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Abstract

Humans in industrialized areas are continuously exposed to phthalate plasticizers, prompting
concerns of their potential toxicities. Previous studies from our laboratory and others have shown
that various phthalates activate several mammalian nuclear receptors, in particular the constitutive
androstane receptor (CAR), the pregnane X receptor (PXR), and the peroxisomal proliferator-
activated receptors (PPARs), although often at concentration levels of questionable relevance to
human exposure. We discovered that di(2-ethylhexyl) phthalate (DEHP) and di-isononyl phthalate
(DiINP), two of the highest volume production agents, were potent activators of human CAR2
(hCAR?2), a unique human CAR splice variant and, to a lesser degree, human PXR (hPXR). These
diphthalates undergo rapid metabolism in mammalian systems, initially to their major
monophthalate derivatives MEHP and MiNP. Although MEHP and MiNP are reported activators
of the rodent PPARs, with lower affinities for the corresponding human PPARs, it remains unclear
whether these monophthalate metabolites activate hCAR2 or hPXR. In this investigation, we
assessed the relative activation potential of selected monophthalates and other low molecular
weight phthalates against hCAR, the most prominent hCAR splice variants, as well as hPXR and
human PPAR. Using transactivation and mammalian two-hybrid protein interaction assays, we
demonstrate that these substances indeed activate hCARs and hPXR but to varying degrees.
MEHP and MiNP exhibit potent activation of hCAR2 and hPXR with higher affinities for these
receptors than for the hPPARs. The rank order potency for MEHP and MiNP was hCAR2 > hPXR
> hPPARSs. Results from primary hepatocyte experiments also reflect the MEHP and MiNP
upregulation of the respective human target genes. We conclude that both di- and monophthalates
are potently selective hCAR2 activators and effective hPXR activators. These results implicate
these targets as important mediators of selective phthalate effects in humans. The striking
differential affinities for these compounds between human and rodent nuclear receptors further
implies that biological results obtained from rodent models may be of only limited relevance for
interpolating phthalate-mediated effects in humans.
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INTRODUCTION

Phthalates are ubiquitous environmental contaminants consisting of a diverse group of
dialkyl or alkyl aryl derivatives of o-phthalic acid.! Their physico- and chemico-properties
are governed by the number of carbons in their alkyl side chains, and the higher molecular
weight derivatives, such as dialkyl di(2-ethylhexyl) phthalate (DEHP) and di-isononyl
phthalate (DiNP), are used in large volume production of PVC plastics, whereas smaller
molecular weight derivatives are used in solvents, paints, cosmetics, and other household
products. Biomonitoring studies have shown that virtually all human populations living in
developed countries are exposed to these agents at some level 2

In male rodents, under varying treatment modalities, DEHP exposures are reported to
decrease testosterone levels, reproductive organ weights, sperm counts, and sperm
motility.>~7 Decreased estradiol levels and estrus cycle disruptions are two consistent
findings in female rodents exposed to DEHP or its metabolite MEHP.8 Human data are
limited, but phthalate levels in males have correlated with lowered testosterone levels,
decreased sperm quality, and cryptorchidism.®-11 In females, phthalate exposure was
associated with endometriosis, 1213 premature delivery,14.15 and pregnancy loss.16 More
recently, phthalate exposure was suggested as a risk factor for Type 11 diabetes and obesity.1’

The adverse effects of DEHP and other dialkyl phthalates are likely mediated by their
metabolites, as in humans and most mammals the dialkyl phthalates are rapidly metabolized
in the liver and other tissues to monophthalate derivatives, which can then be further
oxidized.18.19 Human biomonitoring data show that following DEHP exposures, oxidized/
conjugated MEHP derivatives are the primary metabolites in urine, whereas MEHP is the
primary metabolite found in serum.20-21 These metabolites activate nuclear receptors, which
result in the activation of target genes.

