the same
extent as the potent peroxisome proliferator Wy-14,643, al-
though at considerably higher concentrations. Similarly, MBzP
activated hPPAR� to 70% of the maximal level observed with
MEHP. By contrast, the activation of mPPAR� by MBuP was
substantially lower than the maximal activation observed with
either MBzP or Wy-14,643. The potential of MBzP to activate
mouse PPAR� demonstrated by these experiments is consis-
tent with the potential of the parent compound, butyl benzyl
phthalate, to induce hepatic peroxisomal proliferation in
rodents (Marsman, 1995; National Toxicology Program,
1997).

This study established a rank order for phthalate activation

of mouse and human PPAR�: MEHP � MBzP � MBuP �
M(n)BuP. Furthermore, only monoester metabolites were ca-
pable of activating PPAR; each of the diester phthalates inves-
tigated (dimethyl phthalate, diethyl phthalate, and DEHP) was
inactive at the highest concentrations tested (typically 300
�M). These findings are in agreement with the relative ability
of phthalate esters to induce peroxisome proliferation in ro-
dents, where long-chain esters are more potent than short-chain
esters, and branch-chain esters are more potent than straight
chains (Barber et al., 1987). Other data suggest that the car-
boxyl moiety of phthalates is critical for peroxisome prolifer-
ation. For example, several DEHP metabolites (MEHP and
2-ethylhexanoic acid) are more potent peroxisome proliferators
than another metabolite (2-ethylhexanol; Cornu et al., 1992;
Keith et al., 1992). These data agree with earlier findings from
this laboratory, where the DEHP metabolites MEHP and 2-eth-
ylhexanoic acid both activated PPAR� in a transient transfec-
tion assay, whereas no activation was observed with 2-ethyl-
hexanol (Maloney and Waxman, 1999). A better understanding
of these structure-activity relationships may help to determine
what contribution, if any, PPAR� and PPAR� make to phtha-
late toxicity in response to human environmental or occupa-
tional exposure.

PPAR� regulates a broad range of physiological processes,
including adipogenesis, fatty acid uptake, cell proliferation,
and the formation of atherosclerotic plaques (Rosen and
Spiegelman, 2000, 2001). The present PPAR� trans-activation
assays revealed that mouse and human PPAR� both respond to
MBzP, although the sensitivity of PPAR� to MBzP (EC50 �
75–100 �M) and the maximal activation, compared with that
achieved with the established PPAR� agonist troglitazone, was
several-fold lower than seen in the case of MBzP and PPAR�.
Moreover, MBuP exhibited weak (mouse PPAR�) or no (hu-
man PPAR�) activation of PPAR�. Several other phthalate

FIG. 6. Induction of fatty acid �-oxidation enzymes in FAO-PPAR� cells after phthalate monoester treatment. FAO-mPPAR� cells were treated with the
indicated concentrations of MBzP or MBuP for 48 h. Total cell extracts were analyzed by Western blotting, as described in Materials and Methods. Data shown
are representative of the responses to MBzP and MBuP seen in other independent experiments. Densitometry showed a �4-fold induction of both the 72-kDa
and 52-kDa bands in response to treatment with MBzP, whereas a 2- to 3-fold induction of both bands was observed with MBuP. PTL protein was increased
6-fold with MBzP treatment, whereas minimal to no induction was observed with MBuP.
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esters were found to be inactive (monomethyl phthalate, di-
ethyl phthalate, and M(n)BuP). Activation of PPAR� by MBzP
was verified using the 3T3-L1 mouse embryo fibroblast cell
model, which undergoes adipogenic differentiation when
treated with a PPAR� agonist in the presence of a cocktail of
hormones. MBzP and MBuP both induced a dose-dependent
increase in adipocyte differentiation, with MBuP less active
than MBzP, in agreement with the rank order effectiveness for
PPAR� activation (MEHP � MBzP � MBuP � M(n)BuP)
seen in the COS cell transfection experiments. PPAR� is
expressed at high levels in a broad range of human tissues,
including heart, skeletal muscle, colon, intestine, kidney, and

adipose tissue. Recent studies highlight the critical role of this
receptor in adipocyte differentiation, insulin sensitivity, type 2
diabetes, atherosclerosis, and cancer. Consequently, MEHP,
MBzP, MBuP, and other environmental chemicals that activate
PPAR� may potentially interfere with critical PPAR�-depen-
dent physiological processes, leading to adverse consequences.
Other data suggest, however, a potential therapeutic role for
PPAR� ligands in the treatment of several cancers, with
PPAR� agonists inducing terminal differentiation of human
liposarcoma cells (Demetri et al., 1999) and malignant breast
cancer cells (Mueller et al., 1998), raising the possibility that
PPAR� activation by phthalates may have beneficial effects.

