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Abstract

Individuals as well as entire ecosystems are exposed to mixtures of Persistent Organic Pollutants
(POPs). Previously, we showed, by a non-targeted approach, that the expression of several genes
involved in carbohydrate metabolism was almost completely inhibited in the human hepatic cell line
HepaRG following exposure to a mixture of the organochlorine insecticide alpha-endosulfan and
2,3,7,8 tetrachlorodibenzo-p-dioxin. In this European HEALS project, which studies the effects of the
exposome on human health, we used a Physiologically Based BioKinetic model to compare the
concentrations previously used in vitro with in vivo exposures for humans. We investigated the effects
of these POPs on the levels of proteins, on glycogen content, glucose production and the oxidation of
glucose into CO, and correlated them to the expression of genes involved in carbohydrate metabolism
as measured by RT-gPCR. Exposure to individual POPs and the mixture decreased the expression of
the proteins investigated as well as glucose output (up to 82%), glucose oxidation (up to 29%) and
glycogen content (up to 48%). siRNAs that specifically inhibit the expression of several xenobiotic
receptors were used to assess receptor involvement in the effects of the POPs. In the HepaRG model,
we demonstrate that the effects are mediated by the Aryl Hydrocarbon Receptor and the estrogen
receptor alpha, but not the pregnane X receptor or the constitutive androstane receptor. These results
provide evidence that exposure to combinations of POPs, acting through different signalling pathways,
may affect, more profoundly than single pollutants alone, metabolic pathways such as

carbohydrate/energy metabolism and play a potential role in pollutant associated metabolic disorders.
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1. Introduction

Persistent organic pollutants (POPs) raise specific concerns since they resist
degradation, persist in the environment for long periods of time, even after being banned, and
are found in isolated regions or areas distant from their sources. They accumulate throughout
the food chain because of their lipophilicity and are stored mainly in adipose tissue and liver.
Moreover, several of the POPs act as endocrine disruptors and, thus, may modify the normal
physiology of the organism. Increasing epidemiological and toxicological evidence suggests
that POPs can contribute (along with other obvious factors such as a sedentary lifestyle and
diet) to the increase in incidence of several pathologies, including diabetes and obesity, both
in western and emerging countries (Lee et al., 2011; Magliano et al., 2014; Taylor et al.,
2013). More importantly, in animal models, long term multi-exposure to low levels of
endocrine disruptors triggers energy and metabolic disorders, sometimes in a sex-dependent

manner (for review, (Le Magueresse-Battistoni et al., 2017, 2018)).

Whereas the effects of members of each family of contaminants have been studied
extensively alone, little is known about the effects of combinations, with the notable
exception of those sharing the same mechanism of action, such as dioxin-like compounds
(Desaulniers et al., 2005; Howard et al., 2010; Thayer et al., 2012), or pesticides (Rizzati et
al., 2016). Since the general population is exposed to low levels of complex mixtures of
pollutants, acting through different pathways, more attention needs to be paid to the effects of
such combinations on human health (Kortenkamp et al., 2007). Determination of the toxicity
of complex combinations of pollutants, which contribute to the exposome (i.e. the totality of
human environmental exposures from conception onwards), has become a challenge for
modern toxicology (Cui et al., 2016; Wild, 2005) and it is one of the aims of the European

project HEALS. Nevertheless, only a few recent studies have focused on the effects of



complex mixtures of POPs in various models (Gill et al., 2013; Lyche et al., 2013; Merhi et

al., 2010).

In humans, the liver is one of the primary targets as well as a storage site of POPs
(Watanabe et al., 2013). Most studies use animal models, which imperfectly reflect the human
species (Okey, 2007; Seok et al., 2013). In the present study, we used the human liver-derived
cell line, HepaRG, a recognized model for the human hepatocyte for the study of both drug
metabolism (Anthérieu et al., 2010) and intermediary metabolism (Rogue et al., 2012;
Samanez et al., 2012). This cell line expresses high levels of xenobiotic metabolizing
enzymes and xenosensors (Guillouzo et al., 2007) the expression of which remains stable for
several weeks (Jossé et al., 2008; Kanebratt and Andersson, 2008). It expresses also genes
which encode important proteins involved in carbohydrate, lipid and lipoprotein metabolisms

(Tascher et al., 2019).

We studied two model POPs which are also endocrine disruptors, 2,3,7,8
tetrachlorodibenzo-p-dioxin (TCDD) and a-endosulfan, the most toxic isomer of this
organochlorine (OC) insecticide. OC pesticides are among the most widespread contaminants
in the environment and endosulfan, in spite of its restriction and ban in the European Union, is
still used in China and India and residues are detected in foods (European Union Report on
Pesticide Residues in Food, 2011; Lozowicka et al., 2015) and in humans (Monteagudo et al.,
2016). It is known also that dioxins may contaminate chlorinated industrial products such as
pesticides, fungicides or herbicides (Schecter et al.,, 2006) and, thus, that TCDD and
endosulfan can be found as a mixture.

