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HIGHLIGHTS

1-MEHP/EtOH co-exposure leads to death of steat@patocytevia oxidative DNA damage.
2-MEHP-activated AhR would enhance ethanol metaboligrADH in steatotic cells.
3-The toxicity by MEHP/EtOH co-exposure would rely GP4A activity in steatotic cells.

4-Co-exposure to DEHP/EtOH of HFD-zebrafish larvalices progression of liver steatosis.



ABSTRACT

Liver steatosis has been associated with variouglogical factors (obesity, alcohol,
environmental contaminants). How those factors wogdether to induce steatosis progression is still
scarcely evaluated. Here, we tested whether phésatauld potentiate death of steatotic hepatocytes
when combined with ethanol. Pre-steatotic WIF-BQdtecytes were co-exposed to mono(2-
ethylhexyl) (MEHP, 500 nM; main metabolite of dgtylhexyl) phthalate or DEHP) and ethanol (5
mM) for 5 days. An increased apoptotic death wasaded, involving a DNA damage response. Using
4-Methypyrazole to inhibit ethanol metabolism, &d-223191 to antagonize the AhR receptor, we
found that an AhR-dependent increase in alcohoydielyenase (ADH) activity was essential for cell
death upon MEHP/ethanol co-exposure. Toxicity wE® grevented by HET0016 to inhibit the
cytochrome P450 4A (CYP4A). Using the antioxidahiotirea, a role for oxidative stress was
uncovered, notably triggering DNA damage. Finatlg;exposing thén vivo steatosis model of high
fat-diet (HFD)-zebrafish larvae to DEHP (2.56 nhh&mnol (43 mM), induced the pathological
progression of liver steatosis alongside an ine@aSyp4t8 (human CYP4A homolog) mRNA
expression. Altogether, these results further emighd the deleterious impact of co-exposures to
ethanol/ environmental pollutant towards steatpaitological progression, and unraveled a key role

for ADH and CYP4A in such effects.



1-INTRODUCTION

Non-Alcoholic Fatty Liver Disease (NAFLD) is the stocommon form of chronic liver
disease worldwide, with about 25% of the global apon affected, reaching up to 80% in over-
weight or obese people (Younossial, 2016b; Chalasamt al, 2018). Moreover, its occurrence is
steadily rising, along with obesity epidemics thepresentgdhe main risk factor for these diseases
(Younossiet al., 2016b; Estest al, 2018). NAFLD encompasses a large spectrum odtiefesions
from fatty liver (steatosis) to Non-Alcoholic Stehepatitis (NASH) that can exhibit different degree
of severity depending on fibrotic status (Chalasainial, 2018; Patelet al., 2016). Steatosis is
characterized by lipid accumulation in the liveridenced by the formation of triglyceride-contamin
lipid droplets in hepatocytes (Sahini and BorlaBl1£2; Sanyakt al, 2011), while in NASH, this state
is accompanied with death of hepatocytes and imflation (Sanyaét al, 2011). NASH is known to
form a favorable ground to cirrhosis and hepatataiicarcinoma (HCC) development (Ekstetal,
2006; Younossiet al, 2015). Consequently, NAFLD has become a leadiagse of HCC
development and has been associated with an iecedsk of mortality (Younosset al, 2015,
2016a). In this context, whereas steatosis is momful by itself, it can be considered as a liver
sensitizing stage to external aggressions inducalbgdeath and/or inflammation, thereby favoring
pathological progression to NASH and more. Of natsyut 10 to 20% of people with steatosis have
been reported to develop NASH thereafter (Ested, 2018; Siegeét al, 2009). However, the nature
of these aggressions and the related molecularaneshs are yet not fully known.

Hepatic steatosis has been associated with vamtiotogical factors including obesity,
alcohol and environmental contaminants (Fowtsl, 2017). Regarding these latter factors, several
studies have indeed highlighted a potential imgilbca of environmental chemicals in NAFLD
development and progression, by altering lipid inetiam or inducing cell injuries in liver (Foulas
al., 2017; Heindekt al, 2017). This is in this context that NAFLD caudsdenvironmental toxicants
has been called TAFLD, for Toxicant-Associated ydtiver Disease, and TASH, for Toxicant-
Associated Steatohepatitis (Wahlagigal, 2013, 2019). However, the impact on liver of bamations

of various etiological factors is still scarcelyatvated despite the fact that it further mimics rbal



life. Thus, we have previously demonstrated thaexmosure to alcohol, a well-known lifestyle
hepatotoxicant, and the environmental carcinogerzdja]pyrene (BR]P), can drive the progression
of a pre-established steatosis to a NASH-like dhaiidn in vitro andin vivo (Bucheret al, 2018a,
2018b; Imranet al, 2018; Téteet al, 2018). In these studies, we have notably dematest that
B[a]P/ethanol co-exposure induced apoptotic death tefatstic hepatocytes through several
mechanisms including changes in xenobiotic metabploxidative stress notably leading to oxidative
DNA damage and lipid peroxidation, and an AhR (Amdlydrocarbon Receptor)-dependent
mitochondrial dysfunction (Bucheet al, 2018a; Téteet al, 2018). In addition, we found that
membrane remodeling was involved in liver steatqmisgression in High Fat Diet (HFD)-fed
zebrafish larvae (Imraet al, 2018).

Many other toxicants have been demonstrated osaspected to be metabolism-disrupting
chemicals, and therefore could also be involvedh& development of NAFLD (Al-Eryaret al,
2015; Heindekt al, 2017; Le Magueresse-Battistatial, 2017). Among these pollutants, phthalates
and especially Di(2-Ethylhexyl) Phthalate (DEHPg &nequently cited (Benjamiet al, 2017; Foulds
et al, 2017; Heindekt al, 2017). DEHP is commonly used as a plasticizePdaifyvinyl Chloride
(PVC) industry and is ubiquitous in environment iifzenin et al, 2017). Human exposure to
phthalates is mainly through diet because theyreadily be leached from plastic packaging to foods
and drinks since not chemically-bound to polym@&snjaminet al.,2017; Wanget al, 2019). In the
organism, DEHP is rapidly metabolized in the gutMono(2-Ethylhexyl) Phthalate (MEHP); this
metabolite that is considered as the active meitebior metabolic disruption upon DEHP exposure,
then goes to the liver (Frederiksehal, 2007; Keyset al, 1999). Thus, DEHP and/or MEHP have
been reported as disturbing lipid metabolism Hatlitro in human hepatic cells (Bat al, 2019;
Zhanget al, 2017b, 2019) anth vivo in adult male zebrafish (Hufft al, 2018). In thesén vitro
studies, MEHP was able to induce an oxidative striereby affecting cell viability at high exposur
concentrationg 50 pM (Baiet al, 2019; Zhanget al, 2019). Regarding thia vivo experiment in
zebrafish, a low concentration of DEHP (5.8 nM) wested, revealing modulations of expression of
liver genes related to fatty acid metabolism andettgoment of NAFLD (Huffet al, 2018). DEHP

was also demonstrated to exacerbate NAKLBIvo, in rats fed with HFD (Cheat al., 2016), while



MEHP exposure was described as possibly relatédAleLD development in human (MiloSe&viet

al., 2020). Regarding co-exposure of DEHP with ethamwly the interaction of this phthalate with
ethanol metabolism in liver was reported (Agareihl, 1982), and a very recent study pointed to a
synergistic effect of both molecules towards unsdéal fatty acid synthesis in liver (kt al, 2020).
However, nothing has so far been reported regarttiegpathological progression of prior liver
steatosis upon such a co-exposure.

In the present study, we have therefore decidethédyze the impact of phthalate/ethanol co-
exposure on such a progression. To this aim, we hested the effects of MEHP/ethanol co-exposure
in vitro on pre-steatotic WIF-B9 hepatocytes, and of DEHR#eol co-exposure vivo in HFD-fed
zebrafish larvae. Our preséntvitro data show that MEHP/ethanol co-exposure at loveslossults in
the apoptotic death of steatotic hepatocytes, hotdirough oxidative DNA damage and p53
activation. Cooperative mechanistic interactionsveen ethanol and MEHP metabolisms have been
highlighted, involving not only an AhR-dependentivation of Alcohol Dehydrogenase (ADH) but
also cytochrome P450 4A (CYP4A). Besides hepatodgteage, DEHP/ethanol co-exposure of HFD-
zebrafish larvae leads to signs of inflammation.ctmclusion, exposure to DEHP or MEHP in

combination with ethanol could favor the patholagirogression of NAFLD.



