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Abstract

In human, many drugs are toxic for only rare patients. Genetic and various other factors (daily
doses, inflammatory stress, immune reaction, liver diseases) are thought to favor such
idiosyncratic toxicity that is not predictable in animals. Its prediction and mechanisms involved
are very challenging. In this work, we have investigated in vitro the influence of an inflammatory
stress on cytotoxic, cholestatic and steatotic effects of 3 drugs which are known to cause
idiosyncratic hepatotoxicity, i.e. diclofenac (DCF), trovafloxacin (TVX) and amiodarone (AMD),
using as experimental models, metabolically competent differentiated HepaRG cells, and for
comparison, undifferentiated HepaRG cells, HepG2 cells, primary human hepatocytes as well as
a non hepatic eukaryotic cell, the yeast Saccharomyces cerevisiae. Our results show that
differentiated HepaRG cells were less sensitive than their undifferentiated counterparts and that
toxicity involved intrinsic apoptosis., associated with ROS (reactive oxygen species) generation
and endoplasmic reticulum stress and was aggravated with TNF-a via extrinsic apoptosis.. DCF
toxicity was augmented by co-treatment with TVX and further by co-addition of TNF-a. By
contrast, this cytokine did not potentiate cholestatic effects of either drug, typified by dilatation of
bile canaliculi and inhibition of some bile acids transporters (BSEP, NTCP). An inflammatory
stress induced by the bacterial lipopolysaccharide aggravated cytotoxicity and steatosis induced
by AMD, via ROS generation, fatty acid oxidation and triglycerides accumulation leading to a
steatohepatitis-like state. Moreover, DCF toxicity was also augmented in S. cerevisiae containing
mutations of transporters of phase III, such as Pdr5, and especially after co-treatment with N-
acetyl-cysteine, via a pathway that is probably dependent on alterations of di-sulfure bounds in
critical proteins (transporters, signaling proteins, transcription factors). Together, all the results
suggest that environmental factors, such as inflammatory stress or genetic factors can modulate
the toxic response to drugs by inducing oxidative and endoplasmic reticulum stress as well as by
modifying metabolism, drug-drug interactions and key signaling pathways.



Résumé

Chez I’homme, de nombreux médicaments ne sont toxiques que chez un petit nombre de patients
traités. Divers facteurs de susceptibilité, génétiques et autres (doses quotidiennes, stress
inflammatoire, réaction immune, maladie hépatique,...), favoriseraient la survenue de ces
toxicités de type idiosyncratique, non prévisibles par des études chez I’animal. Leur prédiction et
la caractérisation des mécanismes impliqués représentent donc un challenge majeur. Dans ce
travail, nous avons étudié in vitro l’influence d’un stress inflammatoire sur le potentiel
cytotoxique, cholestatique et stéatosique de trois médicaments connus par leurs effets de type
idiosyncratique au niveau du foie, le diclofenac (DCF), la trovafloxacine (TVX) et I’amiodarone
(AMD) en utilisant comme modeles expérimentaux les cellules humaines HepaRG différenciées,
métaboliquement compétentes, et pour comparaison les cellules HepaRG non différenciées, les
cellules HepG2, les hépatocytes humains primaires ainsi qu’un autre mod¢le cellulaire eucaryote
la levure Saccharomyces cerevisiae. Nos résultats montrent que les cellules HepaRG
différenciées sont moins sensibles au DCF que les cellules métaboliquement non compétentes et
que cette toxicité implique la voie intrinséque de I’apoptose, associée a la génération de ROS
(especes réactives de 1’oxygene) et d’un stress du réticulum endoplasmique. Elle est aggravée par
le TNF-a via la voie apoptotique extrinséque. La toxicité de DCF est aussi augmentée lors d’un
co-traitement avec TVX et encore plus en présence de TNF-a. En revanche, cette cytokine ne
potentialise pas les effets cholestatiques des 2 molécules, caractérisés notamment par une
dilatation des canalicules biliaires et une inhibition de 1’activité de certains transporteurs d’acides
biliaires (BSEP, NTCP). Un stress inflammatoire induit par le lipopolysaccharide bactérien
aggrave aussi les effets cytotoxiques et stéatosiques de I’AMD via une production de ROS, une
inhibition de 1’oxydation des acides gras et une accumulation des triglycérides, aboutissant a un
contexte de stéatohépatite. De plus, une aggravation de la toxicité de DCF a également été
observée dans Saccharomyces cerevisiae portant une mutation au niveau de certains transporteurs
de la phase III, tel que Pdr5, et surtout apres co-traitement avec la N-acétyl-cystéine via une voie
qui pourrait étre dépendante des perturbations des ponts di-sulfure au niveau de certaines
protéines clés (transporteurs, protéines de signalisation ou facteurs de transcription, ...). Au total,
tous ces résultats suggerent que des facteurs environnementaux tels qu’un stress inflammatoire, et
génétiques peuvent moduler la réponse toxique a des médicaments non seulement en induisant
des stress oxydants et du réticulum endoplasmique mais aussi en modifiant leur métabolisme et
donc les interactions entre médicaments, et certaines voies de signalisation essentielles.
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Liste des abrévaiations

ABC: transporteurs a ATP Binding Cassette

ABT: 1-aminobenzotriazole
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Asbt: Apical Sodium Dependent Bile Acid Transporter
ASML3A: Acid sphingomyelinase-like phosphodiesterase 3a
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FXR : Farnesoid X-Activated Receptor
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GRP78: 78 kDa glucose-regulated protein
GST: Gluthation s transférase
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H2-DCFDA: dichlorodihydrofluorescein
H,0: eau

H,0, : peroxyde d’hydrogéne

HFBS: Hyclone® fetal bovine serum
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HO1: heme oxygénase 1
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IDR: réactions médicamenteuses idiosyncrasiques
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IL : interleukine

JNK: Jun N terminale kinase
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Keapl1: Kelch-like ECH-associated protein 1
Kg : kilogramme

Ki : constante d’inhibition
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LC : L-cystéine

LC-HR-MS: Liquid Chromatography — High Resolution — Mass Spectrometer
LI: L-isoleucine

LL : L-Lysine

LPIN1: Lipin-1

LPL: Lipoprotein lipase

LPS: lipopolysaccharide

LSS: lanosterol synthase

LT : Lymphocyte T

LVX: Iévofloxacine

MAPK : Mitogen-Activated Protein Kinase
MCP1 : Monocyte Chemoattractant Protein-1
MD?2 : Lymphocyte antigen 96

MDR1: multidrug resistance protein 1
Mg2+ : magnésium
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MLC2 : Myosin light chain
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MM: masse moléculaire

MnSOD: manganese superoxide dismutase
mol : molaire

MP : pores mitochondriaux

MRP2: Multidrug resistance protein 2



19

MRP3: Multidrug resistance protein 3

MRP4: Multidrug resistance protein 4

MRP6: Multidrug resistance protein 6

MTT: méthylthiazoltétrazolium

NAC : N-acetylcysteine

NADPH: Nicotinamide Adenine Dinucleotide Phosphate Hydrogen
NAFLD: Non-alcoholic fatty liver disease

NAT: N-acétyltransférases

ND : non déterminée

NFxB: Facteur nucléaire kB
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NK : natural killer
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NO : oxyde nitrique

NOS : oxyde nitrique synthase

Nrf2: Nuclear factor (erythroid-derived 2)-like 2
NTCP: sodium-taurocholate cotransporting polypeptide
OAT?2: organic anion transporter 2

OATP: organic anion transporting polypeptide
OCT1: human organic cation transporter 1

OH : groupe hydroxy

Ost: Organic solute transporter

PA: phosphatases alcalines

PAIIl : inhibiteur 1 de I’activation du plasminogéne

PANX1 : Pannexine 1



20

PBS: phosphate buffered saline

Pdr : Pleiotropic Drug Resistance

Pg: picogramme

PGC-1a: transcriptional coactivator peroxisome proliferator-activated receptor-y coactivator-1a
P-gp: P-glycoprotéine

Pka: acid dissociation constant

PKC : protein kinase C

PKLR: liver pyruvate kinase

PLIN4: Perilipin-4

PMN : polynucléaires neutrophiles

PPAR : peroxisome proliferator activated-receptor
PUMA : Polyurethane Methyl Acrylate

PXR: Pregnane X receptor

Rap1 : Repressor/Activator site binding Protein
RAR: Retinoic Acid Receptor

ROS: especes réactives d’oxygene

RT-gqPCR: real-time quantitative polymerase chain reaction
RXRa : Retinoid X Receptor, Alpha

SCD: Acyl-CoA désaturase

SEM : standard error of the mean

SLC27A4: Long-chain fatty acid transport protein 4
SOATTI: Stérol O-acyltransférase 1

SOD: superoxide dismutase

SREBP1: Sterol regulatory element-binding protein 1

SULT: sulfotransférases
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TA: acide taurocholique

TG : triglycérides

TGF-pB: tumor growth factor

THRSP: Thyroid hormone-inducible hepatic protein
TLR : Toll like receptor

TNF: facteur de nécrose tumorale

TNF-R: récepteur de TNF-a

TRIB3: Tribble 3

TVX : trovafloxacine

U: unité

UGT: UDP-glucuronosyltransférases

VBDS : vanishing bile duct syndrome

Vmrl: Vacuolar Multidrug Resistance 1

Yapl : Yes associated protein 1

Yorl : Yeast Oligomycin Resistance

YPD : Yeast Peptone Dextrose

z-LEHD-fmk: Z-Leu-Glu(OMe)-His-Asp(OMe)-fluorométhylkétone
vGT : gamma glutamyltransférase

AW¥m : potentiel membranaire mitochondrial

pl: microlitre

UM : micromolaire
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Introduction générale

Beaucoup des médicaments causent des 1ésions hépatiques qui peuvent étre prévisibles dose-
dépendantes (intrinseques) ou non prévisibles, non dose-dépendantes (idiosyncratiques). Divers
facteurs peuvent influencer la survenue de cette toxicité idiosyncratique. On peut citer le
polymorphisme génétique, notamment celui des enzymes de métabolisme des xénobiotiques, le
stress inflammatoire... Plusieurs travaux ont montré que ce dernier peut avoir une influence
majeure sur la réponse toxique comme [’ont montré des co-traitements avec le
lipopolysaccharide (LPS) et des médicaments responsables d’IADRs (réactions idiosyncratiques
indésirables) chez le rat. C’est le cas de la ranitidine, la chlorpromazine, le diclofenac, et la

trovafloxacine..

Afin d’étudier les effets d’un stress inflammatoire induit par le LPS ou des cytokines pro-
inflammatoires sur la toxicité hépatique des médicaments, nous avons choisi de traiter des
cellules humaines HepaRG qui expriment la majorité des fonctions hépatiques a des niveaux
proches de ceux retrouvés dans des hépatocytes humains matures, avec le diclofénac, la
trovafloxacine et I’amiodarone, trois médicaments connus pour induire des toxicités hépatiques
idiosyncratiques et étre sensibles aux effets d’un stress inflammatoire chez 1’animal. Ces
molécules, outre leurs effets cytotoxiques, peuvent induire des cholestases (diclofénac,

trovafloxacine) ou des stéatoses (amiodarone).

Notre étude montre une influence possible du stress inflammatoire sur les différents types de
toxicité observés. Ils montrent aussi que des interactions entre deux médicaments peuvent €tre
potentialisées par un stress inflammatoire. Ces résultats peuvent étre différents selon le modele
hépatique utilisé. Nous montrons également que la levure Saccharomyces cerevisiae est sensible
au diclofénac et qu’en présence de N-acétylcysteine la toxicité de ce médicament est aggravée
(alors que cet anti-oxydant réduit la toxicité dans les cellules HepaRG). Les effets opposés dans
la levure pourraient étre dus a une perturbation des liaisons disulfures dans des protéines jouant
un role clé dans le fonctionnement de cette cellule eucaryote, particulierement celles impliquées

dans la résistance de cette cellule au stress chimique, comme les transporteurs ABC.
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Introduction

I. Foie — Structure et fonctions

Le foie fait partie du systeme digestif; il assure trois fonctions vitales principales: celles de
synthese, de stockage et d’épuration. Il représente 2 % du poids corporel soit environ 1.5 kg chez
I’homme adulte. Il comprend deux lobes principaux appelés lobe gauche et lobe droit et séparés

par le ligament falciforme (Figure 1).

Ligament falciforme

I"lb_e droit Figure 1: Structure générale
s du foie (Brooker, 2001)
comportant pricipalement
deux lobes (gauche et droite)
Ligament ._... ; i / séparés par le ligament

coronaire
falciforme.

Péritoine
Veines #
hépatiques

Veine cave
caudale

C’est un organe trés vascularisé qui regoit un sang riche en oxygene par I’artére hépatique et un
sang riche en nutriments d’origine intestinale via la veine porte. Le retour veineux est assuré par

les veines sus-hépatiques.

Il est formé de plusieurs types cellulaires dont des hépatocytes pour 80 %, mais il contient aussi
des cellules biliaires entourant les canaux biliaires, des cellules endothéliales, des cellules
étoilées, des cellules immunitaires comme les cellules de Kvpffer...). Les cellules hépatiques
sont distribuées en lobules hépatiques ayant en leur centre une veine centrolobulaire et a leur
périphérie des espaces-porte. Chaque espace-porte interlobulaire comprend une branche de
I’artére hépatique, une branche de la veine porte et un canal biliaire. Le lobule hépatique
constitue 1’unité structurale du foie. Dans les lobules de forme polygonale les hépatocytes

s’organisent en travées unicellulaires séparées par des sinusoides (Figure 2) (Brooker, 2001).
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Par contre, les unités fonctionnelles sont représentées par des acini (Rappaport et al., 1954). Un
acinus, bien que difficile a définir histologiquement, correspond a une unité de parenchyme
hépatique centrée sur un espace porte et situé entre au moins deux veines centrolobulaires.
L’acinus se divise en zones 1, 2 et 3 avec des hépatocytes a fonctions métaboliques différentes

dans chaque zone (Wheater PR, 2001).

Cellule de kiipffer

dans un sinusoide
(jaune) oy
Travées d'hépatocytes
pead AR

Veine
centro-lobulaire

Hépatocyte

Travées &
d'hépatocytes * Veine centro
g ; -lobulaire
Artére hépatique '
Sinusoides
Veine porte
¢ - /
Artere hépatique .
B i ." Veine porte Biles dans les
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Figure 2: Représentation schématique d’un lobule hépatique (Moore, 2001).

Les hépatocytes assurent la majorité des fonctions du foie (Blouin et al., 1977). Ce sont des
cellules polarisées présentant trois domaines membranaires différents et spécialisés : les

domaines basolatéral (sinusoidal), canaliculaire et latéral.

- Le domaine basolatéral ou sinusoidal : chaque hépatocyte est en contact par au moins deux de
ses faces avec le sang des sinusoides, tout en étant séparé par 1’espace de Disse. La membrane
sinusoidale des hépatocytes constitue 70% de la surface totale membranaire. Les échanges
hépatocyte-sang se font majoritairement par des phénomeénes d’endocytose et d’exocytose via ce
domaine membranaire. Les échanges qui ont lieu au niveau de ce pOle basolatéral sont
bidirectionnels; certaines substances transportées par le sang sont absorbées par 1’hépatocyte
alors que des protéines néo-synthétisées, comme 1’albumine, le fibrinogene, la prothrombine et

certains facteurs de coagulation, sont secrétées dans le sang (Kierszenbaum, 2002).
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- Le domaine canaliculaire ou apical : le domaine canaliculaire de la membrane plasmique
hépatocytaire représente 15% de la surface cellulaire. Ce pdle est également appelé pdle biliaire
de I’hépatocyte. Il forme le canalicule biliaire qui correspond a 1’espace situ¢ entre les faces
opposées des deux hépatocytes adjacents. Un réseau de microfilaments contractiles situé dans la
région cytoplasmique sous-jacente au canalicule commande I’ouverture des canalicules et ainsi,
le flux biliaire. Toutefois, le diamétre du canalicule biliaire varie selon la place qu’il occupe dans

I’acinus et de plus il s’ouvre et se ferme périodiquement.

- Le pole latéral : ce pole se situe entre les domaines sinusoidal et biliaire de 1’hépatocyte et
constitue 15% de la surface cellulaire. Il renferme trois types de jonctions : les desmosomes, les

jonctions serrées et les jonctions communicantes (Ramadori G, 2010).

Hepatocyles
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-
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Les échanges extra- ou intra-hépatiques des hépatocytes se font majoritairement par des
transporteurs spécifiques dépendant ou non de la nature du substrat. C’est le cas par exemple des
transporteurs latéraux comme notamment le MRP3, le MRP4, le MRP6, ’OCT1, I’OAT?2 et le
NTCP, des transporteurs canaliculaires comme le BCRP, le MDRI1, le MRP2 et le BSEP (Figure
3).
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I.1. Les fonctions du foie

Le foie exerce plusieurs fonctions majeures, parmi lesquelles des fonctions métaboliques et des

fonctions de détoxification:

L.1.1. Des fonctions métaboliques
Le foie joue un role trés important dans le métabolisme de différents constituants nutritionnels :

- Glucides : dégradation de I’insuline et d’autres hormones, glycogénolyse, glycogénogenése,
néoglucogénogenese. Le foie a un role important dans la régulation de la glycémie puisqu’il est
capable de stocker le glucose sous forme de glycogene grace au phénomene de néoglucogenese ;
il est donc hypoglycémiant dans ce cas mais il est aussi hyperglycémiant en libérant dans le sang

du glucose a partir du glycogene stocké surtout lors de périodes de jeline, par glycogénolyse.

- Lipides : synthese de cholestérol, production de triglycérides, synthese de lipoprotéines,

synthese des acides biliaires a partir du cholestérol.

- Protéines : synthese des protéines sériques (albumine, facteurs de coagulation, ...), protéines de

la phase aigué (protéine C-réactive ...) a I’exception des immunoglobulines.

1.1.2. Des fonctions de détoxification

Le foie joue un role majeur dans I’élimination des substances étrangeres et notamment les
médicaments. Il est également capable de détruire les hématies et les leucocytes vieux et de
conjuguer la bilirubine libre en bilirubine conjuguée pour la rendre non toxique. Seuls seront
détaillés ici le métabolisme des xénobiotiques et le role essentiel d’une superfamille d’enzymes
de biotransformation : les cytochromes P450 (CYP).

L’organisme humain s'est doté de trois systeémes spécialisés et complémentaires permettant
I’¢élimination des composés étrangers et participant ainsi a la détoxification cellulaire (Figure 4).
Les enzymes dites de phase I (ou phase de fonctionnalisation) qui comprennent principalement
les cytochromes P450 (CYPs), les enzymes de conjugaison ou transférases (Phase II), telles que
les glucuro- ou glutathion-S-transférases, et les protéines de transport (influx et efflux), telles
que la P-glycoprotéine (P-gp) (Phase III). Elles ont des localisations diverses, surtout au niveau
du réticulum endoplasmique mais aussi les mitochondries voire la membrane plasmique et pour

certaines enzymes de Phase II, le cytosol) et peuvent agir en synergie pour une plus grande
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efficacité de détoxication du foie. Le CYP3A4 et la P-gp se caractérisent par une reconnaissance
moléculaire multispécifique vis-a-vis d’une grande diversité de structures chimiques et partagent
de nombreux substrats en commun. Du fait de leur hydrophobicité, ces substrats communs sont

reconnus par ces protéines au sein méme de la membrane.

Phase | Phase If Phase\ il
{””'_"‘P’D”""':”“m ‘923::'““ il Figure 4: Métabolisme des xénobiotiques
Z ,’/ MY (Matouskova et al., 2016). Les 3
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X X S XOH —beoR R 9 XOR o o o
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{ P- ) I sous forme roxylée ; : xénobiotique
< gli/ ‘h o | y y 5 q
-[ CEl ||.I| e .- ] P;;%F x\l 1 conjugué ; P-gp : P-glycoprotéine ; MRP : multidrug
“_MRP__/ v resistance protéine
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- Phase I : Les réactions de phase I entrainent des modifications des fonctions chimiques des
composés permettant généralement de diminuer leur toxicité en les rendant plus polaires.
Cependant, il arrive que ces réactions conduisent a des métabolites plus toxiques que les
molécules meres. La phase I consiste majoritairement en des réactions de type oxydation
(hydroxylations, époxydations, déshydrogénations), réduction et hydrolyse (Iyanagi, 2007)
(David Josephy et al., 2005) qui sont catalysées surtout par les cytochromes P450 (Evans and
Relling, 1999).

Les réactions de phase I sont généralement suivies de réactions de phase II car les métabolites de

phase I ne sont pas suffisamment polaires pour étre éliminés tels quels.

- Phase II : Les réactions de phases Il assurent la conjugaison des métabolites de phase I a des
ligands endogenes (acide glucuronique, sulfate activé, glutathion,..) en vue d’augmenter leur
hydrosolubilité et de favoriser leur élimination (Testa , 2008). Parmi les enzymes catalysant ces
réactions on trouve les UDP-glucuronosyltransférases (UGT), les glutathion-transférases (GST),
les sulfotransférases (SULT), les N-acétyltransférases (NAT) et les époxydes hydrolases (EH).

Certains composés peuvent étre directement conjugués.

- Phase III : Apres avoir subi les modifications nécessaires par les enzymes des phases I et II, les
composés conjugués sont pris en charge par des protéines de transport (phase III) pour étre

excrétés sans subir de modifications chimiques (David Josephy et al., 2005).
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Les niveaux d’activité des enzymes de phase I ou phase II peuvent fortement varier d’un
individu a I’autre. Des facteurs génétiques, physiologiques, pathologiques et environnementaux
peuvent les moduler, en agissant au niveau transcriptionnel, post-transcriptionnel ou post-
traductionnel. Ainsi, de nombreux composés peuvent inhiber ou induire 1’activité de ces enzymes

(Brooker, 2001).

Il est établi que les 2/3 des médicaments sont métabolisés par des CYPs et 1/3 par les UGTs et
d’autres enzymes. La contribution totale des CYPs et des UGTs au métabolisme des

médicaments est estimée a 80%.

Le foie est également responsable de la dégradation de plusieurs hormones comme les hormones
thyroidiennes, les glucocorticoides, I’insuline, le glucagon, les estrogeénes et bien d’autres. Les

produits de dégradation de ces hormones sont ensuite excrétés par la bile (Brooker, 2001).

I[.1.2.1. Le role essentiel des cytochromes P450
Ce sont des complexes moléculaires ou des hémoprotéines (apoprotéines de 45 a 60 kDa ayant un

groupe héme) qui dérivent tous du méme géne ancestral (1,5 milliard d’années). Les études ont
montré que la réduction de I’héme fournit a ces enzymes la capacité de se lier au monoxyde de
carbone pour donner un pic d’absorption a une longueur d’onde de 450 nm (Omura and Sato,
1964). La fonction d’oxydation et le role de ces enzymes dans le métabolisme des xénobiotiques

ont été étudiés des les années 1960 (Klingenberg, 1958; Omura and Sato, 1962).

Les CYP450 catalysent plusieurs réactions mais la plus importante est une activité de
monooxygénase ou un atome d’hydrogene est inséré sur une position aliphatique d’un substrat

organique et un atome d’oxygene est réduit en H>O selon la réaction suivante :
RH + O, + NADPH + H" — ROH + H,0 + NADP*

Mais d’autres réactions peuvent étre catalysées par les CYP450 telles que des réactions
d’hydroxylation (RCH > RCOH), des réactions de N-oxydation (R1-NH-R2 ->R1-NOH-R2),
des réactions de S-oxydation (R1-S-R2 ->R1-SO-R2) et des réactions de N- et O-déalkylation.
Les CYP450 catalysent aussi des réactions réservées a des substances endogenes. C’est le cas du
métabolisme des acides biliaires, la vitamine D3, la biosynthese et le catabolisme des hormones

stéroides.
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Les CYP450 humains sont classés en au moins en 18 familles (CYP1, CYP2, CYP3 et CYP4)
(Wang and Chou, 2010), 42 sous familles (CYP2B, CYP3A...), et isoenzymes (CYP3A4,
CYP2(C9...). Au total, le génome humain code 57 protéines CYP450 qui peuvent étre classées

selon leur type de substrat dans le tableau ci-dessous (Tableau 1).

Tableau 1: Classification des CYP450 humains selon le type de substrat (modifi¢) (Guengerich, 2006)

Stérols Xénobiotiques | Acides gras Eicosanoides | Vitamines Inconnu
IB1 1A1 2J2 4F2 2R1 2A7
7A1 1A2 4A11 4F3 24A1 2S1
7B1 2A6 4B1 4F8 26A1 2U1
8B1 2A13 4F12 5A1 26B1 2W1
11A1 2B6 8A1 26C1 3A43
11B1 2C8 27B1 4A22
11B2 2C9 4F11
17A1 2C18 4F22
19A1 2C19 4V2
21A2 2D6 4X1
27A1 2El1 471
39A1 2F1 20A1
46A1 3A4 27C1
S51A1 3A5

3A7
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La nomenclature des CYP450 commencent par CYP désignant la super famille des cytochromes
P450 suivie par la famille exprimée par un chiffre arabe (1, 2, 3...), la sous famille désignée par
une lettre (A, B, C...), et les isoformes par un nombre arabe (1, 2, 3...). Cette classification
repose sur I’homologie de la séquence en acides aminés : par exemple les éléments d’une méme
famille ont plus que 40% d’homologie, d’une sous famille plus de 55% ... La plupart des
références indique une classification des CYP450 en 4 familles (1, 2, 3, 4) car ces 4 familles sont
les seules impliquées dans le métabolisme des xénobiotiques. Du point de vue du métabolisme
des médicaments quelques CYP450 sont tres impliqués ; le CYP majeur étant le CYP3A4. Les
CYP450 les plus impliquées dans le métabolisme hépatique des médicaments sont : CYP1A2-
18% ; CYP2E1-9% ; CYP2A6-6% ; CYP2D6-6% ; CYP2B6-1% ; CYP3A4-39%; les CYP2C-

25% (Guengerich, 2006) comme indiqué dans la figure suivante :
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CYP450 métabolisant les médicaments

Le foie est I’organe contenant la quantité la plus élevée et la plus grande diversité de CYPs mais
ceux-ci sont aussi présents dans la plupart des autres tissus, notamment ’intestin, les reins, les
poumons,....(Krishna and Klotz, 1994). De nombreux facteurs peuvent moduler leur niveau

d’expression/activité.

L.2. Foie et Pathologies

Le foie peut étre le siege de pathologies vari€es d’origine diverse (génétique, métabolique, virus,
parasites, métaux, composés chimiques dont les médicaments,...). Ces maladies peuvent €tre
aigués ou chroniques, et résulter de réactions inflammatoires et de mort cellulaire (nécrose,
apoptose), de surcharge (stéatose, phospholipidose,..) d’altérations de la sécrétion biliaire

(cholestase intra- et extra-hépatiques). Les lésions chroniques (inflammatoires, cytolytiques)
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peuvent conduire a des fibroses, des cirrhoses et aboutir a des cancers du foie. Tous les types de

1ésions et pathologies hépatiques peuvent étre obtenues avec des médicaments.

- La cytolyse : elle se traduit par la mort des hépatocytes par apoptose ou nécrose. Elle peut étre
induite par de nombreux médicaments (paracétamol,...) et autres produits chimiques (Lee, 2003).
Elle peut concerner préférentiellement certains hépatocytes, en particulier les hépatocytes
centrolobulaires lorsque la cytolyse est associée a la production de métabolites réactifs (ces
hépatocytes exprimant I’essentiel des CYPs impliqués dans le métabolisme des xénobiotiques.
Une cytolyse hépatique se traduit au niveau sérique par une augmentation des transaminases

d’un facteur>5.

- La cholestase: le terme « CHOLESTASE » a été introduit en 1970 par Popper et Schaffner
pour décrire des pathologies résultant d’une inhibition de la sécrétion des acides biliaires et de
leur accumulation intra-hépatique dans les hépatocytes ou les canalicules/ canaux biliaires intra-
hépatiques (cholestase intra-hépatique) (Popper and Schaffner, 1970). Morphologiquement, la
cholestase est caractérisée par la stagnation de bile sous la forme de bouchons biliaires dans les
canalicules et des pigments biliaires dans les hépatocytes, ainsi que dans les cellules de Kiipffer
dans la région centro-lobulaire. Les médicaments induisant une cholestase intrahépatique sont
classés en deux catégories : la cholestase pure et la cholestase associée a une hépatite cytolytique
fréquemment observée dans les tests cliniques (Erlinger, 1997). Une cholestase seule serait
observée dans 20-40% des cas et une cholestase mixte chez 12-20% des patients. Au niveau
sérique les phosphatases alcalines (PA) sont augmentées. Le rapport PA/ transaminases est <2

dans le premier cas et entre 2 et 5 dans le second.

