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ABSTRACT: Endocrine disrupting chemicals (EDCs) are able to Pharmaceutical Environmental
deregulate the hormone system, notab.ly through. interactions V\.Ilth chemicals chemicals
nuclear receptors (NRs). The mechanisms of action and biological e
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mouse but other species such as zebrafish and xenopus are (LIl
increasingly used as a model to study the effects of EDCs. Among D
NRs, peroxisome proliferator-activated receptor y (PPARy) is a HiC
main target of EDCs, for which most experimental data have been
obtained from human and mouse models. To assess interspecies
differences, we tested known human PPARy ligands on reporter &

cell lines expressing either human, mouse, zebrafish, or xenopus ! “
PPARy. Using these cell lines, we were able to highlight major

interspecies differences. Known hPPARy pharmaceutical ligands

modulated hPPARy and mPPARYy activities in a similar manner, while xPPARy was less responsive and zfPPARy was not modulated
at all by these compounds. On the contrary, human liver X receptor (hLXR) ligands GW 3965 and WAY-252623 were only active on
zfPPARy. Among environmental compounds, several molecules activated the PPARy of the four species similarly, e.g., phthalates
(MEHP), perfluorinated compounds (PFOA, PFOS), and halogenated derivatives of BPA (TBBPA, TCBPA), but some of them like
diclofenac and the organophosphorus compounds tri-o-tolyl phosphate and triphenyl phosphate were most active on zfPPARy. This
study confirms or shows for the first time the h, m, x, and zfPPARy activities of several chemicals and demonstrates the importance
of the use of species-specific models to study endocrine and metabolism disruption by environmental chemicals.

KEYWORDS: peroxisome proliferator-activated receptor y, zebrafish, luciferase reporter cell lines,
pharmaceutical and environmental ligands

B INTRODUCTION

Nuclear receptors (NRs) are a family of transcription factors

adipocytes where it is involved in the regulation of lipid
storage and adipogenesis.”~'* Given this role, many synthetic

involved in the gene regulation of key physiological processes.
Among NRs, the peroxisome proliferator-activated receptors
(PPARs) are the target of fatty acids, eicosanoids (prosta-
glandins, leukotrienes), and vitamin B3 notably, and they are
involved in the regulation of glucose, lipid, and cholesterol
metabolism. PPARs act as heterodimers with the retinoid X
receptors (RXRs) that bind to peroxisome proliferator
response elements (PPREs), which are specific regions on
the DNA of target genes, and once activated by a ligand
modulate their transcription.

There are three known subtypes in the human (h) PPAR
family, namely, hPPARa, hPPARS/S, and hPPARy (NRI1CI,
NRIC2, and NRI1C3, respectively), which are expressed in
different tissues and play different roles.'”* hPPARy is
expressed at low levels in many tissues including muscles,
colon, kidney, and pancreas and is highly expressed in
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hPPARy ligands have been developed for the treatment of
hyperlipidemia and diabetes such as thiazolidinediones
including rosiglitazone and troglitazone." "'

Because of the involvement of hPPARy in important
physiological processes and its potential implication in
metabolic disorders such as diabetes and obesity, it is
important to assess the ability of chemical substances present
in the environment to interfere with this specific nuclear
receptor. It has been shown that hPPARy can be a target of
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Figure 1. Chemical structures of the molecules used in this study. * NRs antagonists.

endocrine disrupting chemicals (EDCs), potentially resulting
in an alteration of these processes, but most of the data have
been produced using human and mouse models. In the past
decade, zebrafish and xenopus models have been increasingly

used as in vivo models to evaluate the impact of environmental
compounds on organisms.>~'” Nowadays, zebrafish is often
used to study adipogenesis and metabolic diseases as the
morphology of white adipose tissue is similar to human, and
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pathways involved in lipid metabolism are highly conserved
between mammals and fish.'*~*° Importantly, there is a lack of
information regarding the interspecies differences in PPARy
activation as the data obtained from xenopus and zebrafish
(aquatic) models might not be relevant to assess the endocrine
disrupting potency of chemicals to humans. Conversely,
natural and synthetic chemical substances could be released
into the aquatic environment and target PPARy of these
species in a way that could not be extrapolated from human or
mouse data.