2-MATERIAL AND METHODS

2.1- Chemicals and antibodies

Chlorzoxazone (CzX), 1-Methyl-N-[2-methyl-4-[2-(2athylphenyl) diazenyllphenyl-1H-
pyrazole-5-carboxamide (CH-223191), Di(2-ethylhgéxghthalate (DEHP), N-acetyl-Asp-Glu-Val-
Asp-7-amido-4-methylcoumarin  (Ac-DEVD-AMC), 7-ethgesorufin, HET0016 (SLL2416),
Hoechst-33342, Mono(2-ethylhexyl) phthalate (MEHP3:methylpyrazole (4-MP), (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode) (MTT), p-nicotinamide adenine dinucleotide
(NADH), a-Naphthoflavone NF), pifithrine-o (PFT), salicylamide and thiourea were all obtained
from Sigma-Aldrich (Saint Quentin Fallavier, Frapc&thanol (EtOH; purity: 99.97%) used for
treatment was purchased from Prolabo (Paris, FramM¢éenzyloxycarbonyl-Val-Ala-Asp-(O-Me)
fluoromethyl ketone (zZVAD-FMK) was acquired from IBi@achem (Millipore, Saint-Quentin Les
Yvelines, France). Sytox® green was obtained framitlogen, (Cergy Pontoise, FranceJH]-
thymidine was purchased from Amersham BiosciendgdscK, United Kingdom). 6-Hydroxy
Chlorzoxazone (6-OH-CZX) and Chlorzoxazone O-Glooide (OCZX) were acquired from Toronto
Research Chemicals (North York, Canada). Chloramx@zN-Glucuronide (NCZX) was obtained
from Bertin Pharma (Montigny-le-Bretonneux, France)

Antibodies used for immunofluorescence and wesbéotting experiments were as follows:
mouse monoclonal anti-CYP4A (A1/A2/A3) (sc-5324ranouse monoclonal anti-HSC70 (sc-7298)
both purchased from Santa Cruz Biotechnology (He&tg, Germany) ; mouse monoclonal anti-
phospho-H2AX (Ser139) (05-636) antibody was acagufrem Merck Millipore (Molsheim, France);
mouse monoclonal anti-p53 (#2524S) and anti-phop®®0(Serl5; #12571), as well as caspase-3
(3G2) mouse antibody (#9668) were obtained froml Gignaling Technology (Saint Quentin,
France). Alexa Fluor FITC-conjugated secondarybadlies were purchased from Invitrogen (Cergy
Pontoise, France) and secondary antibodies cojdgeth horseradish peroxidase were from DAKO

(Les Ulis, France).

2.2- WIF-B9 cell culture and treatments



WIF-B9 hepatic hybrid cell line, obtained by fusioh Fao rat hepatoma cells and WI-38
human fibroblasts (Decaemrs al, 1996) was a generous gift from Dr Doris Cas&iMR Inserm
S757, Université Paris-Sud, Orsay, France). WIFeBBs were grown in F-12 Ham medium with
Coon's modification supplemented with 5% fetal c@fum (Eurobio, Courtaboeuf, Franceml?
glutamine, 10@J/mL penicillin, 0.1mg/mL streptomycin, 0.2pg/mL amphotericin B, 0.28/L
NaHCGQ;, HAT (10uM hypoxanthine, 40M aminopterin, 1.6M thymidine) and incubated at 3C
in an atmosphere constituted of 5% CBefore any treatment, cells were seeded at 12°®ells/cni
and cultured for days until reaching approximately 80% of confluence

Exposure protocol is given in supplementary FigASBriefly, prior to chronic treatments
with toxicants, steatosis was induced by a 2-degatrinent with medium containing a fatty acids (450
MM oleic acid/100 pM palmitic acid)-albumin compleas previously described (Buchet al,
2018b). Cells with or without prior fatty acid sugmentation were then exposed to sub-toxic
concentrations of toxicants (500 nM MEHP and/or B rathanol). In case of co-treatment with

inhibitors, they were added to culture medium flomptior to co-treatments with toxicants.

2.3- Zebrafish Larvae Handling and treatments

Animals were handled, treated and killed in agregméth the European Union regulations
concerning the use and protection of experimemtiahals (Directive 2010/63/EU). All protocols were
approved by local ethic committee CREEA (Comité ies d’Ethique en matiére d’Expérimentation
Animale, Rennes, France; approval number R-201BNP+ertilized zebrafish embryos collected
following natural spawning were obtained from theu&ure Fédérative de Recherche Biosit (Inrae
LPGP, Rennes, France). Embryos and larvae (sexowmnwere raised at 28 °C according to
standard procedures and as previously describetb@Rardet al, 2017). Exposure protocol is given
in supplementary Fig. S1B. Briefly, from 4 days tgiestilization (dpf) until 9 dpf, larvae were fed
daily during lhour before medium renewal with a Standard Diet)(8D% of fat) (Tetramin, Tetra,
Blacksburg, VA, USA), or with a High Fat Diet (HFDy53% of fat) (Sigma-Aldrich, St. Louis, MO,
USA). Validation of the protocol to induce liveesatosis has been previously published (Buehet.,

2018; Imranet al, 2018); of note, a clear lipid accumulation wasedted as soon as 1 day of HFD.



Based upon our exposure protocol (see supplemeRitgrys1B), one might thus expect all larvae to
exhibit liver steatosis at the time of killing. Gmrning toxicant exposure, at 5 dpf, larvae wezated
with 2.56 nM DEHP and/or 43 mM ethanol directly addo the incubation medium. Regarding the
choice of ethanol concentration, it was based ewipus work estimating an internal dose of 10 mM
following larvae exposure to 43 mM ethanol (data sttown). With respect to DEHP, the choice of
concentration was based first on human exposubd @d 2.85 ug/kg body weight per day for adult
female and male, respectively; Wormathal, 2006), second on previous work on zebrafish ggw
modulation of fatty acid metabolism in liver with28 pg/L (5.8 nM) DEHP (Hufét al, 2018). Asn
vivo treatments were longer tham vitro, a lower concentration of DEHP compared to ithevitro

MEHP concentration was thus tested on zebrafistadar

2.4- WIF-B9 viability, cell death and proliferation evaluation

In order to select MEHP concentration used foretkygeriments, a cell viability dose-response
was assessed by MTT test with non steatotic WIF/Afer exposure to different concentrations of
MEHP, cells were incubated at 37 °C fdndur with a 0.3ng/mL MTT solution (in a serum-free and
DMSO-free medium). After washing, cells were thgseld with DMSO and absorbance at 540
was measured (POLARstar Omega microplate reader( BMbtech, ThermoFisher Scientific,
France).

Apoptotic and necrotic cell death was assessedubyelscence microscopic observation after
Hoechst/Sytox green staining, as previously deedr{lsee Tétet al, 2018, for details).

Measurement of caspase-3/7 activity assays werdorperd using Ac-DEVD-AMC
tetrapeptide fluorogenic substrate, as previouskcdbed (Colliret al, 2014). Briefly, after toxicant
exposure, cells were lysed and 80 g of proteirevleen incubated with 8oM DEVD-AMC at 37
°C for 2 hours. Measurement of caspase-mediatedvate of DEVD-AMC was assessed by
spectrofluorimetry (Spectramax Gemini; Moleculawi@es, San Jose, California, United States).

Cell proliferation was assessed ByJrthymidine cell incorporation. During the last ®f

toxicant exposure, cells were cultured in a medaontaining 1uCi [*H]-thymidine/ml. Following
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treatments, cells were scraped, and aliquotedrfiiejn content determination and f8H[-thymidine

incorporation measurement after precipitation if3@ichloroacetic acid overnight at 4°C.