The nuclear receptors constitutive androstane receptor (CAR) and pregnane X receptor
(PXR) coordinately regulate the expression of target genes involved in all phases of
xenobiotic metabolism. In humans, the CAR gene undergoes alternative mRNA splicing to
result in prominent variants, hCAR2 and hCARS3, with the reference or wild-type form
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termed hCAR1.22 hCAR2 and hCAR3 have 4 and 5 amino acid insertions, respectively:
however, the modest alterations result in differences in the receptors’ ligand specificity and
activation relative to those of hCAR1.23-25 |t is noteworthy that these variants are not
generated in rodents due to differences in the splice donor sequences flanking the respective
exons within the rat and mouse genomes.2> Previously, our laboratory demonstrated that
DEHP and DiNP are highly potent activators of the hCAR2 variant and, to a lesser extent,
hPXR, whereas hCAR1 and hCARS3 exhibited distinct preferences for shorter chain
diphthalates.2>26 The corresponding primary metabolites mono-(2-ethylhexyl)phthalate
(MEHP) and monoisononyl phthalate (MiNP) are known activators of the rodent and human
peroxisome proliferator activated receptors PPARa and PPAR 3,27 which likely mediate
some of the adverse effects of these chemicals. In addition, phthalate monoesters are
reported to activate rodent and human PXR.28 Although described as activators, relatively
high phthalate concentrations are typically necessary to generate the noted effects.

Interestingly, in vivo rodent studies indicate activation of rodent PPAR and CAR target
genes following exposure to DEHP.2%:30 Further, a recent study used yeast two-hybrid assays
and molecular docking studies to demonstrate phthalate ester and monoester binding to
wild-type human CAR1.31 However, the potential for activation of human CAR1 or its
splice variants by monophthalates remains unclear. In this study, we assessed the activation
of human CAR variants and PXR against various monophthalates and other lower molecular
weight phthalate derivatives. Differences in the activation potential of these agents were
clearly identified with hCAR2 and PXR exhibiting much higher affinities for MEHP and
MiNP than those of hCAR1, hCARS, or the human PPARs.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

General chemicals, di(2-ethylhexyl) phthalate (DEHP, CAS# 117-81-7), 5a-androstan-3a-ol
(ANDRO, CAS# 7657-50-3), di-isononyl phthalate (DiNP, CAS# 68515-48-0), dimethyl
sulfoxide (DMSO, CAS# 67-68-5), troglitazone (TG, acs-045, CAS# 97322-87-7), and
WY 14643 were purchased from Sigma-Aldrich. Benzyl butyl phthalate (BBP, CAS#
85-68-7), monobenzyl phthalate (MBzP, CAS# 2528-16-7), mono-(2-ethylhexyl)phthalate
(MEHP, CAS# 4376-20-9), monoethyl phthalate (MEP, CAS# 2306-33-4), and monoiso-
nonyl phthalate (MiNP, isometrically pure 9 carbon ester, CAS# EDF-014) were purchased
from AccuStandard (New Haven, CT). Di(2-propyl heptyl) phthalate (DPHP, CAS#
53306-54-0) was purchased from Toronto Research Chemicals (Ontario, CA), and phthalic
acid (PA, CAS# 88-99-3) was purchased from TCI America (Portland, OR). 6-(4-
Chlorophenyl)imidazo[2,1-4][1,3]thiazole-5-carbaldehyde O-3,4-dichlorobenzyl) oxime
(CITCO, CAS# 338404-52-7) was obtained from BIOMOL Research Laboratories
(Plymouth Meeting, PA). TO901317 (TO, CAS# 293754-55-9) was obtained from Cayman
Chemical Co. (Ann Arbor, MI). GW501516 (CAS# 50892-23-4) was purchased from
Calbiochem. Primers were purchased from Integrated DNA Technologies (Coralville, 1A).
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Plasmid Constructs

The vectors, pTracer-CMV2-hCAR1 and -hCAR2, pcDNA3.1(+)-RXRa, pcDNA3.1(+)-
RXRa ligand binding domain (LBD), 2B6-XREM-PBREM, 3A4-XREM, and PPRE
luciferase reporters were described previously.22-24:32 The pTracer-CMV2-hCAR3,
mammalian two-hybrid pmCAR-LBD, and VVP16-SRC-1 vectors were also previously
reported.23 For pTracer-CMV2-hPXR, hPXR was amplified from liver cDNA using the
primers shown in Table 1. The pm-hPXR vector was a gift from Dr. VVanden Heuvel of
Pennsylvania State University.33 Vectors containing PPAR isoforms were previously created
in our laboratory. hPPARa was amplified from liver cDNA and cloned into the
pcDNAS3.1(-) vector. For the current studies, PPARa was amplified from the pcDNA3.1(-)
clone using primers shown in Table 1 and subcloned into pTracer-CMV2. PPARS/d and
hPPAR y, amplified from liver cDNA or MGC clone 3447380 (GE Healthcare), respectively,
were cloned into the pcDNA3.1(+) vector. For the current studies, PPARS/0 and -y inserts
were subcloned into pTracer-CMV?2 using the Kpnl and Xbal restriction sites. For
mammalian two-hybrid assays, the PPARa and PPAR y-LBDs were subcloned from the
pTracer-CMV2-PPAR constructs using the primers shown in Table 1 and inserted into the
pm-GAL4-DNA binding domain vector (Clontech Matchmaker Mammalian Assay Kit 2,
Mountain View, CA).