La cholestase intra-hépatique aigué (AIC) est une caractéristique commune de 1ésion hépatique
induite par les médicaments. Dans le cas des AIC, un ictere persiste généralement pendant
quelques semaines puis disparait en moins de 3 mois (Sherlock, 1998). En général, le pronostic
de I'AIC semble assez bon, mais, dans certains cas, I'AIC induite par le médicament peut &étre
suivie d’une cholestase prolongée malgré I'arrét des médicaments en cause. La cholestase
prolongée induite par des médicaments a été définie par Larrey et Erlinger comme la persistance
d’une jaunisse pendant plus que 6 mois ou la persistance des changements biochimiques pour la
cholestase anictérique pendant plus d’un an (Larrey and Erlinger, 1988). Histologiquement, le

syndrome de fuite biliaire « vanishing bile duct syndrome » (VBDS) a été rapporté comme étant



32

une caractéristique importante de la cholestase intrahépatique prolongée (Degott et al., 1992;

Desmet, 1997).

Les hypotheses concernant les mécanismes de cholestase intrahépatique induite par les
médicaments sont basées sur la biologie cellulaire de la sécrétion biliaire. On observe
généralement un dysfonctionnement de la mobilité des canalicules biliaires (Watanabe and
Phillips, 1984) (Watanabe et al., 1991) et des anomalies des transporteurs des acides biliaires
(Trauner et al., 1998b) (Trauner et al., 1999b). Des études sur animaux (Trauner, 1997) et sur foie
humain ont démontré une inhibition de la pompe d'export des sels biliaires (BSEP) et de la
multidrug resistance protein 2 (MRP2) (Trauner et al., 1997) (Zollner et al., 2001). D’autres
facteurs peuvent aussi étre impliqués dans la cholestase; c’est le cas des espéces réactives de
I’oxygéne qui induisent un stress oxydant et peuvent étre considérées comme un facteur
aggravant D’effet cholestatique comme cela a ét¢ montré pour la chlorpromazine (CPZ)

(Antherieu et al., 2013).

- La stéatose : elle peut se présenter sous forme macrovésiculaire ou microvésiculaire. La forme
macrovésiculaire se présente comme une simple accumulation de graisses (triglycérides)
principalement dans une large vésicule intracytoplasmique. Il s’agit d’une affection bénigne
également connue sous le nom de stéatose simple qui peut étre réversible car les graisses
s'accumulent habituellement sans causer de dommage aux cellules hépatiques. Cependant, cette
stéatose peut évoluer vers une forme plus sévere connue sous le nom de stéatohépatite. La
stéatohépatite non alcoolique est une affection plus grave, car l'inflammation et la nécrose des
cellules hépatiques peuvent mener a des dommages irréversibles puis une fibrose et une cirrhose,
voire méme au carcinome hépatocellulaire (Farrell and Larter, 2006) (Reddy and Rao, 2006). La
stéatose microvésiculaire qui se traduit par la présence de plusieurs vésicules intracytoplasmiques
par cellule, entraine une diminution du nombre de mitochondries ; elle est potentiellement grave

et peut étre associée a une hypoglycémie majeure. Les 2 types de stéatose peuvnt co-exister.

- La phospholipidose : caractérisée par une accumulation intracellulaire excessive de
phospholipides sous forme des corps lamellaires. Elle ne constitue pas en soi une toxicité (Xu et
al., 2004) mais elle est prédictive de l'accumulation d’un médicament ou de métabolites dans

plusieurs tissus cibles, et en tant que telle peut &tre associée a une toxicité. En effet, les

phospholipides accumulés peuvent interférer avec les fonctions cellulaires. Plus de 50
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médicaments amphiphiles cationiques, notamment des agents anti-cholestérolémiants, peuvent
induire une phospholipidose (Halliwell, 1997). Certains de ces médicaments (tels que
I'amiodarone) provoquent également une stéatose. La phospholipidose peut étre prédite a partir

de modeles in vivo et in vitro (Donato et al., 2009) (Moya et al., 2010) (Antherieu et al., 2011).

- La fibrose/cirrhose : la fibrose puis la cirrhose du foie correspondent a un processus multi-
étapes, partant d'un effet hépatotoxique primaire et aboutissant a une situation d'insuffisance des
fonctions hépatiques en raison de dommages des hépatocytes. Il s’agit de lésions chroniques
caractérisées par un état inflammatoire et le remplacement des hépatocytes morts par des fibres
de collagene synthétisées par des myofibroblastes (cellules étoilées activées), en raison d’une
perte de capacité de régénération du foie. Cette situation est associée a des changements
biochimiques et physiologiques importants. La fibrose va s’étendre et devenir une cirrhose
(apparition de septa fibreux), ce qui va fortement amplifier les altérations fonctionnelles du foie
(Fausto et al., 2006). En plus d'étre une condition tres morbide et éventuellement mortelle, la
cirrhose fournit également le support le plus approprié pour le développement d’un cancer
hépatocellulaire (CHC) (Kew and Popper, 1984). En fait, la plupart des cas de CHC (>80%) se

développent sur foie cirrhotique, indépendamment de 1'étiologie.

Des nodules de régénération sont observés dans des foies cirrhotiques mais la régénération ne
semble pas suivre le méme schéma que dans le tissu hépatique normal. Un déséquilibre dans la
séquence des voies moléculaires des dommages et de régénération est considéré comme
importante pour le développement d'une cirrthose et donc d’une oncogenese ultérieure

(Michalopoulos and DeFrances, 1997).

L.3. Les modeles hépatiques d’études précliniques in vivo

et in vitro des médicaments

Compte-tenu de la fréquence des effets adverses induits par les médicaments et du colit que
représente leur développement il est essentiel de disposer d’approches expérimentales permettant
d’une part de prédire le plus tot possible la toxicité d’un médicament en développement et d’autre
part d’identifier les mécanismes impliqués dans la toxicité, y compris lorsque les médicaments

sont sur le marché. Des modeles in vivo et in vitro sont couramment utilisés.
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L.3.1. Les modéles in vivo
Les modeles animaux sont utiles et nécessaires au développement préclinique des médicaments

(Friese et al., 2006). En effet, certains tests sur animaux sont obligatoires. Différentes especes
sont utilisées car des différences inter-especes sont habituellement observées. Des modeles de
rongeurs KO et humanisés (souris notamment) permettent d’acquérir des informations
particulieres. Néanmoins, 1’extrapolation des résultats a I’homme est toujours délicate dans ma
mesure ou des différences importantes peuvent exister dans la cinétique et les voies de
biotransformation ainsi que dans le potentiel toxique des molécules. Ainsi, il n’existe aucun

modele animal capable de reproduire une toxicité hépatique associée a une réaction immune.

1.3.2. Les modeles in vitro
Plusieurs modeles peuvent étre utilisés, par exemple le foie isolé perfusé, les coupes de foie, les

fractions subcellulaires (mitochondries isolées, microsomes (Strittmatter and Velick, 1956)), les
cellules non hépatiques exprimant un CYP, un transporteur,... Cependant ces modeles ont une
durée courte et sont souvent d’obtention difficile et d’utilisation trés limitée. Aussi, il est
largement fait appel aux cultures de cellules hépatiques qui peuvent avoir une durée de vie longue
et étre d’origine humaine. Cependant, les hépatocytes primaires perdent rapidement une fraction
importante de leurs fonctions lorsqu’ils sont ensemencés. De plus, les hépatocytes humains sont
de qualité inégale, difficiles a obtenir et montrent des différences fonctionnelles d’un donneur a
I’autre. Toutefois, diverses modifications des conditions de culture permettent d’améliorer la
survie et un meilleur maintien des fonctions spécifiques (co-culture avec un autre type cellulaire,
culture sur support matriciel ou mieux en sandwich ou encore en 3-D, sous forme de sphéroides
notamment) (Guguen-Guillouzo and Guillouzo, 2010) (Swift et al., 2010). Les lignées de cellules
hépatiques humaines représentent une alternative aux hépatocytes humains. Plusieurs lignées
dérivées d’hépatome ont été obtenues, notamment les lignées HepG2 (Knowles et al., 1980) et
Hep3B. Cependant elles ont un inconvénient majeur, surtout la lignée HepG2, qui est la tres
faible activité des enzymes de biotransformation, notamment les cytochromes P450 (Wilkening

et al., 2003).

Cependant, une lignée plus récente, la lignée HepaRG@G, établie a partir d’un cholangio-carcinome
humain provenant d’un patient souffrant d’une hépatite C, a révélé des propriétés d’hépatocytes
matures. Durant la phase de prolifération, la population cellulaire de cette lignée apparait assez

homogene avec un phénotype de progéniteurs hépatiques. Lorsqu’elle atteint la confluence, sa
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morphologie change progressivement. A ce stade, deux types cellulaires différents apparaissent.
L’ajout de diméthylsulfoxyde (DMSO) renforce cette différenciation en cellules épithéliales
granuleuses ressemblant a des hépatocytes adultes en culture primaire et d’autres cellules de type
épithélial plus claires et aplaties. Apres 2 semaines de confluence, environ 50-55% des cellules
présentes dans la culture sont morphologiquement comparables a des hépatocytes humains

primaires (Figure 6).

Les cellules HepaRG différenciées expriment des ARNm spécifiques du foie tels que ceux de
I’albumine, ’aldolase B, de CYPs (1A1, 1A2, 2B6, 2C9, 2D6, 2E1 et 3A4), des enzymes de
phase 2 (UGT1A1, GSTA4, GSTA1/A2, GSTM1) et des récepteurs nucléaires (Constitutive
androstane receptor (CAR), Aryl hydrocarbon receptor (AhR), Pregnane X receptor (PXR)). Les
taux de transcrits de ces différents marqueurs et les niveaux d’activité de la plupart des CYPs
sont souvent comparables a ceux trouvés dans des cultures primaires d’hépatocytes humains
(Aninat et al., 2006). En plus, ces cellules expriment la majorité des transporteurs d’efflux et
d’influx des acides biliaires, des anions et des cations organiques et des médicaments , a savoir
OCT1 (organic cation transporter 1), OATP (organic anion transporting polypeptide) -B, OATP-
C, NTCP (Na+-taurocholate cotransporting polypeptide), MRP2 (multidrug resistance-associated
protein), MRP3, BSEP (bile salt export pump) et MDR1 (multidrug resistance protein 1) (Le Vee
et al., 2006) (Bachour-El Azzi et al., 2015). La présence des transporteurs hépatobiliaires et des
enzymes de métabolisme des xénobiotiques rend cette lignée pertinente pour 1’étude des effets

des médicaments sur le flux biliaire.

+DMSO

Figure 6: Différentes étapes de différenciation des cellules HepaRG en culture. « +DMSO » signifie ajout de
diméthylsulfoxide. Ces cellules passent de I’état de progéniteur (a gauche) a un état bien différencié (a droite).
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II. Classification des médicaments selon leur mode de
toxicité

Selon leur mode de toxicité les médicaments peuvent étre classés en deux grandes catégories : les

médicaments a effet intrinseque et les médicaments a mode d’action idiosyncratique.
II.1. Médicaments a effet intrinseque

Les toxicologues se réferent souvent au foie comme « organe cible » des dommages induits par
un médicament (Lehman-McKeeman, 2008). Le foie est en effet une cible pour de nombreux
agents xénobiotiques intrinsequement toxiques, y compris de nombreux médicaments. Ce type de
toxicité est lié a la dose qui au-dela d’un seuil induit une toxicité de plus en plus importante avec

I’accroissement de celle-ci.

Les 1ésions hépatiques induites par le médicament sont la principale cause de déces par
insuffisance hépatique aigué aux Etats-Unis et la raison la plus fréquente pour le retrait des
médicaments du marché (Bleibel et al., 2007). L'acétaminophene (APAP) cible le foie, et le
surdosage de ce médicament est responsable d'environ la moitié des cas d'insuffisance hépatique
aigué aux Etats-Unis (Bleibel et al., 2007) (Gunawan and Kaplowitz, 2007). Il provoque une
hépatotoxicité liée a la dose chez les humains et les animaux et, en raison de l'importance
clinique de sa toxicité, il est devenu le plus étudié des agents responsables d’une hépatotoxicité
intrinseque. Comme pour beaucoup d'autres agents hépatotoxiques, son activation métabolique
est I'événement déclencheur. Elle conduit a la liaison covalente du métabolite réactif a des
constituants cellulaires et le déclenchement de mécanismes secondaires pouvant aboutir a une
nécrose hépatocellulaire dont la survenue peut dépendre de la dose mais aussi des conditions de
traitement ainsi que de facteurs environnementaux et génétiques, en particulier l'activation de
plusieurs types cellulaires non parenchymateux (cellules de Kiipffer, cellules tueuses naturelles T,
cellules endothéliales, etc.) et de voies de signalisation intracellulaire, la perturbation des
mitochondries, la production de cytokines et d’especes réactives de l'oxygene et de l'azote,
I'némostase, l'interférence avec la réparation de réplication d’ADN (Figure 7) (Ganey et al., 2004;

Ganey et al., 2007; Gunawan and Kaplowitz, 2007).
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Figure 7: Initiation et progression de I’hépatotoxicité de ’APAP (Roth and Ganey, 2010). Les fleches désignent des

réactions d’hydroxylation, de conjugaison et d’autres. L’APAP est métabolisé par des CYP450 pour donner des

métabolites réactifs qui peuvent induire une déplétion de GSH aboutissant parsuite a une nécrose hépatocellulaire.

I1.2. Médicaments a effet idiosyncratique

Les réactions médicamenteuses idiosyncrasiques (IDR) sont les effets indésirables imprévisibles
qui ne se produisent pas chez la plupart des patients, mais quand elles se produisent, elles peuvent
étre mortelles. Elles sont souvent considérées comme indépendantes de la dose, mais ce n’est pas
tout-a-fait exact ; en effet elles sont souvent associées a la prise de doses quotidiennes élevées.
Des exemples de IDR sont I’insuffisance hépatique induite par la troglitazone, souvent mortelles
ou ayant nécessité la transplantation de foie, 1’agranulocytose induite par la clozapine (un type
essentiel de globule blanc disparait soudainement ce qui rend le patient vulnérable a l'infection) et
la nécrolyse épidermique toxique induite par des sulfamides (lésion tres sévere de la peau

ressentie comme une brilure thermique).

Ce type de réaction indésirable a un médicament est responsable d'un nombre important de déces
et sa nature imprévisible le rend pratiquement impossible a prévenir. L’IDR n’est pas prédite par
I'expérimentation animale et 1'ampleur du probleme peut généralement étre évaluée seulement
apres le traitement de nombreux patients. Elle peut conduire au retrait du médicament ou a

restreindre son emploi.
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La toxicité idiosyncrasique a été différemment définie, et le terme a souvent ét€ mal utilisé,
ajoutant aux difficultés de mieux comprendre les effets indésirables et leurs mécanismes sous-
jacents. Une des principales raisons de cette confusion est que les pharmacologues, les
immunologistes, les hépatologues cliniciens et les toxicologues, tous ont leurs propres définitions
de I’idiosyncrasie. L’idiosyncrasie concerne les caractéristiques propres a un individu, ce qui
implique que dans ce cas celles-ci soient distinctes de celles de la grande majorité des individus.
Parmi les causes qui déterminent la sensibilité de certains sous-ensembles de patients a un
médicament, il y a en particulier les facteurs génétiques (Goldstein, 1974) ainsi que des
déterminants acquis et induits par I'environnement, y compris les maladies sous-jacentes, 1'état
nutritionnel, la polymédication, le stress cellulaire, ou des infections (Boelsterli, 2003b)
(Buchweitz et al., 2002). Toutefois, une distinction stricte dans la toxicité des médicaments entre
intrinseque (prévisible) et idiosyncratique (non prévisible) n’est pas toujours simple a établir pour
les raisons suivantes: (1) les réactions idiosyncratiques peuvent €tre qualitativement semblables a
celles observées chez tous les individus, mais peuvent prendre la forme d'une extréme sensibilité
a de faibles doses. Ainsi, dans certains cas, le méme médicament peut causer une hépatotoxicité
idiosyncratique chez les humains tout en produisant des lésions hépatiques dans des modeles
animaux a des doses trés élevées (Amacher, 1998; Eaton, 1996); (2) les réactions
idiosyncratiques sont des réponses biologiques (Uetrecht, 1999); et (3) les réactions
idiosyncratiques (de 1'avis des toxicologues) ne signifient pas nécessairement une implication de
réactions immunoallergiques. Cependant avec certains médicaments on peut observer une toxicité
classique limitée et réversible (augmentation de transaminases,...) chez un grand nombre de
patients et une toxicité idiosyncratique associée a une réaction immune dans de tres rares cas (par
exemple avec I’halotane). En conséquence, les réactions idiosyncratiques peuvent eétre
considérées comme des réponses toxiques déterminées par des facteurs individuels de sensibilité
qui augmentent la pénétrance (proportion de personnes touchées) et I’expressivité (consistance ou
gravité de la pathologie) de la toxicité intrinseque d'un médicament ou de ses métabolites

(Boelsterli, 2003c¢).

Dans le tableau suivant une liste de médicaments a effet idiosyncratiques :
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Médicament Utilisation thérapeutique
Diclofénac Antiinflammatoire
Trovafloxacine Antibiotique
Chlorpromazine Antipsychotique
Troglitazone Antidiabétique
Ximélagatran anticoagulant

Tacrine Anesthésiant

Isoniazide Antibiotique
Flucloxacilline Antibiotique

Bosentan Traitement de 1’hypertension artérielle
Amoxicilline/clavulanate Antibiotique

Tableau 2: Quelques médicaments responsables d’une hépatotoxicité de type idiosyncratique.

L’hépatotoxicité idiosyncratique n’est le plus souvent pas liée a l'action pharmacologique d'un
médicament. Par exemple, la trovafloxacine a causé une hépatotoxicité grave chez des patients,
alors que la 1évofloxacine, un antibiotique de la méme classe des fluoroquinolones, n’a aucun
effet toxique. D'autre part, les médicaments anti-inflammatoires non stéroidiens (AINS) qui sont
des inhibiteurs non spécifiques de cyclooxygénases 1 et 2 (par exemple, le diclofénac, le
sulindac) semblent tous avoir la capacité de causer des lésions hépatiques, de sorte que le
potentiel de causer une hépatotoxicité idiosyncratique semble s’appliquer a 1'ensemble de cette

classe de médicaments.

La liste des médicaments qui causent une hépatotoxicité idiosyncratique est longue et continue de
croitre en partie parce qu’il n’existe pas de tests précliniques efficaces pour identifier des
médicaments candidats ayant le potentiel de provoquer une telle hépatotoxicité (Kaplowitz,
2005). Bien que plusieurs hypotheses aient émergé au fil des ans pour les expliquer, de telles
réactions restent mal comprises. Différents facteurs peuvent étre impliqués dans les réactions

médicamenteuses idiosyncratiques. Certains de ces facteurs sont énumérés dans le

Tableau 3.
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Age

Sexe

Métabolisme

Réaction Immunologique

Absorption/distribution

Maladie coexistante

Inflammation

Co-exposition a deux ou plusieurs xénobiotiques

Statut nutritionnel

Dose quotidienne

Tableau 3: Quelques déterminants de la sensibilité individuelle aux agents hépatotoxiques.
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III. Inflammation et toxicité hépatique des médicaments
III.1. Le systeme immunitaire : structure et fonction

Le systeme immunitaire est le systeme de défense contre les organismes étrangers attaquant le
corps humain en discriminant les cellules du soi et les cellules du non soi via la reconnaissance
par le systtme HLA du corps étranger ou de molécules spécifiques a la surface des intrus. Ce
systeme est composé de différents acteurs cellulaires (Figure 8) dont les missions dépendent du
type de défense (immunité innée ou adaptative). Ces cellules dérivent toutes de la moelle osseuse
mais leur lieu de maturation dépend de leur type : par exemple les lymphocytes B se différencient
dans la moelle osseuse tandis que les lymphocytes T apres formation dans la moelle se
différencient dans le thymus. En fait, les progéniteurs lymphoides sont a 1’origine des
lymphocytes et des cellules NK tandis que les progéniteurs myéloides sont les précurseurs des
macrophages, des granulocytes, des cellules dendritiques et des mastocytes (Charles A Janeway,

2001).

- Les lymphocytes B : ils sont synthétisés dans la moelle osseuse puis migrent vers le thymus
pour se différencier en plasmocytes qui possedent des vésicules de Golgi capables de sécréter des

anticorps spécifiques afin de neutraliser les antigenes.

- Les lymphocytes T : ce sont les cellules responsables de la reconnaissance spécifique des
antigenes. Il existe deux types : les CD4+ et les CD8+. Les CD4+ appelés aussi les Th ou « T
helper » puisqu’ils activent les autres lymphocytes via la sécrétion des cytokines. Les CD8+ sont
des lymphocytes a activité cytolytique ; ils peuvent détruire des cellules infectées par un virus ou
par d’autres agents pathogenes, cette lyse cellulaire se fait via la sécrétion des perforines créant

un pore au niveau de la cellule cible et les granzymes aboutissant a la mort cellulaire.

-Les macrophages: ils dérivent des monocytes, et leur role principal est un role de phagocytose.
Ces cellules se trouvent dans plusieurs organes sous différents noms. Par exemple, dans le foie

ces cellules sont les cellules de Kiipffer.

- les cellules dendritiques : leur nom provient de leur structure composée des dendrites
nécessaires a leur fonction principale qui est la présentation des antigénes aux autres cellules du
systeme immunitaire ; on les appelle les chefs d’orchestre de ce systeme. Elles ont deux rdles

principaux : le déclenchement de la réponse immunitaire adaptative via ’activation des
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lymphocytes B et des lymphocytes T et le maintien de la tolérance du syst¢tme immunitaire au

SOi.

Il faut noter que lors d’une maladie une interconnection existe entre les différents types
cellulaires du systéme immunitaire mais finalement 1’activation de ces cellules est dépendant du
type d’infection, que celle-ci soit virale, bactérienne ou secondaire suite a 1’exposition a un

xénobiotique comme les médicaments.
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Figure 8: Hématopoiese du systeme immunitaire (Goldsby R.A., 2000). Les fleches désignent la formation de différentes
cellules immunitaires a partir des progéniteurs ainsi que leur maturation. Une cellule souche hématopoiétique donne
naissance a un progéniteur lymphoide ou myéloide selon la cytokine sécrétée dans I’environnement entourant ces cellules.

Ces progéniteurs donnent a leur tour les différentes cellules du systtme immunitaire (lymphocytes, basophiles...) en

fonction des cytokines sécrétées dans le milieu péricellulaire.
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IIL.2. Impact de inflammation sur le mécanisme de

toxicité des médicaments

Dans ce contexte, de nombreux médicaments peuvent causer des lésions hépatiques via des
réactions qui peuvent €tre prévisibles (doses dépendantes ou intrinseques) ou non prévisibles non
dose dépendantes (idiosyncratiques). Les médicaments sont une cause importante des différentes
maladies du foie (les virus en sont sans doute la cause principale) et ils sont classés selon leur
utilisation clinique (effets) et leur mode de toxicité. Dans ce contexte, 1’inflammation peut jouer

un role aggravant de la toxicité induite par ces molécules.

IIL.2.1. Le stress inflammatoire est un déterminant de la
sensibilité des hépatotoxiques intrinseques
Il est bien connu que la sensibilité des individus aux effets toxiques des médicaments et autres

produits chimiques varient beaucoup. Par exemple, de grandes variations dans la susceptibilité a
I’hépatotoxicité de I'APAP existent chez les humains et les animaux. Certaines personnes qui
consomment I’APAP a des doses quotidiennes (4 g/jour) dans la fourchette thérapeutique,
peuvent répondre par une augmentation des marqueurs de 1ésions hépatiques (transaminases),

alors que la plupart des gens sont beaucoup moins sensibles (Watkins et al., 20006).

Un facteur déterminant dans la sensibilité semble étre le stress inflammatoire. La réponse
inflammatoire commence souvent par l'exposition a des micro-organismes ou leurs produits.
Parmi ceux-ci, le lipopolysaccharide (LPS) de bactéries Gram négatif a regu le plus d'attention.
Les produits microbiens activent une variété de cellules en se liant a des récepteurs de type Toll ;
ceci entraine une activation de voies de signalisation intracellulaires aboutissant a la production et
/ ou la libération de nombreux médiateurs de l'inflammation. Ces médiateurs comprennent
plusieurs facteurs de transcription, des lipides bioactifs, tels que les prostanoides et leucotrienes,
diverses cytokines et des enzymes, et des especes réactives de I'oxygene et de 1'azote (Figure 9).
Grace a l'action de ces facteurs, d'autres cellules sont activées et 'homéostasie tissulaire est
altérée. La réaction se termine habituellement par 1'élimination des microbes pathogenes a partir
de tissus et est donc généralement bénéfique. Toutefois, si elle est trop prononcée, elle peut léser
les organes de 1'hote. En effet, I'inflammation peut étre considérée comme un facteur limitant qui

doit étre étroitement controlé pour éviter des dommages aux tissus.
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Figure 9: Réponse inflammatoire suite 2 une exposition au LPS (Roth and Ganey, 2010). Une atteinte par un agent
inflammatoire peut activer les cellules du systéme immunitaire qui a leur tour peuvent déclencher un stress inflammatoire

altérant I’homéostasie cellulaire. Le symbole « + » désigne une induction.

Il est facile de comprendre que I’homéostasie tissulaire modifiée par un stress inflammatoire
pourrait €tre sensible a une contrainte secondaire imposée par une exposition a un xénobiotique.
Par exemple, une comparaison entre les facteurs et les événements impliqués a la fois dans la
progression de I’hépatotoxicité de ' APAP (Figure 7) et dans la réponse inflammatoire (Figure 9)
révele des points communs et par conséquent le potentiel d'interaction qui pourrait modifier la
lésion. En effet, une interaction peut exister entre la consommation de I’APAP et les virus des
hépatites (c’est-a-dire les agents inflammatoires qui ciblent le foie) et augmenter le risque de
1ésions hépatiques graves (Yaghi et al., 2006) (Moling et al., 2006) (Kc, 2007) (Nguyen et al.,
2008). De méme, il a été rapporté récemment que l'infection de souris avec un virus a induit une
inflammation hépatique et rendu hépatotoxiques des doses non toxiques d’APAP (Maddox et al.,

2010).

Un autre facteur de susceptibilité dans l'insuffisance hépatique induite par I’APAP chez ['homme

est la consommation d'alcool. La capacité de 1'alcool a réduire le taux de glutathion mitochondrial
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et a accroitre la bioactivation de ’APAP est largement admise pour expliquer [I’interaction
APAP-alcool dans les mécanismes de 1’hépatotoxicité de ce médicament (Slattery et al., 1996)
(Tanaka et al., 2000) (Zhao and Slattery, 2002); Cependant, 1'éthanol augmente également
l'exposition systémique au LPS, sans doute en augmentant la perméabilité intestinale a cet agent
inflammatoire (Bode and Bode, 2003) (Bode and Bode, 2005) (Purohit et al., 2008). Il est a noter
que les souris traitées avec une dose de LPS peu inflammatoire sont devenues plus sensibles a
une lésion hépatique induite par 'APAP; I’exposition simultanée au LPS et a ’APAP rend des
doses normalement non toxiques de I’APAP trés toxiques (Maddox et al., 2010). Ainsi, la
capacité de 1'éthanol a faciliter la translocation intestinale du LPS dans le foie est susceptible de

jouer un role dans 1’hépatotoxicité de I’APAP.

Les études ont révélé que le LPS interagit avec de nombreux agents intrinsequement
hépatotoxiques. Ceux-ci comprennent le tétrachlorure de carbone, la monocrotaline, la cocaine,
lI'aflatoxine B1, et d'autres (Ganey et al., 2004). Les résultats soutiennent l'idée que le stress

inflammatoire peut sensibiliser le foie a une variété d’hépatotoxiques intrinséques.

II1.2.2. Hépatotoxicité idiosyncratique et stress inflammatoire
Comme suggéré plus haut, I'inflammation peut étre considérée comme un facteur qui peut

interagir avec des médicaments ou d'autres agents pour produire des Ilésions du foie.
L’inflammation est associée a de nombreuses maladies, y compris l'arthrite, I'hépatite virale, les
infections bactériennes, les maladies parodontales, l'asthme, et bien d'autres. En outre,
l'augmentation de la translocation de LPS et d'autres agents inflammatoires de l'intestin dans la
circulation peut €tre associ€ée a la consommation d'alcool, au régime alimentaire et a d'autres
facteurs (Ganey et al., 2004). L’interaction d'un médicament avec un facteur inflammatoire
pourrait expliquer l'apparition imprévisible des réactions idiosyncratiques indésirables d’origine

médicamenteuse (IADRs) et le manque apparent de relation a la dose.