2.5- Histological analysis of liver toxicity in zebafish larvae

Histological analysis was performed as previouglgatibed (Podechast al, 2017). Briefly,
after toxicant exposure, larvae were washed in BEfixed in 4% paraformaldehyde in PBS at 4 °C
before being embedded in paraffin. Theryrb sections were stained with Hematoxylin, Eosin and
Safran red (HES) and imaged on a Nanozoomer NDPn@éidstsu Photonics K.K., Hamamatsu,
Japan) (magnification x400). Histological analysfsdead or damaged cells (visualized as cellular
dropouts, ballooning cells, and vacuolated hepatsyywas assessed from images (2 or 3 sections) of

at least 3 larvae per condition.

2.6- DNA damage and nuclear p53 expression evaluaii by immunofluorescence

Immunofluorescence was used to analyze DNA damadenaclear p53 expression. DNA
damage was assessed by analyzing the H2AX phodptionyon Serl39y(H2AX), as previously
described (Tétet al, 2017). Cells were counted as positive for DNAndge when they exhibit more
than 5 nucleay-H2AX foci (>100 cells were analyzed per conditioByiefly, after incubation of
fixed cells with 1:1000 diluted anttH2AX or 1:500 diluted anti-p53 antibody for 2 h @om
temperature, they were next incubated with AlexaoFFITC-conjugated secondary antibodies for 2
h. After washing with PBS, nuclei were counterstdivith 300 nM DAPI for 5 min. Finally, cells
were analyzed using an automated microscope LelgHRXA2 (Leica Microsystems, Wetzlar,

Germany) with a 63x fluorescence objective.

2.7- Analysis of gene mRNA expression by RT-gPCR

MRNA gene expression analysis was performed adquay described (see Buchet al,
2018b; Imranet al, 2018, for further details). mMRNA expression wasmalized by rafs-actin
MRNA expression for WIF-B9 cells, and by meansatba and gapdh mRNA levels as well as of 18s

rRNA levels for zebrafish larvae. Thé*%" method was used to express the relative expression
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each gene. Sequences of rat and zebrafish primeserily tested are provided in supplementary

Tables S1 and S2, respectively.

2.8- Analysis of CYP4A protein expression by westarblotting

After toxicant exposure, cells were harvested awodicated on ice in RIPA buffer
supplemented with a cocktail of protein inhibitRoche). After protein concentration determination,
30 ug of whole-cell lysates were then separated by woddodecyl sulfate—polymerase gel
electrophoresis (SDS—-PAGE). Gels were next eleldiigol onto Amersham™ Protran® Western
blotting membranes, overnight at 4°C. Membranesewext blocked with a Tris-buffered tween
solution supplemented with 5% bovine serum albufoir2 h and next hybridized with anti-CYP4A
antibody overnight at 4 °C. They were then incutbatath appropriate horseradish peroxidase-
conjugated secondary antibodies for 1h, and imnabeded proteins were visualized by
chemiluminescence using the LAS-3000 analyzer fifa)i For protein loading evaluation, a primary
antibody anti-HSC70 was used. Images processing \werformed using Multi Gauge software
(Fujifilm). Note that similar protocols were appligfor analyzing caspase-3 cleavage and p53

phosphorylation on Ser-15, with their respectivebmalies.

2.9- Measurement of cytochrome P450s and ADH acttiés

CYP1, CYP2E1 and ADH activities were all assessegraviously described (Tétt al,
2018). Briefly, CYP1 activities were evaluated gsihe Ethoxyresorufin O-deethylase (EROD) assay,
based on the conversion of ethoxyresorufin intomgs by CYP1 enzymes. Regarding CYP2E1
activity, it was determined by analysis of the fatimn of chlorzoxazone O-glucuronide (OCZX) by a
high-performance liquid chromatography (HPLC) meliisee Tétet al, 2018, for details). To assess
alcohol dehydrogenase (ADH) activity, measuremérihe reduced form of-nicotinamide adenine
dinucleotide §-NADH) stemming from ethanol oxidation in presermdethe oxidized fornB-NAD*

was realized (see Té#t al, 2018, for details).

2.10- Detection of oxidative stress
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2.10.1- Determination of ROS production. Intracellular ROS production was assessed using
dihydroethidium (DHE), a fluorescent probe sensitio superoxide anion. The fluorescence of 2-OH-
ethidium (2-OH-E+) was analyzed, as previously dbsed (Téteet al, 2018). Results were given as
fluorescence arbitrary units (F.A.U.)/mg protein.

2.10.2- Evaluation of lipid peroxidation. Lipid peroxidation was assessed in culture media by
measuring free malondialdehyde (MDA), a secondand-groduct of lipid hydroperoxide
decomposition. To this aim, an HPLC protocol waglieg, as previously described (Téte al,

2018).

2.11- Analysis of oxygen consumption and extracellr acidification rates

WIF-B9 cells were seeded in Seahorse XF 24-wellropiates (Seahorse Bioscience, Agilent
Technologies) at 12.5xiCcells/cd. On the day prior to the experiment, XF extradatiuflux
cartridge was hydrated with XF calibrant overnighfter the 5 days-treatment, the medium was
changed to assay medium (unbuffered DMEM withmM glucose, 2nM glutamine, 2nM
pyruvate), and kept 1h in a non-€@cubator at 37C. The mitochondrial function assay was then
performed with consecutive injections of inhibitaifsthe electron transport chainul oligomycin,
1uM FCCP (Carbonyl cyanide-4-(trifluoromethoxy) phéydrazone), and a mix of O\ rotenone
/ 0.5uM antimycin A. OCR (oxygen consumption rate) andARC(extracellular acidification rate)
were measured and then normalized according teiprabntent. The individual parameters (basal
respiration, maximal respiration, spare respirati@pacity, mitochondrial ATP production and proton
leak) were all determined by calculating the aredeu the curves using the Seahorse Wave Desktop
Software, as previously described by Draraal. (2011). Five independent experiments were

performed.

2.12- Triglyceride and free fatty acid measurement
Extraction of total lipids from cells was first p@mmed according to the Folch method. Total
lipids dissolved in ethanol were then used forlydgride measurement with the LabAssay™

Triglyceride Kit (Wako Chemicals GmbH, Neuss, Gengja measurement of free fatty acids was
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realized using the NEFA-HR kit (Wako Chemicals Gmb¥euss, Germany). The manufacturer's
protocols were applied for both kits. A Spectrofano microplate reader (BMG Labtech, Ortenberg,

Germany) was used to monitor the absorbance.

2.13- Statistical analysis

All values were presented as means + Standard fwmvidrom a minimum of three
independent experiments. Statistical analyses \weréormed using one-way analysis of variance
ANOVA followed by a Student-Newman-Keuls post-tesi. statistical analyses were assessed using

GraphPad Prism5 software (San Diego, United Stat8®nificance was accepted at p<0.05.
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3-RESULTS

3.1. Co-exposing steatotic WIF-B9 hepatocytes to MHP and ethanol enhances cell death,
notably via activation of effector caspases and p53 pathway

The first set of experiments was carried outribeo to test the impact of MEHP/ethanol co-
exposure on the death of WIF-B9 hepatocytes irptheence or not of a prior steatosis. To do so, the
concentration of MEHP was set at 500 nM, based upamability assay (MTT test), showing no
significant cell viability loss at this concenti@ti in non-steatotic hepatocytes (Supplementary Fig.
S2A). Regarding ethanol, the test concentration seisat 5 mMj.e. a sub-toxic concentration, as
previously reported (Buchet al, 2018b). Following 5 days of treatment by eitlmi¢ant alone or in
combination, the number of apoptotic and necraitsavas evaluated using Hoechst 33342 and Sytox
green staining, respectively. As illustrated in.Rig and B, the number of both apoptotic and nécrot
cells was significantly increased in all steatatdls compared to non-steatotic counterparts. Hewev
the most striking effect was observed upon co-exosteatotic cells to MEHP and ethanol (ME),
especially concerning apoptosis, with a 2-fold éase compared to steatotic control (C) cells (Fig.
1A). A significant increase in necrosis was alssevibed with MEHP/ethanol co-exposure under
steatotic conditions compared to steatotic conttudsvever it was similar to that induced by MEHP
alone. In order to further characterize the typeaf death involved, and as caspase activation was
previously shown to play a role in the toxicity MEHP in liver cells (Yanget al, 2015), the broad
caspase inhibitor zZVAD (10 uM) was used to evaluhéepossible role of effector caspases. Fig.1C
shows that following zVAD treatment, the numberefis with condensed/fragmented chromatin was
significantly reduced under co-exposure conditiagswell as upon treatment with MEHP alone.
Furthermore, an increase in caspase activity weectk upon treatments with either MEHP/ethanol
or MEHP alone (Fig. 1D), but without any signifitadifference between these two conditions; this
was associated with an increase in cleaved cagpaseler both conditions (Fig.1E). Note that co-
exposure significantly decreased cell proliferatibat no difference was detected between steatotic

and non steatotic cells (Supplementary Fig. S2Byrddver, no change in the regulation of gene
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expression related to inflammation was observeceundr experimental conditions (Supplementary
Fig. S3).