To better assess interspecies differences, we tested a
selection of synthetic and environmental hPPARy chemicals
on human, mouse, zebrafish, or xenopus PPARy reporter cell
lines. We used HeLa cells expressing luciferase under the
control of five GAL4 response elements and the yeast GAL4
DNA-binding domain fused to the human, mouse, zebrafish, or
xenopus PPARy ligand-binding domain.'®*" The findings of
the current study provide new information about the relevance
of using in vivo animal assays for evaluating the toxicological
risk posed by EDCs on humans, fishes, and wildlife.

B MATERIALS AND METHODS

Chemicals. Molecules tested in this study and their
chemical structure are presented in Figure 1 and Supple-
mentary Table 1. All of the chemicals were obtained from
Sigma-Aldrich Chemical Co. (Saint-Quentin Fallavier, France).
Stock solutions of chemical substances were prepared in
dimethyl sulfoxide (DMSO) and stored at —20 °C. Fresh
dilutions of test chemicals in culture medium were prepared
before each experiment, and the final DMSO concentrations
did not exceed 0.1% (v/v) of the culture medium.

Reporter Cell Lines. The luciferase reporter gene cell lines
were established in two steps. The HGSLN cell line was
generated by transfecting HeLa cells with the p(GAL4RE)S-f3-
globin-Luc-SV-Neo plasmid containing a luciferase reporter
gene driven by a pentamer of the yeast activator GAL4
recognition sequence in front of the f-globin promoter and a
neomycin phosphotransferase gene under the control of SV40
promoter. The HGSLN-hPPARy,”' -mPPARy, -zfPPARy,'®
and -xPPARy cell lines were obtained by transfecting HGSLN
cells with the pSGS-GAL4(DBD)-PPARy (LBD)-puro plasmid
so that they express a chimeric protein containing the yeast
transactivator GAL4 DNA-binding domain (DBD) (M1-S147)
fused to ligand-binding domain (LBD) regions of human
(8204-Y505), mouse (S204-YS0S), xenopus (K171-Y477), or
zebrafish (K213-Y527) PPARy. The HGSLN-hLXRa, -hLXRg,
and zfLXR cell lines (Toporova et al., 2020) were obtained by
transfecting HGSLN cells with the pSGS-GAL4(DBD)-LXR
(LBD)-puro plasmids. For each receptor, S—10 clones were
chosen for their ligand-induced luciferase expression. The
clones were amplified, and luciferase expression was checked at
several passages. For each receptor, the clone with the best
induction of luciferase activity was selected and used for the
screening of the different chemicals. The stability and the
inducibility of luciferase expression were checked during at
least 20 passages (20 weeks). We also measured the expression
of the different GAL4 fusion proteins by RT-PCR expression
using GAL4-DBD-specific primers (forward: $’-ACG GCA
TCT TTA TTC ACA TT-3/, reverse: 5-CGA ACA AGC
ATG CGA TAT TT-3') to confirm that the different Gal4-
PPAR fusion proteins were expressed at similar levels (data not
shown).

Cell Culture Conditions. HGSLN cells were grown in
Dulbecco’s modified Eagle’s medium: nutrient mixture F-12
(DMEM/F-12) with phenol red, supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin, and 1 mg/
mL G418 in a 5% CO,-humidified atmosphere at 37 °C.
HGSLN-PPARy and -LXR cell lines were cultured in the same
medium supplemented with 0.5 pg/mL puromycin.

Exposures with pharmaceutical and synthetic chemicals were
made in phenol red-free DMEM/F-12 medium supplemented
with 5% dextran-coated charcoal (DCC)-treated FBS and 1%
penicillin/streptomycin. As some of the environmental
chemicals, such as TBBPA, can strongly bind proteins present
in the serum of the culture medium, exposures of environ-
mental chemicals were made in the absence of serum. The test
medium was phenol red-free DMEM/F-12 medium, 1%
penicillin/streptomycin, and 1% pluronic acid.