FIG. 7. Induction of fatty acid �-oxidation pathway mRNAs following phthalate monoester treatment of FAO-mPPAR� cells. Real-time PCR analysis was
carried out as described in Materials and Methods. Data shown are fold induction in mRNA levels, relative to DMSO-treated controls. PTL, ACOX, PBE, and
urate oxidase (UOX) mRNA values were normalized to 18s RNA levels from the same cDNA samples to control for differences in the amount of cDNA template.
Data shown are the mean � SD of triplicate PCR analyses of n � 3 independent RNA samples isolated from cell cultures. *p � 0.01; **p � 0.05 vs.
DMSO-control by ANOVA. WY, Wy-14,643; Naf, nafenopin, as in Fig. 5. Note Y-axis scale differences between panels.

305ACTIVATION OF PPAR BY PHTHALATE MONOESTERS

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/74/2/297/1716318 by guest on 20 M

arch 2024



The ineffectiveness of M(n)BP with respect to activation of
PPAR� and PPAR� is surprising, given the finding that the
parent compound, di-n-butyl phthalate, can induce expression
of at least some PPAR target genes (albeit weakly) in liver and
testes (Kobayashi et al., 2003). Conceivably, these responses,
as well as the reproductive toxicities associated with di-n-butyl
phthalate exposure in vivo (Foster et al., 2000), may be asso-
ciated with activation of PPAR�, which plays a role in embry-
onic development (Barak et al., 2002). Alternatively, these
responses may be mediated by a metabolite other than
M(n)BuP or perhaps by a PPAR-independent mechanism.

In a study designed to determine human exposure to seven
commonly used phthalates, Blount et al., (2000) measured
several monoester metabolites in human urine samples. The
maximum urinary phthalate monoester concentrations for
MBzP and M(n)BP were 1,020 ng/ml (4 �M) and 4,670 ng/ml
(21 �M), respectively. Based on these measurements and an-
imal pharmacokinetic data, maximal human daily exposure
levels of 29 and 110 �g/kg/day were estimated for MBzP and
M(n)BuP, respectively (Kohn et al., 2000). Median exposures
calculated in this manner were comparable with those calcu-
lated by the National Toxicological Program Center for the

FIG. 8. Phthalate monoester-stimu-
lated adipogenesis in 3T3-L1 cells.
3T3-L1 cells were cultured for 6 days
(see Materials and Methods) under the
following treatment conditions: (A)
DMSO; (B) differentiation cocktail; (C)
differentiation cocktail 	 10 �M trogli-
tazone; (D) differentiation cocktail 	 50
�M MEHP; (E) differentiation cock-
tail 	 100 �M MBzP; (F) differentiation
cocktail 	 300 �M MBzP; (G) differen-
tiation cocktail 	 100 �M MBuP; (H)
differentiation cocktail 	 300 �M
MBuP. Fat cell differentiation is indi-
cated by the accumulation of lipid drop-
lets, whose formation is seen to be de-
pendent on the presence of a PPAR�
activator (panels C–H vs. panels A and
B). Data shown are representative of 2–3
additional independent experiments.
Cells were stained with Oil Red O and
photographed, as described in Materials
and Methods.
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Evaluation of Risks to Human Reproduction (National Toxi-
cology Program, 2000). Because limited human phthalate phar-
macokinetic data exist, there are several uncertainties that may
affect exposure estimates, e.g., uncertainties in creatinine ex-
cretion rates and estimates of total and urinary fractions of the
dose eliminated. Taking these uncertainties into account, the
above human exposure estimates are likely to be reliable within
an order of magnitude (Kohn et al., 2000), with the possibility
that some individual exposures may be substantially higher.
For example, maximal exposure of di-n-butyl phthalate for
women aged 20–40 years is five times greater than exposure
estimates for the general population (Kohn et al., 2000). Al-
though M(n)BuP, the monoester hydrolysis product of di-n-
butyl phthalate, did not activate PPAR� or PPAR� at the
concentrations tested in this study, it is apparent that specific
individuals within the population are exposed to levels of the
monoester metabolites of di-n-butyl phthalate and other envi-
ronmental phthalate activators of PPAR that far exceed average
exposure levels in the overall population (Blount et al., 2000).
Further study is required to determine whether these phthalate
levels in vivo give rise to tissue concentrations sufficient to
achieve the activation of PPAR� and PPAR� observed in the
present cell culture studies.