As MEHP was previously shown to induce DNA damagkted to apoptosis in normal
human liver cell line LO2 (Yangt al, 2015), we then tested the appearance of sublersomenon; to
do so, an analysis gfH2AX staining was performed (seg.Téteet al, 2018). As shown in Fig. 2A,

a significant increase in DNA damage occurred @atsitic cells co-exposed to MEHP and ethanol as
compared to steatotic control cells. Such DNA daenags confirmed when looking at the 53BP1 foci
(i.e. a key regulator of Double Strand Break repair)pgéharea relative to nucleus was significantly
enhanced upon co-exposure (Supplementary Fig. 8dAC¥; such an increase was also validated by
western blotting (insert, supplementary Fig. S48gsed upon the fact that an activation of the tumor
suppressor protein p53 was previously shown todbated to MEHP-induced DNA damage and
subsequent cell death (Yaagal, 2015), we next decided to test the involvemérthe p53 pathway
under steatotic conditions. The effect of pifithdr(PFT; 10 uM), known to inhibit p53 activation,
was then tested. As illustrated in Fig. 2B, PFTnsigantly reduced, though not fully, the number of
apoptotic cells induced by MEHP/ethanol co-exposaur®MEHP alone in presence of steatosis. We
next looked for p53 activation by immunochemistata from Fig.2C and D clearly pointed to an
increase in the nuclear p53 staining both upon MEthe and MEHP/ethanol co-exposure of
steatotic cells; this was confirmed by westerntbigtindicating an increase in the phosphorylation
state of p53 upon MEHP and co-exposure (Fig. 2Hjs P53 activation upon co-exposure was
paralleled by an induction (although not signifigadoy [(50% of thegadd45mRNA expression, with
less effect op21, that is, two well-known gene targets of p53 (Sepentary Fig. S5) (Liamiet al,
2017). It is also worth emphasizing that co-expesdid not significantly change the parameters of
mitochondrial respiration (Supplementary Fig.S6dr mell metabolic phenotype (Supplementary
Fig.S7) under steatotic conditions. Likewise, theeffatty acid content of steatotic cells remained
unchanged upon co-exposure (Supplementary Fig. ,S8#) also no change in triglyceride content
was observed (Supplementary Fig. S8B). These Hatafore ruled out mitotoxicity and lipotoxicity

as possible causes of the apoptosis induced bymusare under our experimental conditions.
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Altogether, these first results demonstrated thetcell death induced by co-exposing steatotic
WIF-B9 hepatocytes to MEHP and ethanol involvedleast in part, a caspase-dependent apoptotic

pathway, that might result from a p53 activatiaggered by DNA damage.

3.2. Involvement of ADH in the cell death induced ¥ co-exposing steatotic WIF-B9 hepatocytes
to MEHP and ethanol

We next tested the involvement of ethanol metabolis the toxicity induced by co-exposure
of steatotic cells, by using 4-methyl pyrazole (#2M00 M), a known inhibitor of both CYP2E1 and
alcohol dehydrogenase (ADH; Cornetlal, 1983; Swaminathaet al, 2013). As shown in Fig. 3A,
4-MP significantly inhibited the cell death inducbyg MEHP/ethanol co-exposure in steatotic cells.
This therefore highlighted a role for ethanol metedon in the toxicity induced by co-exposure under
steatotic conditions.

The activity of CYP2E1 was then analyzed followisglays of co-exposure to MEHP and
ethanol, as an activation of this CYP has beeniquely suggested to be involved in steatosis
progression (Auberet al, 2011). We found that this activity was rathegn#ficantly reduced in
steatotic cells whatever the condition tested (BiB). As 4-MP can also inhibit ADH, the major
enzyme system for metabolizing alcohol especidllpwa concentrations (Cederbaum, 2012; Crabb
al., 1987), the activity of this enzyme was next stdd{Fig. 3C). ADH activity was measured
following 3 h of treatment based upon the fact tihas not increased following chronic alcohol
consumption (Crablet al, 1987). We found that ADH activity was signifitghenhanced by co-
exposure to MEHP and ethanol of steatotic cellssrelis no effect of MEHP or ethanol alone was
detected (Fig. 3C). Note that no significant chaimgihe mMRNA expression of several ADH isoforms
could be detected at that time under steatotic itiond (Fig. 3D). Knowing that AhR (aryl
hydrocarbon receptor) was previously suggestedatp grole in the regulation of liver ADH activity
(Téte et al, 2018), we decided to test the effect of CH-22318H; 3 uM), an AhR specific
antagonist, on ADH activity as well as DNA damage aell death. Our data clearly showed that this
AhR antagonist prevented not only the early ina@eéasADH activity elicited by co-exposing steatotic

cells to both MEHP and ethanol for 3 h (Fig. 4Alt biso the related DNA damage (Fig. 4B) and
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apoptosis induced after 5 days of treatment (F@). 4Similar results regarding cell death were also
obtained with another known AhR antagonist, a-naphthoflavoneoNF, 10 uM; Fig. 3C). Note that
AhR antagonism by CH aiNF also prevented DNA damage and/or cell deathdedby MEHP
alone.

Altogether, these results therefore pointed tola far an AhR-dependent ADH activation, in

the toxic effects of the co-exposure to MEHP/ethander steatotic conditions.

3.3. Involvement of CYP4A in the cell death inducedy co-exposing steatotic WIF-B9
hepatocytes to MEHP and ethanol

It has previously been reported that cytochrom&0P4IA (CYP4A) could play an important
role in the development of steatosis as well asiprogression towards steatohepatitis, notaidy
oxidative stress (Par&t al, 2014; Ryuet al, 2019; Zhanget al, 2017a). Knowing that phthalates,
especially MEHP, can induce the expression of thG¥#s (Bell and Elcombe, 1991), notably
through PPAR activation (Xet al, 2008), we next tested a possible involvemen€¥P4s in the
increase in the cell death induced by MEHP/ethanedxposure under steatotic conditions. First, the
MRNA expression of several CYP4A isoforms (1 tsv@p evaluated (Figs 5A-C). As expected from
previous work (Parlet al, 2014; Rywet al, 2019), this expression was found to be up-regdlapon
steatosis, whatever the isoform tested. Regardiegmpact of treatments, whereas a trend towards a
further up-regulation could be observed with atatments compared to steatotic controls, no
significant difference appeared, likely due to eattarge standard deviations. However, especially f
CYP4A2 and 3, a 2-fold increase would be triggdrgdMEHP/ethanol co-exposure (Figs 5B and C).
Regarding CYP4A protein level (Fig. 5D and suppletagy Fig. S9A), no further increase upon
treatments could be detected when compared toosteabntrols, as confirmed by the densitometric
analysis. Note that inhibiting AhR by CH did noteaft the increase in CYP4A protein level induced
by steatosis (supplementary Fig. S9A), and a rasimilar mRNA expression dPpara, a known
regulator of CYP4A expression (Itet al, 2006), was observed whatever the condition deste

(supplementary Fig. S9B).
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To evaluate a possible role for CYP4A activity imexposure-induced cell death, we used
HETO0016 (500 nM), a known inhibitor of these CYPsuket al, 2014; Seket al, 2005). As shown
in Fig. 5E, the increased number of apoptotic adille to MEHP/ethanol co-exposure under steatotic
conditions was fully inhibited. A similar inhibittowas also observed upon MEHP treatment. Such an
inhibition was paralleled by a prevention of theesposure-related DNA damage (Fig. 5F).