These two POPs have distinct mechanisms of action. TCDD is a well known activator
of the Aryl Hydrocarbon Receptor (AHR) signaling pathway (Guyot et al., 2013). a-

endosulfan has been described as an activator of either the pregnane X receptor (PXR), the



estrogen receptor (ER) and to a lesser extent the constitutive androstane receptor (CAR)
(Casabar et al., 2006; Coumoul et al., 2002; Lemaire et al., 2006; Savary et al., 2014).
Moreover, in a previous study in human mammary cell lines expressing the AHR and the ER,
we showed that the combination of TCDD and a-endosulfan led to a decrease of
ethoxyresorufin-O-deethylase activity (CYP1 activity) and of the level of CYP1A1 mRNA as
compared to TCDD alone without any modification of the mRNA level of the other AHR
target CYP1B1 (Coumoul et al., 2001). Therefore, the same combination of POPs may have

different effects, as compared to each pollutant alone, on the same endpoints.

Using a non-targeted whole genome transcriptome analysis, we showed that the
expression of several genes (particularly the bi-directional glucose transporter GLUT2
(SLC2A2) and the Glucose-6-Phosphatase catalytic subunit (G6PC)) which encode proteins
involved in carbohydrate metabolism was drastically decreased in HepaRG cells following
exposure for 30 h to a combination of 25 nM TCDD and 10 uM a-endosulfan (Ambolet-
Camoit et al., 2015). Neither the metabolic consequences of these effects on intermediary
metabolism nor the contribution of each contaminant in this deregulation is known. We first
compared the concentrations of POPs used in vitro with environmental and accidental doses
found in humans. We then demonstrated that the dual mixture decreases glucose production
and oxidation as well as cellular glycogen content. We showed that these endpoints are
modified by TCDD through the AHR pathway and that the ERa is involved in the o-

endosulfan effect.

2. Materials and methods

2.1. Internal dose modeling and dose selection

Selection of doses to be used for treatment of the cell line was based on translating

external intakes of TCDD and a-endosulfan into liver tissue dosimetry. We developed a



generic Physiologically Based BioKinetic (PBBK) model, which incorporates life stage
changes and physiological and metabolic efficiency changes over an individual’s lifetime
(from conception till 80 years of age), to associate external intake estimates or plasma
biomonitored levels into target tissue (liver cells) dosimetry. Relevant external intakes of
TCDD and a-endosulfan were determined through the use of the PBBK model
(Supplementary Methods) and the respective internal doses in hepatic cells were estimated
based on an extensive review of exposure conditions, so as to identify the ranges of exposure
levels. The review process included representative environmental, accidental and occupational
conditions, so as to estimate the upper bounds of the plausible intake levels, which in turn

were translated into internal doses in the hepatic cells.

2.2. Compounds and cell culture

TCDD and a-endosulfan were obtained from LGC Standards (France). HepaRG cells
(Dr Guguen-Guillouzo, Rennes, France) were cultured in Williams” E medium supplemented
as described (Aninat et al., 2006) and differentiated with 1.5% DMSO (Attignon et al.,
2017a), designated differentiation medium. The differentiated cells were treated with 25 nM
TCDD, 10 uM a-endosulfan or the mixture for 24 or 30 h and 72 h, respectively, for mRNA
and protein assays. In some instances, studies of gene expression and metabolic flux were
performed under “gluconeogenic” conditions (Supplementary Methods). Time course

experiments are described in the Supplementary Methods.

2.3. Glucose production assay

Differentiated HepaRG cells were seeded into 6-well plates. After 66 h of exposure to
the POPs in differentiation medium, the cells were washed with PBS and incubated in the
“gluconeogenic” medium (Supplementary Methods). After 6 h of incubation in this medium

in the presence of the pollutants, the supernatant was collected and glucose production was



measured with the Glucose (GO) Assay kit (Gago-2) from Sigma. Proteins were collected
from the same wells using RIPA buffer and their concentrations measured as previously

described (Blouin et al., 2011).
2.4. Measurement of glucose oxidation and lactate production