Cette hypothese d’interaction médicament-inflammation a été présentée comme un stress
inflammatoire qui améliore la toxicité d'un médicament. Cependant, il est tout aussi plausible
qu'un médicament puisse améliorer la sensibilit¢ du foie a un agent inflammatoire
potentiellement hépatotoxique comme le LPS. Cela pourrait se produire, par exemple, si le
médicament a amélioré la sensibilité a une Iésion des hépatocytes a la suite de l'exposition au

LPS. Alternativement ou en plus, le médicament pourrait faciliter l'exposition a un agent
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inflammatoire lorsque les concentrations hépatotoxiques sont atteintes. Un médicament peut
accroitre l'exposition au LPS, par exemple, en l1ésant l'intestin permettant ainsi une meilleure
translocation de LPS dans la circulation, ce qui augmente 1'exposition au LPS dans la gamme de

doses hépatotoxiques.

Par exemple, l'utilisation de la trovafloxacine a été limitée parce qu'elle a été associée a une
hépatotoxicité idiosyncratique sévere chez des patients. Le co-traitement des rats ou les souris
avec des doses non toxiques de trovafloxacine et de LPS a entrainé une hépatotoxicité se
développant rapidement (Waring et al., 2006) (Shaw et al., 2007). En revanche, la 1évofloxacine,
qui n’a pas des effets hépatotoxiques comme la trovafloxacine (De Sarro and De Sarro, 2001), n'a
pas causé méme en synergie avec le LPS un dommage au foie chez les animaux. De méme, la
chlorpromazine et la ranitidine ont été associées a de nombreux cas d'hépatotoxicité chez les
humains, et ces deux médicaments associés a des doses non toxiques de LPS, entrainent des

lésions hépatiques (Buchweitz et al., 2002) (Luyendyk et al., 2003) (Deng et al., 2009).

Comme indiqué plus haut, le diclofénac et le sulindac sont des exemples d'AINS qui causent une
hépatotoxicité idiosyncratique (Lewis et al., 2002) (Boelsterli, 2003a) (O'Connor et al., 2003).
Chez le rat, le LPS convertit une dose non toxique de diclofénac en une dose toxique (Deng et al.,
2006). Récemment, il a été montré que le sulindac agit de maniere similaire avec le LPS (Zou et
al., 2009). Ces résultats sont d'un intérét particulier car les inhibiteurs de cyclooxygénase causent
des 1ésions intestinales chez les humains et les rongeurs (Seitz and Boelsterli, 1998) (Atchison et
al., 2000) (O'Connor et al., 2003), pouvant augmenter I’entrée de LPS ou de bactéries intestinales
dans la circulation. En effet, de fortes doses de diclofénac sont hépatotoxiques par elles-mémes
chez les rongeurs, et la 1ésion hépatique est associée a une accumulation de bactéries dans le
foie ; celles-ci peuvent étre éliminées par une stérilisation pharmacologique du tractus intestinal
(Deng et al., 2006). Ceci suggere que le LPS ou la translocation des bactéries contribuent a
I’hépatotoxicité de diclofénac. En revanche, l'interaction entre le LPS et une dose plus faible,
non-toxique du diclofénac n'a pas été diminuée par stérilisation intestinale; ce qui suggere que le
médicament ne peut pas agir uniquement par exposition a des doses croissantes de LPS et qu'il
peut également accroitre la sensibilité au stress inflammatoire hépatocellulaire induite par le LPS

(Deng et al., 2006).
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Du point de vue histopathologique, les 1€sions chez les animaux co-traités avec LPS/médicament
(tous les médicaments IADR associés mentionnés ci-dessus) aboutissent a une nécrose
hépatocellulaire principalement dans la zone médiane intralobulaire accompagnée d’une
infiltration des neutrophiles. Les facteurs qui déclenchent ces 1ésions sont inconnus. Toutefois,
les cytokines, les neutrophiles, et un systtme hémostatique activé semblent étre généralement
impliqués dans la progression de la 1ésion. Ceci pourrait suggérer que les médicaments agissent
en augmentant la sensibilité du foie au LPS, parce que l'aspect des 1€sions et les facteurs de
progression connus sont semblables a ceux qui caractérisent une lésion hépatique apres
exposition a de fortes doses de LPS hépatotoxiques. Toutefois, certaines différences qualitatives
en réponse au médicament/LPS ou LPS seul existent selon les modeles expérimentaux. Il est
intéressant de noter qu’au moins certains des facteurs impliqués dans les interactions
médicaments idiosyncratiques/LPS sont les mémes que celles qui participent aux interactions

médicaments intrinseques /LPS (Ganey et al., 2004).

Pour la chlorpromazine et la ranitidine, plus de la moitié des études publiées mentionnent des
signes précoces chez les patients, tels que fievre, vomissements, diarrhée, etc., qui sont

compatibles avec les marqueurs inflammatoires de prédisposition.

Les bactéries tuées par des antibiotiques peuvent libérer des composants cellulaires
inflammatoires tels que le LPS. Les patients traités avec des AINS ont généralement des
conditions inflammatoires telles que l'arthrite. Des polymorphismes conduisant a une altération
de la production des protéines anti-inflammatoires telles que I’interleukine 10 et I’interleukine 4,
ont été rapportés chez des patients ayant montré une réaction hépatotoxique au diclofénac (Aithal

et al., 2004).

III.3. Réaction immunitaire et 1ésions hépatiques

Des inflammations récurrentes au niveau du foie peuvent étre la cause de I’aggravation de la

toxicité hépatique ou bien le résultat de cette toxicité.

Dans le premier cas, que ce soit la maladie, surtout 1’atteinte par une bactérie (par exemple le
pneumocoque responsable de 30% des cas de pneumonie) ou un virus (par exemple le virus
responsable de I’hépatite B) le systéme immunitaire va réagir pour ¢liminer I’agent pathogeéne via

I’activation de différentes types des cellules immunitaires (LB, LT, macrophages, cellules
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dendritiques, cellules NK...). Cette activation est [’une des causes de sécrétion des cytokines pro-
inflammatoires (TNF-a, IL-6, IL-1p...) qui sont des inhibiteurs du métabolisme hépatique des
xénobiotiques (Abdel-Razzak et al., 1993) et des modulateurs d’autres éléments intervenant dans
I’ADME (absorption, distribution, métabolisme et excrétion), et donc des co-facteurs aggravant
la toxicité des médicaments dans le foie. C’est le cas par exemple de la co-administration du LPS
et de I’isoniazide a des rats, qui a été associée a une augmentation des marqueurs de toxicité
hépatique aux niveaux sérique et histopathologique ainsi qu’une diminution du taux de FXR
associée a une diminution de BSEP et MRP2 en parallele a une augmentation du taux de TNF-a

(Suetal., 2014).

Dans le deuxiéme cas, le traitement d’un patient par un médicament peut étre lui-méme un
activateur de ce systetme; par exemple, la formation d’un adduit aux protéines par un
médicament ou bien la 1ésion hépatocytaire causée par une molécule stimulant I’immunité contre
le soi causant des dégits au niveau du foie. Le diclofénac est un bon exemple de médicaments

formant des adduits aux protéines apres biotransformation (Hargus et al., 1994).

Dans les deux cas, I'inflammation peut étre donc I'une des causes interagissant avec les
mécanismes de toxicité des médicaments dans le foie. Ces interactions peuvent Etre
accompagnées des différents types de maladies hépatiques comme : la cholestase, la stéatose et la

mort cellulaire que ce soit de I’apoptose ou de la nécrose.

II1.3.1. Inflammation et cholestase
La cholestase ou la cholestase associée au sepsis induite par ’inflammation , est I'un des

probleémes majeurs chez les patients présentant une infection extra-hépatique. En réponse a la
sécrétion des endotoxines microbiennes, une inhibition de I’expression des genes codant des
transporteurs des acides biliaires est observée. Cette inhibition est I'une des causes les plus
importantes de diminution de flux des acides biliaires impliquant une cholestase sévere (Kosters

and Karpen, 2010).

I11.3.1.1. Le role de I’'inflammation dans la cholestase
Des dérégulations au niveau moléculaire sont observées dans les cellules impliquées dans le flux

biliaire en réponse a une lésion et a des facteurs de stress. La formation de bile est rapidement
réduite lors d’une infection et d’une inflammation (Moshage, 1997) (Baumann and Gauldie,

1994).
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La cholestase induite par une inflammation est souvent causée par le lipopolysaccharide (LPS) ou
I'endotoxine libérée par des bactéries Gram-négatives, bien que les infections microbiennes
Gram-positives et d'autres peuvent également éEtre impliquées. Le LPS circulant est
principalement éliminé par le foie. Les cellules résidentes mononucléaires (principalement des
cellules de Kiipffer) produisent des niveaux élevés de substances pro-inflammatoires (cytokines).
Ces cytokines produites localement activent les récepteurs membranaires des hépatocytes et des
cholangiocytes qui transduisent des signaux intracellulaires conduisant a une altération de
I'expression et de la fonction des transporteurs (Mulder et al., 2009) (Geier et al., 2006) (Trauner
et al., 1999a). Dans les hépatocytes, la régulation négative de systemes de transport hépatique
impliqués dans l'absorption et l'excrétion des acides biliaires ainsi que la régulation négative de la
phase I et de phase II de détoxification entrainent une réduction de la production de bile, et
'accumulation d’acides biliaires et de toxines dans le foie et le sérum (Wagner et al., 2009)

(Trauner et al., 2005).

Les cytokines pro-inflammatoires induites par le LPS sont impliquées dans la phase hépatique
aigu€ comme le facteur de nécrose tumorale alpha (TNF-a), l'interleukine-1 béta (IL-1P) et
l'interleukine-6 (IL-6) (Gabay and Kushner, 1999) (Baumann and Gauldie, 1994). Celles-ci et
d'autres produits sécrétés sont libérés suite a I’activation des cellules de Kiipffer, des cellules
endothéliales sinusoidales ainsi que les hépatocytes et les cholangiocytes suite a I’exposition au
LPS. Le sepsis induit également la libération d'autres petites molécules telles que 1'oxyde nitrique
(NO), dont la production est causée par l'augmentation de l'activité des oxydes nitriques
synthases eNOS et iNOS dans les cellules de Kiipffer et les cellules endothéliales. NO a un
double effet sur le foie: de faibles niveaux sont hépatoprotecteurs (ils vasodilatent, maintiennent
le débit cardiaque, empéchent 1'apoptose, et stimulent la circulation de la bile), alors que des
niveaux élevés sont préjudiciables (ils réagissent avec le superoxyde pour produire des radicaux
libres et promouvoir des lésions, une hypotension sévere, un collapsus vasculaire et une
cholestase). Les prostaglandines sont également induites par LPS dans les cellules de Kiipffer;

elles ont un rdle de protection par la régulation négative des cytokines pro-inflammatoires.

Bien que les cellules de Kiipffer jouent un réle majeur dans la réaction inflammatoire hépatique
au LPS (Nakamura et al., 1999) (Sturm et al., 2005), d'autres types de cellules contribuent a cet
effet. Les hépatocytes peuvent produire des cytokines (Luster et al., 1994; Ohlinger et al., 1993)
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et répondent a la production de protéines de phase aigu€. Les cholangiocytes produisent la
cytokine IL-8 et les chimiokines MCP1 (Fava et al., 2005; Morland et al., 1997) et le LPS induit
la sécrétion de TNF-a et de I’IL-12 (Fava et al., 2005) (Harada et al., 2003) (Chen et al., 2008).
Dans l'ensemble, les réponses des cellules mononucléaires résidentes au LPS et d'autres produits
microbiens, ainsi que la capacité de la cellule cible a reconnaitre ces produits et les protéines
sécrétées, déterminent le degré de modification de la fonction des transporteurs et, finalement, le

degré et la durée de la cholestase.

II1.3.1.2. La signalisation intracellulaire
Les effets du LPS sur l'expression des genes hépatiques sont médiés par plusieurs voies de

signalisation intracellulaire. Dans le sang le LPS est 1ié a la protéine de liaison du LPS, qui forme
un complexe avec CD14 et MD2 pour se lier au Toll-Like Receptor 4 (TLR4), exprimé sur
plusieurs types de cellules dans le foie (Seki and Brenner, 2008). De nombreuses voies
intracellulaires en aval sont activées, y compris les voies MAPK kinase et NFkB, pour réguler

l'expression des genes des transporteurs, leur activité et leur localisation.

Le principal effet du LPS sur les cellules de Kiipffer est d'activer la production de cytokines, par
l'intermédiaire de I'activation de NF«xB et d’AP-1 dans le noyau des cellules de Kiipffer. Apres

leur libération, TNF-o, IL-1f, IL-6 se lient a leurs récepteurs respectifs sur les hépatocytes.

Dans les hépatocytes, les signaux inflammatoires (LPS directement ou indirectement par
I'intermédiaire des cytokines effectrices) réduisent les niveaux d'expression de genes et de
protéines de transporteurs hépatocellulaires. Des études chez les rongeurs ont montré que le LPS
et plusieurs cytokines réduisent 1'expression des transporteurs principaux d'acides biliaires Ntcp
(Slc10al) et Bsep (ABCBI11), situés sur les membranes basolatérale et canaliculaire
respectivement (Geier et al., 2005; Ghose et al., 2004) (Green et al., 1996). La réduction de la
fonction et de la liaison des récepteurs nucléaires qui régulent ces genes semble jouer un rdle
majeur dans cette réduction de l'expression génique (Mulder et al., 2009; Zollner et al., 2006).
Cela est particulierement vrai pour la classe II des récepteurs nucléaires (qui hétérodimérisent
avec RXRa) ainsi que pour HNF1 et HNF4a. La plupart des autres transporteurs impliqués dans
la formation de la bile, comme mentionné ci-dessus, sont réduits dans des conditions

inflammatoires, et sont régis par ces facteurs de transcription. Des différences spécifiques dans la
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régulation de ces transporteurs existent et la plupart des données sont tirées des études sur Ntcp,

Bsep et Mrp2 (ABCC2) chez les rongeurs.

Chez ces derniers, le traitement par LPS conduit a une réduction importante a la fois de ' ARNm
et de la protéine de Ntcp (Ghose et al., 2004) (Geier et al., 2003; Green et al., 1996; Kim et al.,
2000; Kosters et al., 2009; Trauner et al., 1998b), résultant d’une diminution de la liaison des
facteurs de transcription nucléaire HNF1 et RXR :RAR sur le promoteur du géne Ntcp et HNF1
du rat (Denson et al., 2000; Karpen et al., 1996; Trauner et al., 1998a) mais pas RXR: RAR sur ce
promoteur chez la souris (Geier et al., 2005). Il existe des sites de liaison potentielle de
FXR/RXR sur le promoteur du gene Ntcp chez les souris (Thomas et al., 2010). La régulation de
Ntcp par HNF1 est influencée par HNF4a, qui est en amont de HNF1 (Miura and Tanaka, 1993)
et des signaux inflammatoires réduisent les taux de la protéine HNF4a dans le foie de rat (Wang
et al., 2001) et les cellules HepG2 (Li et al., 2006), mais pas dans le foie de souris (Kosters et al.,
2009), par l'intermédiaire d'un mécanisme-dépendant de JNK (Li et al., 2006).

Des injections intra-péritonéales des cytokines TNF-a, IL-1B ou 1'L-6 donnent des effets
similaires sur I’expression de Ntcp (Geier et al., 2005; Green et al., 1996; Kosters et al., 2009;
Siewert et al., 2004), alors que des études avec des anticorps contre IL-1p ont suggéré que 1'IL-1
peut étre un régulateur majeur in vivo de l'expression de Ntcp au cours de I’inflammation (Geier
et al., 2003). De méme, un traitement in vitro avec le TNF-a et 1'lL-1B diminue l'activité¢ du
promoteur de Ntcp dans les cellules HepG2 (Denson et al., 2000). Outre Ntcp, une réduction de
l'expression de HNF1, PXR et CAR pendant I'inflammation (Wang et al., 2001) (Li and Klaassen,
2004) inhibe un deuxieme groupe de transporteurs basolatéraux impliqués dans l'absorption des
acides biliaires, les transporteurs d'anions organiques Oatpl, 2 et 4 (Oatplal, la4, 1b2)
(Cherrington et al., 2004; Geier et al., 2003; Li and Klaassen, 2004). L’expression réduite de
NTCP humaine et OATP2 (OATPIBI1) a également été observée dans les biopsies de foies de
patients atteints de cholestase induite par I’inflammation (Zollner et al., 2001) mais le mécanisme

exact de la régulation transcriptionnelle de NTCP n'a pas encore été identifié.

En plus des effets sinusoidaux de I'inflammation (faible expression et fonction des genes Ntcp et
Oatp), des inhibitions sont également observées dans l'expression de Bsep et Mrp2, deux
transporteurs canaliculaires principaux responsables de flux d’acides biliaires (Geier et al., 2005;

Trauner, 1997; Trauner et al., 1998a). Les réductions rapides et importantes de 1'expression de ces
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genes de transporteurs aboutissent a une cholestase. Une régulation post-traductionnelle existe
également (Kubitz et al., 1999), mais l'effet durable majeur semble étre la réduction de la
transcription de ces facteurs déterminants de la sécrétion de la bile. La réduction coordonnée de
I'expression de ces transporteurs semble étre liée a des quantités nucléaires réduites de facteurs de
transcription, dont la plupart sont des membres de la superfamille des récepteurs nucléaires:
HNF40, FXR, RAR, PXR, RCA, et RXRa (Zollner et al., 2006) (Denson et al., 2000)
(Ananthanarayanan et al., 2001) (Gerloff et al., 2002; Karpen, 2002; Kast et al., 2002; Plass et al.,
2002). Les cascades de signalisation inflammatoires ciblent ces facteurs de transcription, soit par
des modifications covalentes (par exemple de phosphorylation), soit par addition de nouveaux
facteurs dans le complexe de transcription (par exemple, phospho-c-jun, IRF3) (Ghose et al.,

2004; Kosters et al., 2009) (Beigneux et al., 2000; Hisaeda et al., 2004; Zimmerman et al., 2006).

Parmi les multiples voies intracellulaires de signalisation activées par le LPS et I’IL-18, dans les
hépatocytes c’est la voie JNK médiée par la phosphorylation (soit JNK1 ou JNK2) qui est
responsable de la médiation des modifications post-traductionnelles de RXRa qui conduit a la
réduction de RXRa nucléaire. Puisque RXRa est un partenaire d’hétérodimérisation nécessaire
pour FXR, RAR, PXR, CAR et d'autres récepteurs nucléaires, sa fonction réduite explique la
suppression rapide et coordonnée de 1'expression du gene du transporteur hépatique (c’est le cas
de BSEP, NTCP et MRP2) au cours de la cholestase induite par le LPS (Ghose et al., 2004;
Kosters et al., 2009; Li et al., 2002; Zimmerman et al., 2006).

En plus de réduire les niveaux de protéines RXRa et leur liaison, LPS, TNFa ou IL-1f diminue
de fagon significative les niveaux d’ARNm de partenaires de RXRa (FXR, CAR, PXR) et peut
également conduire a leur modification post-traductionnelle (Beigneux et al., 2002; Fang et al.,
2004; Frankenberg et al., 2008; Kim et al., 2003; Teng and Piquette-Miller, 2005). Comme pour
Ntcp, IL-1B semble étre le principal régulateur de l'expression de Mrp2 au cours de
I'inflammation médiée par LPS car le prétraitement par un anticorps anti-IL-1B conduit a la

préservation de I’expression de Mrp2 (Geier et al., 2003).

Au cours de I’accumulation intracellulaire des acides biliaires-d’autres transporteurs basolatéraux
ou sinusoidaux, tels que MRP3, MRP4 et Osta / 3, sont mobilisés pour exporter 1'excédent
accumulé des acides biliaires (Wagner et al., 2010) (Zollner et al., 2006). Mais les changements

induits par l'inflammation peuvent freiner cette augmentation , ce qui pourrait atténuer la réponse
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adaptative et conduire a l'aggravation de la rétention des acides biliaires. Par contre, chez
certaines especes comme le rat, I’expression de MRP3 est induite aprés traitement par LPS
(Donner et al., 2004) et dans les cellules HepG2 et Huh7 apres le traitement par de cytokine (Lee
and Piquette-Miller, 2003). Une étude récente chez le rat suggere que 1'expression de MRP4 n’est
pas modifiée par le traitement LPS (Brcakova et al., 2009), tandis que les données pour Osta / 3
sont limitées dans l'inflammation. Tous ces transporteurs participent a l'exportation sinusoidale
des acides biliaires, et si leur expression est altérée par l'inflammation, ils pourraient ne plus étre
en mesure de répondre adéquatement a la charge d’acides biliaires, ce qui peut donc aggraver

’atteinte hépatique liée aux acides biliaires accumulés.

Des découvertes récentes montrent que NFkB interagit avec les récepteurs nucléaires, en
particulier FXR et PXR, ce qui ajoute une complexité a la régulation des transporteurs dans des
conditions inflammatoires (Wang et al., 2008; Zhou et al., 2006). Les résultats de ces études
suggerent une interaction réciproque entre FXR et NFkB lorsqu'ils sont activés par une
inflammation ou un ligand, respectivement: l'activation de NFkB par LPS antagonise l'activité de
FXR et suggere un role anti-inflammatoire pour FXR, ou l'activation de FXR inhibe NFkB. En
effet, l'expression des cytokines induite par le LPS est nettement accrue chez les souris

n’exprimant pas FXR.

Les réponses inflammatoires cholestatiques du foie ne sont pas limitées a des hépatocytes, mais
des réactions inflammatoires des voies biliaires se produisent également. IL-1B induit la
dégradation par le protéasome d’Asbt dans les cholangiocytes (Xia et al., 2004) via sa

phosphorylation par JNK.

Figure 10: Médiateurs inflammatoires
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I11.3.1.3. Chlorpromazine : un exemple de la relation entre
inflammation et cholestase

La chlorpromazine (CPZ) est le premier médicament psychotique typique. Malgré son réel
bénéfice, il est aussi connu par ses effets hépatotoxiques dont la cholestase (Hollister, 1957)
(Regal et al., 1987), la nécrose hépatocellulaire et la phospholipidose, chez certains patients
(Velayudham and Farrell, 2003). Divers troubles hépatiques induits par CPZ ont également été
décrits expérimentalement in vivo et in vitro, mais ils ont été principalement limités a des lésions
hépatiques associées a la mort cellulaire, généralement amplifiées par un prétraitement avec des
agents inflammatoires (Buchweitz et al., 2002; Gandhi et al., 2010; MacAllister et al., 2013).
Aucune preuve d’une relation entre concentration de CPZ et altérations de canalicules biliaires
n’a été apportée chez les rats traités avec LPS et CPZ (Buchweitz et al., 2002). Cependant, une
étude récente sur les cellules HepaRG a montré que le co-traitement de ce modele avec CPZ et
des cytokines pro-inflammatoires (IL-6 et IL-1B) est associé¢ a plus de toxicité, incluant des
altérations des canalicules biliaires, par comparaison avec les cellules traitées par CPZ seule ou
les cytokines seules, surtout apres 5 jours de traitement. Outre la synergie prouvée entre la CPZ et
les cytokines pro-inflammatoires dans 1’aggravation de la toxicité dans les cellules HepaRG, cette
étude a montré que I’inflammation peut augmenter I’effet cholestatique de la CPZ dans les
hépatocytes via I’inhibition au moins au niveau de 1’expression génique du NTCP et de BSEP
impliquant donc une accumulation possible des acides biliaires et donc une augmentation de la
toxicité. Une inhibition de I’activit¢ de NTCP a ¢été observée apres 5 additions de CPZ, cette
activité diminue de plus en plus apres co-traitement avec les cytokines (Bachour-El Azzi et al.,

2014). Toutefois une aggravation de la déformation des canalicules biliaires n’a pas €té rapportée.

I11.3.2. Inflammation et stéatose
Différentes études ont montré une relation entre 1’inflammation et la stéatose hépatique. Un

traitement des souris avec du TNF-a augmente le poids de leur foie, le niveau sérique des acides
gras et le niveau des acides gras synthases ainsi que de I’élément régulateur de liaison du stérol a
la protéine C. L’injection intrapéritonéale de LPS dans le but d’induire I’expression du TNF-a
accélere I’accumulation des lipides dans le foie. Cet effet a été diminué apres un prétraitement
avec un anticorps anti-TNF-a qui réduit dans ce cas I’expression de 1’élément régulateur de

liaison du stérol a la protéine C (Endo et al., 2007). De méme, la NAFLD (Non-alcoholic fatty



56

liver disease) ou la stéatose hépatique non alcoolique peuvent étre améliorées lors de
I’inflammation grace a I’accumulation des cellules immunitaires comme les macrophages et les
cellules NK T, ceci a été montré chez I’homme et confirmé chez les souris chez qui I’injection
intrapéritonéale d’un anticorps anti-CXCL16 inhibe ’accumulation intrahépatique des cellules
NK T, diminue I’infiltration hépatique des macrophages et diminue par conséquence le taux de
TNF-a et du MCP-1 et donc I’accumulation des acides gras. En plus, chez les souris ayant une
Iésion hépatique une augmentation de I’expression de CXCL-16 a été observée (Wehr et al.,
2014) montrant le réle de ces chimiokines dans les maladies hépatiques. De méme, chez les
patients ayant une stéatose hépatique associée a I’alcool une augmentation des marqueurs
hépatiques a été détectée dans les échantillons de sang; parmi ces facteurs existent des
chimiokines comme I’IL-8 et des marqueurs de I’inflammasome (IL-1p, IL-18, caspase-1, IL-6,

CCL2 et CCL18) (Voican et al., 2015).

II1.3.3. Inflammation et mort cellulaire
L’inflammation est I'un des facteurs les plus associés a la mort cellulaire qu’il s’agit de la

nécrose ou de 1’apoptose. C’est le cas par exemple de la consommation d’alcool qui entraine une
stimulation du systéeme immunitaire aboutissant a des 1ésions hépatiques (Voican et al., 2011). En
fait, une fois consommé 1’alcool est principalement métabolisé par le CYP2EI et 1’alcool
déshydrogénase pour donner 1’acétaldéhyde avec induction d’un stress oxydant inhibant
I’hepcidine , ce qui entraine une accumulation de fer et donc une augmentation des radicaux
libres stimulant la sécrétion des cytokines pro-inflammatoires (TNF-a, IL-1B, IL-6...). Le LPS
peut agir en synergie avec cette stimulation immunitaire et ainsi aggraver 1’effet inflammatoire

(Figure 11).
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Figure 11: Effet du métabolisme de I’alcool sur les cellules de Kiipffer (Voican et al., 2011) (modifiée). Les fleches
désignent une induction. La biotransformation de 1’alcool via le CYP2E1 peut aboutir a une induction de stress oxydant
aggravée en présence de LPS et donc aboutissant a une hépatotoxicité.

La sécrétion des cytokines pro-inflammatoires par les cellules de Kiipffer peut induire
directement la génération de ROS (espéces réactives de 1’oxygene) dans les hépatocytes,
aboutissent directement a des 1ésions hépatiques qui se manifestent par une nécrose et/ou une
apoptose. Les cellules de kiipffer peuvent servir d’intermédiaires qui vont activer la
différenciation des lymphocytes Th17 sécrétant a leur tour des chimiokines (CCL2 and CCL20)
qui attireront les neutrophiles. Ceux-ci induisent des ROS et sécretent des protéases provoquant
des 1ésions hépatiques. Une autre activation des neutrophiles peut €tre faite directement par les
cellules de Kiipffer via une stimulation par le TNF-a et I’'IL-1p (Figure 12). Dans ce cas, la 1ésion
hépatique a pour cause principale I’alcoolisme associé¢ a une activation du systéme immunitaire
(Voican et al., 2011).
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Figure 12: Effets de ’activation du systéme immunitaire sur les lésions hépatiques (Voican et al., 2011). L’activation des
cellules de Kiipffer aboutit a la sécrétion des cytokines inflammatoires et des chimiokines par ces cellules ce qui active
d’autres cellules du syst¢éme immunitaire (Th17, neutrophiles) et induit un stress inflammatoire conduisant a des lésions
des cellules hépatiques.

Une réponse inflammatoire peut aussi €tre le résultat et non seulement la cause de la mort

cellulaire (Rock and Kono, 2008). Cette activation differe par sa rapidité et son mécanisme selon
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que la cellule concernée est nécrotique ou apoptotique. La cellule nécrotique gonfle puis éclate en
libérant le contenu cytoplasmique telles que des cytokines pro ou anti-inflammatoires activant les
lymphocytes T au niveau du thymus et activant ainsi la réponse immunitaire adaptative; ce
mécanisme rend la réponse immunitaire plus rapide dans le cas d’une nécrose que d’une
apoptose. En effet, durant ce dernier processus la cellule n’éclate pas ; elle conserve son intégrité
membranaire et dans ce cas 1’activation de la réponse inflammatoire n’aura lieu qu’apres la
sécrétion des cytokines anti-inflammatoires comme I’'IL-10 et le TGF-f qui vont stimuler
I’activation des macrophages et donc la phagocytose de la cellule endommagée, source de ce qui

est appelé signal de danger (Figure 12).
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IV. Diclofenac, Trovafloxacine et Amiodarone

Parmi les nombreux médicaments pouvant induire des lésions hépatiques nous nous sommes
particulierement intéressés au diclofénac, a la trovafloxacine et a I’amiodarone. Leurs
caractéristiques sont décrites ci-dessous.