In conclusion, multiple environmental phthalates were
shown to activate PPAR� and PPAR�. Although the weight of
evidence based on toxicokinetic data suggests that humans are
refractory toward PPC-induced, PPAR�-dependent hepatic
peroxisome proliferation, the toxicological impact of phtha-
lates and other PPCs that activate PPAR� are unknown.
PPAR� is much more highly expressed in human tissues than
is PPAR� (Kliewer et al., 2001) and is thought to play an
important role in differentiation, insulin sensitivity, atheroscle-
rosis, and cancer. There is, consequently, great interest in
understanding the human health impact of environmental
chemicals that interfere with the tightly controlled metabolic
and regulatory processes mediated by PPAR�. Further inves-
tigation is required to determine relevant phthalate tissue con-
centrations and whether these compounds activate PPAR� or
PPAR� in human cells and tissues and to identify highly
exposed populations and individuals who may be at risk.

ACKNOWLEDGMENTS

The authors thank Drs. E. Johnson, J. K. Reddy, F. Gonzalez, S. Kliewer, J.
Capone, and B. M. Spiegelman for providing plasmid DNAs; Dr. J. Vanden
Heuvel for FAO cells, and Drs. T. Hashimoto and J. K. Reddy for providing
antibodies. This research was supported in part by NIH grant 5 P42 ES07381,
Superfund Basic Research Center at Boston University (to D.J.W.). C.H.H.
was supported in part by NIH NRSA F32 ES11105.

REFERENCES

Albro, P. W., Chapin, R. E., Corbett, J. T., Schroeder, J., and Phelps, J. L.
(1989). Mono-2-ethylhexyl phthalate, a metabolite of di-(2-ethylhexyl)
phthalate, causally linked to testicular atrophy in rats. Toxicol. Appl. Phar-
macol. 100, 193–200.

Albro, P. W., and Lavenhar, S. R. (1989). Metabolism of di(2-ethylhexyl)
phthalate. Drug Metab. Rev. 21, 13–34.

Aoyama, T., Peters, J. M., Iritani, N., Nakajima, T., Furihata, K., Hashimoto,
T., and Gonzalez, F. J. (1998). Altered constitutive expression of fatty
acid-metabolizing enzymes in mice lacking the peroxisome proliferator-
activated receptor alpha (PPARalpha). J. Biol. Chem. 273, 5678–5684.

Barak, Y., Liao, D., He, W., Ong, E. S., Nelson, M. C., Olefsky, J. M., Boland,
R., and Evans, R. M. (2002). Effects of peroxisome proliferator-activated
receptor delta on placentation, adiposity, and colorectal cancer. Proc. Natl.
Acad. Sci. U.S.A. 99, 303–308.

Barber, E. D., Astill, B. D., Moran, E. J., Schneider, B. F., Gray, T. J., Lake,
B. G., and Evans, J. G. (1987). Peroxisome induction studies on seven
phthalate esters. Toxicol. Ind. Health 3, 7–24.

Berger, J., and Moller, D. E. (2002). The mechanisms of action of PPARs.
Annu. Rev. Med. 53, 409–435.

Blass, C. R. (1992). PVC as a biomedical polymer-plasticizer and stabilizer
toxicity. Med. Device Technol. 3, 32–40.

Blount, B. C., Silva, M. J., Caudill, S. P., Needham, L. L., Pirkle, J. L.,
Sampson, E. J., Lucier, G. W., Jackson, R. J., and Brock, J. W. (2000).
Levels of seven urinary phthalate metabolites in a human reference popu-
lation. Environ. Health Perspect. 108, 979–982.