Differentiated HepaRG cells, seeded into 6-well plates, were exposed 72 h to the
POPs, washed with PBS, trypsinized, resuspended in differentiation medium and counted.
They were centrifuged and resuspended in Krebs-Ringer phosphate buffer to obtain 2 million
cells in 950uL. They were then incubated for 90 min at 37°C in a total volume of 1 mL of
Krebs-Ringer phosphate buffer, containing 5mM U-'*C-glucose (250pCi/umol) and the
reaction was performed as described previously (Blouin et al., 2011). The amount of protein,
for each condition, was measured as described (Blouin et al., 2011). Lactate production was

quantified as described in the Supplementary Methods.
2.5. Measurement of intracellular glycogen content

Differentiated HepaRG cells, seeded into 12-well plates for 5 days, were exposed for
66 h to the POPs. The cells were scraped into 150uL water after 3 washings in ice-cold PBS,
heated at 100°C for 5 min and centrifuged at 12,000 g for 5 min. The supernatant was frozen
at -80°C until measurement of the glycogen content using the glycogen assay kit (MAKO016
Sigma) as described by the manufacturer. The glycogen content was normalized to the

amount of protein assayed as described above.

2.6. siRNA transfection, RNA isolation, reverse transcription, gPCR and

immunoblotting.

siRNAs and the transfection protocol, preparation of RNA samples, reverse

transcription, PCR and western blot experiments are described in the Supplementary Methods.



Oligonucleotides (Supplementary Table 1) were obtained from the literature or designed using

the OLIGO Explorer software and their efficiency was assessed.

2.7. Statistical analysis

The data are expressed as mean + SD of at least three different experiments. Statistical
analysis was carried out in R (agricolae package) using the Kruskal-Wallis test (non
parametric comparison of k independent series) followed by a post hoc test (Dunn). The p

values are indicated as: *, $, # p <0.05; **, $$, ## p < 0.01; ***, $$$, ### p < 0.001.

3. Results

3.1. TCDD and a-endosulfan doses are based on realistic exposure estimates

In order to estimate how the concentrations used in this study and in our previous
transcriptome analysis (25 nM TCDD and 10 uM a-endosulfan) (Ambolet-Camoit et al.,
2015) compared with human exposure, a Physiologically Based BioKinetic (PBBK) model
was developed (Figure 1).

For environmental exposure to TCDD, estimates of daily intake of polychlorodibenzo-
dioxins/furanes (PCDDs/PCDFs) and dioxin-like polychlorinated biphenyls (dI-PCBs) TEQ
(Toxic EQuivalent concentration) were used, assuming that the sum of these compounds
exerts a similar toxicological response (mode of action) to TCDD. Hence, treating the cells
with a given concentration, A, of TCDD, is similar to treating the cells with a PCDDs/PCDFs
mixture of the TEQ concentration equal to A. The detailed reconstructed exposure is
described in the Supplementary Results. By reconstructing human intake from these data and
accounting for inter-individual variability in biokinetics (Bois et al., 2010), intake levels up to
15 pg/kg_bw/d TEQ were estimated. Additional biomonitoring data were obtained from

studies related to the accidental exposure to PCDD/Fs/dI-PCBs in Seveso (Italy) in 1976
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(Kerger et al., 2006; Warner et al., 2014). In this case, the highest serum levels observed
correspond to an intake of up to 15 ng/kg_bw/d TEQ which, in turn, corresponds to an
internal dose in the liver cells of up to 25 nM TCDD. Taking into account all the above, it was
decided to select this as a relevant dose for the in vitro studies, although lower concentrations
(0.2-5 nM) also were used.

For endosulfan, a review of the respective intake levels for the general population and
pesticide sprayers was carried out. For the general population, the intake of endosulfan is
close to 1 ng/kg_bw/d. However, for upper bound scenarios of crop contamination and diets
rich in crops sprayed with endosulfan, intake levels are up to 800 ng/kg_bw/d (Nougadere et
al., 2012). To estimate the highest feasible (yet realistic) intake of endosulfan, studies
involving exposure to applicators also were reviewed. Exposure to applicators was up to 150
ug/kg_bw/d (Dalvie et al., 2009; Skrbi¢ and Predojevi¢, 2008) which corresponds to an
internal dose in hepatic cells close to 10 uM. This was the highest dose chosen for in vitro
testing, although concentrations of 1 and 3uM also were used. The correspondence between
the equivalent external dose used for testing in the hepatic cells and environmental,

occupational and accidental exposures is illustrated in Figure 1.