In Vitro Transcriptional Activation Bioassay. Cells were
seeded in 96-well white opaque culture plates (Greiner bio-one
655083-905 CellStar; Dutscher, Brumath, France) at a density
of 50 000 cells per well in 150 yL culture medium. After 24 h,
the culture medium in the plates was replaced with 200 uL test
medium containing tested chemical compounds at different
concentrations or solvent control (DMSO; 0.1% v/v) in
quadruplicates. Activities are expressed as a percentage of the
maximal luciferase activity induced by 1 uM rosiglitazone
(HGSLN-hPPARy, HGSLN-mPPARy), 10 uM GW 3965
(HGSLN-zfPPARy), or 10 uM rosiglitazone (HGSLN-
xPPARy). For antagonist assays, tested compounds were
coexposed with the reference compound at a concentration
yielding 60—80% of the maximum luciferase activity, i.e., 30
nM rosiglitazone (HGSLN-hPPARy, HGSLN-mPPARy), 2.6
UM GW 3965 (HGSLN-zfPPARy), or 2 uM rosiglitazone
(HGSLN-xPPARy). The identified chemicals were tested at
different concentrations of the reference agonist compound to
prove that they are competitive inhibitors (data not shown).

Environmental compounds were tested without serum and
with 1% pluronic acid, with activities expressed as a percentage
of the maximal luciferase activity induced by 1 uM
rosiglitazone (HGSLN-hPPARy, HGSLN-mPPARy), 3 uM
GW 3965 (HGSLN-zfPPARy), or 10 uM rosiglitazone
(HGSLN-xPPARy). Plates were then incubated at 5% CO,
+ 37 °C for 24 h. At the end of the incubation, the medium
was replaced with 50 uL per well of medium containing 0.3
mM Dp-luciferin. Luminescence signal was measured in living
cells for 2 s per well using a MicroBeta Wallac luminometer
(PerkinElmer). Each compound was tested in at least three
independent experiments. To assess whether the modulation of
luciferase activity in our models was indeed mediated by
PPARY, the active chemical substances were also tested on the
HGSLN parental cell line, which expresses only the GAL4-
driven reporter gene and should not be activated by PPARy
ligands.

Data Analysis. Results are expressed as the percentage of
the maximum luciferase activity induced by the reference
ligand for each cell line, ie, 1 uM rosiglitazone (HGSLN-
hPPARy, HGSLN-mPPARy), 10 uM GW 3965 (HGSLN-
zfPPARy), and 10 uM rosiglitazone (HGSLN-xPPARy).
Individual agonist dose—response curves, in the absence and
presence of antagonist, are fitted using the sigmoidal dose—
response function of a graphics and statistics software program
(GraphPad Prism 6, GraphPad Software Inc.). Effective
concentrations (ECs) and inhibitory concentrations (ICs)
are derived from the Hill equation. For a given chemical, ECy,
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is defined as the concentration inducing 50% of its maximal
effect and IC;, represents the concentration required for 50%
inhibition. The ECs,, were calculated taking into account the
basal activity of each cell line and constraining the top as the
maximum activity of the tested chemical and the bottom as the
basal activity of the cell line. For antagonism assays, the top
was constrained as the percentage obtained with the
antagonism control (at the concentration yielding 60—80%
of the maximum luciferase activity) and the bottom was
constrained at the minimum plateau reached by the tested
chemical.

As the basal luciferase expression in the hPPARy cell lines is
11% of the maximal expression, the induction factor of the
reference ligand is 9.1. A z-factor was calculated and is 0.7,
indicating that the risk of overlap between negative and
positive controls is negligible, as a good z-factor should be in
the [0.5—1] range. For the mPPARy cell line, the basal
luciferase expression is 15% and thus the induction factor of
the reference ligand is 6.7. The z-factor is 0.7. For the zfPPARy
cell line, the basal luciferase expression is 6% with an induction
factor of 16.7 and a z-factor of 0.8. For the xPPARy cell line,
the basal luciferase expression is 8% with an induction factor of
12.5 and a z-factor of 0.9.

Molecular Modeling. The various docking models were
generated with the server EDMon (http://edmon.cbs.cnrs.fr)
using the default parameters. The PDB files of the ligands were
generated from SMILES strings using the Grade web server
(http://grade.globalphasing.org) and converted into mol2 files
using Openbabel (http://www.cheminfo.org/Chemistry/
Cheminformatics/FormatConverter/index.htm).