Braissant, O., Foufelle, F., Scotto, C., Dauca, M., and Wahli, W. (1996).
Differential expression of peroxisome proliferator-activated receptors
(PPARs): tissue distribution of PPAR-alpha, -beta, and -gamma in the adult
rat. Endocrinology 137, 354–366.

Brun, R. P., Kim, J. B., Hu, E., Altiok, S., and Spiegelman, B. M. (1996).
Adipocyte differentiation: A transcriptional regulatory cascade. Curr. Opin.
Cell Biol. 8, 826–832.

Cornu, M. C., Lhuguenot, J. C., Brady, A. M., Moore, R., and Elcombe, C. R.
(1992). Identification of the proximate peroxisome proliferator(s) derived
from di (2-ethylhexyl) adipate and species differences in response. Biochem.
Pharmacol. 43, 2129–2134.

Demetri, G. D., Fletcher, C. D., Mueller, E., Sarraf, P., Naujoks, R., Campbell,
N., Spiegelman, B. M., and Singer, S. (1999). Induction of solid tumor
differentiation by the peroxisome proliferator-activated receptor-gamma li-
gand troglitazone in patients with liposarcoma. Proc. Natl. Acad. Sci. U.S.A.
96, 3951–3956.

Doull, J., Cattley, R., Elcombe, C., Lake, B. G., Swenberg, J., Wilkinson, C.,
Williams, G., and van Gemert, M. (1999). A cancer risk assessment of
di(2-ethylhexyl)phthalate: application of the new U.S. EPA Risk Assess-
ment Guidelines. Regul. Toxicol. Pharmacol. 29, 327–357.

Ema, M., Amano, H., Itami, T., and Kawasaki, H. (1993a). Teratogenic
evaluation of di-n-butyl phthalate in rats. Toxicol. Lett. 69, 197–203.

Ema, M., Itami, T., and Kawasaki, H. (1993b). Teratogenic phase specificity of
butyl benzyl phthalate in rats. Toxicology 79, 11–19.

Foster, P. M., Cattley, R. C., and Mylchreest, E. (2000). Effects of di-n-butyl
phthalate (DBP) on male reproductive development in the rat: Implications
for human risk assessment. Food Chem. Toxicol. 38, S97–99.

Gazouli, M., Yao, Z. X., Boujrad, N., Corton, J. C., Culty, M., and Papado-
poulos, V. (2002). Effect of peroxisome proliferators on Leydig cell periph-
eral-type benzodiazepine receptor gene expression, hormone-stimulated
cholesterol transport, and steroidogenesis: Role of the peroxisome prolif-
erator-activator receptor alpha. Endocrinology 143, 2571–2583.

Gonzalez, F. J., Peters, J. M., and Cattley, R. C. (1998). Mechanism of action
of the nongenotoxic peroxisome proliferators: Role of the peroxisome
proliferator-activator receptor alpha. J. Natl. Cancer Inst. 90, 1702–1709.

Green, H., and Kehinde, O. (1974). Sublines of mouse 3T3 cells that accu-
mulate lipid. Cell 1, 113–116.

Huber, W. W., Grasl-Kraupp, B., and Schulte-Hermann, R. (1996). Hepato-
carcinogenic potential of di(2-ethylhexyl)phthalate in rodents and its impli-
cations on human risk. Crit. Rev. Toxicol. 26, 365–481.

307ACTIVATION OF PPAR BY PHTHALATE MONOESTERS

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/74/2/297/1716318 by guest on 20 M

arch 2024



Jones, H. B., Garside, D. A., Liu, R., and Roberts, J. C. (1993). The influence
of phthalate esters on Leydig cell structure and function in vitro and in vivo.
Exp. Mol. Pathol. 58, 179–193.

Jounaidi, Y., Hecht, J. E., and Waxman, D. J. (1998). Retroviral transfer of
human cytochrome P450 genes for oxazaphosphorine-based cancer gene
therapy. Cancer Res. 58, 4391–4401.

Kavlock, R., Boekelheide, K., Chapin, R., Cunningham, M., Faustman, E.,
Foster, P., Golub, M., Henderson, R., Hinberg, I., Little, R., et al. (2002a).
NTP Center for the Evaluation of Risks to Human Reproduction: Phthalates
expert panel report on the reproductive and developmental toxicity of butyl
benzyl phthalate. Reprod. Toxicol. 16, 453–487.