3.2. TCDD and e-endosulfan disrupt the expression of genes involved in glucose

oxidation and storage

Exposure of HepaRG cells for 30 h to the POPs alone or as a mixture altered the
MRNA levels of several genes involved in the glycolysis/gluconeogenesis pathway (Ambolet-
Camoit et al., 2015). When HepaRG cells were cultivated in the presence of 11mM glucose
(differentiation medium) and exposed for 30 h to the mixture of POPs, the glucose transporter

GLUT2 mRNA expression decreased up to 90% (Figure 2A), and the protein level decreased



up to 55% (Figure 2B and C). Exposure to the POPs altered the mRNA expression of several
other genes involved in glycolysis, glucose storage and the tricarboxylic acid cycle
(hexokinase 2 (HK2), liver pyruvate kinase (PKLR), pyruvate dehydrogenase kinase 2
(PDK2) and glycogen synthase 2 (GYS2)) (right part of Supplementary Table 2). Thus, we
assessed POP effects on the oxidative capacities of HepaRG cells by measuring the release of
radioactive **CO, from radioactive U-'*C-glucose via the Krebs cycle. Glucose oxidation was
not affected by TCDD. In contrast, exposure of the cells to a-endosulfan or to the mixture
decreased CO, production by 20 and 29%, respectively, compared to the unexposed cells
(Figure 2D). Concomitantly, there was no modification in the level of lactate following the
treatments (Figure 2E). Since the level of GYS2 mRNA was decreased after exposure to the
pollutants, we measured the level of glycogen in the cells after exposure to the POPs. The
glycogen content of the cells was significantly reduced following exposure to TCDD, a-
endosulfan or the mixture (by 33, 39 and 48% respectively), as compared to untreated cells

(Figure 2F).
3.3. Effects of pollutants are time and concentration-dependent

HepaRG cells were then exposed to 25 nM TCDD, 10 uM a-endosulfan or to their
combination for various times. Significant decreases in the expression of the most down-
regulated genes in the microarray experiment, G6PC and GLUT2, were observed as early as

8h after exposure to the POPs with no modification at 4h (Figure 3).

The PBBK model showed that the concentrations used in this study correspond to the
highest doses found during occupational and accidental exposures (Figure 1). In order to
employ experimental conditions closer to environmental levels, HepaRG cells were exposed
for 8 days to lower concentrations of the POPs (0.2 to 5 nM TCDD and 1, 3 or 10 uM for a-

endosulfan alone and to mixtures), with no observed toxicity (Ambolet-Camoit et al., 2015).

10



Remarkably, G6PC and GLUT2 mRNA expression decreased up to 50% for the lowest
concentrations of TCDD (0.2 nM) and to 37% (although not statistically significant) for a-
endosulfan, (3 uM) (Supplementary Figure 1). Exposure of cells to 1uM of a-endosulfan led
to a 35% decrease (although not statistically significant) in G6PC expression with no
modification in GLUT2 expression (data not shown). Moreover, the mixture has more
significant effects than each pollutant alone for several concentrations (Supplementary Figure

1).

3.4. Exposure to TCDD and a-endosulfan decreases both glucose production and the

expression of genes coding for enzymes involved in gluconeogenesis

In the transcriptomic study, the level of G6PC mRNA, the last enzyme in
gluconeogenesis, was decreased up to 90% by the mixture of the POPs. We studied the
molecular and metabolic effects of 25 nM TCDD, 10 uM a-endosulfan or the mixture on
HepaRG cells exposed to the pollutants under gluconeogenic conditions (no glucose medium,
Supplementary Methods). The expression of GGPC mRNA decreased drastically with the
mixture (90%) as compared to TCDD or a-endosulfan alone (55% and 75% decreases,
respectively) (Figure 4A). GLUT2 mRNA expression also decreased with all the treatments
(up to 70% with the mixture, Figure 4B). We measured the mRNA level of other enzymes
involved in gluconeogenesis (left part of Supplementary Table 2). The mRNA expression of
the cytosolic phosphoenolpyruvate carboxykinase (PCK1) and of the mitochondrial form
(PCK2), recently described as playing a role in gluconeogenesis (Stark et al., 2014), was
decreased by all the treatments (up to 80% by the mixture). There were also decreases, albeit
less pronounced, in the amount of PCK2 protein for all treatments (Supplementary Figure 2,
A, B). The amounts of PCK1 and G6PC proteins decreased only for treatment with TCDD or

the mixture (Supplementary Figure 2, C, D and E, F).
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We then measured the production of glucose, which was decreased by 76%, 74% and
82%, respectively, following exposure for 72 h to TCDD, a-endosulfan or the mixture, as

compared to cells cultivated in the absence of the pollutants (Figure 4C).