B RESULTS AND DISCUSSION

Interspecies PPARy Activity of Synthetic Ligands of
hPPARy. To ensure that chemicals did not modulate luciferase
expression in a non-nuclear receptor-mediated manner, which
could be interpreted as a false-positive result, all of the
chemicals were tested in the HGSLN parental cell line.
Nonspecific-induced activity was observed for some chemicals
(SR 16832, DBP) at the highest tested concentrations in the
HGSLN cells (Supplementary Figure 1A,B). Decrease of
luminescence was also observed for other chemicals (SR 1164,
diclofenac, PFunDA, and TBBPA) and could be the result of
either toxicity or nonspecific inhibition of luciferase expression.
As a result, the concentration ranges tested in the HGSLN
GAL4-PPARy reporter cell line transactivation assays were
adjusted to exclude concentrations presenting nonspecific
modulation of the luciferase expression.

To assess potential interspecies differences in the trans-
activation of hPPARy, mPPARy, zfPPARy, and xPPARy, we
tested 10 known pharmaceutical and synthetic ligands of
hPPARy on the four reporter cell lines. The reference hPPARy
ligand rosiglitazone was an agonist for both hPPARy and
mPPARy with close ECsy of 24 and 16 nM, respectively
(Figure 2 and Table 1), which concurs with the liter-
ature.'”'®** This compound was hence used as the reference
ligand in both cell lines with a maximum luciferase activity of
100% at 1 yM. In HGSLN-xPPARYy cells, rosiglitazone was also
active but with less potency as its ECs, was 718 nM.
Rosiglitazone was used as the reference ligand in this cell line
with a maximum luciferase activity of 100% at 10 uM. As
previously shown,'® rosiglitazone had no agonistic nor
antagonistic effect on zfPPARy as it did not modulate

120+
1004

> 80- ® hPPARy

2 A mPPARy

g 607 O zfPPARy

2 404 A XPPARy

101°  10° 10 107  10%  10%
[Rosiglitazone] (M)

Figure 2. Transcriptional activity of h, m, zf, and xPPARy in response
to rosiglitazone. Results are expressed as a percentage of the
maximum luciferase activity induced by 1 uM rosiglitazone
(HGSLN-hPPARy, HGSLN-mPPARy), 10 sM GW 3965 (HGSLN-
zfPPARy), or 10 uM rosiglitazone (HGSLN-xPPARy). Error bars
represent standard deviations.

luciferase expression in HGSLN-zfPPARy cells (Figure 2 and
Tables 1 and 2).

Other compounds of the thiazolidinedione class of
antidiabetic drugs that were tested are ciglitazone, pioglitazone,
and troglitazone, which all had profiles similar to rosiglitazone
with lower potency and different efficacies and were also not
able to activate nor inhibit zfPPARy (Table 1).

GW 1929 is a known nonthiazolidinedione activator of
hPPARy. Indeed, GW 1929 was able to induce luciferase
activity in HGSLN-hPPARy, HGSLN-mPPARy, and HGSLN-
xPPARy, displaying a slightly lower efficacy (81—-85%) and
better potency than rosiglitazone with ECy, 4—13 times lower
(Figure 3A and Table 1). Similarly to rosiglitazone, GW 1929
was not an agonist nor an antagonist of zfPPARy (Figure 3A,
Table 1, and Supplementary Figure 1A,B).

Clofibric acid, a metabolite of the cholesterol-lowering
pharmaceutical drug clofibrate, was able to transactivate
hPPARy, mPPARy, and xPPARy up to 39% (Table 1) but
had no effect on zfPPARy. No antagonist effect on any of the
receptors was measured (Table 2).

Surprisingly, SR 16832, despite being described as a hPPARy
antagonist in the literature, was a very potent agonist on
hPPARy, mPPARy, and xPPARy. SR 16832 was even more
potent than rosiglitazone with ECs, comprised between 0.3
and 1.0 nM on hPPARy, mPPARy, and xPPARy (Table 1).
However, this compound had no agonistic nor antagonistic
activity toward zfPPARy.