Kavlock, R., Boekelheide, K., Chapin, R., Cunningham, M., Faustman, E.,
Foster, P., Golub, M., Henderson, R., Hinberg, I., Little, R., et al. (2002b).
NTP Center for the Evaluation of Risks to Human Reproduction: Phthalates
expert panel report on the reproductive and developmental toxicity of
di-n-butyl phthalate. Reprod. Toxicol. 16, 489–527.

Keith, Y., Cornu, M. C., Canning, P. M., Foster, J., Lhuguenot, J. C., and
Elcombe, C. R. (1992). Peroxisome proliferation due to di (2-ethylhexyl)
adipate, 2-ethylhexanol and 2-ethylhexanoic acid. Arch. Toxicol. 66, 321–
326.

Keller, H., Devchand, P. R., Perroud, M., and Wahli, W. (1997). PPAR alpha
structure-function relationships derived from species-specific differences in
responsiveness to hypolipidemic agents. Biol. Chem. 378, 651–655.

Kliewer, S. A., Xu, H. E., Lambert, M. H., and Willson, T. M. (2001).
Peroxisome proliferator-activated receptors: From genes to physiology. Re-
cent Prog. Horm. Res. 56, 239–263.

Kobayashi, T., Niimi, S., Kawanishi, T., Fukuoka, M., and Hayakawa, T.
(2003). Changes in peroxisome proliferator-activated receptor gamma-reg-
ulated gene expression and inhibin/activin-follistatin system gene expres-
sion in rat testis after an administration of di-n-butyl phthalate. Toxicol. Lett.
138, 215–225.

Kohn, M. C., Parham, F., Masten, S. A., Portier, C. J., Shelby, M. D., Brock,
J. W., and Needham, L. L. (2000). Human exposure estimates for phthalates.
Environ. Health Perspect. 108, A440–A442.

Lake, B. G., Gangolli, S. D., Grasso, P., and Lloyd, A. G. (1975). Studies on
the hepatic effects of orally administered di-2-ethylhexyl phthalate in the rat.
Toxicol. Appl. Pharmacol. 32, 355–367.

Lee, S. S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz, D. L.,
Fernandez-Salguero, P. M., Westphal, H., and Gonzalez, F. J. (1995).
Targeted disruption of the alpha isoform of the peroxisome proliferator-
activated receptor gene in mice results in abolishment of the pleiotropic
effects of peroxisome proliferators. Mol. Cell Biol. 15, 3012–3022.

Lehmann, J. M., Moore, L. B., Smith-Oliver, T. A., Wilkison, W. O., Willson,
T. M., and Kliewer, S. A. (1995). An antidiabetic thiazolidinedione is a high
affinity ligand for peroxisome proliferator-activated receptor gamma (PPAR
gamma). J. Biol. Chem. 270, 12953–12956.

Lhuguenot, J. C., Mitchell, A. M., and Elcombe, C. R. (1988). The metabolism
of mono-(2-ethylhexyl) phthalate (MEHP) and liver peroxisome prolifera-
tion in the hamster. Toxicol. Ind. Health 4, 431–441.

Lovekamp-Swan, T., Jetten, A. M., and Davis, B. J. (2003). Dual activation of
PPARalpha and PPARgamma by mono-(2-ethylhexyl) phthalate in rat ovar-
ian granulosa cells. Mol. Cell Endocrinol. 201, 133–141.

Maloney, E. K., and Waxman, D. J. (1999). trans-Activation of PPARalpha
and PPARgamma by structurally diverse environmental chemicals. Toxicol.
Appl. Pharmacol. 161, 209–218.

Marsman, D. S. (1995). NTP technical report on toxicity studies of dibutyl
phthalate (CAS No. 84–74–2) administered in feed to F344 rats and
B6C3F1 mice. National Institute of Health National Toxicology Program,
Research Triangle Park, NC.

Morrison, R. F., and Farmer, S. R. (1999). Insights into the transcriptional
control of adipocyte differentiation. J. Cell Biochem. (Suppl. 32–33), 59–
67.

Mueller, E., Sarraf, P., Tontonoz, P., Evans, R. M., Martin, K. J., Zhang, M.,
Fletcher, C., Singer, S., and Spiegelman, B. M. (1998). Terminal differen-
tiation of human breast cancer through PPAR gamma. Mol. Cell 1, 465–470.