3.5. The TCDD-induced repression of G6PC, GLUT2 and glucose production is

mediated through the AHR

TCDD is known to activate the AHR/ARNT pathway as well as the non-genomic SRC
pathway (Guyot et al., 2013). Upon transfection with siRNA directed against AHR and
ARNT the decreases of the amounts of AHR and ARNT proteins were 80% and 60%,
respectively, compared to the levels observed with the control siRNA as described previously
(Attignon et al., 2017b). These decreases were accompanied by a decrease in the effect of
TCDD on the expression of both the G6PC and GLUT2 genes as compared to the siRNA
control (siCtl) (Figure 5A and B and supplementary Figure 3A, B). The non-genomic SRC
pathway was not involved in the regulation of these two genes (Supplementary Figure 3A, B).
Thus, the effect of TCDD is mediated by the AHR/ARNT pathway. Transfection with the
SiIAHR, as compared to the siCtl, did not modify the production of glucose in untreated cells
(2.57pug/mL/mg protein) whereas it partially reversed the decrease in glucose production after
TCDD treatment (78% inhibition with siCtl (0.57pug/mL/mg protein) and 43% inhibition with
SIAHR (1.44pg/mL/mg protein)) (Figure 5C). Since the role of TCDD-inducible poly(ADP-
ribose) polymerase, PARP7 (TiPARP) in the TCDD-induced inhibition of gluconeogenesis
via G6PC seems to be opposite in the mouse and chick embryo models (Diani-Moore et al.,
2010, 2013; MacPherson et al., 2013) we tested its role in the human HepaRG model. The
siRNA-mediated loss of TIPARP further decreased the expression of G6PC and GLUT2 as

compared to the siCtl, in the presence of TCDD (Supplementary Figure 4).
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3.6. The a-endosulfan-induced repression of G6PC, GLUT2 and glucose production

is partially mediated through the ERa

a-endosulfan has been described to act through several receptors. Although PXR
mMRNA and protein expression and the level of its target gene CYP3A4 were decreased
effectively by siPXR transfection (Attignon et al., 2017b), there was no modification of the
inhibition of the expression of G6PC and GLUT2 following exposure of cells to a-endosulfan
(Supplementary Figure 5, A, B). Then, we investigated whether the ERa. was implicated in
the o-endosulfan effect. We previously showed that siERa, decreases ERa. mMRNA content by
75% (Attignon et al., 2017b). ERa silencing reversed partially the effect of a-endosulfan on
G6PC in the presence of the pesticide (Figure 5D) although there was a 66% increase of the
basal level of expression. For GLUTZ2, there was no change in the basal level of expression
following transfection with the siERo compared to the control siRNA and the SiERa

abolished the a-endosulfan effect on this gene (Figure 5E).

The role of ERa on glucose production was then assessed. Treatment with -
endosulfan of HepaRG cells transfected with the siCtl decreased glucose production by 78%
(0.43pg/mL/mg protein compared to 1.95pug/mL/mg protein). When the siERa was
transfected, the basal glucose production was decreased by 45% (1.06pug/mL/mg protein)
compared to the siCtl. Further treatment with a-endosulfan decreased the glucose production
to the same level as the siCtl (0.43ug/mL/mg protein) (Figure 5F). Since it is difficult to draw
a definitive conclusion from these results, we investigated whether another xenosensor, CAR,
had a role in the a-endosulfan effect. SiCAR transfection did not change G6PC and GLUT2
expression (Supplementary Figure 5C, D) even though its SIRNA abolished CYP2B6 mRNA

expression as shown previously (Attignon et al., 2017b).
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Discussion

The liver is the main organ involved in detoxification of xenobiotics and a major target
of these compounds. In the present study, we investigated the effects of a combination of two
persistent organic pollutants also acting as endocrine disruptors on carbohydrate metabolism
in the human liver-derived cell line, HepaRG. We used an organochlorine pesticide, o-
endosulfan, and the most toxic dioxin, TCDD. Previously, we reported drastic reductions of
the levels of mRNAs encoding GLUT2 (SLC2A2) and key enzymes of glycolysis (PKLR)
and gluconeogenesis (G6PC) in response to the combination of these pollutants in this hepatic
cell line (Ambolet-Camoit et al., 2015). Therefore, we studied the effects of this mixture on
glucose metabolism and measured metabolic fluxes. Glucose oxidation and glucose
production as well as the cellular glycogen content were decreased by the mixture. Other
pollutants have similar effects on carbohydrate metabolism. For example, bisphenol S and AF
also decrease liver glycogen content in mice (Meng et al., 2018) and chlorpyrifos decreases it
in fish (Majumder and Kaviraj, 2018). Bisphenol A and a phthalate (DEHP) also decrease
glucose oxidation in rat liver (Jayashree et al., 2013; Rajagopal et al., 2019). In our model, the
expression of key genes for either glycolysis or gluconeogenesis is affected similarly by the
POPs, whatever the amount of glucose in the culture medium. These results highlight the
predominant role of POPs on carbohydrate metabolism compared to the nutritional status of
the cells.