IV.1. Diclofenac

IV.1.1. Structure chimique
Le diclofénac (sel de sodium, M.M. = 318,1 g/mol) est un composé lipophile et faiblement acide

(Poct = 28.,4; pKa = 3,9) (Sengupta, 1985), formé de deux cycles aromatiques (Sallmann, 1985).
Il s'agit d'un dérivé de l'acide phénylacétique, avec un groupement acide carboxylique qui est le
substrat pour la production de métabolites glucuronides réactifs. Il a une épine dorsale, la
diphénylamine, dont l'amine secondaire contribue a son activité de découplage dans les

mitochondries et également a la production d’un stress oxydant (Galati et al., 2002) (Figure 13).
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Figure 13: Structure chimique du diclofenac (https:/pubchem.ncbi.nlm.nih.gov)

(modifiée).

IV.1.2. Utilisation thérapeutique
Le diclofénac est un dérivé arylacétique ; il entre dans la classe des anti-inflammatoires non

stéroidiens (AINS) et est largement diffusé dans la pharmacopée mondiale sous diverses
appellations. Au Canada, aux Etats-Unis, en Gréce et au Royaume-Uni, il est commercialisé sous
le nom de Pennsaid®, un produit développé par la compagnie canadienne Nuvo Research. Au
Canada, en France et aux Etats-Unis, il est aussi commercialisé sous le nom Voltaren® (ou
Voltarene®) par Novartis (Altman et al., 2015). Il est couramment utilisé dans le traitement de
diverses maladies en raison de ses propriétés antalgiques, antipyrétiques, anti-inflammatoires,

inhibitrices des fonctions plaquettaires (Durrigl et al., 1975).


https://pubchem.ncbi.nlm.nih.gov/
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IV.1.3. Métabolisme hépatique

Le diclofénac est largement métabolisé dans le foie humain selon deux voies principales: tout
d'abord, il subit une hydroxylation catalysée par CYP2C9, conduisant a la formation du principal
métabolite hydroxylé (réactif), le 4'-hydroxydiclofénac (Stierlin and Faigle, 1979)(Figure 14).
D'autres produits, quantitativement mineurs du métabolisme oxydatif comprennent le 5-
hydroxydiclofénac, catalysé par CYP3A4 (k,, ~ 20 fois plus élevé que celui du CYP2C9) (Shen
et al., 1999) (Tang et al., 1999a), et plusieurs autres métabolites mono-ou dihydroxylés ou
méthoxylés (Blum et al., 1996) (Bort et al., 1999a). Le 4'-OH- et le 5-OH-diclofénac sont des

protoxicants potentiels car ils peuvent eux-mémes €tre oxydés en quinone-imines.

hCYP2CS Y hUGT2B7

HO \E:_ﬂ/cl il _%#’] A u\__‘
S g
r:ulh 2 P | Figure 14: Les principales voies du
Gl __,_-"I'\-\., 0 E métabolisme du diclofénac chez I’homme.
i"’e | K ‘1«?_.--‘%..”” Elles impliquent une hydroxylation et une
M (8] ] GI - glucuronidation. Une partie importante des
) = ‘“\-r’ T i) glucuronides subit une hydroxylation de
4'-OH-Diclofenac hCYP2CH s M GLE-:;'_T-;TH_: I'anneau secondaire (métabolisme de phase
B ’ H"_"* ] II suivi par un métabolisme de phase I)
- Im" T‘ - Diclofenac acyl glucuronide (Stierlin and Faigle, 1979). Les fleches
el A désignent une réaction de phase I médiée
HH par CYP.
o | | __:_._d_-\-.\_\_._ - ._'_._-_ﬁ |":I
%L e e s

4-0H-Diclofenac acyl glucuranide

La deuxieme voie importante est la glucuronidation produisant le diclofénac 1-O-f-
acylglucuronide (Stierlin and Faigle, 1979) (Kretz-Rommel and Boelsterli, 1993). Les isoformes
impliquées dans la glucuronidation du diclofénac sont 'UGT2B7 chez I'homme et 'UGT2B1
chez le rat. Les deux isoformes présentent une faible K;, similaire et une V.« €levée (King et al.,
2001). Ainsi les acylglucuronides sont eux-mémes réactifs et sont impliqués dans la formation en

aval des iso-glucuronides électrophiles.

D’autres données (Kumar et al., 2002) ont démontré que chez I'homme I’acyl glycuronide peut
étre hydroxylé par le CYP2C8 en 4'-hydroxydiclofénac acylglucuronide (Figure 14),

majoritairement excrété par voie biliaire.
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IV.1.4. Métabolites réactifs du diclofénac

IV.1.4.1. Quinone imine et oxydes d’aré¢ne
Les deux métabolites 4'-OH et 5-OH du diclofénac ont le potentiel d'étre oxydés en une p-

benzoquinone imine. Les quinone-imines sont des électrophiles bien connus qui peuvent, en
raison de leur réactivité thiol, subir une liaison covalente avec des groupements sulfhydryle d’une
protéine ou d’une molécule non protéique (Figure 15). Ils sont également impliqués dans le cycle
rédox et dans la production d’un stress oxydant. En effet, dans les microsomes de rat, des adduits
S-glutathionyl dérivés des 4'-OH et 5-OH diclofénac ont été détectés (Miyamoto et al., 1997)
(Tang et al., 1999b). Ces produits peuvent étre encore a leur tour dégradés et N-acétylés a la fois

en 4'-OH- 3'-N-acétylcystéine (NAC) diclofénac et 5-OH-4-NAC diclofénac (Poon et al., 2001).

Dans I'urine humaine, seul le dérivé 5-OH-4-NAC a été identifié (Figure 15). Néanmoins, c'est
une preuve claire que le foie humain peut activer un des principaux métabolites oxydés du

diclofénac en un intermédiaire potentiellement thiol réactif.
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Figure 15: Meétabolisme du 5-OH-diclofénac. Il conduit a la formation d'une p-benzoquinone imine potentiellement
réactive , puis a une S-glutathionylation et une excrétion urinaire sous fome d’acide mercapturique chez 1'homme. Le
CYP3A4 peut également former un oxyde d'aréene potentiellement réactif qui, en se liant, peut inactiver 1'enzyme a des
concentrations (1000pM) excessivement élevées in vitro (Poon et al., 2001) (modifiée). Les fleches désignent les différentes
étapes aboutissant au métabolite urinaire (mercapturate)

Un tel complexe réactif protéine/métabolite peut aryler des cibles nucléophiles dans la cellule.
L'un des principaux déterminants de la sélectivité de ces cibles est la réactivité intrinseque de
l'intermédiaire. Par exemple, dans le foie de rat un métabolite réactif de diclofénac formé in vivo

se lie de maniere covalente a Cyp2c11 comme une cible essentielle (Cyp2c11 est une forme
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spécifique de Cyp du rat male, responsable de la 4'- et de 5-hydroxylation du diclofénac). La
formation de cet adduit entraine une diminution importante de l'activité de Cyp2cl1 (Shen et al.,
1997). Dans la mesure ou le métabolite réactif n'a pas pu étre piégé par GSH, il est probable qu'il
s'agit d'un intermédiaire tres réactif se liant au Cyp avant de pouvoir diffuser a distance et de
réagir avec d'autres protéines. Comme 1'addition du 4'- OH diclofénac ou du 5-OH diclofénac
n’inactive pas le Cyp2cl1 dans les microsomes (Masubuchi et al., 2001), il a été conclu qu’un
oxyde d'aréne, et non une quinone imine, est impliqué dans le mécanisme de I’inactivation de

Cyp2cll.

Une inactivation similaire du CYP3A4 (mais pas du CYP2C9) a été démontrée dans des
microsomes hépatiques humains (Masubuchi et al., 2002b). La encore, la formation d'un oxyde
d'arene, au lieu d'une p-benzoquinone imine, a été impliquée dans la liaison covalente. De telles
études sont importantes car, pour d'autres médicaments, la liaison covalente et I'inactivation de
certaines formes de CYP ont été impliquées dans l'apparition de 1'hépatotoxicité idiosyncrasique a
médiation immune. Alternativement, I'inhibition du CYP3A4, le principal CYP chez I’homme,
pourrait conduire a des interactions médicamenteuses et une toxicité. Cependant, la Ki
d’inhibition du CYP3A4 par le diclofénac est supérieure a 1 mM; par conséquent, la pertinence
clinique de cette réactivité du CYP3A4 in vivo reste discutable (les concentrations plasmatiques

thérapeutiques de diclofénac sont de I’ordre de 5-10uM) (Willis et al., 1979).

IV.1.4.2. Acyl glucuronides et iso-glucuronides
Le diclofénac 1-O-B-acyl glucuronide, comme les acyl glucuronides d'autres médicaments ayant

un groupement acide carboxylique, est potentiellement tres réactif en raison de sa liaison ester
plutdt labile. Deux mécanismes majeurs de formation d'adduits covalents avec des résidus
d'acides aminés sont possibles. Le premier mécanisme est une attaque nucléophile sur 1'atome de
carbone carboxylé par des groupes sulfhydryle, amino ou hydroxy (Faed, 1984). Le second
mécanisme implique un réarrangement chimique spontané du glucuronide par la migration de
l'aglycone le long des groupes hydroxy du cycle du sucre pour former les 2-O-f3, 3-O-f et 4 -O-f
glucuronides (= iso-acyl glucuronides) (Smith et al., 1986) (Spahn-Langguth and Benet, 1992)
(Hayball, 1995) (Sallustio et al., 2000) (Boelsterli, 2002) (Bailey and Dickinson, 2003). Il a été
déja démontré que le diclofénac se lie aux protéines hépatocellulaires par deux mécanismes

(Kretz-Rommel and Boelsterli, 1994a).
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Des adduits aux protéines ont été trouvés dans des hépatocytes en culture exposés au diclofénac
et chez le rat ou la souris in vivo (Kretz-Rommel and Boelsterli, 1993) (Gil et al., 1995; Hargus et
al., 1994; Kretz-Rommel and Boelsterli, 1994b; Pumford et al., 1993; Wade et al., 1997). Un
certain nombre de protéines modifiées de fagon covalente ont été caractérisées par leur taille
moléculaire, et certaines ont été identifiées par analyse de séquence. Chez les rongeurs, la grande
majorité des adduits a été limitée a des domaines canaliculaires de la membrane plasmatique dans
les hépatocytes (Hargus et al., 1994; Seitz and Boelsterli, 1998; Wade et al., 1997). Plus
précisément, l'une des principales protéines cibles identifiées dans le foie de rat a été le dipeptidyl
peptidase IV (DPP-1V) (Hargus et al., 1995). Cette sérine protéase est un ectoenzyme
abondamment exprimé situé sur la membrane apicale des hépatocytes. Il est également une cible
pour les acyl glucuronides des autres médicaments ayant un groupement d’acide carboxylique

(Wang et al., 2002).

IV.1.4.3. Clairance des métabolites de diclofenac
Les premieres études avaient estimé qu'environ 10-20 % de la dose totale de diclofénac

administrée a I'homme est excrétée sous forme d'acyl glycuronide (Stierlin and Faigle, 1979).
Mais les calculs ont montré un taux plus élevé équivalent a 75 % de la clairance totale du
diclofénac (Kumar et al., 2002). Ces nouvelles données démontrent que 1’acyl-glucuronidation
est une voie principale de clairance du diclofénac chez 1’homme, apportant des données
cinétiques plus proches de celles mesurées chez le rat et le chien (70 et 98 % de la clairance totale

respectivement).

Cependant, une fraction importante des glucuronides de diclofénac (M, = 473) est éliminée par
voie rénale chez I'homme, comparée a la voie biliaire chez les rongeurs, sans doute parce que
I’homme a une limite de passage de molécules a travers la membrane plasmatique hépatobiliaire
ayant un poids moléculaire plus élevé (~ 500 Da) que celle des rongeurs ou du chien (300-400
Da). Néanmoins, compte-tenu de la réactivité tissulaire importante des acylglucuronides et des
1so-glucuronides, un role mécanistique possible de ces métabolites réactifs le long de la voie

d'élimination hépatobiliaire devrait €tre envisagé.

Les glucuronides provenant du diclofénac ou de ses métabolites sont excrétés via la membrane

plasmique canaliculaire dans la bile par I’intermédiaire de MRP2 (Seitz and Boelsterli,
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1998)(Figure 16). En raison de I’existence d’un transport vectoriel ATP-dépendant, les
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différentes étapes d’absorption, de métabolisme et d’excretion.
Les acyl glucuronides peuvent étre clivés dans l'intestin par la B-glucuronidase bactérienne, et ils
peuvent, comme l'aglycone, subir plusieurs cycles de circulation entéro-hépatique, ce qui
augmente le temps d’exposition hépatobiliaire a ce métabolite. En revanche, les iso-glucuronides,
qui sont résistants a la dégradation de la B-glucuronidase, ne sont pas soumis a un cycle entéro-

hépatique.

La liaison covalente n'est pas toujours un événement silencieux ; elle peut avoir des conséquences
fonctionnelles. Par exemple, 'administration de diclofénac a des rats diminue l'activité d'un
certain nombre de protéines de la membrane canaliculaire, comme la yGT, la Mg2 +-ATPase, ou

la leucine aminopeptidase (Sallustio and Holbrook, 2001).

IV.1.5. L'induction de lésions hépatocellulaires
Les réponses toxiques au diclofénac sont habituellement retardées, et contrairement, par exemple

a l'acétaminophene, Iatteinte hépatique aigué secondaire a une forte exposition n'a pas été
observée cliniquement. L'administration de doses orales uniques de diclofénac (jusqu’a 100-300
mg/kg) a des souris n'a pas entrainé de toxicité aigué€ dans le foie alors que le rein était une cible
(Hickey et al., 2001). Méme I'exposition répétée (15 mg/kg/jour pendant 7 jours) chez le rat n'a
pas augmenté l'activité de I'ALAT sérique (Sallustio and Holbrook, 2001). Mais dans une étude
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plus récente chez la souris, 150 mg/kg de diclofénac a conduit a une augmentation de l'activité de
I'ALAT sérique des 1,5 h apres administration, culminant a 3 h (> 6 fois plus) (Cantoni et al.,
2003). Par conséquent, on peut penser que s'il est possible d'induire des lésions des cellules
directement dans certains modeles expérimentaux, alors on pourrait avoir des indications sur des

interactions entre le diclofénac et les cellules du foie.

Un certain nombre d’études sur des cultures d’hépatocytes de différentes especes ont montré que
des concentrations €levées (> 400 a 500 uM, en l'absence d'albumine ajoutée au milieu de
culture) sont capables d'induire des 1ésions cellulaires aigués (Kretz-Rommel and Boelsterli,
1993) (Jurima-Romet et al., 1994) (Bort et al., 1999b; Masubuchi et al., 1998; Ponsoda et al.,
1995) (Masubuchi et al., 2000). Le mécanisme de cette toxicité cellulaire aigué n'a pas été
déterminé, et la pertinence de 'utilisation de ces concentrations élevées a été remise en question.
Cependant, le choix de telles concentrations excessivement élevées d'un médicament n'a pas été
fait pour mimer une situation thérapeutique mais plutot pour définir un danger et, en utilisant des
inhibiteurs spécifiques de voies biochimiques, pour obtenir des indices sur les mécanismes sous-
jacents. Par exemple, la préexposition d'hépatocytes a 1 uM de sulfaphénazole (un inhibiteur
spécifique de CYP2C), mais pas a d'autres inhibiteurs de cette sous-famille de CYP protege
largement de la toxicité induite par diclofénac (Kretz-Rommel and Boelsterli, 1993). Ceci
suggeére que la toxicité aigué pour les hépatocytes de rat peut étre due a la formation d’un
intermédiaire résultant de 1’activité des CYP2C. En plus, l'inhibition du métabolisme oxydatif
pourrait tout simplement conduire a une concentration plus élevée de la molécule mere de

diclofénac disponible pour glucuroconjugaison.

IV.1.6. Le stress oxydant
Le stress oxydant induit par un médicament peut recruter principalement des voies de secours_via

I’activation des voies anti-oxydantes (catalase, superoxyde dismutase...) mais un stress prolongé

peut provoquer des lésions mitochondriales, 'apoptose et/ou une nécrose.

Des preuves indirectes (avec des systemes sans cellules) indiquent qu'un certain nombre d'AINS
ayant des structures chimiques apparentées ne produisent pas un stress oxydant in vifro, bien que
des concentrations élevées (100 pM a 1 mM) aient été utilisées (Galati et al., 2002). Le
mécanisme sous-jacent reposerait sur la production des radicaux libres par la peroxydase, qui a

leur tour peuvent oxyder GSH et NAD(P)H (Figure 17). Lors de la co-oxydation de GSH et de
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NAD(P)H, de l'oxygene moléculaire peut étre réduit et activé. En outre, les radicaux AINS
peuvent subir un cycle rédox. Cependant, parmi un grand nombre d'AINS étudiés, le diclofénac a
relativement une faible efficacité catalytique pro-oxydante. Il a été suggéré que la diphénylamine

peut étre oxydée en un radical cationique et/ou un radical nitroxyde.
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Le concept de la toxicité idiosyncrasique induite par les AINS dans le foie initiée par des
radicaux libres et/ou le stress oxydant (provoquée par le métabolisme de la peroxydase) (Galati et
al., 2002) apparait intrigant; sa pertinence in vivo reste a démontrer. Il est possible que la
formation de H,O, endogene par des oxydases intracellulaires puisse initier un stress oxydant
catalysé par la peroxydase (Siraki et al., 2002). D'autre part, a coté des réactions médi€es par des
CYP et des UGT d’autres voies métaboliques peuvent étre impliquées comme les réactions

dépendant de la voie peroxydasique.

D’autres études (Cantoni et al., 2003) ont fourni des preuves convaincantes en faveur d’un autre
mécanisme contribuant au stress oxydant induit par le diclofénac. Chez les souris traitées avec
des doses > 100 mg/kg, I'héme-oxygénase hépatique-1 (HO-1) est induite au niveau
transcriptionnel (HO-1 est un marqueur sensible et largement reconnu pour le stress oxydant). De
plus, NF-kB et AP-1, deux facteurs de transcription rédox sensibles, sont facilement activés par le
diclofénac. L’induction de HO-1 par le diclofénac dans des hépatocytes de rat en culture pouvant
étre largement réduite par des inhibiteurs des CYP2C et CYP3A (sulfaphénazole et kétoconazole,

respectivement), on peut conclure que la production d'un stress oxydant accru lié a la

bioactivation de diclofénac, est médiée par des CYP.
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IV.1.7. Lésions mitochondriales
Un effet bien connu de fortes concentrations de diclofénac est un épuisement rapide de 1'énergie

cellulaire. Par exemple, I'exposition des hépatocytes de rat a 100 uM de diclofénac diminue la
teneur en ATP cellulaire d'environ 30%, tandis que 500 uM de diclofénac a donné lieu a une
perte presque complete de 'ATP (Masubuchi et al., 1998). La déplétion en ATP conduit a une
diminution du potentiel transmembranaire mitochondrial (A¥m) (Masubuchi et al., 2002b;
Moreno-Sanchez et al., 1999; Petrescu and Tarba, 1997). Le A¥m est maintenu par pompage en
continu de protons a partir de la matrice a travers la membrane mitochondriale interne dans
I'espace inter-membranaire. Parce que ces protons sont a leur tour utilisés par I'ATP synthase,

une diminution de la A¥m conduit invariablement a un déséquilibre de la synthese d'ATP.
Le diclofénac pourrait contribuer a cet effet par au moins trois mécanismes:

- des effets directs sur la membrane interne mitochondriale ;

- un découplage de la respiration a cause du mouvement de va et vient des protons

- une augmentation de la perméabilité de la membrane mitochondriale.

Les médicaments lipophiles a des concentrations extrémement élevées peuvent en effet
augmenter la perméabilité de la membrane aux protons par un effet direct sur la membrane en
raison de la répartition du médicament dans la bicouche lipidique (Petrescu and Tarba, 1997).
Bien qu'il n'y ait aucune preuve directe que cela se produit avec le diclofénac, il existe des

preuves expérimentales pour les deux autres mécanismes.

Tout d'abord, le diclofénac, comme d'autres composés lipophiles et faiblement acides, possede la
capacité protonophore c'est-a-dire qu'il peut faire une translocation de protons a travers la
membrane mitochondriale interne. Parce que 1'anion diclofénac, en raison de l'environnement
acide dans l'espace inter-membranaire, devient protoné, la molécule non chargée qui en résulte,
peut traverser la membrane interne et entrer dans la matrice. Dans I'environnement plus alcalin de
la matrice, le diclofénac est déprotoné a nouveau et expulsé dans l'espace inter-membranaire
(probablement par l'intermédiaire d'un transporteur d'anions), ou un cycle du proton futile est
déclenché, ce qui entraine une perte du gradient de protons. Il est important de signaler qu’au
cours de ce processus, le transport d'électrons le long de la chaine de transport d'électrons pourrait

étre stimulé, et donc la consommation d'oxygene augmentée. Toutefois, en présence de
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diclofénac, des protons entrent dans la matrice plutdt que de passer par I'ATP synthase, la
respiration devient découplée de la phosphorylation oxydative. En effet, le diclofénac est un
agent puissant de découplage, au moins in vitro. Par exemple, 'exposition des mitochondries de
foie de rat a 25 uM de diclofénac entraine une augmentation de plus du double de la respiration
de base, alors que dans le méme temps ADP stimulant la respiration est réduit de 40%
(Masubuchi et al., 2000). Ceci est typique de composés qui induisent un découplage; en

conséquence, la teneur en ATP cellulaire est effondrée.

Le deuxieme mécanisme lié au découplage est I'ouverture des pores mitochondriaux (MP). Le
MP est un méga canal formé d’un certain nombre de protéines et implique a la fois les
membranes mitochondriales externe et interne. Normalement, le pore est fermé, mais il peut
s'ouvrir suite 2 des augmentations de la concentration de Ca®*, une augmentation du stress
oxydant, ou une diminution préexistant du AWYm (Pessayre et al., 1999). L’ouverture du MP peut
avoir un double effet: les protons peuvent rapidement entrer de nouveau dans la matrice et ainsi
completement supprimer le potentiel membranaire. En outre, les substances pro-apoptotiques
telles que le cytochrome c, peuvent étre libérées a partir de 1'espace inter-membranaire et se
retrouvent dans le cytosol (parce que la membrane mitochondriale externe se rompt souvent lors
de l'ouverture du pore, en raison des effets osmotiques), ou ils activent des pro-caspases. Si la
grande majorité des mitochondries dans une cellule sont touchées (les hépatocytes abritent des
centaines ou des milliers de mitochondries), la production d'énergie s'effondre totalement, et la
cellule meurt par nécrose. Toutefois, si l'ouverture des pores se produit dans seulement une partie
des mitochondries, ’ATP peut encore étre produite, les caspases activées peuvent alors

déclencher 1'apoptose (processus qui requiert de 1'ATP).

Dans ce concept, le diclofénac a des concentrations aussi faibles que 2 uM est capable d'induire
I’ouverture des MP dans les mitochondries isolées (Masubuchi et al., 2002b; Uyemura et al.,
1997). Cependant, la diminution de I'ATP, I'effondrement de AWm, le gonflement mitochondrial,
et la libération mitochondriale du Ca®* peuvent étre tous bloqués par ’addition de faibles
concentrations de cyclosporine A, qui est un inhibiteur spécifique de 1'ouverture de MP, donnant

ainsi des preuves solides que ce mécanisme est impliqué.

Les initiateurs moléculaires de 1’ouverture de MP par le diclofénac sont encore mal définis. Mais

un stress oxydant peut provoquer 1’ouverture de ces pores (Costantini et al., 1996). En effet,
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l'oxydation des groupes sulfhydryle des membranes mitochondriales par le diclofénac a été
démontrée, la catalase et le dithiothréitol peuvent prévenir I’ouverture des pores (Masubuchi et
al., 2002b). Une autre possibilité est que 1'ouverture des pores est une conséquence directe de la

protonophorisation du diclofénac et de l'activité de découplage (Kowaltowski et al., 1996).

IV.1.8. Diclofénac et apoptose
L’apoptose ou mort cellulaire programmée est un processus par lequel une cellule déclenche une

auto-destruction en répondant a un signal. Selon son origine, la cellule répond par la voie
extrinséque (death receptor pathway) si l’origine de ce signal est externe ou intrinseque
(mitochondrial pathway) s’il est interne (Elmore, 2007). Ce processus est expliqué dans la Figure

18.

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc, Pathway
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4 £
adaptors mitochondrial changes (MPT)
granzyme B granzyme A
disc formation apoptosome forms 1
caspase 8 activation caspase 9 activation caspase 10  SET complex

f / activation
caspase 3 activation
(Execution Pathway) DNA cleavage
!

endonuclease activation — degradation of chromosomal DNA
protease activation — degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

.
cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies

Figure 18: Différentes voies apoptotiques (Elmore, 2007). Ce mécanisme est médié principalement par la voie extrinseque
via le récepteur de mort et ’activation de la caspase 8 et par la voie intrinséque via la mitochondrie et I’activation de la
caspase 9. Ces deux voies aboutissent a ’activation de la caspase effectrice, la caspase 3, puis la formation des corps
apoptotiques.

Des études récentes ont cherché a préciser le mécanisme apoptotique du diclofénac. Certaines ont
montré que diclofénac est toxique via la voie mitochondriale. En effet, il est capable a des
concentrations de 350 pM d’induire D’activit¢é de caspase 9 avec une augmentation de

I’expression de BclXL et la génération de ROS ainsi que d’induire ’activité de la caspase 8
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indépendamment de la voie des récepteurs de mort. Par conséquent il peut activer a la fois des

caspases promotrices et effectrice (caspase 3) (Gomez-Lechon et al., 2003).

Le diclofénac est administré dans le cas de maladies inflammatoires et il y a beaucoup
d’hypothéses évoquant un effet possible sur 1’activation des cellules immunitaires a cause d’une
réaction d’immune. En effet, la molécule mere elle-méme ou ses métabolites (acylglucuronides)
peuvent former des liaisons covalentes avec des protéines du foie, ce qui peut activer le systeéme
immunitaire (Boelsterli, 2003a). Diverses études ont testé 1’effet d’un co-traitement du diclofénac
avec des cytokines pro-inflammatoires comme le TNF-a (Fredriksson et al., 2011; Fredriksson et

al., 2014).

Ces études montrent que la voie extrinseque peut €tre aussi une cible pour ce médicament
puisqu’il a été déja montré qu’un co-traitement du diclofénac avec du TNF-a augmente I’activité
de la caspase 8 grace a I’inhibition de la voie NF-kB qui normalement joue un role protecteur,
cette inhibition induit en méme temps ’activation de la voie mitochondriale et enfin 1’activité de
caspase 3, ce qui augmente I’effet apoptotique. La méme étude montre que le diclofénac
augmente 1’activité des caspases 9 et 3 via I’ouverture des pores mitochondriaux induits par la
phosphorylation de JNK, 1’'une des cibles de ce médicament a des concentrations proches de 500

uM (Fredriksson et al., 2011)(Figure 19).
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Un autre facteur impliqué dans cette toxicité est le stress sous ses deux formes : stress du
réticulum endoplasmique et stress oxydant. En effet, un traitement des cellules HepG2 par le
diclofénac et TNF-a induit la génération d’un stress du réticulum endoplasmique manifesté par
une augmentation de 1’expression de certains genes (CHOP, ATF4 et ATF6). En parall¢le a ce
mécanisme, le TNF-a induit 1’activité de la caspase 8 qui va sensibiliser la voie mitochondriale
associée a I’activation de la caspase 9 et donc la caspase 3. Le stress du réticulum active a son

tour les mitochondries via Bim (Fredriksson et al., 2014) (Figure 20).
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IV.2. Trovafloxacine

IV.2.1.  Structure chimique
La trovafloxacine (TVX) est un antibiotique de type fluoroquinolone de quatrieme génération

(commercialisé par Pfizer) et possédant trois atomes de fluor. Sa formule brute est Cy0H;5F3N4O3
(Figure 21), de masse moléculaire 416,35 g/mol et ayant une solubilité de 12.3 mg/l dans I’eau a

25°C (http://www.drugbank.ca/drugs/DB00685).
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TVX est un antibactérien trés efficace a large spectre contre les bactéries gram négatives et
surtout contre des pathogeénes gram positifs par comparaison avec d’autres fluoroquinolones
(Fischman et al., 1997). Les voies d’administration de TVX sont orale et intraveineuse. Il a une
demi-vie longue; il peut provoquer de graves effets hépatiques (IDILI « Idiosyncratic Drug-

Induced Liver Injury ») et de ce fait, a été retiré du marché en Europe.