The hPPARy antagonists GW 9662 and T0070907 were
both antagonists in our human, mouse, and xenopus models
with IC, in the nM range (Table 2). Moreover, T0070907
was able to downregulate basal luciferase activity when tested
alone on hPPARy and mPPARy, thus behaving as an inverse
agonist of the PPARy of these species as previously described™
(Figure 3B). Interestingly, both compounds were partial
agonists of xPPARy with similar ECy, in the nM range and
a maximum of 41% for GW 9662 and 49% for T0070907
(Table 1). Finally, GW 9662 and T0070907 did not activate
nor inhibit zPPARy (Figure 3C).

The antidiabetic drug SR 1664 slightly transactivated
hPPARy and mPPARy (up to 33%) with similar EC, but not
xPPARy nor zfPPARy. A slight antagonism was observed in the
four cell lines with a lower potency in HGSLN-xPPARy and
-zfPPARy cells (Table 2).
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Figure 3. Transcriptional activity of h, m, zf, and xPPARy in response to synthetic hPPARy ligands. Results are expressed as a percentage of the
maximum luciferase activity induced by 1 uM rosiglitazone (HGSLN-hPPARy, HGSLN-mPPARy), 10 uM GW 3965 (HGSLN-zfPPARy), or 10
UM rosiglitazone (HGSLN-xPPARy). GW 1929 (A) was tested in agonist assays; T0070907 was tested in agonist (B) and antagonist (C) assays.
Error bars represent standard deviations.
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Figure 4. Transcriptional activity of h, m, zf, and xPPARy in response to synthetic hPPARa and hLXR ligands. Results are expressed as a
percentage of the maximum luciferase activity induced by 1 uM rosiglitazone (HGSLN-hPPARy, HGSLN-mPPARy), 10 uM GW 3965 (HGSLN-
zfPPARy), or 10 uM rosiglitazone (HGSLN-xPPARy). Agonist hPPAR« ligand GW 7647 (A) tested in agonist assay; antagonist hPPAR« ligand
GW 6471 (B) tested in antagonist assay; and agonist hLXR ligand GW 3965 tested in agonist assays (C). Error bars represent standard deviations.

All of these results highlighted major interspecies differences, 2016 and Supplementary Figure 2). The hLXR agonist WAY-
notably that zfPPARy is not activated nor inhibited by 252623, an anticholesterolemic chemical, transactivated
synthetic hPPARy ligands. zfPPARy in a similar manner with an ECs, of 2.8 uM (Table

Interspecies PPARy Activity of Synthetic Ligands of 1). Another anticholesterolemic chemical agonist of the hLXR,
hPPARa and hLXRs. As previously shown that the hPPARa T0901317, had no agonistic nor antagonistic effect on neither
ligand GW 7647 was active on hPPARy,”" we screened it and of PPARys, as already described (Table 1 and Pinto et al,
two other hPPAR« synthetic chemicals to assess their activity 2016). The hLXR antagonists GSK 2033, SR 9238, and SR
on the four PPARy. GW 7647 was able to activate the hPPARy, 9243 had no effect on PPARy activity either (Tables 1 and 2).
mPPARy, and xPPARy with ECs, in the 100 nM range and In conclusion, among the tested synthetic chemicals, only
very high efficiencies but did not modulate zfPPARy activity the hLXR ligands GW 3965 and WAY-252623 and the
(Figure 4A and Table 1). Another known ligand of hPPARy, hPPAR« ligand CP 775,146 were zfPPARy agonists. Contrary
CP 775,146, transactivated these three receptors with lower to zfPPARyg, mPPARy responded very similarly to hPPARy to
potencies and efficacies, but more importantly transactivated these chemicals, while xPPARy had an intermediary profile as it
zfPPARy up to 100%, although with a relatively high ECy, of was modulated by the same compounds but with lower
6.8 uM (Table 1). The hPPARy antagonist GW 6471 was able potencies overall.