Taken together, our data indicated a role for CYR#Avity in the toxic effects of the co-

exposure to MEHP/ethanol under steatotic conditions

3.4. Involvement of oxidative stress in the cell dh induced by co-exposing steatotic
WIF-B9 hepatocytes to MEHP and ethanol

In order to get further insight into the intracddlr mechanisms involved in the toxic effects of
MEHP/ethanol co-exposure in steatotic hepatocyiestested a possible role for reactive oxygen
species (ROS). Indeed, ROS productizna,the induction of oxidative stress, is well recagul as a
“second hit” for the pathological progression of NA (seeeg.Engin, 2017 and Spahes al, 2017,
for reviews). Besides, they have previously beemwshto be involved in the cell death induced by
B[a]P/ethanol co-exposure in steatotic cells (Budtaal, 2018a; Tétet al, 2018), and both ethanol
and MEHP metabolisms are known to induce oxidasivess (Kuroset al, 1996; Liuet al, 2017,
Parket al, 2020; Sergengt al, 2005). Using co-treatment with thiourea (6.25 yaviscavenger of
hydroxyl radicals, superoxide anion and hydrogemoxyide; Farmeeet al, 2006, Kelneet al, 1990),
we first found that cell death (Fig. 6A) induced dxy-exposing steatotic cells to MEHP and ethanol
was significantly blocked, thus suggesting a roleROS in this toxicity; the effects of MEHP alone
were also prevented. In order to test the occuer@fi@n oxidative stress, oxidative damage was next
searched, notably with regard to DNA damage. Thasg the co-treatment with thiourea, we found
that the DNA damage induced by co-exposing steatefis to MEHP and ethanol was fully inhibited,
thus pointing to DNA oxidation (Fig. 6B). Such asuét was also suggested by immunolocalization
data obtained with an antibody against 8-oxo-Guar(BroxoG; one of the most common DNA
lesions resulting from ROS modifying guanine), etbough these results would deserve further

validation, due to large variability (Supplementdtig. S4B and C). In addition to possible DNA
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oxidation, we also observed a trend towards areasgd MDA concentration, that is, a sign of lipid
peroxidation (Fig. 6C), thus confirming the occuawe of oxidative stress upon MEHP/ethanol co-
expsoure. It is worth noting that, whereas MEHPni§icantly increased the superoxide anion
production, it was not the case for co-exposurg.(6D). As for B[a]P/ethanol co-exposure (Téte

al., 2018), one might then suppose a role for NO hadce peroxynitrite formation to induce

oxidative damages.

Altogether, these results therefore demonstratedleafor oxidative stress in the cell death

induced by co-exposing steatotic cells to MEHP ethénol.

3.5. Co-exposure to DEHP and ethanol also elicittwér damagein vivo in HFD zebrafish larvae

Having shown thain vitro co-exposure to MEHP and ethanol can induce deasteattotic
hepatocytes, we next tested whether DEHP, whose REHthe primary intermediate metabolite
(Thomaset al, 1982; Wanget al, 2019), in combination with ethanol, could ledvivo to a
pathological progression of steatosis. To this amused ain vivo zebrafish larvae model fed a high
fat diet (HFD), that we previously used to test tihmpact of a co-exposure to &P and ethanol
(Bucheret al, 2018b; Imraret al, 2018). Following the onset of steatosis, lanwaee exposed for 7
days to co-exposure or either molecule alone (Swpghtary Fig. S1B), at concentrations shown to be
non-toxic in larvae fed with a standard diet (S€hanol, 43 mM (see Buchet al, 2018b; Imraret
al., 2018); DEHP, 2.56 nM (supplementary Fig. S10nassignificant loss in larvae viability was
observed even at 2.56 pM, the test concentratianahiasen based on human oral exposure [1 to 10
nM]; ATSDR, 2019). In order to evaluate liver toxjc a histological analysis was performed. We
found that HFD markedly increased DEHP/ethanol xqmesure toxicity (Fig. 7A), with the
appearance of ballooning and vacuolized hepato@desell as cellular dropouts (see Imetnal,
2018, for typical figures). To further validate bueffects, the mRNA expression of genes previously

shown to be related to hepatotoxicity, nanmedg163022tfa, tgfb andcasp3(Imranet al, 2018), was
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analyzed. As shown in Figs 7B-E, a trend towardsignegulation was observed, with a significant
effect regardingfa, when compared to HFD control larvae (Fig. 7C)sjiie the fact that we did not
see any sign of inflammation in vitro experiments (supplementary Fig. S3), we decidddadk for
such a phenomenan vivo. To do so, the mRNA expression of several gemg®di to inflammation
was testedillb, crp, cp andnfkb (Fig. 8). Whereas a trend towards an up-regulaifahe two former
genes was observed upon DEHP/ethanol co-exposuréln larvae (Figs 8A and B), a significant

induction occurred focp (ceruloplasmin gendiig. 8C) anchfkb (Fig. 8D).

Altogether these results suggested that DEHP/etlt@mexposure increased liver toxicity in
HFD larvae, and that this was associated with alatign of gene expression related to inflammation.
It is worth noting that a significant increase e tmRNA expression oAhR and cyp4t8 (i.e. the

homolog gene of mamma@alYP4A was detected (Supplementary Fig S11B and D).
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4-DISCUSSION

The progression of liver steatosis has previousnbsuggested as partly relying on exposure
to environmental contaminants (Foukgtsal, 2017; Heindeét al, 2017; Wahlangt al, 2019). In line
with this, our previous work has demonstrated, lrottitro andin vivo, that co-exposure to the known
carcinogen, Bi]P, and the lifestyle factor, ethanol, can fava tteath of hepatocytes as well as the
onset of inflammation in presence of prior steat@Biucheret al, 2018b; Imraret al, 2018; Téteet
al., 2018). The present study further emphasizesatiethat, on a background of liver steatosi$ (1
hit), chronic co-exposure to multiple risk factof@™ hit) could promote the development of
steatohepatitis. Indeed, our data show an increadshe death of steatotic hepatocytes when co-
exposed to ethanol and phthalates (DEHP or its nmatabolite MEHP) botlin vivo andin vitro,
respectively. In addition, early signs of inflaminat were detected in co-exposed-HFD zebrafish

larvae, thus supporting the progression of stemtosiards a steatohepatitis-like state.

DEHP is a well-known obesogen, due to its impache@meostatic metabolic pathways (Grun,
2010), thereby participating in the developmeritvar steatosis (Fouldst al, 2017). Nevertheless, to
our knowledge, only one study has shown that tbilsifant can exacerbate NAFLD in rats fed a high-
fat diet, especially when HFD animals received byage a daily dose of 500 mg/kg of DEHP for 8
weeks (Cheret al, 2016). Indeed, the authors found an increaselinm aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) activigsswell as an increase in the serum content of the
cytokines TNE and IL6. In the present study, HFD zebrafish larvaere exposed to an
environmentally realistic dose of DEHP (2.56 nMbiath water, that ig, 1l ng/mL) for 7 days; note
that human oral exposure has been reported to femme3 to 30 pg/kg/day (ATSDR, 2019). Besides,
in pregnant women, the mean DEHP concentratiorecthst in maternal and cord plasmas were 1.15
+0.81 and 2.05 + 1.47 pg/mL, respectively; andrnttean MEHP concentrations 0.68 + 0.85 and 0.68
+ 1.03 pg/mL, respectively (Latirgt al, 2003). DEHP alone did not appear to induce ltesicity
under our conditions (Fig. 7), as evaluated byologly analysis or expression of genes previously
related to hepatotoxicity (Imraet al, 2018). In contrast, when combined to 43 mM ethan

(corresponding to an internal dose of 10 mM; datashown), this pollutant led to hepatotoxicitydan
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a significant increase in ceruloplasmap) gene expression was detected. This protein, krtowoe
mainly produced by liver, acts as an acute phasetaet in inflammation and tissue damage (Gitlin,
1988). Regarding the other inflammation markersetks.e. interleukin-B and C-reactive protein
(CRP), the observation of a trend towards incregem co-exposure, though not significant, might
indicate further exacerbation of the inflammatioithwonger time treatments. The fact that DEHP,
when given orally, is first metabolized into MEHBtably by intestinal lipases (Albro and Lavenhar,
1989), prompted us to test the impact of this n@itbon steatotic WIF-B9 hepatocytes in order to
elucidate the intracellular mechanisms underlying toxicity of co-exposure. An increase in cell
death, especially apoptosis, was observed with MEB3@® nM, 5 days-treatment) alone, but only in
presence of steatosis; this was further exacerbabesh combined to a low dose (5 mM) of ethanol,
thus mimicking then vivo effects. Note that the MEHP concentration of 500(N.2 pg/mL) was in
the same range as the MEHP concentrations measuneaternal and cord plasma samples (Latni
al., 2003). However, in contrast to what was obsemw#l thein vitro effects of Bf]P/ethanol co-
exposure showing changes in the expression of aegenes related to inflammation (Bucletral,
2018b), no such changes were detected after Saddgesatment. The difference between both types of
co-exposure might be due to different xenosensadivites (eg AhR, CAR, PPAR) and/or
intracellular signaling pathways triggered byap] and MEHP (Fouldet al, 2017; Wahlangpt al,

2019).