Transactivation and Mammalian Two-Hybrid Assays

Culture conditions for maintenance of COS-1 cells (ATCC, Manassas, VA) were previously
reported.?> COS-1 cells were used because they are devoid of endogenous CAR expression/
activity as demonstrated in previous reports.23:24 For transfection and chemical treatments,
the same medium was used except dextran/charcoal-treated FBS (HyClone, Logan, UT)
replaced normal FBS. All transfections and chemical treatments for luciferase reporter and
mammalian two-hybrid assays were performed in a 48-well format in triplicate or
quadruplicate and repeated on separate occasions at least twice to verify concordance of the
data between repeat experiments. Transfections for trans-activation and mammalian two-
hybrid assays were performed as previously described.25 All test compounds were prepared
in DMSO and levels never exceeded 0.2% (v/v). CITCO was used as a positive control for
CAR activation.3* Because CAR1 is constitutively active, ANDRO (10 M), a human
CAR124 inverse-agonist, was included to decrease its activity, which can be restored in the
presence of an agonist. WY 14643 was used as a selective PPARa agonist,3° whereas
GW501516 was used as a selective PPARA/ agonist.36 TG was used as a selective PPAR y
agonist.3” All chemical treatments were for 24 h, and luciferase assays were performed as
previously reported.24 For dose—response studies, the data were analyzed using GraphPad
Prism v6.04 software nonlinear regression analysis to determine ECsg and maximum
activation values.

Culture and Treatment of Human Primary Hepatocytes

Primary human hepatocytes were obtained from anonymous donors through the Liver Tissue
Cell Distribution System, University of Pittsburgh, Pittsburgh, PA, funded by NIH Contract
#HHSN276201200017C, and approved for use by the respective institutional review boards.
Donor information is shown in Table 2. The isolated hepatocytes were seeded at ~500,000
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cells/well in 12 well collagen-coated plates in a sandwich format with matrigel overlay and
cultured as previously described.38 Culture medium was replaced every 24 h. After 3 days,
the medium was removed and replaced with treatment medium containing DMSO or 3 /M
CITCO, 50 4M WY 14643, 30 M TG or varying concentrations of MEHP and MiNP. After
24 h, cells were washed in 1x phosphate buffered saline (pH 7.4), followed by the addition
of 600 4L of Trizol reagent (Invitrogen). The Trizol solution was pipetted up and down to
dislodge and lyse the cells and then transferred to 1.5 mL tubes and immediately stored at
—80 °C. RNA was prepared according to the manufacturer’s directions, and concentrations
and purity were determined using a Nanodrop 2000 (Thermo Scientific, Wilmington, DE).
RNA integrity was assessed using a BioRad Experion (Hercules, CA), and RNA quality
indicator values exceeded 7.5. RNA (2 1g) was used for synthesis of cDNA using the High
Capacity Reverse Transcription cDNA kit (Applied Biosystems, Carlsbad, CA), and the
remainder was stored at —80 °C. The cDNA reaction was performed on a BioRad C1000
Thermocycler using the following conditions: 25 °C for 10 m, 37 °C for 2 h, 85 °C for 5 m,
and 4 °C forever. Once the reactions had cooled to 4 °C, cDNA was diluted 5-fold in
nuclease-free water to a final concentration of 20 ng/xL and stored at =20 °C until use.