to downregulate the basal luminescence activity in HGSLN- Interspecies PPARy Activities of Environmental
hPPARy, HGSLN-mPPARy, and HGSLN-xPPARy cells (data Chemicals. A selection of 21 chemicals that had been
not shown), and in antagonist assays had ICg, in the 100 nM detected in the environment were tested on our models to
range for hPPARy and mPPARy and in the yM range for assess potential interspecies differences, among which were
xPPARy, thus acting as an inverse agonist (Figure 4B and nonsteroidal anti-inflammatory drugs (NSAIDs) (aspirin,
Table 2). diclofenac, ibuprofen, and indomethacin), an analgesic

To assess other potential interspecies differences and to find (acetaminophen), phthalates (BBP, DBP, MEHP), perfluori-
ligands that are able to regulate zfPPARy activity, we also nated compounds (PFHexA, PFHepA, PFOA, PENA, PFDA,
tested six known human liver X receptor (hLXR) synthetic PFunDA, PFOS), halogenated derivatives of BPA (TBBPA,
ligands, as we previously observed that the hLXR ligand GW TCBPA), and organophosphorus compounds (tri-o-tolyl
3965 was able to activate zfPPARy.”> The hLXR ligand GW phosphate, tri-m-tolyl phosphate, tri-p-tolyl phosphate, and
3965 activated zfPPARy with an ECg, of 1.8 yuM (Figure 4C triphenyl phosphate).

and Table 1) and was therefore used as the reference ligand in As some of these compounds, such as TBBPA, can strongly
HGSLN-zfPPARy cell line with a maximum luciferase activity bind proteins present in the serum of the culture medium and
reached at 10 uM. GW 3965 was also able to activate zZfLXR as can activate NRs (including PPARs) at relatively high
seen in the reporter cell line HGSLN-zfLXR cells (Pinto et al,, concentrations with ECg, in the uM range,”””” we performed
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Figure S. Transcriptional activity of h, m, zf, and xPPARy in response to environmental compounds. Results are expressed as a percentage of the
maximum luciferase activity induced by 1 M rosiglitazone (HGSLN-hPPARy, HGSLN-mPPARy), 3 uM GW 3965 (HGSLN-zfPPARy), or 10 uM
rosiglitazone (HGSLN-xPPARy). Compounds were tested without serum. Error bars represent standard deviations.

the assays in the absence of serum. First, we tested
rosiglitazone, GW 3965, and TBBPA on hPPARy and zfPPARy
with or without serum and showed that they were between 3
and 17 times more potent in the absence of serum
(Supplementary Figure 3).

Among the antalgic compounds, acetaminophen and aspirin
were not active in any of the receptors (Table 3).

Indomethacin was able to transactivate the four PPARys
with a lower potency for zfPPARy (Figure SA and Table 3).
Ibuprofen activated hPPARy, mPPARy, and xPPARy with ECg,
in the 100 M range and maximum up to 69% but did not
activate zfPPARy. These results on hPPARy are in line with the
literature.”®”” According to these papers, indomethacin and
ibuprofen induced adipocyte differentiation of murine
preadipocytes. Diclofenac upregulated luciferase activity in
zfPPARy and xPPARy cells (56% at 10 M for both) but not in
human and mouse models (Table 3). In the literature,
diclofenac was described as a partial agonist of hPPARy,
although with weak efficacy.”

Three phthalates were tested on our cell lines, ie., benzyl
butyl phthalate (BBP), dibutyl phthalate (DBP), and phthalic
acid mono-2-ethylhexyl ester (MEHP). As already de-
scribed,"®** both BBP and MEHP were able to transactivate
the human and zebrafish receptors. This was also the case for
DBP. In addition, all three phthalates were active as well in
mouse and xenopus models (Figure SB and Table 3).

A selection of seven perfluorinated compounds was also
tested in our models. This group of compounds are present
worldwide in the environment due to their persistence, and
bioaccumulative proFerties have already been identified as
hPPARy agonists.30’3 Among them, PFHexA was not active in
our cell lines, while PFHepA slightly upregulated luciferase
activity in human, mouse, and xenopus models but not
zebrafish. PFOA, PFNA, PFDA, and PFOS were active in all
cell lines, while PFunDA was active only on the zebrafish and
xenopus models (Figure SC and Table 3). The different chain
lengths and functional groups of the tested perfluorinated
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compounds indicate that perfluorinated compounds with chain
lengths (C8—C10) tended to be more active than those with
shorter or longer chain lengths, and the compounds with a
sulfonate group were potentially more toxic than those with a
carboxyl group.”