As expected, TCDD acted through the AHR/ARNT pathway, since inhibition of
expression of the AHR interfered with the action of TCDD on mRNA levels and glucose
production. Then, we tested the role of TIPARP in the regulation of G6PC and GLUT2 after
treatment of HepaRG cells with TCDD, since opposing results were obtained in the chicken
and mouse models concerning the AHR signaling (Diani-Moore et al., 2010; MacPherson et

al., 2013). We observed that decreased expression of TIPARP by siRNA almost abolished the

14



expression of G6PC and GLUT2 in the presence of TCDD. This is in line with the
observation that the loss of TIPARP in a mouse KO model increased the sensitivity of mice to
the TCDD treatment due to the loss of mono-ADP-ribosylation of AHR (which leads to AHR
degradation) (Ahmed et al., 2015). The stabilization of AHR in the KO animals thus increased
steatosis and hepatotoxicity and the inhibition of PCK1 mRNA expression by TCDD.

Concerning the mode of action of a-endosulfan, our results showed that the ERa is
partly responsible of the inhibition of gene expression with no implication of PXR or CAR.
However, the measures of glucose production did not provide a definitive conclusion since
the siERa further decreased (by 50%) the basal glucose production found in the presence of
the control siRNA. Despite this result, the involvement of the ERa, at least partially, in the
effect of a-endosulfan in the HepaRG model, seems likely, on the basis of the mRNA results
and of a comparison of our results with a transcriptome analysis (Jennen et al., 2010) in which
the effect of 30 uM 17B-estradiol (E2) on HepaRG cells was studied. Pathways down-
regulated in that study (bile acid biosynthesis, glycolysis and gluconeogenesis, regulation of
lipid metabolism-FXR dependent) were also down-regulated in our analysis (Ambolet-Camoit
et al., 2015). We selected 43 genes differentially expressed in our study (Supplementary Table
3). The expression of these genes from both studies was positively correlated (R?=0.64)
(Supplementary Figure 6). After exposure of cells to E2 or a-endosulfan, expression of G6PC
decreased to 19 and 25%, respectively, and GLUT?2 expression decreased to 31 and 58%,
respectively, of the control values. Thus, E2 and o-endosulfan would appear to affect
expression of these genes in the HepaRG cells in a similar fashion.

Complex cross-talk with opposite effects between the AHR and the ER have been
described, i.e. the recruitment of ER to AHR activated genes to the detriment of ER target
genes which lead to ER degradation by the proteasome and either an inhibition or a slight

activation of AHR targets after estradiol treatment (Matthews and Gustafsson, 2006; Tarnow
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et al., 2019). In contrast, in our study, we observed an effect of the mixture in the same
direction as those of each pollutant alone. Since the crosstalk studies were performed with E2,
it is difficult to extrapolate how AHR activation by TCDD could influence the ER activation
by a-endosulfan in our cell model. Indeed, E2 and a-endosulfan have different metabolisms
which could explain the absence of the negative crosstalk described in the literature. In our
previous transcriptomic study (Ambolet-Camoit et al., 2015), we also observed effects on
MRNA expression mainly in the same direction by each pollutant alone and by the mixture.
However, of 32 genes for which selective inhibitory crosstalk between these pollutants was
found, the addition of TCDD inhibited the pesticide effect for 10 genes and o-endosulfan
inhibited the effect of TCDD in 22 genes (see figure 2 and discussion in (Ambolet-Camoit et
al., 2015).

A metabolomic study of mice exposed to a low dose of endosulfan in the diet revealed
gender-specific modifications of energy metabolism. Increased plasma glucose levels were
found in both sexes but the relationship to the liver glucose content was different. For the
females, the increase in plasma glucose was linked to a decreased hepatic glucose level
whereas no such decrease was observed in the males. In the latter case, there was a decreased
hepatic lactate level and the authors suggested a decrease in the hepatic glycolytic pathway
(Canlet et al., 2013). This study and another one on the effect of a mixture of pesticides
(Merhi et al.,, 2010) also showed that female and male mice respond differently to a
contaminant exposure. Concerning the AHR activation, a comparative analysis of both the
hepatic metabolome and transcriptome was performed in mice and rats treated with TCDD
(Forgacs et al., 2012). It showed that lipid metabolism was altered in mice, consistent with
increased hepatic triglyceride and fatty acid accumulation. In contrast, rats did not accumulate
lipids at the same level whereas choline metabolism was modified with an increase in