Real-Time PCR

Master mixes were prepared for each target. The volumes of components per duplicate
reaction were 15 z1 of SYBR Green mix, 0.6 zL of forward primer (100 nM final
concentration), 0.6 yL of reverse primer (100 nM final concentration), 10.8 4L of nuclease-
free water, and 3 gL of cDNA (20 ng/4L final concentration). SYBR green primer sets and
amplification efficiencies are shown in Table 3. The duplicate aliquots from each master mix
were transferred to a 96-well assay plate. The reactions were run on a BioRad CFX96 Real
Time System equipped with a C1000 Thermocycler and CFX Manager Software v.2. The
reaction conditions were as follows: 45 °C for 5 min, 95 °C for 3 min, 95 °C for 15 s, and
60 °C for 1 min (40 cycles total). Melt curves were run from 65 to 95 °C with an increment
of 0.5 °C after each run. Standard curves using serial dilutions of human primary hepatocyte
cDNA were run for all targets to determine reaction efficiencies.

Statistical Analyses

RESULTS

All statistical tests were performed using GraphPad Prism Software v. 6.04 (La Jolla, CA).
For determining differences in activation of CAR by various treatments, two-way ANOVAs
were performed, followed by a Dunnett’s multiple comparisons test for comparison to
controls.

Activation of Human CAR Variants and Human PXR by Phthalates

On the basis of our previous identification of DEHP and DiNP as potent hCAR2 activators,
we conducted transactivation assay screens for their respective monophthalate metabolites
MEHP and MiNP, additional high molecular weight diphthalates, as well as several smaller
molecular weight phthalate derivatives against hCAR1, hCAR2, hCAR3, and CAR-related
hPXR (Figures 1 and 2). The positive control pan-CAR agonist CITCO restored androstanol
repressed hCAR1 activity and activated hCAR2 and hCAR3 as expected. The PXR agonist
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TO903107 potently stimulated PXR activity, in agreement with our previous results.2
DEHP and DiNP activated hCAR2 and hPXR but exhibited only minimal activity against
hCAR1 or hCAR3. MEHP and MiNP showed significant activation of hCAR2, moderate
activation of hPXR, and slight activation of hCAR1 and hCAR3 at the highest doses.
Interestingly, the higher molecular weight DPHP was also a strong activator of hCAR2 with
little or no activation of hCAR1, hCAR3, or hPXR. The diphthalate BBP was a strong
activator of hCAR3 with some activation of hCAR1 and hPXR but exhibited no activity with
hCAR2. The lower molecular weight PA and MEP induced no or minimal activation of these
receptors.

Activation of Human PPAR by Various Phthalates

Because the PPARSs are classic phthalate targets, we also screened hPPARa, hPPARS/0, and
hPPAR y with the various phthalates in transactivation assays (Figure 3). As expected, the
positive control compounds for each receptor induced receptor activation of the PPRE
reporter. Of the phthalates tested, only MBzP, MEHP, and MiNP stimulated receptor
activation of the reporter, and these effects were only observed at the highest test dose (100
HM) of these compounds with the exception of MEHP, which activated hPPAR y at the 10
UM dose. It is also noteworthy that neither DEHP nor DiNP activated the hPPARs at doses
that significantly activate hCAR and hPXR.

Affinity Comparisons for MEHP, MiNP, and MBzP with hCAR2, hPXR, and hPPAR

On the basis of the finding that certain monophthalates activate hCAR and hPXR, we
conducted more complete dose—response analyses using transactivation assays to determine
the relative potencies of MEHP, MiNP, and MBzP for hCAR, hPXR, and the hPPARs. We
first compared hCAR2 and hPPARa (Figure 4A) because both receptors are primarily
expressed in the liver. The results showed that both MEHP and MiNP exhibit relatively high
affinity for activation of hCAR2 at 2.2 and 2.8 1M, respectively, with very little activation of
hPPARa. MBzP activated hCAR2 and PPARa with similar potency; however, ECgq values
were not determined, as the dose response curves were incomplete, and higher doses were
not tested, because it is unlikely that in vivo concentrations of human MBzP exposure would
ever reach such high levels. In the next series of studies, we compared hCAR2 with hPXR,
hPPARS/0, and hPPAR y (Figure 4B). The rank order potency for MEHP and MiNP was
hCAR2 > hPXR > hPPAR y = PPAR/0. There was only minor activation of all receptors by
MBzP at the doses tested.