The two halogenated derivatives of BPA, TBBPA, and
TCBPA (bromine or chlorine substituents of the phenolic
rings, respectively), were tested in our models. They are used
as flame retardants and their presence has been reported in the
environment.”” > They were active in all of our models and
had the lowest EC,,, among the environmental compounds we
tested (from 0.02 uM) (Figure SD and Table 3). These results
concur with the literature as these compounds were also
described as being active in human, zebrafish, and xenopus
models in several studies.'®*>*”3°73%

Finally, organophosphorus compounds used as flame
retardants and plasticizers tri-o-tolyl phosphate (ToTP), tri-
m-tolyl phosphate (TmTP), tri-p-tolyl phosphate (TpTP), and
triphenyl phosphate (TPP) were tested in our models. TmTP,
TpTP, and TPP transactivated the hPPARy, mPPARy,
xPPARy, and zfPPARy, while ToTP only activated zPPARy.
Especially, ToTP and TPP transactivated zfPPARy with high
efficacies of 77 and 104%, respectively (Figure SE and Table
3). TPP was also found to be active on h, m, and zfPPARy in
vitro by Houck et al., 2021 with ECy, in the same uM range.””

As opposed to the previous synthetic chemicals, most of the
environmental compounds we tested were able to transactivate
the zPPARy, with profiles mostly similar to that of hPPARy,
which makes the use of this model relevant for hazard and risk
assessment of environmental chemicals.

Molecular Modeling of hPPARy, xPPARy, and zfPPARy
to Explain Interaction Differences. To gain structural
insights into the differential binding specificity of the PPARy
species, we used the server EDMon""*' to generate 3D models
of zfPPARy and xPPARy LBDs. The sequence alignment of
human, xenopus, and zebrafish PPARy is shown in
Supplementary Figure 4. These models were then compared

https://doi.org/10.1021/acs.est.1c04318
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Figure 6. Structural basis for differential ligand-binding specificities of h, x, and zfPPARy. (A) Rosiglitazone is positioned in the ligand-binding
pocket of hPPARy (crystal structure PDB code 2PRG). Residues that differ in the ligand-binding pockets of hPPARy (orange) and zfPPARy (blue)
are displayed and labeled. The zebrafish receptor was modeled using the server EDMon (http://edmon.cbs.cnrs.fr). hPPARy G312 and C313,
which are replaced by serine and tyrosine residues, respectively, in the zebrafish receptor, are highlighted with red labels. (B) Superposition of the
crystal structure of hPPARy (2PRG) bound to rosiglitazone and a model of xPPARy generated by the server EDMon. Residues that differ in the
ligand-binding pockets of hPPARy (orange) and xPPARy (magenta) are displayed and labeled (except the tyrosine residue in helix H12, which is
conserved in both species). hPPARy C313 and S317, which are replaced by leucine residues in the xenopus receptor, are highlighted with red

labels. (C) TPP as modeled in the ligand-binding pocket of hPPARy.

to the experimental crystal structure of hPPARy bound to
rosiglitazone. The superimposition of zfPPARy (Figure 6A)
and xPPARy (Figure 6B) on rosiglitazone-bound hPPARy
reveals residue differences, which certainly account for the
specific response of each receptor to the various compounds.
We first observed that, as compared to xPPARy (residues
shown in magenta in Figure 6B), the residues lining the ligand-
binding pocket (LBP) of zfPPARy (residues shown in blue in
Figure 6A) differ significantly more from those of hPPARy
LBP (residues shown in orange in Figure 6A,B), both
quantitatively and qualitatively.