phosphocholine and a decrease of betaine. This decrease could be linked to type 2 diabetes as
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betaine supplementation improves glucose homeostasis in mice with diet-induced obesity
(Ejaz et al., 2016). Betaine and choline supplementation also improves the placental response
to gestational diabetes mellitus induced in mice fed a high-fat diet (Nanobashvili et al., 2018).
This treatment also significantly reduced glucose accumulation in human placenta-derived
BeWo cells under high or normal glucose culture conditions (Nanobashvili et al., 2018). In
addition, exposure of mice with a diet-induced liver injury to PCB126 (a dioxin-like
compound) worsens hepatic fibrosis and induces metabolic disturbances due to modifications
in hepatic gene expression (including the neoglucogenic genes G6PC and PCK1) leading to
dysfunctional energy homeostasis (Wahlang et al., 2017). However, the authors did not
validate these effects in an AHR KO model.

Other metabolomic/transcriptomic studies of the effects of TCDD on mice revealed
changes in carbohydrate metabolism, with modifications of gene expression similar to our
results (this study and M Aggerbeck, personal results) for a selection of genes (Nault et al.,
2016b, 2016a). However, there are also differences in the expression of other genes between
mice and HepaRG cells and it is known that the animal models (mainly rodents) extrapolate
imperfectly to humans (Forgacs et al., 2012, 2013; Seok et al., 2013). Although the HepaRG
cell culture model does not reproduce the complexity of the whole organism, it is still a useful

tool for studies in a human model and comparison with in vivo experiments.

4. Conclusion
Our study is one of the first to address the question of the effect of a dual exposure to
contaminants acting via different molecular pathways on carbohydrate/energy metabolism in
a human cellular model. Indeed, most previous studies on the effect of a cocktail of pollutants

in liver have used diverse non human species (Le Magueresse-Battistoni et al., 2018).
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The simultaneous use of human and animal models, in conjunction with
epidemiological studies and PBBK models, such as the one described in this study, are
necessary to grasp the real risks of exposure to a variety of chemicals for humans throughout
their lives. Many epidemiological studies have attempted to assess the link between human
exposure to contaminants, which usually occurs at low levels throughout life, and the
increased epidemic levels of the metabolic syndrome and type 2 diabetes (Cranmer et al.,
2000; Lee et al., 2011; Magliano et al., 2014; Son et al., 2010). As recently reviewed, no
obvious dependent relationship between exposure to POPs and diabetes in the general
population is observed whereas most studies on occupational or non-occupational high risk
cohorts suggest an increased risk of diabetes with past exposure to dioxins/PCBs and/or
herbicides (Magliano et al., 2014). However, the authors also point out that, because of the
high prevalence of diabetes and of the inevitable exposure to POPs, even a very small
increased risk of disease in susceptible populations could have major public health
significance. It is clear that more epidemiological studies are necessary together with the
study of various biological models to decide if a causal link does or does not exist between
life-long multiple-exposures to POPs and the epidemic increase in metabolic pathologies in

humans, especially in the context of alcohol or diet-induced fatty liver disease.

The Supplementary Data contains:

1) a file which includes a Methods section, a Result section describing the PBBK model
in more details, a Supplementary Reference section and the Legends to the Supplementary
Figures

2) a file with 6 Supplementary Figures

3) a file with 3 Supplementary Tables
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Legends to the figures

Figure 1. Corresponding levels of external intake of TCDD and a-endosulfan with in
vitro concentrations. The levels of external intake are illustrated in this plot, covering
environmental and accidental exposure to TCDD, as well as environmental and occupational
exposure to a-endosulfan. The dose used for treating the cell cultures corresponded to the
upper bounds of the external intake estimates for both compounds.

Figure 2. Effect of the exposure of HepaRG cells to 25 nM TCDD, 10 uM a-endosulfan
or the mixture on GLUT2 expression, glucose oxidation, lactate production and
glycogen content. The levels of GLUT2 mRNA (A) and protein (B, C) were measured after
30 h and 72 h, respectively, of exposure to POPs. Quantification of radioactive glucose
oxidation into radioactive CO; (D) and lactate production (E) was performed after 72 h of
POP exposure. Glycogen cellular content was measured after 66 h of exposure to the POPs
(F). The values are the means of 3-6 independent experiments +/- the standard deviation. Stars
represent the significance of the fold-change as compared to the control (*, p<0.05, **,
p<0.01, *** p<0.001). $ represents the significance of the fold-change between the
corresponding bars ($$, p<0.01, $$$, p<0.001).