Mammalian Two Hybrid Analysis

We next used mammalian two hybrid assays to confirm the binding of monophthalates to
hCAR2 and hPXR (Figure 5). Both hCAR and hPXR interacted with SRC1 in a dose-
dependent manner in the presence of MEHP and MiNP, indicating direct binding of these
substrates within the active site of these receptors. As in previous transactivation studies,
MEHP and MiNP exhibited similar potency in activation of hCAR2, whereas no activation
of hCAR2 or hPXR was observed at the doses of MBzP tested. We also evaluated these
substrates with PPARa and PPAR y in mammalian two-hybrid assays but observed
negligible activation at the doses tested (Figure 5).

Chem Res Toxicol. Author manuscript; available in PMC 2017 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laurenzana et al.

Page 7

Relative Affinities of Monophthalates and Diphthalates

We previously demonstrated that DEHP and DiNP are potent activators of hCAR2 and
hPXR. Here, we investigated the relative potencies of MEHP vs DEHP and MiNP vs DiNP
for h\CAR2, hPXR, hPPARa, and hPPAR y. Even in these dose—response studies that used
higher doses of DEHP and DiNP than the initial screening assays (shown in Figure 3),
neither of the diphthalates activated the hPPARs (data not shown). Figure 6A shows that
DEHP has higher affinities for hCAR2 and hPXR than those of MEHP. Maximum activation
of hCAR2 by DEHP and MEHP is similar, whereas activation of hPXR by MEHP is
approximately 75% that of DEHP maximum activation. Figure 6B shows that activation of
hCAR2 by MiNP and DiNP is similar, whereas MiNP is a more potent activator of hPXR
than DiNP. The derived ECgg values and maximum fold induction values are presented in
Table 4.

Human Hepatocyte mRNA Expression after Phthalate Treatment

Primary human hepatocyte expression of hCAR and hPPAR target genes was assessed after
exposure to varying concentrations of MEHP and MiNP (Figure 7). Only changes of greater
than 2-fold are discussed here. CITCO, a pan-CAR agonist, induced expression of CAR
target genes CYP2B6 in all three hepatocyte samples as well as CYP3A4 in HH1 and HH3.
Samples HH1 and HH2 were treated with MEHP and MiNP at 0.1, 1, 3, and 10 /M. HH1
showed induction of CYP3A4 but not CYP2B6 at 10 /M MEHP. For HH3, we increased the
doses of MEHP and MiNP to 1, 3, 10, and 30 /M. In this case, 30 M MEHP increased
expression of CYP2B6 but not CYP3A4. Although TG and WY 14643 are considered PPAR
agonists, they induced CYP2B6 and CYP3A4 expression in some hepatocyte samples.
Interestingly, CITCO suppressed expression of PDK4 in all three samples.

WY 14643 induced the PPAR target gene ACOX1 in HH3, but not in HH1 or HH2, and
induced ANGPTL4 and CPT2 in HH1 and HH3 and PDK4 in all three donor samples. TG
was a weak inducer of PPAR target genes in these studies, inducing only ANG and CPT in
HH3 and PDK4 in HH1. Neither MEHP nor MiNP induced expression of any PPAR target
genes in any of the hepatocyte samples. These results suggest that MEHP may activate
hCAR and/or hPXR with little or no activity against the hPPARSs in human hepatocytes.

DISCUSSION

Understanding the relative contributions of nuclear receptor activation in mediating the
effects of phthalate exposure is critical for predicting human toxicity. CAR and PXR are key
xenosensing members of the nuclear receptor family.3%40 The current studies identify a
potential new role for CAR and PXR in mediating the effects of phthalates in humans.

Classically, monophthalates are thought of as PPAR ligands. However, species differences in
activation of these receptors are well-known. Indeed, in vitro transactivation studies
demonstrate differential monophthalate activation of mouse and human PPARa, g/, and
214142 These previous studies show that monophthalates have higher affinity for and fold-
activation of mouse PPARa compared with those of human PPARa.2741 This is consistent
with the observation that humans are resistant to the peroxisome-proliferative/
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hepatocarcinogenic effects of DEHP otherwise seen in rodent models.#3 In addition,
monophthalates have similar affinities for and activation of mouse and human PPAR 2 and
activate mouse PPARA/0 but have minimal activity with human PPARS/d at the doses
studied.* The findings presented in the current investigation, along with others, highlight
important species differences in the hepatic response to phthalates.