Regarding the type of cell death induced by the MEthanol co-exposure under steatotic
conditions, our data showed that it was apoptoaislypinvolving a p53 and a caspase-dependent
pathway, likely resulting from an oxidative DNA dage. This was also the case regarding MEHP
alone. It is worth noting that in non-steatoticelivcells HepG2 and L02, MEHP has been reported to
activate a DNA damage-related p53 apoptotic pathvieey the effective concentrations in these
studies were over 10 uM (Yamg al, 2012, 2015; Cheet al, 2012), compared to 500 nM used in the
present study. Interestingly, in CHO AS52 cellkiag Base Excision Repair (BER) system, a 1 mM
concentration of MEHP was found to cause DNA-sirgitand breaks at a level similar to that found

in regular AS52 cells exposed to 25 mM of MEHP (@hat al, 2017). In this context, it would be
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interesting to evaluate the BER pathway under qmosdre to MEHP/ethanol in steatotic WIF-B9
cells. Indeed, a negative impact of steatosis dnDd¢A damage repair capacity might explain why
cell proliferation was similarly impacted by MEHRIanol in both steatotic and non-steatotic cells
(supplementary Fig. S2B), whereas only a smallease in cell death was detected in these lattksr cel
compared to the former ones (Fig. 1A). In line wiis, Gao and coworkers (2004) have previously
demonstrated an inverse relationship between dx&ldDNA damage and DNA repair enzyme
expression (especially the MYH DNA glycosylase)ifferent murine models of fatty liver disease.
Regarding the possible apoptotic mechanisms indplitehas previously been shown that in MEHP-
exposed HepG2 cells, the p53-dependent apoptossrelated to an enhanced protein level of the
Bax/Bcl-2 ratio, thus supporting a role for a mhoandrial intrinsic pathway (Cheat al, 2012).
Similar effects, along with a decreased Bcl-XL pmotcontent, another anti-apoptotic member of the
Bcl-2 family, were also observed in the rat livetl dine BRL treated with 200 puM DEHP (H al,
2016). Moreover, an increased Bax (pro-apoptoti) @ecreased Bcl-2 (anti-apoptotic) mMRNA
expression was reported for MEHP-induced apoptmsiBuman monocytic leukemia U937 cells
(Yokoyamaet al.,2003), and a transcriptional regulation by p58efke proteins was proposed. Here,
no significant change in Bax and Bcl-2 mRNA expi@ssvas observed upon MEHP/ethanol co-
exposure, and so for Bcl-XL (supplementary Fig. S5 NOXA and PUMA, two known BH3
domain-only proteins of Bcl-2 family regulated b3 were previously reported to be up-regulated
by MEHP in HepG2 cells (Yangt al, 2012), their expression would be worth testingstieatotic

WIF-B9 hepatocytes co-exposed to MEHP and ethanol.

We have previously shown that co-exposing steatutiman HepaRG hepatocytes tcaf¥]
and ethanol led to AhR-dependent alterations ofochibndrial function. Indeed, reductions in
mitochondrial respiratory chain activity, mitochoiadl respiration, and mitochondrial DNA levels
were detected in relationship with a ROS overpradac(Bucheret al, 2018a). In addition, it has
been shown that: (1)-MEHP (100 uM) can alter thecfion of isolated rat liver mitochondria, notably
by acting as an uncoupling agent and an inhibifathe succinate dehydrogenase activity (Melnick

and Schiller, 1982); and (2)-chronic alcohol intakepaired hepatic mitochondrial oxidative
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phosphorylation (Garcia-Ruiz and Fernandez-Chedal8)2 In this context, the impact of
MEHP/ethanol co-exposure was tested on the mitadimn respiration in steatotic WIF-B9
hepatocytes. Whatever the parameter evaluatedigndicant change was detected (supplementary
Fig. S6), and the metabolic phenotype remainedeggiinilar in treatedrersusuntreated steatotic
hepatocytes (supplementary Fig. S7). A trend tosvartstressed” metabolic phenotype (as visualized
by an increased OXPHOS and glycolysis), was negkrsls seen upon cell treatment with a highest
test MEHP concentration (10 uM for 5 days). A rade mitochondrial dysfunction is claimed to be a
general characteristic in the exacerbation of sgmt(Garcia-Ruiz and Ferndndez-Checa, 2018), so
that NASH has been considered as a mitochondsekbde (Pessayre and Fromenty, 2005). However,
this concept has been thereafter challenged byriexgetal data indicating that a moderate decreased
mitochondrial respiration would prevent rather tippomote steatohepatitis (Pospis#ikal, 2007). In

this context, the fact that no alteration in mitoetirial oxygen consumption was observed upon
MEHP/ethanol co-exposure despite the occurrena@nadxidative stress-dependent cell death might
fit with the notion that the decrease in mitochaaldrespiration would not be the triggering event
underlying the transition of steatosis towards aars@vere state. Considering that point, our dats t
favor the hypothesis that the altered mitochondeapiration usually related to the development of
steatohepatitis would be a long-term consequertberrghan a cause, likely resulting from oxidative

stress.

Regarding the induction of oxidative stress undar experimental conditions, as DEHP has
previously been reported to be able to localizdbawine heart muscle mitochondria (Naetr al,
1971), one might propose that MEHP would also hhise capacity, thereby favoring the generation
of pro-oxidant species ¢JH,0,). Such a mitochondrial oxidative stress withousraiption of
OXPHOS has recently been observed with MitoPQ (@hibmdria-targeted paraquat) in adipocytes
(Fazakerleyet al, 2018). Another source of oxidative stress dult#fg=LD progression could relate
to CYP2EL1 activation by ethanol. Indeed, a highepatic CYP2E1 expression and activity has been
reported in the context of obesity and NAFLD (Aulstral, 2011). In addition, such an increase has

been found to lead to ROS production during metalwbf ethanol, and even in the absence of any
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substratevia incomplete reduction of oxygen (Cederbaum, 2016bér, 2004; Lu and Cederbaum,
2008). However, this hypothesis can be ruled odeumur experimental conditions since a decrease
rather than an increase in CYP2E1 activity was mesk even in the presence of ethanol (Fig. 3B).
Note that no change in tleyp2y3expression @YP2E1lgene homolog in zebrafish; supplementary
Fig.S11A) was observed in oum vivo experiments. Such an absence of CYP2E1l activdtam
previously been observed in steatotic hepatocyepdRG or WIF-B9) upon RBJP/ethanol co-
exposure (Buchest al, 2018a; Tétet al, 2018). Interestingly, it has been reported tbpeated oral
administration of DEHP in rats accelerates theraleee of ethanol from blood due to an increase in
the activity of ADH (Agarwalet al, 1982). Furthermore, thie vivo effects of orally administered
DEHP on ADH activity appeared to be reproduced ud&tHP exposure (Laket al, 1975). Since 4-
MP (a known inhibitor of CYP2E1 and ADH) inhibitelde cell death induced by MEHP/ethanol co-
exposure despite the decrease in CYP2EL actividH Activity was naturally analyzed; besides, the
primary pathway of ethanol metabolism in liver isolwn to involve this enzyme (Thurman and
McKenna, 1975). Similarly to what was previouslysebved with the Bf|P/ethanol co-exposure (Téte
et al, 2018), we found here that MEHP/ethanol co-expmduut not the chemicals alone, also induced
an early (3h) increase in ADH activity. Under theseditions, one can thus expect an enhanced
metabolism of ethanol. Of note, one consequencéh@freaction of ethanol with ADH is ROS
production,via fueling NADH to mitochondria (Bailey and Cunninghal998). Regarding the origin
of this activation, it seems that it is not dueatchange in the mRNA expression of different ADH
isoforms (Fig. 3D). Surprisingly, using a speci#icR antagonist, we found that this cytosolic reoept
might be involved in the early increase in ADH wityi (Fig. 4B), as previously reported for the
B[a]P/ethanol co-exposure (Tékt al, 2018). Interestingly, it has previously been vghothat
phthalates can rapidly activate AhR either throngh-genomic (Tsakt al, 2014) or genomic (Rusyn
and Corton, 2012; Wojtowicet al, 2017) pathways. The fact that no increase in Akpression nor