This is consistent with cell-based”’ and in vivo'® assays
showing that, on average, the responsiveness to chemicals of
zfPPARy diverges more from that of hPPARy than of xPPARy.
In particular, the replacement of hPPARy G312 and C313 by
bulkier serine and tyrosine residues in ZfPPARy generates steric
clashes with the ligand and provides a rationale for the
incapability of the zebrafish receptor to accommodate
rosiglitazone (Figure 6A) and the other pharmaceuticals. In
contrast, no such drastic steric hindrance exists in xPPARy
where the two main differences affecting rosiglitazone binding
are the replacement of hPPARy C313 and S317 by two leucine
residues (Figure 6B). In addition to the bulkiness of leucine
residues compared to that of C313 and S317, which most likely
plays a role, it appears that the loss of the hydrogen bond
between S317 (hPPARy) and rosiglitazone (red dashed line in
Figure 6B) is another key factor to explain why the
pharmaceutical binds less avidly to xPPARy than to hPPARy.

We then used the program EDMon to predict the binding
mode of the LXR agonist GW 3965 to zfPPARy and hPPARy
(Supplementary Figure S). The proposed binding modes are
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radically different from that of rosiglitazone in hPPARy. The
EDMon server predicts that, although GW 393S adopts
different positions in the two receptor species, it occupies the
same subpocket located between helices H3, HS, and the f-
sheet S1/S2 and makes no contact at all with the activation
helix H12. This interaction is known to be a major determinant
of ligand affinity and activity in hPPARy, as illustrated with
rosiglitazone in Figure 6A. In full agreement with this, GW
3935 is unable to bind and/or activate mPPARy and xPPARy,
which also harbor a tyrosine residue in helix H12. Because the
hPPARy H12 Y473 polar residue is replaced with a
hydrophobic methionine in zZfPPARy, a direct contact between
the activation helix and the bound ligand might not be
mandatory for activation of the zebrafish receptor.

We also used the program EDMon to predict the binding
mode of the small compound TPP to hPPARy. It predicted
that TPP occupies the same subpocket as GW 3965 located
between helices H3, HS, and the f-sheet S1/S2 (Figure 6C).
Both the chemical composition of TPP and its predicted
binding mode also preclude any contact with the activation
helix H12 through the formation of a hydrogen bond with
Y501, as exemplified with rosiglitazone (Figure 6A). In
contrast, TPP could bind to and activate zfPPARy. Together,
the GW 3965 and TPP data suggest that a direct contact
between H12 and the bound ligand might not be mandatory
for activation of the zebrafish receptor.

Our results show that several synthetic compounds (GW
3965, WAY-252623) can affect wildlife through the disruption
of the zfPPARy pathway, in a way that is not necessarily
predictable by the use of human or mouse assays. Conversely,
results obtained in zebrafish models must be used with
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precaution for assessing the hazard and risk of chemicals to
human health. In this regard, our cell lines can be used for
screening chemical substances to minimize the cost and use of
animals in future studies, in accordance with the 3Rs principles
(replacement, reduction and refinement). Previous studies
investigating interspecies differences, notably between mam-
malian and nonmammalian species, have revealed variations in
binding affinities or transactivation profiles for ERs,***’
PXR,*™* and PR" linked to essential residue differences in
the LBD and strongly support the development and use of
species-specific in vitro assays for the study of nuclear
receptors.
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BBP benzyl butyl phthalate
DBD DNA-binding domain
DBP dibutyl phthalate
DCC dextran-coated charcoal
DMEM Dulbecco’s modified Eagle’s medium
DMSO  dimethyl sulfoxide
EDCs  endocrine disrupting chemicals
h human
LBD ligand-binding domain
LXR liver X receptor
m mouse
MEHP  phthalic acid mono-2-ethylhexyl ester
NR nuclear receptor
PFHexA perfluorohexanoic acid
PFHepA perfluoroheptanoic acid
PFOA  perfluorooctanoic acid
PFNA  perfluorononanoic acid
PFDA  perfluorodecanoic acid
PFunDA perfluoroundecanoic acid
PFOS  heptadecafluorooctane sulfonic acid
PPAR  peroxisome proliferator-activated receptor
PPREs  peroxisome proliferator response elements
RXR retinoid X receptor
TBBPA  tetrabromobisphenol A
TCBPA tetrachlorobisphenol A
ToTP  tri-ortho-tolyl phosphate
TmTP  tri-meta-tolyl phosphate
TpTP  tri-para-tolyl phosphate
TPP triphenyl phosphate
X xenopus
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