Figure 21: Structure chimique de la trovafloxacine
(https://pubchem.ncbi.nlm.nih.gov/compound/Trovafloxacin#secti
F on=2D-Structure)
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IV.2.2. Métabolisme de la trovafloxacine
La molécule mere de TVX est plus efficace que ses métabolites dans son activité bactéricide. La

phase majeure du métabolisme de TVX est la phase II de conjugaison (glucuronidation, N-
acétylation et N-sulfoconjuguaison) et donne plusieurs types de métabolites tels que des ester
glucuronides et des N-sulfates. TVX est aussi métabolisé en acide hydroxycarboxylique par les
enzymes de la phase I (CYP1A2) mais minoritairement (Vincent et al., 1998) (Dalvie et al.,

1997).

Les premieres études concernant le métabolisme de TVX n’ont pas révélé de métabolites réactifs
intermédiaires mais d’autres, plus récentes, suggerent qu’il peut étre métabolisé en un aldéhyde

ao,B-insaturé.

Meétabolites Sérum (%) Feces (%) Urine (%)
Ester glucuronide 21.7+3.5 ND 128+ 1.5
Trovafloxacine 51.6 +£10.0 432 +6.3 59+1.5

Sulfate ND 39+£20 0.2+0.1
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Métabolites Sérum (%) Feces (%) Urine (%)
Diacide ND 0.9+£0.5 0.2+0.1
Acide ND NC 0.3+£0.1
hydroxycarboxylique

Pyrroline trace trace trace

Tableau 4: Pourcentages des différents métabolites de TVX dans le sérum, ’urine et les fécés chez des patients traités
(Vincent et al., 1998). « ND » désigne « non déterminé » et % désigne « pourcentage ».

IV.2.3. Hépatotoxicité de la trovafloxacine chez I’homme
En 1999, un rapport médical a montré une hépatotoxicité causée par TVX chez des patients

traités. Parmi les 2.5 millions de prescriptions 140 réactions hépatiques séveres ont été rapportées
c’est-a-dire 1/18000 ; et parmi ces 140 cas 14 cas d’insuffisance hépatique, soit 1/178000
(Stahlmann, 2002). Cette hépatotoxicité a été trouvée a égalité chez des patients des 2 sexes agés
de 21 a 91 ans et indépendamment de la durée du traitement. Ce profil clinique montre que

I’hépatotoxicité de TVX est de type idiosyncrasique.

Les études cliniques chez les patients ont montré des effets similaires de TVX se manifestant
surtout par une nécrose hépatocellulaire centrolobulaire avec présence de cellules inflammatoires,
comme les lymphocytes, les cellules plasmatiques et les €osinophiles, en grandes quantités (Chen

et al., 2000; Lazarczyk et al., 2001; Lucena et al., 2000).

IV.2.4.  Trovafloxacine et stress inflammatoire dans les modeles
animaux
Des études des effets de TVX ont été réalisées chez différentes especes animales. Par exemple,

chez les rongeurs TVX seule n’a pas d’effet méme a des doses atteignant 1g/kg. En revanche,
chez les rats et les souris des concentrations non toxiques de TVX peuvent causer une atteinte
hépatique aigué apres co-traitement avec du LPS qui peut induire un stress inflammatoire (Shaw
et al., 2007; Waring et al., 2006). Cette hépatotoxicité se manifeste par une apoptose et une
nécrose médiolobulaire chez la souris et centrolobulaire chez I’homme. Cette différence inter-
espece de localisation pourrait étre due a une distribution intralobulaire différente des enzymes

impliquées dans le métabolisme de TVX.
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Le co-traitement TVX/LPS peut entrainer une activation des polynucléaires neutrophiles (PMN)
et donc une sécrétion de protéases toxiques qui peuvent €tre la cause de cette hépatotoxicité
(Shaw et al., 2009b). Cette hépatotoxicité est aussi associ€ée a une activation de la thrombine
(activateur de la coagulation) et de D’inhibiteur 1 de I’activation du plasminogéne (PAIl).
L’activation de PAII induit a son tour la sécrétion de chimiokines activant les PMN et donc des

1ésions hépatiques (Shaw et al., 2009a).

IV.2.5. Mécanisme apoptotique de trovafloxacine
Des études in vivo ont montré que TVX n’est pas hépatotoxique chez la souris mais le devient

lorsqu’il est combiné avec du LPS (Shaw et al., 2007). Les examens histologiques montrent que
le co-traitement TVX/LPS induit des dommages hépatiques caractérisés par 1’apparition de
nécrose et d’apoptose via la voie de TNF-a. L’inhibition du récepteur de TNF-a chez les souris
traitées avec du LPS/TVX inhibe I’effet apoptotique de ce dernier montrant un réle de la voie de
TNF-a dans ce mécanisme (Figure 22) (Shaw et al., 2009a; Shaw et al., 2007). L’activation du
récepteur du TNF-a induit a son tour I’activité de caspase et la voie de JNK (Ding and Yin, 2004)

comme dans le cas des cellules HepG2 (Beggs et al., 2014).
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Figure 22: Différents mécanismes de toxicité de TVX +/- LPS (Shaw et al., 2007). Le symbole « + » désigne une induction
et les points « une sécrétion ». LPS potentialise I’effet toxique de TVX via ’activation de neutrophiles sécrétant par la suite
des protéases ainsi que par ’induction de la sécrétion de TNF-a activant la caspase 3 et aboutissant finalement a une
lésion hépatique.

Des études récentes ont montré que TVX induit un effet apoptotique dans les cellules Jurkat
grace a un mécanisme dépendant de la pannexine 1 (PANX1), une protéine qui entre dans la
famille des innexines responsables de la formation des jonctions communicantes intercellulaires.

En effet TVX joue un rdle inhibiteur pour la pannexine, ce qui aboutit a la fragmentation des
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cellules et la formation des corps apoptotiques. Ceci n’est pas ¢été détecté avec une autre

quinolone, la 1évofloxacine (Poon et al., 2014).

Le traitement des cellules HepG2 avec TVX en présence de TNF-a montre une inhibition de

MRP2. Ceci peut étre responsable de I’effet hépatotoxique de ce médicament (Saab et al., 2013).

IV.3. Amiodarone

L’amiodarone est le médicament le plus connu pour ses effets anti-arythmiques parmi ses
homologues de la classe IIL. 1l est utilisé notamment pour le traitement des troubles du rythme
cardiaque, surtout supraventriculaires. Sa structure chimique correspond au chlorhydrate de (2-
butyl-3 -benzofuranyl)[4-[2-(diéthylamino)éthoxy]-3,5-diiodophényl]méthanone (Figure 23)

(https://pubchem.ncbi.nlm.nih.gov).

Figure 23: Structure chimique de ’amiodarone (https://pubchem.ncbi.nlm.nih.gov)

Son mécanisme d’action repose sur sa capacité a retarder la répolarisation du cycle cardiaque et a
allonger la période réfractaire de maniere homogene en diminuant ’amplitude du potentiel
d’action sans modification du potentiel membranaire de repos et en augmentant la durée du
potentiel d’action. En fait, la phase 2 est raccourcie par diminution de la conductance calcique et
la phase 3 est tres allongée par réduction de la conductance potassique, ce qui en fait son activité
anti-arythmique de classe III. En plus, il a un effet dromotrope négatif ou activité de classe |

basée sur le blocage des canaux sodiques aboutissant au ralentissement de la vitesse de
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dépolarisation de la phase 0 du potentiel d’action et donc au ralentissement de la conduction

(https://www.vidal.fr/substances/7069/amiodarone/).

Par son effet bradycardisant il peut ralentir aussi le rythme cardiaque au niveau du nceud sinusal
et la conduction a plusieurs niveaux (nceuds auriculo-ventriculaire, sino-auriculaire et au niveau
du His-Purkinje). Il faut noter finalement que I’amiodarone peut &tre utilisée comme antagoniste
alpha et béta-adrénergique non compétitif et comme anti-angoreux car il provoque une

vasodilatation des artéres coronaires (Wellens et al., 1984).

L’absorption de ce médicament est lente et variable (Meng et al., 2001) et il est connu par sa forte
fixation aux protéines plasmatiques (95%), surtout a 1’albumine (62%) et aux béta-lipoprotéines
(33%). Son importante liposolubilité permet son accumulation dans le tissus adipeux, y compris
son métabolite déséthylamiodarone qui atteint parfois des concentrations plus élevées que celles
de la molécule mere. La concentration de I’amiodarone devient maximale aprés 5 mois de
traitement. Méme apres 1’arrét de la prise de ce médicament on peut détecter une grande quantité
au niveau des tissus pendant une ou trois semaines. Le danger de médicament est lié a sa
possibilité de traverser la barricre placentaire et de se retrouver dans certains cas en

concentrations €élevées dans le lait maternel (van Erven and Schalij, 2010).

Il est principalement pris par voie orale mais pour accélérer son efficacité il est parfois prescrit
par injection intraveineuse, ce qui minimise son délai d’action a un quart d’heure. Normalement
sa demi-vie est de ’ordre de 50 jours; elle est aussi dépendante de I’individu et peut se situer
entre 20 et 100 jours. Cette durée est comparable pour son métabolite le désétylamiodarone ;

celui-ci peut en effet persister pendant environ 60 jours (Siddoway, 2003).

Le CYP3A4 est ’enzyme majeure impliquée dans le métabolisme de ce médicament et de son
principal métabolite la déséthylamiodarone qui atteint des concentrations plasmatiques proches
de celles de la molécule mere et possede une efficacité thérapeutique comparable (Shayeganpour et
al., 2006). La clairance ou I’¢limination de I’amiodarone se fait normalement par les féces et non

par les reins et surtout sous forme de métabolites.

IV.3.1. Effets secondaires de ’amiodarone
Plusieurs effets secondaires ont été rapportés pour ce médicament. Ces effets se manifestent par

un dysfonctionnement au niveau de la thyroide, une fibrose pulmonaire, des symptdmes oculaires
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et cutanés, une neurotoxicité centrale et périphérique (Harris et al., 1983) (McGovern et al.,
1983). Des anomalies hépatiques avec augmentation de transaminases, des hépatites aigués, des
maladies hépatiques chroniques chez 14 a 82% des patients traités ont été aussi décrites (Lewis et

al., 1989) (Babatin et al., 2008; Ratz Bravo et al., 2005).

IV.3.2. Effets stéatosiques
Une étude sur des cellules HepaRG a montré que 1’amiodarone peut provoquer une stéatose

accompagnée d’une phospholipidose, en utilisant diverses approches : détection des lipides grace
a ’huile rouge (Figure 24), présence de gouttelettes lipidiques en microscopie optique et
électronique (Figure 25) et augmentation du taux de triglycérides, apreés traitement pendant 14
jours (Antherieu et al., 2011). Ces mémes effets ont été trouvés chez des personnes traitées par ce
médicament ou une hépatotoxicité fatale associée a I’apparition de corps de Mallory (corps
trouvés dans le cytoplasme des cellules hépatiques), de stéatose, d’infiltrats inflammatoires intra-
lobulaires, de fibrose et de phospholipidose a été observée surtout apres exposition a des doses

qui deviennent cumulatives avec le temps (Guigui et al., 1988; Richer and Robert, 1995).

Figure 24: Accumulation de
vésicules lipidiques détectées par le
rouge neutre apres traitement des
cellules HepaRG avec
I’amiodarone pendant 24 h (A) ou
14 jours (B) (Antherieu et al.,
2011). Les fleches montrent les

vésicules lipidiques.

Figure 25: Corps lamellaires (phospholipidose) et gouttelettes lipidiques observés en microscopie électronique apres
traitement des cellules HepaRG par ’amiodarone (Antherieu et al., 2011). Les fleches montrent les corps lamellaires.

Des biomarqueurs stéatosiques (cholestérol, triglycérides) ont aussi ét€ mis en évidence in vivo

chez la souris apres traitement par I’amiodarone pendant 1, 4 et 11 jours (Vitins et al., 2014). Cet
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effet a été 1ié au « peroxisome proliferator activated-receptor » (PPAR) (Szalowska et al., 2014);
les souris PPARa (-/-) présentant en effet une augmentation du taux des triglycérides apres
traitement par 1’amiodarone et les souris PPARa (+/+) une protection contre cet effet (Ernst et al.,
2010). Des études ont montré que 1I’un des mécanismes aboutissant a cette accumulation est
I’inhibition de I’activité des protéines microsomales transférant les triglycérides (MTP) (Letteron
et al., 2003). Cette stéatohépatite est associée a un dysfonctionnement mitochondrial représenté
par une diminution de I’ATP en raison de I’inhibition de la respiration et d’une génération de
ROS, conduisant a une augmentation de la peroxydation lipidique et finalement a la mort
cellulaire (Berson et al., 1998) (Letteron et al., 1996). Il faut noter que cette hépatotoxicité a été
associée a une altération de la B-oxydation mitochondriale (Figure 26) et de la transcription

d’ADN mitochondrial et a une diminution de la réplication de cet ADN (Fromenty et al., 1990;

Fromenty and Pessayre, 1995).
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D’autres études ont montré que ce médicament peut causer une toxicité hépatique en absence de
phospholipidose ou de stéatose (Cimic, 2013). Il peut aussi induire d’autres effets comme une
cirrhose, pouvant étre associée a une stéatose (Ishida et al., 2010; Puli et al., 2005) ou non (Bach
et al., 1989). Les cliniciens conseillent de surveiller le niveau d’activité des enzymes hépatiques a
cause de la diversité des symptOmes observés chez certains patients (st€atose, altérations

ressemblant a une hépatite alcoolique, hépatite cholestatique ou cirrhose micronodulaire)

(Rumessen, 1986).

IV.3.3. Effet de I’inflammation sur la toxicité de I’amiodarone
Des études ont porté sur 1’effet de LPS sur la toxicité de I’amiodarone et de son métabolite, le

mono-N-deséthylamiodarone (DEA) (Talajic et al., 1987). Dans cette derniere étude chez la
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souris, ’AMD a ¢été administrée pendant 16 a 20 h avant le LPS ce qui a abouti a une
augmentation de I’ALT, d’ou I’importance du temps de traitement pour avoir un effet
puisqu’aucun effet n’a été observé lorsqu’AMD a été ajoutée pendant 2-12h. En fait, le traitement
par LPS n’a affecté le métabolisme de I’AMD ni dans le sérum ni dans les tissus indiquant que la
toxicité de ’AMD n’est liée ni a la molécule meére ni a ses métabolites et que la toxicité lie a
LPS n’est pas dépendant du métabolisme mais d’une autre cause sans doute associée, a savoir la
présence de dommages de type cholestatique comme 1’augmentation de ALP, de GGT et de la
concentration totale des acides biliaires surtout en présence de LPS lorsqu’on a un synergisme
LPS/AMD. Cette toxicité apparait liée a I’induction de la sécrétion de TNF-a par LPS puisque le
co-traitement des souris avec des concentrations non toxiques de TNF-a induit une toxicité et que
leur pré-traitement avec de 1’étanercept pendant une heure avant leur injection avec du LPS et de
I’AMD ou son métabolite DEA atténue cet effet (Lu et al., 2012). Notons que, méme seule, AMD

peut induire une inflammation et une toxicité pulmonaire chez des rats (Wilson et al., 1991).
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V. Saccharomyces cerevisiae en toxicologie

Depuis plusieurs siecles, S. cerevisiae est utilis€ dans la production d'aliments et de boissons
alcoolisées. Depuis la naissance de la biologie cellulaire, ce microorganisme a servi de modele
pour les études structurales et fonctionnelles des cellules eucaryotes. A l'heure actuelle, cet
organisme a de nombreuses applications dans l'industrie pharmaceutique et dans divers domaines
de la toxicologie. La fermentation et le traitement technique disponibles pour la production a
grande échelle de S. cerevisiae a rendu cet organisme approprié pour plusieurs utilisations

biotechnologiques (Pereira et al., 2013).

V.1.  Structure de Saccharomyces cerevisiae

La levure Saccharomyces cerevisiae est une cellule eucaryote, unicellulaire haploide/diploide,
avec une paroi de glucanes/,mannanes/protéines- un espace périplasmique- une membrane en
bicouche lipidique- un noyau avec un nucléole, des vacuoles, un appareil de sécrétion (RE, golgi,
vésicules de sécrétion), des mitochondries. Elle se présente sous forme ovoide arrondie, longue
de 6 a 12 uM et large de 6 a 8 uM. Le schéma ci-dessous montre la structure cellulaire de

Saccharomyces cerevisiae (Zinser and Daum, 1995) (Figure 27).

Golgi

Cicatrice de

Paroi bourgeonnement

Réticulum
endoplasmique

Vacuole

Noyau ‘ Figure 27: Schéma montrant la structure de la
\‘ levure S. cerevisiae (Zinser and Daum, 1995)
(modifiée).
Enveloppe Mitochondrie

nucléaire

V.1.1.  Enveloppe cellulaire
L'enveloppe de S. cerevisiae est une capsule de protection, constituée de trois constituants

principaux: la membrane plasmique, l'espace périplasmique, et la paroi cellulaire. Chez S.
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cerevisiae, 'enveloppe cellulaire occupe 15% du volume total et joue un role majeur dans le

contrdle des propriétés osmotiques et de la perméabilité de la cellule (Zinser and Daum, 1995).

La membrane plasmique est d'environ 7 nm d'épaisseur, avec des invaginations dans le cytosol.
Comme d'autres membranes, c’est une bicouche lipidique avec des protéines insérées dans cette
couche traversée par des protéines transmembranaires de diverses fonctions. La composition
lipidique comprend essentiellement la phosphatidylcholine et la phosphatidyléthanolamine, avec
des proportions mineures de phosphatidylinositol, phosphatidylsérine ou phosphatidyl-glycérol,
ainsi que des stérols, principalement 1’ergostérol et le zymostérol. Les protéines membranaires de
levure comprennent les catégories suivantes: (i) protéines d'ancrage du cytosquelette; (ii) des
enzymes pour la synthese de la paroi cellulaire, (ii1) des protéines de transduction de signaux
transmembranaires; (iv) des protéines de transport de soluté (perméases, canaux, ATPases); (v)
d’autres transporteurs, tels que les transporteurs ABC (ATP-binding cassette) qui sont des

protéines impliquées dans le transport des xénobiotiques (Zinser and Daum, 1995).

La paroi d'une cellule de levure est une enveloppe remarquablement épaisse (100 a 200 nm), qui
contient environ 15 a 25% de la masse seche de la cellule. Les constituants structuraux majeurs
de la paroi cellulaire sont des polysaccharides (80-90%); glucanes et mannanes principalement,
avec un faible pourcentage de chitine. Les glucanes fournissent la force a la paroi cellulaire,
formant un réseau microfibrillaire. La chitine est un polymere de N-acétylglucosamine
représentant seulement 4.2% de la paroi cellulaire et principalement située dans les cicatrices du

bourgeon (Zinser and Daum, 1995).

V.1.2. Cytosol et cytosquelette
Le cytoplasme de S. cerevisiae est un fluide colloidale acide (pH 5,25), contenant principalement

des ions et des composés organiques de poids moléculaires faibles ou intermédiaires, et des
macromolécules solubles (par exemple les protéines enzymatiques et le glycogene). Les enzymes
cytosoliques de la levure comprennent ceux: (i) de la voie glycolytique, (ii) du complexe de
synthese d'acide gras, et (iii) les enzymes de biosynthese des protéines. Le cytosquelette assurant
la stabilité interne de la cellule et fournissant 1’organisation structurelle comprend les
microtubules et les microfilaments. Ce sont des structures dynamiques qui remplissent leur
fonction a travers l'ensemble réglementé et le démontage des sous-unités protéiques individuelles

(Zinser and Daum, 1995).
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V.1.3. Noyau
Le noyau de la levure est lobé rond de 1,5 um de diametre dont I’enveloppe présente des pores de

50 a 100 nm de diametre. Les fuseaux de corps polaires sont situés a deux pdles opposés et ils
sont reliés entre eux par les microtubules intranucléaires continus et les origines de microtubules
discontinues. Sur la face extérieure, les fuseaux de corps polaires sont reli€s aux microtubules
cytosoliques. Ces éléments structurels jouent un role important au cours de la division cellulaire,
la cytodiérese et la formation des bourgeons. Contrairement a d'autres eucaryotes, la membrane
nucléaire dans la levure ne se fragmente pas lors de la mitose (Riezman, 1993). Saccharomyces
cerevisiae peut se multiplier sous deux formes : diploide (2n) ou haploide (In). Le nombre des
chromosomes au niveau du noyau de Saccharomyces cerevisiae est de 16 dans le cas « haploide »

et de 32 dans le cas « diploide » (Engel et al., 2014).

V.14. Réticulum endoplasmique et appareil de Golgi
Le réticulum endoplasmique (RE) est le site de la biosynthese et la modification des protéines qui

sont destinées a €tre exportées. Dans la lumiere du RE, ou des protéines chaperonnes comme
Hsp70 (Heat shock protein 70) et Bip/GRP78 (Immunoglobulin Heavy Chain-Binding Protein/
Glucose-Regulated Protein, 78-KD) accomplissent le repliement et la glycosylation des
protéines. Du RE, les protéines sont dirigées vers l'appareil de Golgi par des vésicules, qui
fusionnent sur le c6té cis et sont exportés de l'appareil de Golgi vers le coté trans. Dans 1'appareil
de Golgi d'autres modifications des protéines de chaines glucidiques secondaires peuvent avoir

lieu, comme la mannosylation (Pelham et al., 1995).

V.1.5. Mitochondrie

Les mitochondries dans les levures comprennent: une membrane externe - contenant des
enzymes impliquées dans le métabolisme des lipides; une espace intermembranaire ; une
membrane interne - contenant la NADH et la succinate déshydrogénases, les composants de la
chaine respiratoire et I'ATP synthase, et des différentes protéines de transport membranaire ; la
matrice mitochondriale - contenant les enzymes de 1'oxydation des acides gras, le cycle de 'acide
citrique, I'ADN mitochondrial ainsi que la machinerie de transcription et de synthese des

protéines mitochondriales (Glick and Pon, 1995).
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V.2.  Cycle cellulaire de Saccharomyces cerevisiae

Le cycle de vie de S. cerevisiae peut se faire dans 1’état haploide et diploide et comprend deux
modes de reproduction, sexué (fusion de cellules haploides de sexe opposé puis sporulation par

méiose) et asexué (mitose) (Figure 28) (Herskowitz, 1988).

Suite a un réarrangement génétique de leur ADN au locus MAT, certaines cellules haploides ont
la capacité de changer de type sexuel. On dit alors que ces souches ont un cycle cellulaire
homothallique. C’est-a-dire, un cycle cellulaire au cours duquel une colonie cellulaire haploide
issue d’une méme spore peut donner naissance a des cellules diploides capables de méiose. A
I’inverse, certaines souches de S. cerevisiae ont un cycle cellulaire hétérothallique. C’est-a-dire,
que les cellules diploides sont seulement formées suite a la conjugaison entre deux cellules

haploides de type sexuel opposé provenant de spores différentes (Herskowitz, 1988).

Selon les conditions environnementales externes, les cellules haploides et diploides débutant la
phase G1 «pré-Start» doivent faire un choix. Si elles jugent que la quantité de nutriments est
suffisante, elles poursuivent le cycle cellulaire mitotique (reproduction asexuée). Par contre, si
elles jugent que la quantité de nutriments est insuffisante et qu’elles détectent la présence de
phéromones sexuelles, les cellules haploides entrent alors en mode de conjugaison sexuelle
(reproduction sexuée) tandis que les cellules diploides entrent en mode de sporulation

(Herskowitz, 1988).
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V.3.  Métabolisme de Saccahromyces cerevisiae

Pour assurer sa survie et sa reproduction la levure Saccharomyces cerevisiae utilise différentes
voies métaboliques, la voie aérobie et la voie anaérobie. La voie aérobie ou la respiration se base
sur la transformation du glucose en dioxyde de carbone et ATP en utilisant I’oxygéne du milieu
d’une facon prioritaire mais elle peut étre accompagnée d’une utilisation de 1’éthanol avec une
consommation de I’oxygene, c’est ce qu’on appelle la transition diauxique. La deuxieme voie

caractérisée par la fermentation alcoolique du glucose, c’est la voie anaérobie.

Les levures utilisent différentes sources de carbone qui se trouvent normalement dans le milieu
de culture. Ces sources sont principalement des glucides comme le glucose, le maltose et le
saccharose mais elles peuvent €tre des acides aminés mais minoritairement pour alimenter les

voies de formation des métabolites (Fast, 1973).
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V.3.1. Enzymes du métabolisme des xénobiotiques chez la levure
(Phases L, II et 1II)

Saccharomyces cerevisiae possede un équipement enzymatique capable de métaboliser de
xénobiotiques. Ces enzymes sont moins diversifiées par rapport a celle des cellules animales,

mais on retrouve les enzymes de phases I, II et III.

-Les enzymes de phase I: les enzymes de cette phase I renferment surtout les cytochromes
(Lindenmayer and Smith, 1964) couplés a un état intermédiaire de la transition de 1'aérobie au
métabolisme anaérobie, c’est ce qu’on appelle des conditions semi-anaérobies (Ishidate et al.,
1969b) (Ishidate et al., 1969a) et qui peuvent étre induites par des substrats carbonés (Lebeault et
al., 1971). Notons que S. cerevisiae contient seulement trois cytochromes P450 endogenes,
CYP51, CYP56 et CYP61, tous impliqués dans des activités d'entretien « House keeping
activities » (Cresnar and Petric, 2011). Les CYP de levure se caractérisent par une spécificité
élevée au substrat, comme la plupart des P450 des mammiferes. La famille de CYP51 est
ubiquitaire tandis que les enzymes CYP61 sont présents dans les champignons et les plantes et les
enzymes de CYP56 ne se trouvent que dans les champignons. CYPS56 est une N-formyle tyrosine
oxydase qui catalyse la production de N, N- bisformyldityrosine, un composant nécessaire pour la
maturation de paroi des spores (Briza et al., 1994). L’enzyme CYP61 est une A22 désaturase
impliquée dans la biosyntheése de l'ergostérol de la membrane (Kelly et al., 1997a). En plus
d'avoir une fonction de maintien, la CYP61 de S. cerevisiae également métabolise par exemple le

benzo[a]pyrene en 3 hydroxybenzo [a] pyrene (Kelly et al., 1997b).

Les CYP de S. cerevisiae sont impliqués dans les derniers stades de la biosynthese de 1'ergostérol
(Ohba et al., 1978) par la conversion de lanostérol en 4,4- diméthyle zymostérol dépendant de
l'oxygene et de NADPH. En plus I'¢limination par oxydation du groupe 14 o -méthyl de
lanostérol est médié par un systeme reconstitué de CYP et CYP NADPH réductase qui peuvent
détruire du A22- d’ ergosta-5,7- diene-B-ol. En utilisant des souches mutantes n’ayant pas de 14
cx-déméthylase, la désaturation du A22- était encore possible. Cela indique que deux especes

distinctes de CYP peuvent étre impliquées dans la biosynthese d'ergostérol (Hata et al., 1983).

-Les enzymes de phase II: la phase II groupe différentes enzymes comme la gluthation
transférase (GST), la flavine monooxygenase (FMO) et 1’uridine diphosphate glycosyltransférase

(UGT). Sept protéines possedant 1’activité de GST (Gttl et Gtt2; Gtol, Gto2 et Gto3; Grx1 et
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Grx2) (Collinson and Grant, 2003) sont exprimées dans le Saccharomyces cerevisiae.
L’expression de FMO « flavin-containing monooxygenase » a été aussi montrée dans le
Saccharomyces cerevisiae surtout FMO 1B1 catalysant la méthimazole, la thiourée, la
diméthylaniline et la cystéamine mais pas la chlorpromazine ou I’imipramine (Lawton and
Philpot, 1993). Une autre enzyme de cette phase est aussi exprimée, c’est le cas d’UGTS5I
(YLRI189C) (Warnecke et al., 1999) catalysant la synthese de stérol de la membrane de ces

cellules.

-Les enzymes de phase III renfermant principalement les transporteurs ABC (Figure 29). Ces
derniers sont localisés principalement dans les mitochondries, les vacuoles, les membranes
peroxisomales et plasmiques (Bauer et al., 1999). Ils jouent un réle important dans la résistance
aux antibiotiques, fongicides et herbicides (Rogers et al., 2001). Les principaux transporteurs qui

se trouvent au niveau de ces cellules sont mentionnés dans le Tableau 5.