in CYP1Al expression or activity, was observed uptiEHP/ethanol co-exposure (supplementary
Fig. S13), might favor a non-genomic pathway. Aeotpossible source of ROS upon MEHP/ethanol
co-exposure might be NADPH oxidase. Indeed, adtisadf this enzyme has been previously found

to favor the NAFLD progression in HFD mice (Gar&aiz et al, 2016). In line with this, it is



26

noteworthy that an activation of NADPH oxidase cbhé detected under co-exposure, as visualized
by an increase in the serine phosphorylation of §4@upplementary Fig. S14; Reinharal, 2005).
Despite oxidative damages (on DNA and lipids),fdw that no further increase (rather a decrease) i
superoxide anion was observed upon co-exposuremagazed to MEHP alone (Fig. 6D) would favor
the hypothesis of a role for NO and peroxynitritesuch damages, as previously observed upon

B[a]P/ethanol co-exposure (Téte et al., 2018).

In addition to the role of ADH in the observed i, our results obtained with HET0016
also point to an implication of CYP4A activity ihea DNA damage and related cell death induced by
MEHP/ethanol co-exposure; similar results were alstained with MEHP alone. Whereas CYP4A
has already been shown to play a role in the dpuwedmt of hepatic steatosis and its progressiork(Par
et al, 2014; Rywet al, 2019; Zhangt al, 2017a), to our knowledge, the present studigaditst one
describing a role for this CYP in the progressidnsteatosis upon exposure to environmental
chemicals. The CYP4 family catalyzes omega-hydmtityh of saturated, branched chain, and
unsaturated fatty acids (Simpson, 1997; Hardwi€k83, but has also been shown to be involved in
phthalate metabolism (Chet al, 2012). In line with this, an increase in thehagt of CYP4ALl has
been reported in the liver of rats exposed to DEHRMEHP (Dirvenet al, 1992). An induction of
CYPA4A expression has also been found in the liierodents with genetically induced- or diet-
induced diabetes, both models exhibiting liver tetgia (Vornoliet al, 2014). Here, a significant
increase in both mMRNA expression and protein lef€YP4A was detected in control steatotic WIF-
B9 hepatocytes compared to non steatotic countsrpaithough not significant, a trend towards a 2
fold-induction of CYP4A mRNA expression was obserugpon MEHP/ethanol co-exposure, but
without any change in CYP4A protein level. Regagdaurin vivo model, co-exposure to DEHP and
ethanol also up-regulated tlyp4t8 MRNA expression in HFD zebrafish larvae (suppleasgnFig.
S11B). In this latter case, it is noteworthy threg MRNA expression gfparaandpparb also tends to
increase (supplementary Fig. S11E and F), knowhag) these nuclear receptors are involved in the
regulation of CYP4A expression (Bell and Elcomb891; Hardwicket al, 2009; Ipet al, 2003).

Note also that a study previously reported an imghdVEHP (30 pM) on DNA methylation in
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Zebrafish embryos, with consequences on adipogenesihway, especially in link with PPAR
regulation (Kamstra et al., 2017). Thus, it wouddvimorth analyzing in the future epigenetic altenadi
under MEHP/ethanol co-exposure. With respect tortie for CYP4A in toxicity, Park and co-
workers (2014) have found that its inhibition by FIB16 or using a ShRNA strategy in diabetic mice
prevented hepatic ER stress, insulin resistance agpugptosis; similar results have recently been
obtained in a novel 3D hepatic steatosis model @&yal., 2019). Such an involvement of CYP4A in
ER stress and related cell death would involve osicmal oxidative stress related to NAFLD, as
previously suggested (Lecleretjal, 2000). In this latter study, CYP4A enzymes wermd to work

as alternative catalysts for oxidative stress m dbsence of CYP2EL. A similar pattere, a high
CYP4A and low CYP2E1 expression, was observed mnstudy. In this context, CYP4A activity
under our experimental conditions might play a aleo-exposure toxicity through the induction of
oxidative damage. This is notably supported by fodings that both HET0016 and the antioxidant
thiourea prevented the increase in DNA damage iedlloy MEHP/ethanol co-exposure. Considering
the mechanisms described above, several pathwa# thus be responsible for the oxidative stress

induced by the co-exposure in steatotic hepatocytes

5-CONCLUSION

The present study indicates that co-exposing dtedtepatocytes to both MEHP and ethanol
can lead to cell death, at least partly througlivatbn of a p53- and caspase-dependent apoptotic
process likely stemming from oxidative DNA damageg( 9). Such an increase in hepatotoxicity also
occursin vivo in HFD-fed zebrafish larvae co-exposed to DEHP atithnol alongside an up-
regulation of gene expression related to inflamamatithereby pointing to NAFLD exacerbation.
Cooperative mechanistic interactions between MEHB ethanol appear essential, notabilg an
increase in ethanol metabolism by ADH, possiblyeteling on AhR activation by the phthalate, and
via CYP4A activation, possibly involved in oxidativieess. Based upon the present data and previous

work (Téteet al, 2018), it therefore seems that AhRa an early ADH activation, might be a key
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determinant in enhancing ethanol metabolism leattirtge pathological progression of steatosis upon
co-exposure to environmental pollutant and ethanobrder to firmly validate this hypothesis, itli
be interesting to test the effects of co-expositentstic hepatocytes to ethanol and other AhR-

activating pollutants.
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FIGURE LEGENDS

Figure 1. Role for caspases 3/7 in the cell deatl steatotic WIF-B9 cells co-exposed to MEHP
and ethanol.Prior steatosis was inducéfl-D) or not(A,B) by a 2-days incubation with palmitic acid
(450 uM) and oleic acid (100 uMNon-steatotic or steatotic hepatocytes were treatedot (C;
control cells treated with DMSO) with 5 mM ethar{&), 500 nM MEHP (M) or a combination of
both toxicants (ME) for 5 days. Apoptosis was eatdd by counting cells with condensed/fragmented
chromatin after nuclear staining with Hoechst 338%4presencgC) or not(A, C) of a pan-caspase
inhibitor zVAD (10 pM), and by analyzing DEVDasetigities of caspases 3/7 by spectrofluorimetry
(D). Necrosis was evaluated by counting cells posfiiveSytox Green staining, a green-fluorescent
dye (B). In (E), caspase-3 cleavage was detected by westermbplaipon MEHP alone and co-
exposure. All results are means = SD for at ldagtet independent cultures (except for (E), n=1). #:
Significantly different from condition without pniosteatosis. a: Significantly different from
corresponding control (with or without steatosis).Significantly different from MEHP alone. *:

Significantly different from condition without inbitor (zVAD).