Our previous studies demonstrated that the diphthalates DEHP and DiNP are highly potent
activators of the specific hCAR2 splice variant, and also hPXR activators,2 with less
activity with wild type hCARL1 and the variant hCAR3. However, as diphthalates are rapidly
metabolized in vivo to their monophthalate derivatives, these enzymatic products have not
been well characterized with respect to their human CAR activation potential. In the current
investigation, we demonstrate that the principal monophthalate metabolites of DEHP and
DiNP, MEHP and MiNP, respectively, are also potent activators of these receptor systems.
MEHP and MiNP exhibit higher affinities for \CAR2 (ECsg = 2.3 and 2.3 uM, respectively)
and hPXR (ECsg = 27 and 14 1M, respectively) than for the corresponding hPPARS (ECsg
values could not be accurately determined due to low activation at the doses tested). A
potential limitation of our study is that WY 14643 only produced a 1.5-fold activation of
hPPARa in the transactivation studies (Figure 3), suggesting this assay was not very
sensitive. A possible explanation for the low fold activation is that we observed higher
background activation of PPARa (DMSO-treated cells) in these assays. Nevertheless, our
findings still clearly show that MEHP and MiNP are more potent activators of hCARSs and
hPXR than the hPPARs.

In addition to low activation of PPARs, we observed very little activation of hCAR1 and
CAR3 by monophthalates. Recently, a yeast two-hybrid system and molecular docking
studies were used to characterize the interaction of various phthalates with wild-type
hCAR1.31 Although it is difficult to make direct comparisons due to differences in assay
systems, their results agree with our previous and current studies that indicate little or no
activation of hCAR1 by MEHP, DEHP, or DiNP. Another important consideration is that
although both monophthalates and diphthalates activate hCAR2 and hPXR, only the
monophthalates activate hPPARs.2 In these respects, although monophthalates are typically
perceived as PPAR ligands, our current findings, along with others, highlight important
species differences at the receptor level in the hepatic response to phthalates. Together, these
results imply that hCAR2 and hPXR are likely the dominant mediators of phthalate effects
in humans.

Results from primary human hepatocyte experiments presented here indicate that MEHP
activates the hCAR and hPXR target genes CYP2B6 and CYP3A4 to a limited extent with
no activation of PPAR target genes. We suspect that the limited induction of CAR/PXR
target genes was due to further metabolism of MEHP and MiNP in the hepatocytes, such
that the doses applied did not reach concentrations required for more robust responses.
Further, low expression levels of h\CAR?2 in the donor hepatocytes might also contribute to
the low response. Consistent with other studies, the PPAR ligands WY 14643 and TG
induced CYP2B6 and CYP3A4.44-46 |n addition to being a PPAR y and a ligand, TG also
activates hCAR variants and hPXR in transactivation assays.*’ Further, the upstream region
of the human CYP3A4 gene contains PPARa binding regions that are required for
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WY 14643-mediated CYP3A4 induction.>® The upregulation of CAR target genes by PPAR
selective agonists (and vice versa) in the human hepatocyte studies emphasizes the
characteristic ligand overlap and regulatory cross-talk between nuclear receptors.

Physiologically, the PPARs are well characterized as metabolic sensors, critical for
regulation of energy homeostasis. PPARa and PPAR /0 coordinate fatty acid oxidation in
liver and muscle tissue, and PPAR y controls lipid storage in adipose tissue.*84? Through a
variety of complex mechanisms, PPARs also affect glucose metabolism and improve insulin
sensitivity, and for these reasons, PPAR y agonists are useful in the treatment of diabetes.*?
More recently, a role for CAR and PXR in the regulation of lipid and glucose metabolism
has also emerged. In mouse models, hepatic lipid homeostasis is affected by activation of
CAR, which through regulatory cross-talk mechanisms ultimately results in decreased lipid
catabolism and decreased lipogenesis; in contrast, activation of PXR appears to promote
lipogenesis®9-52 CAR and PXR also decrease gluconeogenic enzyme expression through
mechanisms that block transcription factor binding to promoter regions of these genes.52:53
Further, transgenic mouse models suggest a role for CAR and PXR in diabetes and
obesity.54-56