Bptip Yollp
¥orip -
Aub1p
Snadp § veltp - v . pra—
Khip
L] ..
. : Ak GV

i*-h‘!x‘—_&‘_‘_‘" l‘_‘—‘—-—-—l———".fﬂ;.::r'.’u

Figure 29: Localisation des transporteurs ABC dans la levure Saccharomyces cerevisiae (N-noyau; V-vacuole ; M-
mitochondries ; P-peroxisome ; PM-membrane plasmique) (Piecuch and Oblak, 2014)



Gene/protéine | Nom Sous famillg7 | fonction localisation références
STE6/Ste6p STErile MDR (ABCB) | Export du | Membrane (Kuchler et
phéromone a plasmique al., 1989)
MDL1/Mdl1p MultiDrug MDR (ABCB) | Transport des | Membrane (Chloupkova
resistance-Like produits de | mitochondriale et al.,, 2003;
dégradation des | interne Young et al,
protéines 2001)
MDL2/MdI2p MultiDrug MDR (ABCB) | Inconnu Membrane (Chloupkova
resistance-Like mitochondriale et al.,, 2003;
interne Young et al,
2001)
ATM1/Atmlp | ABC MDR (ABCB) | Tansport de | Membrane (Chen and
Transporter, soufre de fer mitochondriale Cowan, 2006;
Mitochondrial interne Chloupkova
et al., 2003)
YOR1/Yorlp Yeast MRP/CFTR Pompe a efflux | Membrane (Cui et al,
Oligomycin (ABCC) des médicaments | plasmique 1996)
Resistance
YCF1/Ycflp Yeast Cadmium | MRP/CFTR Transport des | Membrane (Gueldry et
Factor (ABCC) métaux lourds vacuolaire al., 2003)
YBT1/Ybtlp Yeast Bile | MRP/CFTR Transport des sels | Membrane (Ortiz et al.,
Transporter (ABCC) biliaires vacuolaire 1997)
BPT1/Bptlp Bile  Pigment | MRP/CFTR Transport d’acide | Membrane (Klein et al.,
Transporter (ABCC) glucuronique, de | vacuolaire 2002;
bilirubine et de Petrovic et
gluthatione al., 2000)
VMR1/Vmrlp | Vacuolar MRP/CFTR Pompe d’efflux | Membrane (Wawrzycka
Multidrug (ABCC) des médicaments | vacuolaire et al., 2010)
Resistance
NFT1/Nftlp New Full- | MRP/CFTR Inconnu Membrane (Mason et al.,
length  MRP- | (ABCC) vacuolaire 2003)
type
Transporter
PXA1/Pxalp PeroXisomal ALDP (ABCD) | Transport des | Membrane (Hettema et
ABC- acides gras peroxisomale al., 1996;
transporter Swartzman et

al., 1996)
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Gene/protéine | Nom Sous famille | fonction localisation références
PXA2/Pxa2p PeroXisomal ALDP (ABCD) | Transport des | Membrane (Hettema et
ABC- acides gras peroxisomale al., 1996;
transporter Swartzman et
al., 1996)
PDR5/Pdr5p Pleiotropic PDR (ABCG) | Pompe d’efflux | Membrane (Hlavacek et
Drug des médicaments, | plasmique al., 2009;
Resistance translocation des Kihara and
lipides Igarashi,
2004; Mahe
et al.,, 1996;
Miyahara et
al., 1996)
SNQ2/Snqg2p Sensitivity to 4- | PDR (ABCG) | Pompe  d’efflux | Membrane (Servos et al.,
NitroQuinoline- des médicaments | plasmique 1993)
N-oxide
PDR15/Pdr15p | Pleiotropic PDR (ABCG) | Détoxification de | Membrane (Wolfger et
Drug cellules pendant | plasmique al., 2004)
Resistance la réponse au
stress
PDR12/Pdr12p | Pleiotropic PDR (ABCG) | Transport des | Membrane (Hatzixanthis
Drug acides organiques | plasmique et al., 2003)
Resistance faibles
PDR11/Pdrl1lp | Pleiotropic PDR (ABCG) | Transport de | Membrane (Marek et al.,
Drug stérol plasmique 2011)
Resistance
AUS1/Auslp ABC protein | PDR (ABCG) | Transport de | Membrane (Marek et al.,
involved in stérol plasmique 2011)
Uptake of
Sterols
PDR18/Pdr18p | Pleiotropic PDR (ABCG) Incorporation de | Membrane (Cabrito et
Drug stérol de la | plasmique al., 2011;
Resistance membrane Teixeira et
plasmique al., 2012)

Tableau 5: les protéines ABC chez la levure Saccharomyces cerevisiae.
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V4.  Saccharomyces Cerevisiae : un modele de I’étude de

toxicité des xénobiotiques

La levure S. cerevisiae représente un modele eucaryote bien consolidé et largement utilisé. Un
certain nombre de caractéristiques font de la levure un modele idéal pour réaliser des études
toxicologiques fonctionnelles. Ces avantages et inconvénients sont résumés dans la Figure 30.

e Unicellulaire, non pathogéne

e Croissance controlée

e Facilement manipulable, mutants
disponibles

e Base de données disponibles (génome,
transcriptome, protéome)

e Conservation fonctionnelle chez les
Eucaryotes (23% avec 'homme)

e Peu colteuse

e Stockage possible sous forme lyophilisée

e Résistance a une large gamme de pH et de
forces ioniques

e Bon organisme modeéle pour évaluer la
toxicité des polluants environnementaux

e Paroi cellulaire et machinerie de
multirésistance

e Différences dans les voies métaboliques

e Unicellulaire(impossibilité d'identifier les
organes cibles ou effets secondaires
systémiques)
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Figure 30: Avantages et inconvénients de Saccharomyces cerevisiae en toxicologie (modifiée) (Braconi et al., 2016; Cabral
et al., 2003; Daniel et al., 2004; Gaytan et al., 2013; Gil et al., 2015; Papaefthimiou et al., 2004; Simoes et al., 2003).

V.4.1.  Saccharomyces cerevisiae est un modéle d’étude de toxicité
Vue qu’il est facilement manipulable, peu colteux, la grande homologie de son génome avec

celui de I’étre humain, sa facilité de stockage, sa croissance controlée et la disponibilité des bases
de données au niveau génomique, transcriptomique et protéique, le Saccharomyces cerevisiae est
utilisé jusqu’a aujourd’hui comme un bon mode¢le en toxicologie pour 1’é¢tude de mécanismes de
toxicité de différentes catégories des xénobiotiques que ce soit des médicaments (DCF, CPZ,

AMD...) ou des facteurs environnementaux (métaux lourds...).

V.4.1.1. Effet du diclofenac sur Saccharomyces Cerevisiae
L’effet du DCF sur différentes souches de Saccharomyces cerevisiae a été étudié afin de

comprendre le mécanisme impliqué dans la toxicité induite par ce médicament. Le traitement de
la souche BY4741 par DCF a induit I’expression de PDRS et une mutation au niveau de ce géne a
augmenté la toxicité induite par ce médicament dans le Saccharomyces cerevisiae (van Leeuwen
et al., 2011b). Ce mécanisme de toxicité est médié€ par la voie de protéine kinase C (PKc) et il est
aggravé en absence de zinc dans la souche Zaplp (zinc-responsive activator protein) (van

Leeuwen et al., 2011b).

Le DCF inhibe la croissance de Saccharomyces cerevisiae, induit la mort cellulaire et la
génération d’un stress oxydant. Cet effet a été accompagné par une diminution de la
consommation d’oxygene donc un arrét de respiration. Ainsi ceci a été confirmé en utilisant des
souches mutées au niveau de deux genes important dans la chaine respiratoire Riplp et Cox9p
dont I’inhibition a provoqué une aggravation de la toxicité induite par DCF (van Leeuwen et al.,

2011a).

L’effet des métabolites du DCF a été étudi¢ chez Saccharomyces cerevisiae. Dans ce contexte,
les souches exprimant le cytochrome P450 BM3 M11 ont montré une croissance plus lente apres
traitement par DCF en comparaison avec la souche sauvage. Ainsi dans ces souches une
génération de ROS a été induite et est en relation avec la toxicité du DCF et de ses métabolites.
Mais le traitement de Saccharomyces cerevisiae par ces métabolites le 4’ et le 5-
hydroxydiclofénac n’a pas montré un effet sur la croissance des levures ni sur la génération de
ROS, ce qui indique que le mécanisme de toxicit¢ du DCF dans ces cellules n’est pas médi¢ par

son métabolisme (van Leeuwen et al., 2011c).
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V.4.1.2. Effet de chlorpromazine sur Saccharomyces
cerevisiae
Le traitement de ce microorganisme avec la chlorimipramine ou la chlorpromazine inhibe sa

croissance avec une inhibition de 1’entrée de pyruvate dans le cycle de Krebs et un arrét de la
respiration (Hughes and Wilkie, 1970). Cette inhibition diminue la prolifération cellulaire par une
inhibition de I’entrée de calcium qui est nécessaire pour 1’entrée dans la phase S de la mitose
(Saavedra-Molina et al., 1983). En plus ce médicament a induit la phosphorylation du facteur
initiateur de la translation (elf2alpha) qui réduit la synthese générale des protéines et stimule la
production de Gcndp, un facteur de transcription activé dans le cas de stress environnemental
(infection virale, déficience en nutriments, accumulation des protéines dépliées dans le réticulum

endoplasmique...) (De Filippi et al., 2007).

V.4.1.3. Effet de ’amiodarone sur Saccharomyces cerevisiae
Les mécanismes de toxicité de I’amiodarone ont été étudiés chez Saccharomyces cerevisiae. Ce

médicament a été montré comme un inducteur d’apoptose via la génération de ROS dépendante
de I’activation d’une protéine mitochondriale Ysp2 qui est un inducteur de 1’acidification
intracellulaire (Sokolov et al., 2006). Cette induction de la mort cellulaire programmée a été
associée a une augmentation de la respiration mitochondriale et du potentiel membranaire ainsi
qu’a une augmentation du Ca** cytoplasmique et un relargage du cytochrome ¢ (Pozniakovsky et

al., 2005).

En plus cette association entre la perturbation de 1’homéostasie du calcium cytosolique et la
toxicité induite par ce médicament a été montrée (Courchesne, 2002; Courchesne et al., 2009).
Cet aspect parait plus aggravé dans les souches hypersensibles a I’amiodarone surtout celles ou il
y a une mutation aux niveaux des transporteurs (pmrl «Plasma Membrane ATPase Related »,
pdr5, et H+-ATPase vacuolaire) ou au niveau de la voie de synthese d’érgosterol (erg3, ergb et

erg24) (Gupta et al., 2003).

De méme I’AMD a causé des changements au niveau de la structure cellulaire de Saccharomyces
cerevisiae comme ’augmentation de nombre des particules lipidiques interagissant avec les
membranes des organites, apparition des mitochondries gonflées et le déplacement des
chromatines a la péripherie du noyau. Ces changements ont été associés a la réponse spécifique a

la phospholipidose et I’apoptose induite par ce médicament (Ozhovan et al., 2009).
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L’effet toxique de I’amiodarone a été associ¢ avec un autre facteur qui est 1’inhibition des
transporteurs au niveau de ces cellules surtout les transporteurs MDR ou un traitement avec
I’amiodarone a inhibé I’efflux du bromure d’éthidium un substrat spécifique de ces transporteurs

(Knorre et al., 2009).

V.4.1.4. Effet de I’adriamycine sur Saccharomyces cerevisiae
L’adriamycine est un antibiotique anthracycline qui est largement utilisé dans le traitement de

divers cancers. Cependant, l'efficacité de la chimiothérapie a base d’adriamycine est compromise
par l'apparition d'effets indésirables et 1'émergence de cellules cancéreuses résistantes a
I’adriamycine. Dans une recherche de nouveaux mécanismes de résistance a l'adriamycine, des
études ont cherché des genes qui sont liés a la résistance d’adriamycine utilisant la levure
Saccharomyces cerevisiae et identifiant plusieurs genes de résistance a ce médicament (Akll
« Ark family Kinase-Like protein », BSD2 « Bypass Sodlp Defects », SSL2 «Suppressor of
Stem-Loop mutation » et Ergl3 «Ergosterol biosynthesis» , etc.). Cette étude a montré le role de
Akll, un membre de la famille des kinases Ark / PRK, dans la résistance a l'adriamycine et que
Akl1 pourrait réduire la toxicité de I'adriamycine par inhibition de 1'étape d'internalisation dans
I'endocytose via la phosphorylation de composant de complexe endocytique. En outre, les défauts
du trafic vésiculaire de réticulum endoplasmique (ER) a vacuole réduit le degré de la résistance a
I'adriamycine induit par la surexpression d’Akll, ce qui suggere que l'inhibition de I'étape
d'internalisation dans I'endocytose facilite le transport de la protéine a partir de ER a vacuole, et

diminue la toxicité de I'adriamycine (Takahashi, 2013).

V.4.1.5. Effet du Cadmium sur Saccharomyces cerevisiae
Le cadmium, un métal lourd utilisé dans les instruments électriques, est un polluant

environnemental dont les effets ont été étudiés dans le Saccharomyces cerevisiae. L’exposition
de ces cellules a ce métal aboutit a une inhibition de la croissance et de la viabilité associées a
une augmentation de malondialdéhyde et de glutathion et un accroissement de catalase et
superoxyde dismutase (Muthukumar and Nachiappan, 2010). Ces dernieres surtout le glutathion
et la superoxyde dismutase 1 (Sodl) jouent un role protecteur pour les cellules contre ce métal
mais la formation d’un complexe GSH-Cd altere ce role (Adamis et al., 2004a; Adamis et al.,

2004b).
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En plus des études ont montré que la toxicité induite par le Saccharomyces cerevisiae est une
apoptose médiée par un stress oxydant et par une erreur de réparation de I’ADN (Banerjee and
Flores-Rozas, 2005; Gomes et al., 2008). Ces mécanismes de stress alterent la glutarédoxine 2

(GRX2) qui essaie d’activer la voie de secours qui est celle de glutathion (Gomes et al., 2008).
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Cadre et buts du travail

Plusieurs facteurs de susceptibilité, autres que génétiques, sont considérés comme pouvant
favoriser la survenue d’une toxicité hépatique d’origine médicamenteuse chez un petit nombre de
patients traités.

Divers travaux expérimentaux in vivo chez I’animal et in vitro ont montré qu’un stress
inflammatoire pouvait potentialiser 1’hépatotoxicité induite par certains médicaments. Cependant,
il est bien établi que des résultats obtenus chez 1’animal ne sont généralement pas transposables a
I’homme et qu’il n’existe pas de modéle animal pour prédire une toxicité idiosyncratique. D’autre
part, les études in vitro ont souvent été réalisées sur des cellules HepG2 qui ont perdu 1’essentiel
de leur potentiel de biotransformation de phase 1 et de phase 2. Mais, il est bien connu que
certains médicaments sont métabolisés en métabolites réactifs et les cytokines pro-inflammatoires
peuvent fortement modifier la capacité de biotransformation des hépatocytes, en altérant
notamment 1’expression et I’activité de plusieurs cytochromes P450 majeurs.

Notre objectif a été, en utilisant les cellules humaines HepaRG, :

1. De déterminer si des cytokines pro-inflammatoires, en particulier le TNF-a, peuvent
aggraver la cytotoxicité de médicaments connus pour induire une hépatotoxicité
idiosyncratique chez I’homme, ajoutés séparément ou en mélange.

2. De rechercher si les effets des cytokines peuvent concerner uniquement la cytotoxicité ou
également 2 autres types de 1ésions hépatiques, a savoir la cholestase et la stéatose.

3. D’évaluer la sensibilité des levures de type Saccharomyces cerevisiae vis-a-vis de ces
mémes molécules. Ce modele de cellule eucaryote possede une faible capacité
métabolique des xénobiotiques, mais possede des genes liés a la toxicité similaires aux
genes humains (cycle cellulaire, cytosquelette, systéme endomembranaire,...)

Le diclofénac et la trovofloxacine qui induisent in vivo a la fois une hépatotoxicité et une
cholestase et I’amiodarone qui induit une stéatose et a plus long terme une stéatohépatite ont été
retenus pour ce travail.

Les différents résultats obtenus sont présentés en 4 chapitres :

I. Etude de la sensibilité différentielle des cellules HepaRG différenciées ou non a la toxicité du
diclofénac en présence ou en absence de TNF-a

II. La N-acétylcystéine potentialise la toxicité du diclofénac chez Saccharomyces cerevisiae:
implication possible des transporteurs ABC

III. TNF-a potentialise 1’augmentation de 1’effet hépatotoxique mais non I’effet cholestatique du
co-traitement diclofenac/trovafloxacine dans les cellules HepaRG
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IV. N-acétylcysteine empéche 1’induction de la cytotoxicité¢ et la stéatose hépatique par
I’amiodarone ainsi que leur aggravation par le stress inflammatoire
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Résultats

Chapitre I. Etude de la sensibilité différentielle des cellules
HepaRG différenciées ou non a la toxicité du diclofénac
en présence ou en absence de TNF-a

Résumé

Le role des métabolites réactifs et du stress inflammatoire a été largement évoqué dans
I’hépatotoxicité idiosyncratique du diclofénac (DCF) mais les mécanismes sont encore mal
compris. Nous avons cherché a évaluer l'influence du phénotype des cellules du foie sur
I'hépatotoxicité du DCF combiné ou non avec du TNF-a en utilisant des cellules HepaRG
différenciées et indifférenciées, et pour comparaison, les cellules HepG2. Nos résultats
démontrent qu’apres 24h de traitement les cellules HepaRG métaboliquement actives sont moins
sensibles au DCF que leurs homologues non différenciés et non métaboliseurs comme en
témoignant la génération d’un stress oxydant et d’un stress du réticulum endoplasmique moindres
et une plus faible activité de la caspase 9. Les cellules HepaRG différenciées sont également
moins sensibles que les cellules HepG2. Leur sensibilité inférieure au DCF semble liée a leur
contenu ¢levé en glutathion transférases. De plus, 1’apoptose induite par DCF est potentialisée par
le TNF-o uniquement dans les cellules HepaRG différenciées et les cellules HepG2, qui
expriment le récepteur de mort et est associée a l'activation de la caspase 8. Il faut noter que
TNF-a n’aggrave pas 1’effet cholestatique induit par DCF. Au total, nos résultats montrent que (i)
la faible sensibilité des cellules HepaRG différenciées au DCF par comparaison avec leurs
homologues non différenciés est liée a leur capacité de détoxification élevée, soutenant
I’hypothése évoquant une plus grande sensibilité des tissus non-hépatiques a ce médicament; (ii)
la potentialisation de la cytotoxicité de DCF par le TNF-a est observée uniquement dans les

cellules exprimant le récepteur de mort.

Ce travail a été publié sous le titre : 1.Differential sensitivity of metabolically competent and
non-competent HepaRG cells to apoptosis induced by diclofenac combined or not with

TNF-a (http://dx.doi.org/10.1016/j.toxlet.2016.06.008 (Toxicology Letters 258 (2016) 71-86)
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The role of reactive metabolites and inflammatory stress has been largely evoked in idiosyncratic
hepatotoxicity of diclofenac (DCF); however mechanisms remain poorly understood. We aimed to
evaluate the influence of liver cell phenotype on the hepatotoxicity of DCF combined or not with
TNF-a using differentiated and undifferentiated HepaRG cells, and for comparison, HepG2 cells.
Our results demonstrate that after a 24h-treatment metabolizing HepaRG cells were less
sensitive to DCF than their undifferentiated non-metabolizing counterparts as shown by lower
oxidative and endoplasmic reticulum stress responses and lower activation of caspase 9.
Differentiated HepaRG cells were also less sensitive than HepG2 cells. Their lower sensitivity to
DCF was related to their high content in glutathione transferases. DCF-induced apoptotic effects
were potentiated by TNF-a only in death receptor-expressing differentiated HepaRG and HepG2
cells and were associated with marked activation of caspase 8. TNF-a co-treatment did not
aggravate DCF-induced cholestatic features. Altogether, our results demonstrate that (i) lower
sensitivity to DCF of differentiated HepaRG cells compared to their non-metabolically active
counterparts was related to their high detoxifying capacity, giving support to the higher
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HepG2 cells
Primary human hepatocytes

sensitivity of nonhepatic tissues than liver to this drug; (ii) TNF-«-potentiation of DCF
cytotoxicity occurred only in death receptor-expressing cells.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Drug-induced idiosyncratic hepatotoxicity represents 13-17%
of all cases of acute liver failure (Bjornsson and Olsson, 2006).
Formation of reactive metabolites, generation of oxidative stress,
inflammatory stress and immune response are recognized to be
potential critical determinants (Uetrecht, 2006).

Diclofenac (DCF) is a non-steroidal anti-inflammatory drug
widely used for the treatment of rheumatoid arthritis, osteoar-
thritis and acute injury pain. Its administration has been associated
with adverse effects in various organs, especially the gastrointes-
tinal tract and kidney. DCF has also caused rare cases of
hepatocellular injury, cholestasis or mixed hepatocellular injury
and cholestasis (Banks et al., 1995; Breen et al., 1986; Watanabe
et al., 2007). DCF-induced liver toxicity has been related to the
formation of reactive metabolites, i.e. quinone imines from 4'OH-
DCF and 5'OH-DCF, and acyl glucuronides primarily catalyzed by
UGT2B7 (Bort et al., 1999; Kretz-Rommel and Boelsterli, 1993;
Wang et al, 2004). DCF-acyl glucuronides can bind selective
proteins, including dipeptidyl peptidase IV, a canalicular mem-
brane protein (Seitz and Boelsterli, 1998; Seitz et al, 1998).
However, the role of these protein adducts in the pathogenesis of
DCF-associated liver toxicity remains unclear (Aithal and Day,
2007; Banks et al., 1995).

DCF and its CYP-mediated metabolites 4'0OH-DCF and 5'OH-DCF
induce concentration-dependent apoptosis at equimolar concen-
trations, the greatest pro-apoptotic activity being produced by
5'0H-DCF in primary human hepatocytes (Bort et al., 1999).
However, DCF does not appear to be more cytotoxic to human
hepatocytes than to HepG2 cells which usually express low drug
metabolizing enzyme activities (Fredriksson et al.,, 2011; Gomez-
Lechon et al., 2003b). Moreover, DCF has been shown to be toxic to
non-hepatic organs and cells at doses even lower than those
required for liver toxicity (Ng et al., 2008). All these data make
questionable the direct involvement of CYP-derived metabolites in
DCF cytotoxicity in vivo and in vitro. DCF-induced apoptosis is
strongly potentiated by TNF-« in HepG2 cells (Fredriksson et al.,
2011; Maiuri et al., 2015) and lipopolysaccharide in rodent liver
(Deng et al, 2006). The involvement of the intrinsic apoptotic
pathway characterized by disruption of mitochondrial integrity
has been demonstrated in various studies (Fredriksson et al., 2011;
Gomez-Lechon et al, 2003a), and oxidative and endoplasmic
reticulum (ER) stresses have been identified as independent
cytotoxic responses to both DCF alone and the combination DCF/
TNF-« (Fredriksson et al., 2014). The synergistic effect of DCF/TNF-
« co-treatment appeared to occur mostly via activation of the
extrinsic apoptotic pathway (Fredriksson et al., 2011).

In the present work, we further investigated mechanisms of
DCF hepatotoxicity and cross-talk between hepatocyte apoptosis
induced by DCF and TNF-« challenge using differentiated,
metabolically competent and undifferentiated, non metabolically
competent HepaRG cells and for comparison, HepG2 cells. At their
undifferentiated stage HepaRG cells express markers of progen-
itors and do not exhibit detectable drug metabolizing enzyme
activities; however, they can reach the capacity to express
functions of mature hepatocytes, including activities of CYP2C9
and CYP3A4 which are the main CYPs involved in the formation of
CYP-mediated metabolites of DCF (Aninat et al., 2006; Guillouzo
and Guguen-Guillouzo, 2008), as well as detoxifying enzymes
(Aninat et al., 2006; Gerets et al., 2012; Rogue et al.,, 2012). We

show here that sensitivity of liver cells to DCF-induced apoptosis
was related to their phenotype and that potentiation by TNF- was
observed only in differentiated HepaRG cells expressing liver-
specific functions and in HepG2 cells.

2. Materials and methods
2.1. Chemicals and reagents

1-Aminobenzotriazole (ABT), diclofenac sodium salt (DCF),
dithiothreitol (DTT), methylthiazoltetrazolium (MTT), N-acetyl-
Asp-Glu-Val-Asp-7-amido-4-methylcoumarin  (AC-DEVD-AMC),
N-acetyl-cysteine (NAC), ethacrynic acid, 63-hydroxy-testosterone
and testosterone were purchased from Sigma Aldrich (St. Quentin
Fallavier, France). 2',7’-Dichlorodihydrofluorescein (H»-DCFDA)
was from Invitrogen Molecular Probe (Cergy-Pontoise, France).
Ac-lle-Glu-Thr-Asp-7-Amino-4-methylcoumarin (AC-IETD-AMC)
and Ac-Leu-Glu-His-Asp-7-Amino-4-methylcoumarin (AC-LEHD-
AMC) were supplied by Enzo Life Sciences (Lyon, France). TNF-«
was provided by Promocell (Nuremberg, Germany). elF2« (catalog
9722) and phospho-elF2« (Ser51) (catalog 3597) were from Cell
Signaling Technology (Danvers, MA, USA). CXCL8/IL-8 and Human
C-reactive protein (CRP) DuoSet kits were from R&D (Abingdon,
United Kingdom). N-benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp
(OMe )-fluoromethyl ketone (z-LEHD-fmk) was purchased from
BD Biosciences (Le Pont de Claix, France) and etanercept was from
Amgen (Thousand Oaks, CA, USA). Glutathione transferases (GST)
A1/2 and M1/2 antibodies were gifts from Dr Caroline Aninat
(Rennes).

2.2. Cell cultures and treatments

2.2.1. Cell cultures

HepaRG cells were seeded at a density of 2.6 x 10* cells/cm? in
Williams' E medium supplemented with 10% Hyclone™ fetal
bovine serum (Thermo scientific, San Jose, USA), 100U/mL
penicillin, 100 pg/ml streptomycin, 5 wg/ml insulin, 2mM gluta-
mine, and 50 wM hydrocortisone hemisuccinate. After 2 weeks,
these undifferentiated cells were shifted to the same medium
supplemented with 1.7% dimethy! sulfoxide (DMSO) for further 2
weeks in order to obtain cells expressing liver-specific functions. At
that time, cultures contained hepatocyte-like and progenitors/
primitive biliary-like cells in nearly equal proportions (Cerec et al.,
2007).

HepG2 cells were seeded at a density of 2.6 x 10 cells/cm? in
minimum essential medium-« supplemented with 10% Hyclone™
fetal bovine serum, non-essential amino acids, 100 U/ml penicillin
and 100 p.g/ml streptomycin, and were used at subconfluence.

Primary human hepatocytes were obtained from Biopredic
International (St Grégoire, France). They were isolated by collage-
nase-perfusion of liver biopsies from adult donors (Guguen-
Guillouzo et al., 1982). These cells were cultured at a density of
1.5.10°/cm? ina Williams’ E medium containing 10% Hyclone™ fetal
bovine serum without hydrocortisone hemisuccinate for the first
24h and in a medium deprived of serum and hydrocortisone
thereafter. Cultures were used at day 4.

2.2.2. Treatments
All treatments were performed on cells maintained in a
medium containing 2% Hyclone™ fetal bovine serum and 0.2%
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DMSO (used as a vehicle). Selection of TNF-« concentration (10 ng/
ml) was based on previous studies (Bachour-El Azzi et al.,, 2014;
Fredriksson et al, 2014) and preliminary experiments on
determination of caspase 3 activity and CRP secretion levels.
However, except otherwise indicated a co-treatment with DCF and
cytokine meant a 24h pre-treatment with the cytokine alone
before treatment with DCF/cytokine combination.

2.3. MTT assay

Cytotoxicity was evaluated using the MTT colorimetric assay.
Briefly, cells were seeded in 24-well plates and treated with either
TNF-« or various concentrations of DCF (50,100, 150, 200, 250, 350
or 500 M) after pre-treatment or not with TNF-«. After medium
removal, 500 ! of serum-free medium containing MTT (0.5 mg/
ml) was added to each well and incubated for 2h at 37°C. The
water-insoluble formazan was dissolved in 500 ul DMSO and
absorbance was measured at 550nm (Aninat et al., 2006).

2.4. Phase-contrast imaging analysis

Cells were treated with DCF, TNF-a and DCF+TNF-« for
different times (0, 4 and 24 h) and images were taken using a
phase-contrast microscope (Inverted microscope Zeiss axiovert
200 M and Axiocam MRm).