Figure 2. Role for DNA damage-related p53 activatio in the cell death of steatotic WIF-B9 cells
co-exposed to MEHP and ethanolSteatotic hepatocytes were treated or not (C;adeaith DMSO)
with 5 mM ethanol (E), 500 nM MEHP (M) or a combiioa of both toxicants (ME) for 5 days. DNA
damage was evaluated by analyzing the phosphaglatif H2AX on Serl39 yH2AX) by
immunocytochemistryfA). Evaluation of p53 involvement in cell death waslivea by testing the
effect of the p53 inhibitor pifithrirn (PFT; 10 uM) on apoptosi®). Apoptosis was evaluated by
counting cells with condensed/fragmented chromafter nuclear staining with Hoechst 33342.
Fluorescence microscopy analysis and quantificatibncell number with nuclear p53 protein
localization(C and D). Confirmation of p53 activation by western blotfiof Ser15-phospho-p53 (P-
p53) from total cell lysateéE). All results are means + SD for at least threeepahdent cultures
(except for (E), n=1). a: Significantly differembf corresponding control. b: Significantly diffate

from MEHP alone. *: Significantly different from ndition without inhibitor (PFT).
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Figure 3. Involvement of ethanol metabolism in thecell death induced by MEHP/ethanol co-
exposure in steatotic WIF-B9 cellsNon-steatotic or steatotic hepatocytes were tdeatenot (C;
treated with DMSO) with 5 mM ethanol (E), 500 nM ME (M) or a combination of both toxicants
(ME) for 5 days(A,B) or 3 h(C,D), in presence or not of inhibitor. The involvemaftethanol
metabolism was analyzed by testing the effect ef @YP2E1/ADH inhibitor 4-methylpyrazole (4-
MP, 500 uM), on(A) apoptosis after Hoechst 33342 stainif®). CYP2EL activity was assessed by
HPLC analyses (UV detection) of the formation ofochoxazone O-glucuronide (OCZX}f( Téte at
al.,, for Methods). ADH activity was evaluated by measy the NADH production by
spectrophotometr{C). This activity was given relative to control cel(f) ADH 1,4,5and7 mRNA
expression was evaluated by RT-gPCR. Data werengietative to mRNA level in non-steatotic
control (C) cells. Results are means + SD for astighree independent cultures. #: Significantly
different from condition without prior steatosis. @ignificantly different from corresponding coritro
(with or without steatosis). b: Significantly difesmt from MEHP alone. *: Significantly differentdim

condition without inhibitor (4-MP).

Figure 4. Role for AhR in the cell damages inducedly MEHP/ethanol co-exposure in steatotic
WIF-B9 cells. Steatotic hepatocytes were treated or not (Ctadewith DMSQO) with 5 mM ethanol
(E), 500 nM MEHP (M) or a combination of both toamts (ME) for 3 (A), or for 5 dayqB,C) in
presence or not of inhibitor. The involvement offARctivation was analyzed by testing the effect of
the specific antagonist CH-223191 (CH; 3 uM) @) ADH activity evaluated by measuring the
NADH production by spectrophotometry (activity giveelative to control),(B) DNA damage
evaluated by analyzing the phosphorylation of H28tXSer139yH2AX) by immunocytochemistry,
and (C) apoptosis after Hoechst 33342 staining(@), the effect of another AhR antagonist, namely
a-Naphthoflavone dNF, 10 pM) was also tested. Results are means +fdDat least three
independent cultures. a: Significantly differerdnfr corresponding control (with or without steathsis
b: Significantly different from MEHP alone. *: Sigicantly different from condition without inhibito

(CH oraNF).



41

Figure 5. Involvement of CYP4A in the cell death iduced by MEHP/ethanol co-exposure in
steatotic WIF-B9 cells.Non-steatotic or steatotic hepatocytes were treatedot (C; treated with
DMSO) with 5 mM ethanol (E), 500 nM MEHP (M) or arobination of both toxicants (ME) for 5
days, in presence or not of inhibitor. The mRNA reggion ofCyp4al(A), 4a2(B) and4a3(C) was
evaluated by RT-gPCR, and was given relative to WR&Vvel in control non-steatotic cell¢D)
CYP4A protein level was evaluated by western-bigttanalysis. Representative western blots and
relative band density quantification are illustchtelhe involvement of CYP4A was tested by
analyzing the effects of the CYP4A inhibitor HET@®01500 nM) on(E) apoptosis evaluated
following Hoechst 33342 staining, an#)(DNA damage evaluated by counting cells positioe f
yH2AX staining. Results are means + SD for at least three indepermldtures. #: Significantly
different from condition without prior steatosis. @ignificantly different from corresponding coritro
(with or without steatosis). b: Significantly difemt from MEHP alone. *: Significantly differentoim

condition without HET0016.

Figure 6. Involvement of oxidative stress in the dledeath induced by MEHP/ethanol co-
exposure in steatotic WIF-B9 cells.Steatotic hepatocytes were treated or not (C; d@deatith
DMSO) with 5 mM ethanol (E), 500 nM MEHP (M) or arobination of both toxicants (ME) for 5
days, in presence or not of antioxidant. The ineotent of oxidative stress in toxicity was evaluated
by testing the effects of the antioxidant moleahieurea (6.25 mM) oifA) apoptosis after Hoechst
33342 staining, an(B) DNA damage evaluated by counting cells positiveyfd2AX staining. Lipid
peroxidation was assessed by measuring the producti malondialdehyde (MDA) by HPL(C).
The superoxide anion production was assessed hyehsurement in fluorescence of 2-OH-ethidium
using DHE probé&D). Results are means + SD for at least three indkp#rcultures. a: Significantly
different from control. b: Significantly differerftom MEHP alone. *: Significantly different from

condition without thiourea. F.A.U.: Fluorescencéinary Unit.

Figure 7. Exacerbation of liver damage severity byDEHP/ethanol co-exposure in zebrafish
larvae with steatosis.Zebrafish larvae were fed with a standard diet (8Da high-fat diet (HFD)

from 4 dpf until 12 dpf. From 5 dpf, SD and HFD eafish were either left untreated (C), or treated
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with 2.56 nM DEHP (D), 43 mM ethanol (E) or a comdttion of both toxicants (DE) for 7 dayéA)
Liver damages were evaluated on zebrafish livetiaex after HES staining (magnification x 400).
Damaged/dead cells or ballooned/vacuolated hepa®ayere indicated by red arrows. Images are
representative of at least 3 larvgB-E) mMRNA expression of several genes characteristiivef
toxicity (cf. Imranet al, 2018) after exposing HFD zebrafish larvae to PEthanol mixture. The
MRNA expressions were evaluated by RT-gPCR. Daaeapressed relative to mRNA levels found
in HFD control larvae, set at O (log 2 change).Méalare the mean + SEM of 8 larvae. *Significantly
different from untreated, control HFD larvaiSignificantly different from HFD larvae treated by

DEHP only.

Figure 8. Impact of DEHP/ethanol co-exposure on thexpression of several inflammatory
markers in zebrafish larvae with steatosisLarvae were fed with a high-fat diet (HFD) from gfd
until 12 dpf. From 5 dpf, HFD zebrafish were eitkeft untreated (C), or treated with 2.56 nM DEHP
(D), 43 mM ethanol (E) or a combination of bothitants (DE) for 7 days. The mRNA expressions
were analyzed after exposing HFD zebrafish laread@EHP/ethanol mixture or toxicants alone, using
RT-gPCR. Data are expressed relative to mRNA lefalad in HFD control larvae, set at 0 (log 2
change). Values are the mean + SEM of 8 larvagnificantly different from untreated, control HFD

larvae;"Significantly different from HFD larvae treated BEHP only.

Figure 9. Schematic diagram summarizing the deleterious effége of phthalate/ethanol co-
exposure inin vitro and in vivo models of pre-established liver steatosis Upon co-exposing
steatotic WIF-B9 hepatocytes to MEHP and etharaih lan AhR-dependent increase in ADH activity
as well as CYP4A activation would result in oxigatistress, leading to DNA damage and hence a
p53-dependent apoptotic cell death. In HFD-zelnafisvae, DEHP/ethanol co-exposure would lead
to liver injuries, reflected by alterations in hegytes as well as increased expression of getedgde

to hepatotoxicity or inflammation. In this conteatfransition towards a NASH-like state might bé pu
forward upon phthalate/ethanol co-exposure of plieer steatosis. Regarding the mechanisms
involved in thein vivomodel, a possible role fayp4t8(homolog gene of CYP4A) mRNA expression

might be proposed since an increase in this exprekas been observed.
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