Figure 3. Time course of gene expression following exposure of HepaRG cells to
pollutants. The amount of G6PC (A) and GLUT2 (B) mRNA was measured 4, 8, 16 and 30 h
following exposure of cells to 25 nM TCDD, 10 uM a-endosulfan or the mixture. The values
are the means +/- standard deviation of 4 independent experiments in duplicate. Stars
represent the significance of the fold-change as compared to the control (***, p<0.001). $
represents the significance of the fold-change between the corresponding bars ($, p<0.05, $3,
p<0.01, $$$, p<0.001).

Figure 4. Effect of the exposure of HepaRG cells to 25 nM TCDD, 10 uM a-endosulfan
or the mixture on G6PC and GLUT2 expression and on glucose production. The levels of
G6PC (A) and GLUT2 (B) mRNA were measured after 30 h of cultivation under
gluconeogenic conditions in the presence of the POPs and glucose production was measured
after 72 h of treatment (C). The values are the means of 3-6 independent experiments +/- the

standard deviation. Stars represent the significance of the fold-change as compared to the
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control (*, p<0.05, **, p<0.01). $ represents the significance between the corresponding bars
($, p<0.05, $$, p<0.01).

Figure 5. Effect of AHR or ERa silencing on gene expression and glucose production.
The expression of G6PC (A,D) and GLUT2 (B,E) was measured after transfection with either
a control SiRNA (siCtl) or siRNAs directed against AHR mRNA (siAHR) or against ERa
MRNA (sSiER). The cells were exposed or not to 25 nM TCDD or 10 uM a-endosulfan.
Glucose production was measured after AHR silencing in the presence or absence of 25 nM
TCDD (C) or after ERa silencing in the presence or not of 10 uM a-endosulfan (F). The
values are the means +/- the standard deviation of 3 or 4 experiments in duplicate. Stars
represent the significance of the fold-change as compared to the control (*, p<0.05, **,
p<0.01). $ represents the significance between the corresponding bars ($$, p<0.01).

28



Dose

1.E+02

1.E+00

1.E-02

1.E-04

0 5%-95% T
= = Median — 40—
I OMean T
l [ o
o
] L
z L | i
T Q.
Tested in |[Environmental Accidental Tested in [EnvironmentalQccupational /
HepaRG cells| exposure exposure |HepaRGcells| exposure bystanders
exposure
TCDD (ng/kg_bwid) a - endosulfan (pug/kg_bwid)




1.5 GLUT2
=
9
a 55
o 1.04 —- .
=R
=
ot e
QO
2 0.5+
ki
o S o
0.0 , Lo [T
D>
© ﬂﬁaﬂ Q’{‘n *‘u&
- Q o 4
S & &S
GLUT2 57kDa

a-tubulin RS 55kDa

Relative intensity
(AU.)

GLUT2

1.51
104 ——=
0.5+ T
0.0 .

t &

150+

100-

50~

% glucose oxidation

Glucose oxidation

3]

1.0+

0.5

% lactate production

0.0

1.5-

Glycogen content

% glycogen content

Lt LE 3

0.0




>

Relative expression

Relative expression

1.5

1.0

0.5

0.0

1.5

0.0

G6PC
1
vy
= - - .
5?“’2*“"‘%“ «Q{}Z‘"b% «oﬁzﬁ* «Q{}Z“b%
4h 8h 16h 30h
GLUT2

335

*k*

VO 0t Qa0+ Qa0ct Q0.
Y (G (KT ST

4h 8h 16h 30h



G6PC

0

3 &

— =
uoissaldxe aAne|oy

0.0

GLUT2

g I z

. . <
- = =
uoissaidxa anne|ey

Glucose production

_I

150+

e

uononposd asooan|b 9

| 1
{= = =
= Ty




<

G6PC

35

: o
K-

_. "7

i
uw

o

G6PC

|| || | |
Q n Q n
o — — =

uoissaidxa aAe|oy

=
=

%5

- K

| |
=
o~

|| ] 1
u [ =] un
- -— =

uoissaldxa aaneey

0.0

siER

siCtl

siAHR

siCtl

o

.._ﬁu.
_ = A
n o
-
|
G ®
=
=
H %
I L T
1 < i <
= — = =
uoissaJdxa aane|ay
@
a| I
| %
>
O
=
H 2
s v & ®w 9
o — -— = =

uoissaidxa aneay

siER

siCtl

siAHR

siCtl

&

t

§%
A
siER

L9
o

Glucose production
siCtl

L]
o

1
= =
u

100+

)
!
-

uonanpoud asoan|b o

_
_
£
2
il
S .l
T 7| e
o
=B
& _
9 | B
= %
D
=
- %
| 1 ]
@ = @ =
uonjonpoad asoan|b o

siAHR

siCtl