Increasing concern has centered on a potential role for phthalates in the obesity and Type II
diabetes (T2D) epidemic.5” For example, higher phthalate exposure, assessed through
urinary monophthalate excretion, was associated with increased abdominal circumference
and insulin resistance in adult males in the US.17 Further, US women with higher urinary
monophthalate concentrations, including DEHP metabolites, were more likely to have
diabetes.®8 In these respects, the potential role of CAR, PXR, and the PPARs as mediators of
the metabolic effects of phthalates is intriguing. Mechanistic studies have implicated PPAR ¥
in MEHP-induced adipogenesis. Treatment of the preadipocyte cell line 3T3L1 with MEHP
increased cellular lipid and triglyceride content, 4142 whereas a PPAR y inhibitor or PPAR
SiRNA significantly reduced MEHP-induced adipogenesis.*2 Further, MEHP induced
expression of PPAR y target genes involved in adipocyte differentiation in 3T3L1 cells.*2 In
vivo rodent studies demonstrated a role for PPARa in DEHP-mediated effects on hepatic
energy metabolism. Wild-type mice treated with DEHP fed a control diet or high fat diet
exhibited a lean phenotype, whereas PPARa knockout mice were not protected.>®
Interestingly, these effects were not observed in PPARa-humanized mice, lending further
evidence for the existence of receptor-mediated differences between rodents and humans.

It is clear that a complex system of regulatory cross-talk exists between CAR, PXR, and
PPARSs, and due to their underlying functional redundancy, it is challenging to quantify their
respective roles as relative determinants of phthalate-related or other environmental
chemical-induced toxicities in humans. However, the current findings suggest that, in
humans, hCAR2 and PXR may be more important than the PPARs in mediating the hepatic
effects of phthalate exposure. Further studies are required to elucidate the relative
contributions of these receptor systems in potential adverse physiological effects of
phthalates in humans. It is also noteworthy that due to differences in their primary gene
structures, rodents are not capable of producing a splice variant equivalent to hCAR2.25
These and other known species differences in receptor activation suggest that results
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obtained from phthalate studies in rodents, including humanized mouse models, should be

interpreted carefully.
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Figurel.

Structures of phthalates used in this study.
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Activation of the 2B6-XREM-PBREM reporter by CAR1, CAR2, CAR3, or PXR after
treatment with various phthalates. Results represent a single transfection experiment with all
treatments in triplicate. COS-1 cells were transfected with the pcDNA3.1(+)-RXRa
expression vector, 2B6-XREM-PBREM reporter, pPRL-CMV vector for normalization of
transfection efficiency, and one of CMV2-CAR1, CMV2-CAR2, CMV2-CAR3, or CMV2-
PXR. All treatments were for 24 h, and all concentrations were micromolar (#M). The
luciferase values were normalized for transfection efficiency and are expressed as fold-
induction over DMSO control. Each data point represents the mean (+ S.D.). #p< 0.05
compared with androstanol control; *p < 0.05 compared with DMSO control.
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Figure 3.
Activation of the PPRE reporter by PPARs after treatment with various phthalates. Results

represent a single transfection experiment with all treatments in quadruplicate. COS-1 cells
were transfected with the pcDNA3.1(+)-RXRa expression vector, PPRE reporter, pRL-
CMV vector for normalization of transfection efficiency, and one of CMV2-PPARa, CMV2-
PPARS/0, or CMV2-PPAR y. All treatments were for 24 h, and concentrations were
micromolar (#M). The data are represented as normalized luciferase values. The luciferase
values were normalized for transfection efficiency and are expressed as fold-induction over
DMSO control, and each data point represents the mean (x S.D.). *p < 0.05 compared with
DMSO control.
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Figure 4.

Dose-response curves for MEHP, MiNP, and MBzP with CAR2 with PPARa (A) and with
PXR, PPARAI/0, and PPARy (B). Results represent a single transfection experiment with all
treatments in quadruplicate. COS-1 cells were transfected with the pcDNA3.1(+)-RXRa
expression vector, PPRE reporter, pRL-CMV vector for normalization of transfection
efficiency, and one of CMV2-CAR2, CMV2-PXR, CMV2-PPARa, CMV2-PPARS/0, or
CMV2-PPARy. All treatments were for 24 h, and all concentrations were micromolar (uM).
The luciferase values were normalized for transfection efficiency and then corrected for
background (DMSO) activity. All values represent the mean (+ S.D.).
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Mammalian two-hybrid analysis of MEHP, MiNP, and MBzP activation of CAR, PXR,
PPARa, or PPAR . COS-1 cells were transfected with the ligand binding domains of CAR,
PXR, PPARa, or PPAR ¥ in the pm (GAL4) vector, SRC1 in the VP16 vector,
pcDNA3.1(+)-RXRa-LBD, pFR-luciferase reporter, and pRL-CMV vector for
normalization. Chemical treatments were for 24 h. Postive controls were 3 ¢M CITCO for
CAR2, 0.1 4/M TO for PXR, 50 1M WY 14643 for PPARa, and 30 ¢M TG for PPAR y. Data
are represented as normalized luciferase values, and each data point represents the mean
(xSD) of triplicate treatment wells from a representative transfection experiment.
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Figure 6.