2.5. ELISA assays

C-reactive protein (CRP) and interleukin-8 (IL-8) proteins were
measured in cell supernatants using CRP and CXCL8/IL-8 DuoSet
kits, according to manufacturer’s instructions. Briefly, super-
natants were collected after 24 h treatment and stored at —80°C
until analysis; 96-well microplates were coated with capture
antibody and incubated overnight. Samples and standards were
diluted appropriately and added for 2h after a saturation step.
Secondary antibody was added for 2 h after washing. Streptavidin-
horseradish peroxidase and its substrate were used for the
revelation step. Optical density was read at 450nm with
wavelength correction. All steps were performed at room
temperature (Bachour-El Azzi et al., 2014).

2.6. Determination of ROS generation

ROS generation was determined by the H,-DCFDA assay. After
treatment with DCF+ TNF-a for 30 min, 2 h, 4h, 8 h and 24 h, 10°
cells were incubated for 2 h at 37 “°C with 2 uM H,-DCFDA and then
washed with cold PBS, and scraped in potassium buffer (10 mM, pH
7.4)/methanol (v/v) complemented with Triton X-100 (0.1%).
Fluorescence intensity of cell lysates was determined by spectro-
fluorimetry using excitation/emission wavelengths of 498/520 nm
(Sharanek et al., 2014).

2.7. Determination of caspase 3, 8 and 9 activities

After treatment with DCF -+ TNF-c, the cells were scraped in the
culture medium, then centrifuged, washed with PBS, dried and
stored at —80°C. Cell lysates were re-suspended in 70 pl of 4-(2-
hydroxyethyl)-L-piperazine ethane sulfonic acid supplemented
with anti-phosphatase and anti-protease. Then, 40 g proteins of
each sample was placed in an opaque plate in triplicate and
supplemented with caspase buffer, 20 mM piperazine-1,4-bis-2-
ethanesulfonic acid, pH 7.2, 100 mM NacCl, 10mM dithiotreitol,
1mM EDTA, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propane sulfonic acid and 10% sucrose. Then 2 ] of DEVD-AMC,
LEHD or IETD substrates for caspases 3, 9 and 8 respectively, was
added. Fluorescence was measured at a wavelength between 380

and 420nm for caspase 3 and between 405 and 465nm for
caspases 8 and 9 (Dumont et al., 2010; Maianski et al., 2004).

The influence of different inhibitors on caspase activities was
also tested. The antioxidant N-acetyl cysteine (NAC) was added to
cultures treated with DCF, TNF-« or their combination for 24 h at
the concentration of 5mM (Fredriksson et al., 2011; Sharanek et al.,
2014; Son et al,, 2013). Etanercept, a soluble p75 TNF-« receptor
that prevents TNF-« to activate its membrane-bound receptor,
thereby leading to inhibition of caspase 8 activation via the
extrinsic apoptotic pathway (Jouan-Lanhouet et al., 2012), and z-
LEHD-fmk, a specific inhibitor of caspase 9 activation (Maccarrone
et al., 2000), were added at the concentrations of 10 wg/ml and
20 M respectively, one hour before treatment with DCF and/or
TNF-a.

2.8. Western blotting analysis

HepaRG cells were incubated in a medium added or not with
DCF 4 TNF-« for 2h after pre-treatment or not with the cytokine.
P-elF2q, elF2«, GSTA1/2 and GSTM1/2 were analyzed according to
methods previously described (Fredriksson et al., 2011; Zeng et al.,
2014).

Briefly, after treatment, cells were washed with cold PBS and re-
suspended in cell lysis buffer and a protease inhibitor cocktail.
Aliquots containing an equivalent total protein content, as
determined by the Bradford's procedure with bovine serum
albumin as the standard, were subjected to sodium dodecyl
sulfate/4-12% polyacrylamide gel electrophoresis, electrotrans-
ferred to immobilon-P membranes, and probed overnight with p-
elF2«, elF2a or GST antibodies. After incubation with a rabbit
secondary antibody, a chemiluminescence reagent, and Hyperfilm
ECL, bands were quantified by densitometry with Fusion-Capt
software (Marne-La vallée, France).

2.9. Measurement of CYP3A4 activity

After treatment with DCF + TNF-« cells were washed with PBS
and incubated at 37 °C with testosterone dissolved in Williams' E
medium without phenol red. After 2h, medium was collected and
CYP3A4 activity was measured using a high performance liquid
chromatography equipment (Agilent 1100 series high performance
liquid chromatograph equipped with an autosampler and Agilent
1100 series fluorescence and UV detectors) with two solvents,
acetic acid (0.1%) and acetonitrile, as previously (Aninat et al.,
2006).

2.10. Diclofenac biokinetics

Cultures were incubated with 200 wM DCF + TNF-« for 2, 4 and
24 h; then cell supernatants and lysates were diluted 100 times in
the mobile phase and analyzed by Liquid Chromatography - High
Resolution - Mass Spectrometer (LC-HR-MS) Q ExactiveTM
(Thermo Scientific). An HESI-II ion source was used for the
electrospray ionization of target compounds. The chromatographic
separation of the analytes was performed with an Accela pump
(Thermo Scientific) equipped with a Thermo Fisher C18 Accucore
column (100 x 21 mm, 2.6 uM) using a gradient of 10mM
ammonium acetate buffer containing 0.1% (v/v) formic acid and
of acetonitrile with 0.1% (v/v) formic acid. Retention times were
respectively 1.6 min and 1.3 min for DCF and OH-DCF. Calibration
curves were obtained by spiking mobile phase with standards at
0.01-10 M. Data were acquired in negative Full Scan mode and
quantification was performed by extracting the exact mass value of
deprotonated DCF (294.0095m/z) and OH-DCF (310.0042m/z)
using a 5 ppm mass window. 4'OH DCF and 5'OH DCF were not
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separated chromatographically; consequently OH-metabolites
represented the sum of both.

2.11. Real-Time quantitative polymerase chain reaction (RT-qgPCR)
analysis

Total RNA was extracted from 10° HepaRG or HepG2 cells with
the SV total RNA isolation system (Promega, Charbonnieres-les-
Bains, France). RNAs were reverse-transcribed into cDNA and RT-
qPCR was performed using a SYBR Green mix. Primer sequences
are listed in Supplementary Table 1.

2.12. Taurocholic acid efflux

To estimate bile salt export pump (BSEP) activity cells were first
exposed to 43.3nM [*H]- taurocholic acid ([*H]-TA) for 30min;
after washing cells were incubated with DCF - TNF« in a standard
buffer containing Ca** and Mg?". After 2 h incubation cells were
washed and then scraped in 0.1 N NaOH. The remaining radio-
labeled substrate was measured through scintillation counting to
determine TA efflux (Antherieu et al.,, 2013).

2.13. Na'-dependent taurocholate co-transporting polypeptide
activity (NTCP)

NTCP activity was estimated by determination of sodium-
dependent intracellular accumulation of [*H]-TA substrate. Cells
were treated with DCF+TNF-a followed by incubation with
43.3 nM radiolabeled TA for 30 min. Then, they were washed with
standard buffer and lysed with 0.1 N NaOH. Accumulation of
radiolabeled substrate was determined through scintillation
counting (Sharanek et al., 2015).

2.14. CDF efflux determination

After treatment with DCF + TNF-« for 4 h cells were incubated
with 3 uM of 5 (and 6)-carboxy-2,7-dichlorofluorescein diacetate
(CDFDA) for 30min at 37°C. Upon hydrolysis by intracellular
esterases, CDFDA was converted to fluorescent CDF (excitation/
emission: 488/509 nm) and directed towards the biliary pole by
membrane transporters, mainly by the multidrug resistance-
associated protein 2 (MRP2). After washing with phenol red-free
Williams' E medium imaging was performed using a Cellomics
ArrayScan VTl HCS Reader (Thermo Scientific) (Bachour-El Azzi
et al., 2015).

2.15. Statistical analysis

One-way ANOVA with Bonferroni's multiple comparison test
(GraphPad Prism 5.00) was performed to compare data between
DCF-, TNF-«c-, DCF + TNF-ae-treated cells and control cultures. Each
value corresponded to the mean +standard error of the mean
(SEM) of three independent experiments. Data were considered
significantly different when p < 0.05.

3. Results

3.1. Differential sensitivity of metabolically and non metabolically
competent HepaRG cells to DCF

DCF cytotoxicity was first estimated using the MTT assay after a
24 h treatment. A decrease in cell viability was observed in a dose-
dependent manner with drug concentrations starting at 350 wM
(IC50 ~ 780 uM) in differentiated HepaRG cells. Human hepato-
cytes obtained from three donors showed similar sensitivity to DCF
toxicity (IC50~800uM) as differentiated HepaRG cells.

Undifferentiated HepaRG (8 days after seeding) and subconfluent
HepG2 cells were more sensitive (IC50s=468 and 688 uM
respectively) (Fig. 1A-D).

Apoptotic effects of DCF were also estimated by determination
of caspase 3 activity. A 1.8-fold augmentation was observed in
differentiated HepaRG cells treated with 200 .M DCF. Interesting-
ly, undifferentiated HepaRG and subconfluent HepG2 cells were
respectively 3- and 2-fold more sensitive to DCF than differentiat-
ed HepaRG cells exposed to 200 M DCF (Fig. 1E and F).

Accordingly, cell examination under phase-contrast microscopy
after a 24h treatment evidenced some cell detachment in
undifferentiated HepaRG and HepG2 cell cultures exposed to
200 wM DCF (Fig. 2).

To confirm the lower sensitivity of HepaRG hepatocytes
compared to primitive biliary cells, cultures containing 80%
HepaRG hepatocytes (instead of 50%) were prepared by cell
seeding at high density (Pernelle et al, 2011). In such cultures
sensitivity to DCF was further reduced, not exceeding 2.9-fold
(versus 5.8-fold) with 350 uM (data not shown). Based on all these
results, DCF was usually used at 200 M for further investigations.

3.2. Diclofenac metabolizing capacity of HepaRG and HepGz2 cells

Drug metabolism capacity of differentiated cells was first
evaluated by determination of CYP3A4 activity and transcript
levels. CYP3A4 is the main expressed CYP gene in mature
hepatocytes and is involved in DCF metabolism (Shen et al,
1999; Tang et al., 1999). As expected, high levels of transcripts and
activity were measured in differentiated HepaRG cells; they were
not significantly modulated by 200 uM DCF (Fig. 3A and B).

Then, in order to determine whether DCF was metabolized by
differentiated HepaRG cells, undifferentiated HepaRG cells and
HepG2 cells, its biokinetics was estimated over a 24 h period. DCF
and OH-metabolites were measured in both media and cell lysates
after 2, 4 and 24 h. In differentiated HepaRG cells, the percentage of
unchanged DCF recovered in medium and cell layers decreased
with time and represented only 14% of the initial 200 uM DCF
concentration after 24 h. In parallel, increasing production of OH-
metabolites was evidenced (Fig. 3C-F). DCF and/or OH-metabolites
did not accumulate intracellularly. Formation of OH-metabolites
was completely prevented by co-addition of 300 uM 1-amino-
benzotriazole (ABT), a non selective inhibitor for human P450s. By
contrast, no obvious loss of DCF was evidenced in undifferentiated
HepaRG cells (data not shown) and in HepG2 cells after 24h-
exposure (Supplementary Fig. 1). All these data supported the
conclusion that undifferentiated HepaRG and HepG2 cells had low
DCF metabolism capacity if any.

3.3. Only differentiated HepaRG and HepG2 cells are responsive to
TNF-o

First, differentiated HepaRG cells were exposed to 10 ng/ml
TNF-« and their responsiveness was estimated by determination
of CRP and IL-8 transcripts levels and protein secretion rate. CRP
and IL-8 secretion levels were measured in the medium of
untreated and DCF-treated cells in the absence or presence of TNF-
« for 24 h using ELISA assays. Untreated cells secreted 26 + 4 pg/ml
CRPand 21 45 pg/ml IL-8, and a 37 and 31% decrease in the release
of CRP and IL-8 respectively was evidenced after treatment with
200 M DCF alone, compared to untreated cells. TNF-« strongly
increased secretion levels of these two inflammatory markers
(12.6- and 41.7-fold for CRP and IL-8 respectively) while a co-
treatment with DCF resulted in lower increases (6.1- and 23.3-fold
for CRP and IL-8 respectively compared to untreated cells)
(Supplementary Fig. 2A and B). All these results were confirmed
by measuring mRNA levels by PCR analysis. Co-treatments with



101

H. Al-Attrache et al /Toxicology Letters 258 (2016) 71-86 75
A Differentiated HepaRG cells B Undifferentiated HepaRG cells
1207 —= without TNF-cx — +TNF-a 1207 - without TNF-c = +TNF-a
s =
£ £
c c
8 .- Q9
« 80 '2 80
2 " T o
:E 40 % 40
> >
E =
] 8
L S D N © S
eS8 L P o o,° S L P s
DCF (uM) DCF (uM)
C D
HepG2 cells Primary human hepatocytes
120 - without TNF-u = +TNF-a 1209 -= without TNF-« = +TNF-«
g g
5 80 . ™ 804
X 3 =
> >
= -
3 B & 2 4l
[ [
s =
) °
o o
VD S S N $ O DS N
S P 0 S F s
DCF {uM) DCF (M)
E F
HepaRG cells . HepGz2 Cells
¢ 8 [ withowt TNF-a B +TNF-o 5 2 [ without TNF-« M +TNF-«
8 g
©
ﬁ a4 =
[*]
T & i - 15
[°] Kk 3
. 3
2 2 40
= 4 z 10
g 8
el
% 2 @ 5
w
8 g
& 0 3 =
S o . © 9 . : -
SCH{IPOdS @ N S & N N N S S &
& Qs;,e?é St @g & ‘$ ‘$«“ i & & & § & & &
C O L PP P ’b fv & 9 S e & N oS
Sav St e <& o L oW
FF FS S & & & &
Differentiated Undifferentiated

Fig. 1. Influence of TNF-a on DCF-induced toxicity in differentiated and undifferentiated HepaRG cells, HepG2 cells and primary human hepatocytes.
Cells were treated with diclofenac (DCF) + TNF- following pre-treatment or not with the cytokine. (A-D) MTT assay in the four cell models and (E) Caspase 3 activity in
differentiated and undifferentiated HepaRG cells after treatment with DCF - TNF-cx. (F) Caspase 3 activity in HepG2 cells after the same treatments as in (E). All results are
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TNF-a DCF + TNF-a

Fig. 2. Effects of DCF and TNF-a on morphology of differentiated HepaRG, undifferentiated HepaRG and HepG2 cells.
Phase-contrast microscopy examination of differentiated HepaRG, undifferentiated HepaRG and HepG2 cells after treatment with TNF-« for 24 h followed by 24 h co-
treatment with 200 uM DCF + TNF-a.. White arrows demonstrate cell alterations characterized by cell detachment.

200 M DCF also resulted in lower increase of both protein and
transcripts levels (Supplementary Fig. 2C and D).

Then, the influence of TNF-« on DCF cytotoxicity was evaluated
using the MTT and caspase 3 activity assays. When differentiated
HepaRG cells were exposed to TNF-« for 24 h before co-exposure to
the drug for further 24h, cytotoxicity was not aggravated in
differentiated HepaRG cells (Fig. 1A) and human hepatocytes
(Fig. 1D) using the MTT assay. However, a significant increase in
caspase 3 activity was observed with 200 wM DCF in combination
with TNF-« (5.24-fold vs TNF-« alone) in differentiated cells after
pre-treatment with the cytokine (Fig. 1E) while no change and only
a slight increase were observed in undifferentiated HepaRG cells
and HepG2 cells respectively (Fig. 1E and F). However, treatment
with 250 uM DCF+ TNF-« hugely activated caspase 3 (around 15-
fold) in these latter (Fig. 1F).

Since pro-inflammatory cytokines are known to inhibit the
major CYPs involved in drug metabolism (Abdel-Razzak et al.,
1993), we then investigated whether a pre-treatment with TNF-«
could modulate activity and expression of CYP3A4 in differentiated
HepaRG cells treated with 200 wM DCF. Whereas CYP3A4 activity
was not significantly modulated by DCF alone, it decreased to 44%
with TNF-a and 34% with TNF-« + DCF (Fig. 3A). CYP3A4 transcript
levels dropped by 54% and 85% of the control values with TNF-«
alone and TNF-a + DCF, respectively (Fig. 3B). Of note, transcripts of
CYP2(9, the other CYP involved in DCF metabolism (Shen et al.,

1999), were similarly reduced by DCF, TNF-« and co-treatments
(Data not shown).

DCF biokinetics and OH-metabolites formation were also
measured in cultures of differentiated HepaRG cells co-treated
with 200 uM DCF and TNF-« over a 24 h period. A limited decrease
in DCF disappearance was observed with TNF-o +DCF (27%)
compared to DCF alone (14%). Accordingly, a slight decrease in the
formation of OH-metabolites was observed with TNF-«+DCF
(22%) compared to DCF alone (28%). Noteworthy, ABT reduced DCF
disappearance to 57% and completely inhibited OH-metabolites
formation (Fig. 3C-G). As found with DCF alone no obvious loss of
DCF and formation of OH-metabolites were evidenced in
undifferentiated HepaRG (data not shown) and HepG2 cells after
treatment with the combination DCF+TNF-a (Supplementary
Fig. 1).

3.4. DCF-induced generation of oxidative stress

Treatment of differentiated HepaRG cells with DCF alone did not
induce generation of detectable oxidative stress at concentrations
up to 200 uM, even after 24h as shown by measurement of
reactive oxidative species (ROS) using the DCFDA assay. However, a
first treatment with TNF-« followed by co-treatment with 200 nM
DCF caused a slight generation of ROS within the first 8 h which
reached 3.5-fold after 24 h (Fig. 4A). Transcript levels of the two
oxidative stress-related genes HO-1 and MnSOD were also slightly

expressed relative to the levels found in corresponding untreated cells, arbitrarily set at avalue of 10r 100. ‘P < 0.05, *P < 0.01 and ***P< 0.001 compared with untreated cells,
#P<0.05 and **#P < 0.001 compared with cells treated with TNF-« or DCF individually.
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Fig. 3. Effects of DCF and TNF-a on CYP3A4 activity and transcript levels and analysis of DCF biokinetics.

Differentiated HepaRG cells were exposed to DCF+ TNF-a. { A) CYP3A4 activity determined by HPLC and {B) CYP mRNA levels measured by RT-PCR analysis. Unchanged DCF
and OH-metabolites were measured by LC-HR-MS in both supernatants (Cand D) and cell layers (E and F) after treatment with DCF alone or the combination DCF + TNF-cx in
differentiated HepaRG cells. Results in (A) and (B) are expressed relative to the levels found in control cells, arbitrarily set at a value of 100 or 1. Results in (C-F) are expressed
relative to the levels found in unexposed media containing 200 M DCF, arbitrarily set at avalue of 100. ‘P < 0.05 and ***P< 0.001 compared with untreated cells, ***P < 0.001
compared with cells treated with TNF-ac and DCF individually.
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Fig. 4. Effects of DCF+TNF-a on ROS generation and expression of HO-1 and MnSOD genes in differentiated and undifferentiated HepaRG cells.

Following exposure of cells to DCF + TNF-a ROS generation was measured after 30 min, 2 h, 4 h, 8 h and 24 h, using the H, DCFDA assay, and HO-1 and MnSOD transcripts levels
were determined by RT-PCR analysis in (A-C) differentiated and (D-F) undifferentiated HepaRG cells. H,0, (25 mM) was used as positive control after 2h treatment. All
results are expressed relative to the levels found in control cells, arbitrarily set at avalue of 1. *P < 0.05, *P < 0.01 and ***P < 0.001 compared with untreated cells, ***P < 0,001
compared with cells treated with TNF-« and DCF individually.
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Fig. 5. Transcript levels of ER stress genes after treatment with DCF +TNF-o.

ATF4, ATF6, CHOP and GRP78 gene expression was measured in differentiated (A-D) and undifferentiated HepaRG cells (E, F, G and H). All results are expressed relative to the
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cells treated with TNF-a and DCF individually.
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augmented in differentiated HepaRG cells, i.e. 1.4- and 1.5-fold,
after treatment with 200 wM DCF and 1.6- and 2-fold after co-
treatment with DCF + TNF-« respectively after 24 h (Fig. 4B and C).

A slight production of ROS was detected in undifferentiated
HepaRG cells during the first 8 h after treatment with 200 M DCF
(1.4-fold); this production reached 2.8-fold after 24 h (Fig. 4D).
Noticeably, HO-1 and MnSOD gene expression was also augmented
in undifferentiated HepaRG cells exposed to DCF alone (3.6- and
3.1-fold respectively) and slightly more after co-treatment with
DCF+TNF-«, reaching 3.9- and 3.3-fold for HO-1 and MnSOD
respectively (Fig. 4E and F).

In addition, ROS generation was measured in the presence of
NAC, z-LEHD-fmk and etanercept. A high inhibition of ROS
generation was observed in the presence of NAC in undifferentiat-
ed HepaRG cells treated with DCF alone, and in differentiated
HepaRG cells treated with DCF+TNF-«, and in the presence of
etanercept in co-treated differentiated HepaRG cells. z-LEHD-fmk
exerted only a slight inhibition of ROS production (Supplementary
Fig. 3A and B).

3.5. Enhancement of DCF-induced ER stress by TNF-c in differentiated
cells

A specific activation of the ER stress route through the ATF4
transcriptional activity has also been reported in DCF-treated liver
cells (Fredriksson et al., 2014). Our results showed that transcripts
levels of ATF4, ATF6, CHOP and GRP78 were all overexpressed in
differentiated HepaRG cells exposed to 200 uM DCF for 24 h. The
increases were significant with 200 uM for the 4 genes and co-
treatment with TNF-« led to a further significant increase. CHOP
was more up-regulated than ATF4 and ATF6 (Fig. 5A-D).

These 4 genes were more responsive to DCF in undifferentiated
HepaRG cells; they were already overexpressed with 50 uM and
their increase reached values between 3.5-fold (ATF4, ATF6 and
GRP78) and 5-fold (CHOP) with 200 M. Co-treatment with TNF-a
did not further enhance expression of these 4 genes (Fig. 5E-H).
Phosphorylation of elF2«, the upstream regulator of CHOP and
ATF4 (Oslowski and Urano, 2011), was also analyzed by western
blots after 2h of treatment. While it had no obvious effect in
differentiated HepaRG cells, the combination TNF-«+DCF in-
creased p-elF2 in undifferentiated HepaRG cells compared to DCF-
treated cells (Fig. 6A and B).

A —— P

Total-elF2a

Differentiated Undifferentiated
HepaRG cells HepaRG celis
Fig. 6. Western blots analysis of p-elf2a in differentiated and

3.6. Modulation of caspases 8, 9 and 3 activities by DCF and TNF-a

We further analyzed whether DCF -+ TNF-« altered activity of
the two initiator caspases 8 and 9. DCF alone increased nearly 2-
fold more caspase 9 than caspase 8 (3.1- vs. 17-fold) in
differentiated cells and more strongly both caspases in undiffer-
entiated cells (5.4- and 2.4-fold caspases 9 and 8 respectively). As
expected, compared to DCF alone co-treatment with TNF-«
strongly enhanced caspase 8 in differentiated cells and only
slightly in their undifferentiated counterparts. Caspase 9 was
slightly enhanced if any in both differentiated and undifferentiated
cells by co-treatment (Fig. 7A-D).

To confirm the involvement of caspases 3, 8 and 9 in DCF +/—
TNF-« toxicity, cells were co-treated with different inhibitors, i.e.
NAC, z-LEHD-fmk and etanercept. In DCF-treated differentiated
HepaRG cells the slight increase of caspase 8 was nearly completely
abolished by NAC and z-LEHD-fmk, and caspase 9 activation was
also strongly reduced by these two inhibitors (i.e. 66.7 and 94.8%
respectively) (Fig. 7C). Additional caspase 8 activation by DCF+
TNF-a co-treatment was mostly abolished (85%) in the presence of
etanercept. NAC and z-LEHD-fmk also strongly inhibited caspases 8
and 9 in DCF-treated undifferentiated HepaRG cells reaching 86
and 87.9% for the former and 65.3 and 95.9% for the latter
respectively. As expected, addition of etanercept was without any
effect (Fig. 7B and C). The effects of the different inhibitors in
HepGz2 cells treated with DCF or DCF+ TNF-« were comparable to
those observed in differentiated HepaRG cells treated in similar
conditions (Supplementary Fig. 5). Activation of caspase 3 by DCF
and DCF+TNF-« reflected changes in caspases 9 and/or 8 in the
three cell models (Supplementary Fig. 4).

3.7. Sensitivity to DCF is inversely correlated to GST content

Several studies have demonstrated that GSTs play a key role in
detoxifying processes (Board and Menon, 2013). We have analyzed
GSTA1/2 and M1/2 content in both differentiated and undifferen-
tiated HepaRG cells, and in HepG2 cells. As shown in Fig. 8 both
GSTs were less abundant in undifferentiated HepaRG cells (72.6
and 59.8% less for A1/2 and M1/2 respectively) and in HepG2 cells
(35.6 and 17.51% less for A1/2 and M1/2 respectively) than in
differentiated HepaRG cells (Fig. 8A-D).

Similarly, co-treatment of differentiated HepaRG cells with
DCF + TNF-« caused a decrease in transcript levels of the two GST
isoforms (35.5 and 37.2% for GST A1/2 and GST M1/2 respectively),
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Western blots (A) and quantification by densitometry (B) of p-elf2«c content in differentiated and undifferentiated HepaRG cells after 2 h treatment. Results are expressed

relative to the levels found in control cells, arbitrarily set at a value of 1.
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Fig.7. Effects of inhibitorson caspases 8 and 9 activities in HepaRG cells exposed to
DCF + TNF-ox.

NAC, etanercept and z-LEHD-fmk were added individually. A and C correspond to
differentiated HepaRG cells and B and D to undifferentiated HepaRG cells. All results

compared to treatment with DCF alone (Fig. 8E and F). Moreover, to
confirm the protective role of GSTs against DCF cytotoxicity
differentiated HepaRG cells were co-exposed to 10 uM ethacrynic
acid, a GST inhibitor (Awasthi et al, 1993), for 24h before
determination of caspase 3 activity. As expected, DCF cytotoxicity
was significantly enhanced (Fig. 9).

3.8. DCF-induced cholestatic features are not influenced by co-
treatment with TNF-c

To determine whether DCF induced cholestatic effects in the
presence or absence of TNF-«, differentiated HepaRG cells were
regularly examined under phase-contrast microscopy following
DCF+ TNF-« addition. Dilatation of many bile canaliculi was
observed after 6 h with 50 wM DCF (data not shown). Dilatations
appeared as early as 1h treatment with 100 and 200 wuM DCF
(Fig. 10A). TNF-«t alone had no effect and did not potentiate bile
canaliculi deformations caused by DCF (Fig. 10A).

To look for whether DCF-induced bile canaliculi deformations
were associated with alterations of bile acids transport, activities of
NTCP and BSEP were measured using [*H]-taurocholic acid as a
substrate. NTCP activity was slightly reduced after 24 h treatment
with 200M DCF whereas it was strongly inhibited by TNF-«
alone (Fig. 10B). By contrast, a dose-dependent augmentation of
BSEP activity was evidenced with DCF alone without any further
significant change by co-treatment with TNF-« after 2 h (Supple-
mentary Fig. 6). Both NTCP and BSEP transcripts were decreased by
DCF and more extensively by co-treatment with TNF-« after 24 h.
Noticeably, CDF accumulated in dilatated bile canaliculi of DCF-
treated cells (Fig. 10A).

4. Discussion

Formation of reactive CYP-mediated 4'OH- and 5'OH-metab-
olites and/or acyl glucuronides from DCF has been associated with
induction of intrinsic apoptosis resulting from ROS generation and
alteration of the mitochondrial function both in rat and human
hepatocytes (Gomez-Lechon et al.,, 2003a; Masubuchi et al., 2002)
and in HepG2 cells (Fredriksson et al., 2014). In the current study,
we demonstrated that DCF caused cytotoxicity in the absence of
any biotransformation by comparing metabolically and non-
metabolically competent HepaRG cells. Indeed, undifferentiated
HepaRG cells as well as HepG2 cells which exhibited low CYP
activity if any, and did not form OH-DCF metabolites were more
sensitive to the drug than HepaRG hepatocytes. The capacity of
differentiated HepaRG cells to actively metabolize DCF was verified
by biokinetics analysis showing that drug disappearance was
associated with formation of OH-metabolites.