Nanbu-Wakao, R., Morikawa, Y., Matsumura, I., Masuho, Y., Muramatsu,
M. A., Senba, E., and Wakao, H. (2002). Stimulation of 3T3–L1 adipogen-
esis by signal transducer and activator of transcription 5. Mol. Endocrinol.
16, 1565–1576.

National Toxicology Program (NTP) (1997). Toxicology and carcinogenesis
studies of butyl benzyl phthalate (CAS No. 85–68–7) in F344/N rats (feed
studies). National Institute of Health, Research Triangle Park, NC.

National Toxicology Program. (2000). NTP Center for the Evaluation of Risks
to Human Reproduction—Expert Panel Report on Phthalates. National
Institute of Health, Research Triangle Park, NC.

Oishi, S., and Hiraga, K. (1980a). Effect of phthalic acid esters on mouse
testes. Toxicol. Lett. 5, 413–416.

Oishi, S., and Hiraga, K. (1980b). Effects of phthalic acid monoesters on
mouse testes. Toxicol. Lett. 6, 239–242.

Palmer, C. N., Hsu, M. H., Griffin, K. J., Raucy, J. L., and Johnson, E. F.
(1998). Peroxisome proliferator activated receptor-alpha expression in hu-
man liver. Mol. Pharmacol. 53, 14–22.

Peters, J. M., Cattley, R. C., and Gonzalez, F. J. (1997). Role of PPAR alpha
in the mechanism of action of the nongenotoxic carcinogen and peroxisome
proliferator Wy-14,643. Carcinogenesis 18, 2029–2033.

Reddy, J. K., Azarnoff, D. L., and Hignite, C. E. (1980). Hypolipidaemic
hepatic peroxisome proliferators form a novel class of chemical carcinogens.
Nature 283, 397–398.

Reddy, J. K., and Hashimoto, T. (2001). Peroxisomal beta-oxidation and
peroxisome proliferator-activated receptor alpha: An adaptive metabolic
system. Annu. Rev. Nutr. 21, 193–230.

Richburg, J. H., and Boekelheide, K. (1996). Mono-(2-ethylhexyl) phthalate
rapidly alters both Sertoli cell vimentin filaments and germ cell apoptosis in
young rat testes. Toxicol. Appl. Pharmacol. 137, 42–50.

Rosen, E. D., and Spiegelman, B. M. (2000). Peroxisome proliferator-activated
receptor gamma ligands and atherosclerosis: Ending the heartache. J. Clin.
Invest. 106, 629–631.

Rosen, E. D., and Spiegelman, B. M. (2001). PPARgamma: A nuclear regu-
lator of metabolism, differentiation, and cell growth. J. Biol. Chem. 276,
37731–37734.

Shipley, J. M., and Waxman, D. J. (in press). Down-regulation of STAT5b
transcriptional activity by ligand-activated peroxisome proliferator-activated
receptor (PPAR)� and PPAR�. Mol. Pharmacol. 64(2).

Ward, J. M., Peters, J. M., Perella, C. M., and Gonzalez, F. J. (1998). Receptor
and nonreceptor-mediated organ-specific toxicity of di(2-ethylhexyl)phtha-
late (DEHP) in peroxisome proliferator-activated receptor alpha-null mice.
Toxicol. Pathol. 26, 240–246.

Zhou, Y. C., Davey, H. W., McLachlan, M. J., Xie, T., and Waxman, D. J.
(2002). Elevated basal expression of liver peroxisomal beta-oxidation en-
zymes and CYP4A microsomal fatty acid omega-hydroxylase in
STAT5b(-/-) mice: Cross-talk in vivo between peroxisome proliferator-
activated receptor and signal transducer and activator of transcription sig-
naling pathways. Toxicol. Appl. Pharmacol. 182, 1–10.

Zhou, Y. C., and Waxman, D. J. (1999). Cross-talk between janus kinase-
signal transducer and activator of transcription (JAK-STAT) and peroxi-
some proliferator-activated receptor-alpha (PPARalpha) signaling path-
ways. Growth hormone inhibition of PPAR alpha transcriptional activity
mediated by stat5b. J. Biol. Chem. 274, 2672–2681.

308 HURST AND WAXMAN

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/74/2/297/1716318 by guest on 20 M

arch 2024