Dose-response curves for MEHP vs DEHP (A) or MiNP vs DiNP (B) with CAR2 and PXR.
Results represent a single transfection experiment with all treatments in quadruplicate.
COS-1 cells were transfected with the pcDNA3.1-RXRa expression vector, CYP2B6-
PBREM-XREM (CAR2) or 3A4-XREM (PXR) reporter, the pRL-CMV vector for
normalization of transfection efficiency, and either CMV2-CAR2 or CMV2-PXR. All
treatments were for 24 h. The luciferase values were normalized for transfection efficiency
and then corrected for background (DMSO) activity. All values represent the mean (+ S.D.).
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Effect of MEHP and MiNP on CAR/PXR and PPAR target gene expression in primary
human hepatocytes. Cultured primary hepatocytes from human donors were treated with
control compounds (DMSO, CITCO, WY14643, and TG) and various doses of MEHP and
MIiNP for 24 h. Total RNA was harvested and used for production of cDNA. RT-PCR was
performed on cDNA samples isolated from the cells to quantify CYP2B6, CYP3A4, acyl
CoA oxidase 1 (ACOX1), angiopoietin like 4 (ANGPTLA4), carnitine palmitoyltransferase 2
(CPT2), pyruvate dehydrogenase kinase 4 (PDK4), and glyceraldehyde 3-phosphate
dehydrogensase (GAPDH; as an internal reference). Values were expressed as fold induction
relative to DMSO-treated cells and represent the average of two replicate samples.
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Table 1

Primer Sequences Used for Creating Transactivation and Mammalian Two-Hybrid Assay Vectors

construct primer sequence

CMV2-PXR forward (EcoRl) 5 -GATCGAATTCGACATGGAGGTGAGACCCAAAGAAAG-3’
reverse (EcoRV) 5’ -GATCGATATCTCAGCTACCTGTGATGCCGAACAAC-3’

PPARa forward (Kpnl) 5 -GATAGGTACCGCCACCATGGTGGACACGGAAAGC-3’
reverse (Nodl) 5 -CATGCGGCCGCTCAGTACATGTCC-3’

Pmor VP16-PPARa_LBD  forward (BamHI) 5 -GACGGATCCGAAGATTCTGAAACTGC-3’
reverse (Xbal) 5 -CTGCTCTAGATCAGTACATGTCCCTGTAG-3’

Pmor VP16-PPARy LBD  forward (BamHl) 5'-TGAGGATCCGTCAGTACTGTCGGTTTCAG-3
reverse (Xbal) 5-CTGCAAGCTTCTAGTACAAGTCCTTGTAG-3’
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Table 3

SYBR Green Primers Used in Human Hepatocyte Gene Expression Analysis

gPCR primer sequence (57-3") efficiency
Acoxil FP GAGCAGCAGGAGCGCTTCTT 102

RP  AGTTCCATGACCCATCTCTGTC
ANGPTL4I ~ FP GTCCACCGACCTCCCGTTA 89

RP
cpT2? FP
RP
PDK4Z FP
RP
cyp2s62 FP
RP
CcyYp3a4? Fp
RP
GAPDH? FP
RP

CCTCATGGTCTAGGTGCTTGT
CATACAAGCTACATTTCGGGACC 106
AGCCCGGAGTGTCTTCAGAA
GGAAGCATTGATCCTAACTGTGA 87
GGTGAGAAGGAACATACACGATG

GGTGTGCCCCACATTGTCA 65
GGAGAGCAGTGCTCAGGATGA
GGCCCACACCTCTGCCTT 91
AAGCCCCACACTTTTCCATACTT
CCCATCACCATCTTCCAGGAG 96

GTTGTCATGGATGACCTTGGC

JPrimer sequences from Harvard Primer Bank.60

2Primer sequences from refs 61 and 62.
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