Accordingly, primitive biliary cells were also found to be more
sensitive than HepaRG hepatocytes to DCF in differentiated
HepaRG cell cultures, further supporting that DCF could induce
cytotoxicity in the absence of any metabolism. Moreover,
sensitivity to DCF was found to be further reduced in differentiated
HepaRG cell cultures when the percentage of HepaRG hepatocytes
increased from 50 to 80%. The higher sensitivity of non-
metabolically competent liver cells could be related to the
capability of DCF to induce toxicity in several organs and non-
hepatic cells. Indeed, DCF is also a powerful nephrotoxicant. DCF
treatments have been associated with a number of cases of acute
renal failure in humans (Rubio Garcia and Tellez Molina, 1992);
they have also been shown to cause marked nephrotoxic effects in
mouse in absence of evidence of any liver damage determined by
serum alanine transaminase measurements, indicating that
contribution of DCF metabolism and its consequences in the liver
were not confounding factors towards culminating nephrotoxicity
(Hickey et al., 2001). In agreement, the EC50 value of 250 uM
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Fig. 8. Analysis of glutathione transferases (GSTs) in differentiated and undifferentiated HepaRG and HepG2 cells after exposure to DCF-+ TNF-a.

Western blots and their quantifications: (A and C) GSTA1/2 and (B and D) GSTM1/2 in differentiated and undifferentiated HepaRG cells and in HepG2 cells. HSC-70 was used as
aloading control. (E and F) Measurement of GSTA1/2 and GSTM1/2 gene expression in differentiated HepaRG cells after treatment with DCF 4+ TNF-c. Results in (C and D) are
expressed relative to the levels found in differentiated HepaRG cells, arbitrarily set at a value of 100. Results in (E and F) are expressed relative to the levels found in control
cells, arbitrarily set at a value of 1. *P < 0.05, **P < 0.01 and ***P< 0,001 compared with untreated cells,***P < 0.001 compared with cells treated with TNF-o and DCF -+ TNF-«

individually without co-addition of inhibitors,

reported with DCF-treated kidney LLC-PK1 pig cells (Ng et al.,
2008) was lower than the value obtained with differentiated
HepaRG cells (780uM, this study). Similarly, DCF-induced
intestinal toxicity was recently found to be unrelated to its
metabolism using precision-cut human intestinal slices (Niu et al.,
2015). Noteworthy, while 70% of the patients receiving DCF therapy
developed intestinal adverse effects (Zhu and Zhang, 2012) the risk

are expressed relative to the levels found in control cells, arbitrarily set at a value of
1. *P<0.05, “P<0.01 and ***P < 0.001 compared with untreated cells, #*#p<0.01
and **#P<0.001 compared with cells treated with TNF-« and DCF + TNF-«
individually without co-addition of inhibitors.

of liver injury reached only 6 per 100,000 users with chronic DCF
administration (de Abajo et al., 2004).

DCF induced an apoptotic response in both differentiated and
undifferentiated HepaRG cell models at lower concentrations than
necrosis, as shown by using caspase 3 activation and MTT assays, in
agreement with previous studies using other liver cell models
(Fredriksson et al., 2011; Gomez-Lechon et al., 2003b). The higher
apoptotic response of non-metabolically competent liver cells to
DCF was associated with generation of more reactive oxygen
species, higher expression of the two oxidative stress-related
genes HO1 and MnSOD and ER-stress-related genes, and higher
activation of caspases 8, 9 and 3. Apoptosis can occur via two



109

H. Al-Attrache et al /Toxicology Letters 258 (2016) 71-86 83

Differentiated HepaRG cells
107 [ without ethacrynic acid

W with ethacrynic acid .
i
R
§
£
&
3
w 6
z s
s
% ;
- 4 3
2
2
5 2 |“
L1 i |
> & & &
& © & &
< <&
)

<

Fig.9. Effects of ethacrynic acid on caspase 3 activity in differentiated HepaRG cells.
Cells were treated with DCF+TNF-a in the presence or absence of 10 M
ethacrynic acid for 24 h before determination of caspase 3 activity. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1
*P <0.05 and ***P<0.001 compared with untreated cells, **P < 0.01 and ***p
<0.001 compared with cells treated with TNF-a and DCF individually. *P < 0,05 and
$5p <0.01 compared with cells unexposed to ethacrynic acid.

pathways: the intrinsic resulting from mitochondrial dysfunction
and the extrinsic resulting from activation of external death
receptors. It has been proposed that DCF-induced apoptosis is
mainly mediated by the mitochondrial pathway, which involved
generation of ROS and ER stresses, induction of the mitochondrial
pore transition and activation of JNK (Fredriksson et al., 2014;
Gomez-Lechon et al., 2003a; Masubuchi et al., 2002). In support, it
has been shown that DCF could act as an uncoupler of oxidative
phosphorylation in mitochondria (LoGuidice et al., 2012; Soma-
sundaram, 2001). Our results agree with these conclusions. Indeed,
co-treatments of DCF with the antioxidant NAC or the caspase 9
inhibitor z-LEHD-fmk largely prevented caspases 9 and 3 activa-
tion, suggesting that oxidative and ER stresses mediating
mitochondrial pore transition were crucial events in DCF-induced
apoptosis in differentiated and undifferentiated HepaRG cells.
Similarly, DCF activation of these different caspases in HepG2 cells
was also strongly reduced with NAC and z-LEHD-fmk, further
supporting the prominent involvement of the intrinsic pathway as
previously reported (Masubuchi et al., 2002).

Pro-inflammatory cytokines are known to severely enhance
liver injury induced by various xenobiotics including DCF (Ramm
and Mally, 2013). We showed here that TNF-a potentiated DCF
toxicity in differentiated HepaRG cells, mainly through activation
of caspases 8 and 3. Similar results, although to a lower extent,
were obtained with HepG2 cells while undifferentiated HepaRG
cells were nearly unresponsive. The higher apoptotic response
previously reported in HepG2 cells co-treated with DCF+ TNF-a
could likely be explained by the use of higher DCF concentrations
(250-500 M) (Fredriksson et al., 2011). Activation of caspase 8 in
co-treated differentiated HepaRG cells and HepG2 cells was mostly
inhibited by etanercept, supporting the involvement of the
extrinsic apoptotic pathway in potentiation of DCF cytotoxicity
by TNF-«. Of note, the two TNF-« receptors (R1 and R2) were well
expressed in these cells while they were barely detectable in
undifferentiated HepaRG cells, thus explaining the unresponsive-
ness of these latter to TNF-a when combined with DCF
(Supplementary Table 2).

Differentiated HepaRG cells contain large amounts of detoxify-
ing enzymes (Aninat et al., 2006; Gerets et al., 2012; Rogue et al.,
2012), that could contribute to inactivation of DCF reactive

metabolites and protection against apoptotic effects of the drug.
DCF quinone imine metabolites have been shown to be reduced by
NAD(P)H:quinone oxido-reductasel and conjugated to GSH by
GSTs (Dragovic et al., 2013; Vredenburg et al., 2014). Our data
confirming that differentiated HepaRG cells contained higher
levels of GST A1/2 and M1/2 than their undifferentiated counter-
parts and HepG2 cells and showing their higher sensitivity to DCF
following GST inhibition by ethacrynic acid, brought further
support to their lower sensitivity to apoptotic effects of DCF.
Moreover, the higher sensitivity of differentiated HepaRG cells to
apoptotic effects of DCF following pre-exposure to TNF-«, which is
associated with inhibition of CYPs and GSTs, as well as the
comparable sensitivity of primary human hepatocytes and
differentiated HepaRG cells to DCF supported our conclusions.
Noticeably, a lower sensitivity of differentiated HepaRG cells
compared to HepG2 cells has previously been reported for several
known hepatotoxic chemicals (Gerets et al., 2012). Accordingly, the
differential sensitivity of differentiated HepaRG cells and HepG2
cells to DCF could be related to differences in both oxidative
metabolism and detoxifying and antioxidant capacities. However,
it cannot be excluded that GSTs were partly acting via their anti-
apoptotic properties (Board and Menon, 2013; Gilot et al., 2002).
Likelihood, its high content in GSTs and other detoxifying enzymes
could also at least partly explain the lower sensitivity to DCF of the
liver compared to other tissues.

Besides its capacity to induce hepatocellular injury DCF canalso
cause cholestasis in humans. As observed with several other
cholestatic drugs (Sharanek et al., 2016), we found that DCF
provoked early dilatation of bile canaliculi at lower concentrations
than those causing cytotoxicity and these bile canaliculi deforma-
tions were associated with alterations of taurocholic acid clearance
as well as of expression of influx and efflux bile acid transporters.
Although TNF- did not obviously alter these major DCF
cholestatic effects when added prior to and/or simultaneously
with the drug this did not exclude that the cytokine could
modulate bile acids synthesis and/or secretion.

Altogether our results bring new insights in DCF-induced
cytotoxicity and its potentiation by TNF-c.. They demonstrate that
DCF toxicity to human liver cells can occur in absence of
biotransformation and through the intrinsic apoptotic pathway,
and be related to the phenotype while its potentiation by TNF-«
can be observed only in cells expressing death receptors and
involves the extrinsic pathway. The lower sensitivity of human
HepaRG hepatocytes to DCF-induced apoptosis can be explained by
their high content in glutathione transferases and consequently by
their ability to inactivate DCF reactive metabolites.
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Fig. 10. Effects of DCF+TNF-a on bile canaliculi morphology, DCF accumulation and NTCP activity in differentiated HepaRG cells.

(A) Phase-contrast microscopy images showing bile canaliculi and intracanicular accumulation of fluorescent CDF after 4 and 24 h of treatment (DCF at 200 pM). (B) NTCP
activity after 24 h. White arrow shows dilatation of bile canaliculi. Results on NTCP activity are expressed relative to the levels found in control cells, arbitrarily set at avalue of
1. ***P<0.001 compared with untreated cells.
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Supplementary Fig. 1. Concentrations of remaining DCF in HepG2 cell
cultures after treatment with DCF+TNF-a.
Four concentrations of DCF were tested (200, 250, 500 and 1000uM). The cells

were pre-treated or not with TNF-a and DCF concentrations were determined in
(A) the supernatant and (B) cells after 24h incubation.
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Supplementary Fig. 2. Measurements of protein and transcript levels
of CRP and IL-8 after treatment with DCF and TNF-a.

CRP (A and C) and IL-8 (B and D) proteins and transcripts were quantified in
differentiated HepaRG cells after treatment with DCF + TNF-a. All results are
expressed relative to the levels found in corresponding untreated cells, arbitrarily
set at a value of 1. *P<0.01, **P<0.01 and ***P<0.001 compared with untreated
cells, *P<0.05, *P<0.05 and "*P<0.001 compared with cells treated with DCF
individually.
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Supplementary Fig. 3. Effects of DCF+TNF-a on ROS generation in
differentiated and undifferentiated HepaRG cells.
Cells were pretreated or not with TNF-a before co-treatment with DCF£TNF-a and

co-addition of the inhibitors NAC, z-LEHD-fmk and etanercept separately. (A)
differentiated and (B) undifferentiated HepaRG cells. All results are expressed
relative to the levels found in control cells, arbitrarily set at a value of 1.
***p<(0,001 compared with untreated cells, “*P<0.001 compared with cells
treated with DCF and DCF£TNF-a individually without inhibitor.
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Supplementary Fig. 4. Effects of co-addition of NAC, etanercept and z-LEHD-fmk
with DCF£TNF-a on caspase 3 activity in (A) differentiated (B) or undifferentiated
HepaRG cells or in (C) HepG2 cells. Cells were pretreated on not with TNF-a prior
to co-treatments and inhibitors were added separately. All results are expressed
relative to the levels found in control cells, arbitrarily set at a value of 1. *P<0.01,
**%p<0.01 and ***P<0.001 compared with untreated cells, #P<0.01 and **P<0.001
compared with cells treated with DCF or DCF£TNF-a without inhibitor.
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Supplementary Fig. 5. Caspase 8 and 9 activities in HepG2 cells
Caspase 8 (A) and caspase 9 (B) activities were measured in HepG2 cells after

treatment with DCF£TNF-a (following pre-treatment or not with TNF-a) in the
presence or not of the different inhibitors NAC, z-LEHD-fmk and etanercept. All
results are expressed relative to the levels found in control cells, arbitrarily set at
a value of 1. **¥P<0.01 and ***P<0.001 compared with untreated cells, #p<0.05
and #P<0.01 compared with cells treated with DCF and DCF+TNF-a without
inhibitor.
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Supplementary Fig. 6
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Supplementary Fig. 6. BSEP activity in differentiated HepaRG cells.
BSEP activity was measured after 2h of co-treatment with DCF£TNF-a. All results

are expressed relative to the levels found in control cells, arbitrarily set at a value
of 1. **¥*P<0.001 compared with untreated cells.
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Supplementary Table 1. List of primers

Gene Name Forward primer Reverse primer
GAPDH Glyceraldehyde-3-Phosphate dehydrogenase TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA
CYP3A4  Cytochrome P450 3A4 CTTCATCCAATGGACTGCATAAAT TCCCAAGTATAACACTCTACACAGACAA
CYP2C9  Cytochrome P450 2C9 GGACAGAGACGACAAGCACA AATGGACATGAACAACCCTCA
CRP C-Reactive Protein GAACTTTCAGCCGAATACATCTTTT CCTTCCTCGACATGTCTGTCT
IL-8 Interleukin 8 ATGACTTCCAAGCTGGCCGTGGCT TCTCAGCCCTCTTCAAAAACTTCTC
HO-1 Heme oxygenase 1 ACTTTCAGAAGGGCCAGGT TTGTTGCGCTCAATCTCCT
MnSOD  Manganese superoxide dismutase GGGTTGGCTTGGTTTCAATA CTGATTTGGACAAGCAGCAA
ATF4 Activating Transcription Factor 4 TGGCATGGTTTCCAGGTCATCT CCAACAACAGCAAGGAGGATGC
ATF6 Activating Transcription Factor 6 CTGCACCCACTAAAGGCCAGA GAGGGCAGAACTCCAGGTGCT
CHoOP C/Ebp-Homologous protein ATGGCAGCTGAGTCATT AGAAGCAGGGTCAAGAGTGGT
GRP78 Glucose Regulated Protein,78KD GTTCTTGCCGTTCAAGGTGG TGGTACAGTAACAACTGCATG
TNFR1 Tumor Necrosis Factor Receptor 1 ACCAAGTGCCACAAAGGAAC CTGCAATTGAAGCACTGGAA
TNFR2 Tumor Necrosis Factor Receptor 2 TTCGCTCTTCCAGTTGGACT CACCAGGGGAAGAATCTGAG
GSTA1/2  Glutathione S-Transferase A1/2 TGCAACAATTAAGTGCTTTACCTAAG  TTAACTAAGTGGGTGAATAGGAGTTGT
TG ATT
GSTM1 Glutathione S-Transferase M1 ATGGTTGTCCAGGTCTGG CGCCATCTTGTGCTACATT
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Supplementary Table 2. RT-QPCR analysis of TNF receptors (R1 and R2) and GAPDH (Ct values) in
differentiated and undifferentiated HepaRG cells and HepG2 cells

Differentiated HepaRG Undifferentiated HepaRG HepG2 cells (Ct)
cells cells
(Ct) (Ct)
GAPDH 17.5+0.4 17.3+0.2 17.8+0.3
TNF-R1 18.8+0.7 27.5+0.6 18.5+0.3
TNF-R2 26.2+0.5 31.8+0.8 24.3+0.6
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2.Résultats complémentaires : Influence de I’IL-6 et d’IL-1f sur les effets de diclofénac

Afin de mieux préciser les effets observés avec le TNF-a les cellules HepaRG différenciées ont
¢galement été traitées avec d’autres cytokines pro-inflammatoires, I’IL-6 (10ng/ml) et I’'IL-1
(0.1ng/ml). Ces concentrations ont été utilisées dans plusieurs études précédentes.

Les résultats suivants ont été obtenus :

Effets inflammatoires : La réponse aux cytokines a été estimée par la détermination de
I’expression des transcrits de CRP, d’IL-8 et de CYP3A4 ainsi que ’activité et/ou la sécrétion
des protéines correspondantes.

Une forte augmentation de CRP et IL-8 a également été observée avec IL-1p (44.24 et 52.80 fois
respectivement) et IL-6 (79.27 et 71.93 fois). Cette augmentation était réduite en présence de
200uM de DCF (30.3 et 15.02 fois pour CRP et 37.3 et 27.82 fois pour IL-8 avec IL-6 et IL-18
respectivement). Ces résultats ont été confirmés par analyse PCR : en effet, les niveaux des
transcrits de CRP et d’IL-8 étaient fortement augmentés apres traitement avec ces 2 cytokines (96
et 56 fois pour CRP, et 61 et 44 fois pour IL-8 avec IL-6 et IL-1P respectivement par
comparaison avec les cellules non traitées). Cette augmentation était aussi légerement diminuée
dans les cas de co-traitement avec DCF, par exemple 49 et 21 fois pour CRP et 26 et 21 fois pour
IL-8 avec IL-6 et IL-1p respectivement (Figure 31).
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Figure 31: Effets d’IL-6 et d’IL-1p sur les niveaux des transcrits et des protéines de (A et C) CRP et (B et D) d’IL-8 dans
les cellules HepaRG différenciées. Les cellules ont été prétraitées 24h avec des cytokines pro-inflammatoires (IL-6 et IL-
1B) suivies par un traitement DCF + cytokines pendant 24h supplémentaires. Tous les résultats ont été exprimés par
rapport aux cellules contrdles non traitées arbitrairement fixés a 1. “P<0.05, “P<0.01 et ““P<0.001 comparées avec les
cellules non traitées, “P<0.05, #P<0.01 et **P<0.001 comparées avec les cellules traitées avec les cytokines ou DCF
séparément.

D’autre part, CYP3A4 étant connu pour étre inhibé par des cytokines pro-inflammatoires (Abdel-
Razzak et al., 1993) des co-traitements de cellules HepaRG différenciées avec DCF et ces
cytokines ont été réalisés. L’activité de cette enzyme a beaucoup diminué, de 94 et 89% avec IL-
6 et IL-1P respectivement. Il en était, de méme, pour les niveaux de transcrits qui aprés co-
traitement, ne représentaient plus que 6 et 7% respectivement avec IL-6 et IL-1B. De méme, le
niveau de transcrits de CYP2C9, I’autre CYP impliqué dans le métabolisme de DCF (Shen et al.,
1999), était fortement diminué en présence de ces cytokines (Figure 32 et Tableau 6).
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Effets cytotoxiques : Ensuite, nous avons recherché si ces cytokines affectaient la toxicité de
DCF avec le test MTT. Quand les cellules HepaRG différenciées ont été exposées a IL-6 et IL-1
pendant 24h suivies par un co-traitement avec DCF pendant de nouveau 24h une aggravation de
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la cytotoxicité affectant la viabilité cellulaire a des concentrations de 250uM et plus avec IL-1P et
IL-6 (IC50=541 et 450uM avec IL-1p et IL-6 respectivement) ont été observées. La cytotoxicité
la plus élevée a été observée avec IL-6 en présence de 500uM de DCF (64 vs 38% de perte
cellulaire par rapport aux cellules traitées avec DCF seul). En mesurant 1’activité¢ de caspase 3,
une augmentation significative de cette activité a été constatée avec des concentrations de DCF
inférieures a 150uM en combinaison avec IL-6 (4.55 fois vs IL-6 seul) et 200uM avec IL-1
(6.49 fois vs IL-1p seul) dans les cellules HepaRG différenciées aprés prétraitement avec les
cytokines qui étaient sans effet lorsqu’elles étaient ajoutées seules (Figure 33).

L’impact de ces cytokines sur les cellules HepaRG différenciées a été observé aussi au niveau des
marqueurs de stress oxydant et du stress du réticulum endoplasmique. Les niveaux d’expression
des genes codant des protéines de ces 2 types de stress étaient plus élevés lorsque les cellules
étaient co-traitées avec IL-6 et IL-1B augmentant de 5.8 et 6.8 fois pour HO-1 et MnSOD avec
DCF + IL-6 et 3.4 et 3.8 fois avec DCF + IL-1p respectivement. De méme, les transcrits d’ATF4,
ATF6, CHOP et GRP78 étaient plus exprimés dans ces conditions (Tableau 6).
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TNF-o+DCF TNF- TNF- IL-6+DCF IL-6+DCF | IL-6+DCF IL- IL- IL-
DCF DCF100u  |pcF
M TNF-o 50uM a+DCF | a+DCF |6 50uM 100uM | 200uMm |IL-1B 1B+DCF | 1B+DCF | 1B+DCF
50uM 200uM 100uM  |200uM 50uM 100uM 200uM
+ * Kk
CYP3A4  1.09:0.24 [0.86:0.08  [0.76:0.09  [0.46+0.07*** [0.34£0.05***c [0.18£0.02***[0.15£0.04***C(0.16+0.01***(0.12£0.02***c 2'07‘0'02 0.06£0.02***¢ |0.2£0.02*** [0.16+0.02***[0.11+0.02***¢0.06£0.01***c
+ * %k
CYP2C9  [1.35:0.16%*|0.89:0.24  [0.72:0.13  [0.74+0.07*** [0.52£0.11***c [0.46+0.11***[0.31£0.03*** [0.35£0.08***(0.25+0.03***c 2'21‘0'02 0.15£0.03***C |0.53+0.04%** |0.41+0.04***[0.31£0.05***C|0.24£0.04***¢
+ * +. * % * kK *% *
CRP 1.09£0.25 [1.09:0.38 0.68:0.08[1 0081077 134 4347 56wrxc p3.2745.574#b[18.28£2.9%a  [96.08+3.8%**(84.236%**c 23'66'4'54 19.8+4.07% %% [56 145 og*+ [+ 7H4-37777 30.03£2. 9554211742297+
C C C
+ *% + * %k +, *% + *% * o *
IL-8 125:04  [0.98:0.16 (0492005 [+ 22" g 7316, 73w 35'62‘6'03 20.3243.64%+b0 0803 a7 5143 19w e fs.sz_l.ss 26.7310.7++5c [MBBESTA ) oy punne  73643.2477721.7643.317 7
C C
+ * k%
HO-1 1.12$0.11 [1.290.17  [1.4:0.21*  [1.060.08 1.07£0.08 131£0.09  [1.6:0.16**  [L.27:0.15  [2.32#0.33***b 3'56‘0'31 5.79:0.5%**c [1.11+0.16  [1.3240.12  [2.5820.4%**c [3.440.33***c
MnSOD  (1.08:0.07 [1.16:0.11  [1.4520.14** [1.12+0.11  [1.180.05 1.46:0.12** [230.14***c  [1.2210.14  [2.36:0.55***c [5.16+0.3***c[6.25£0.37***c|1.05:0.07  [1.24+0.12  [2.2240.35%**¢[3.83+0.28***c
+ * %k %k
ATF4 1.14+0.09 (1.59+0.20 3.06+0.32***(1.13+0.08  [1.55+0.31 2.86+0.28***¢[5.15+0.30***c|1.17+0.05  |2.50%0.36***c 3'29‘0'20 6.1630.30***C |1.14+0.09  [3.26+0.37***¢[5.2240.30***¢[7.25+0.31***c
+ * %k %k
ATF6 1.19+0.15 [1.7240.19  [2.51%0.29***(1.08:0.08  [1.32:0.21 2.42£0.26*** [4.19$0.25***c[1.14£0.04  [1.97+0.29**a 3'79‘0'26 5.4550.30%**C[1.19+0.04  [1.92+0.26** [3.16£0.28%**|4.85+0.34%**c
1+ * %k
CHOP 1.27+0.20 [2+0.24** 3.4140.36***(1.12+0.09 1.63+0.20 3.5440.29***|6.55+0.25***¢(1.09+0.10  [3.45+0.30***c 5'30‘0'29 7.9620.40%**C [1.0240.09  [2.51+0.36***C[3.97+0.27***[7.04+0.45%**¢
+ * %k %k
GRP78 1.19+0.11 [1.39+0.16 2.1740.34***1.16+0.06  [1.47+0.16 2.17+0.29%**a[3.29+0.21***c|1.26+0.33  |1.53+0.30 3'81‘0'22 4.45+0.26%**C|1.19+0.06  (1.2040.14 2.2140.23%*%b[3.04+0.16***b

Tableau 6: Effets de DCF et des cytokines sur I’expression des différents génes (mésurée par RT-PCR) liés au métabolisme du médicament, a I’inflammation, au stress oxydant et au
stress du réticulum endoplasmique dans les cellules HepaRG différenciées. Tous les résultats ont été exprimés relativement aux valeurs correspondant aux cellules non traitées.
"P<0.05, "P<0.01 et “P<0.001 comparées aux cellules non traitées, #P<0.05, #P<0.01 et #¥P<0.001 comparées aux cellules traitées avec les cytokines ou DCF séparement. a:#; b:##;

C:HHHE,
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Effets cholestatiques : Les effets d’IL-6 et d’IL-1p ont aussi été analysés sur les parametres
cholestatiques. Ces cytokines ont aggravé ’effet de DCF sur 1’expression des geénes codant les
transporteurs d’acides biliaires, BSEP (efflux) et NTCP (entrée) (Tableau 6). Cependant, comme
avec TNF-a aucune aggravation de la dilatation des canalicules biliaires induite par DCF n’a été
observée par co-addition d’IL-6 ou IL-1p.

Conclusions : Ces études complémentaires montrent que des résultats comparables a ceux
décrits pour le TNF-a peuvent étre obtenus avec d’autres cytokines pro-inflammatoires.
Cependant, d’autres études sont nécessaires pour préciser si IL-6 ou IL-1B peuvent également
augmenter 1’activité apoptotique du DCF. D’autre part des études dose-réponses seraient utiles
pour mieux analyser ’influence de ces cytokines et donc la réponse des cellules hépatiques a
DCF en présence d’un stress inflammatoire, en situation aigué ou prolongée, c’est-a-dire apres
une ou plusieurs additions de DCF +/- IL-6 ou +/- IL-1p.
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Chapitre II. La N-acétylcystéine potentialise la toxicité
du diclofénac chez Saccharomyces cerevisiae:
implication possible des transporteurs ABC

Résumé

Les réactions indésirables du diclofénac ont bien été décrites (Banks et al., 1995; Breen et al.,
1986; Watanabe et al., 2007) et peuvent impliquer divers mécanismes d'action dans différents
modeles expérimentaux. Nous avons démontré dans le « chapitre I » que la toxicité induite par
DCEF dans des lignées de cellules HepaRG diminue lorsque ces cellules expriment des enzymes
du métabolisme et de détoxification du DCF (Al-Attrache et al., 2016). Chez la levure
Saccharomyces cerevisiae, le métabolisme de DCF augmente sa toxicité (van Leeuwen et al.,
2011c). Un autre médicament, la N-acétyl-cystéine, utilisé pour le traitement de diverses
conditions médicales comme le traitement de la toxicit¢ pulmonaire par 1’oxygene, de
I’intoxication par le paracétamol, de la cardiotoxicité par doxorubicine et de la toxicité par des
métaux lourds (Rushworth and Megson, 2014; Samuni et al., 2013) et peut provoquer des
réactions indésirables comme les symptomes gastro-intestinaux (Koppen et al., 2014). Les
utilisations multiples de NAC sont dues a ses propriétés chimiques multiples. Elle est un
antioxydant in vitro et in vivo, elle chélate des métaux lourds et échange le thiol-disulfure
induisant une réduction de ponts di-sulfure dans les protéines cibles (Zafarullah et al., 2003). Ce
dernier effet est responsable des effets mucolytiques de NAC. Cet effet potentiel de NAC
pourrait s’¢élargir a d’autres cibles moléculaires potentielles ayant un pont di-sulfure, telles que
des protéines impliquées dans la transduction des signaux (par exemple NFkB), les transporteurs
ABC et beaucoup d'autres.

NAC et DCF agissent en synergie ou en antagonisme dans différents modeles puisqu’ils ont des
mécanismes d’action multiples; par exemple, ils agissent en synergie comme anti-inflammatoire
via I’inhibition de la cyclooxygénase (Parasassi et al., 2005) alors que NAC antagonise la
toxicité hépatique induite par DCF (Al-Attrache et al., 2016). Notre étude visait a étudier
l'interaction de ces deux molécules et I'implication possible des transporteurs ABC dans leur
toxicodynamique in vitro dans la levure Saccharomyces cerevisiae de type sauvage ainsi que
dans certaines souches mutantes (dans des genes de transporteurs ABC). Nos résultats ont
montré que le DCF inhibe la croissance cellulaire d’une maniere dépendante de la dose et du
temps et que les cellules commencent a s'adapter au DCF apres 24 heures de traitement. Cette
adaptation avait déja été décrite chez la levure et implique des dizaines de génes (van Leeuwen et
al., 2011b).

Nous avons montré également que NAC potentialise 1'inhibition de la croissance induite par DCF
chez la levure si NAC est ajoutée avant ou parallelement au DCF. Le pré-traitement avec NAC
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augmente son effet de potentialisation et diminue la capacité d'adaptation des cellules au DCF.
En outre, les souches mutantes en Pdr5, Yorl, Bptl ou Pdrl15, étaient plus sensibles a DCF, alors
que les souches mutantes dans Pdr5, Vmrl ou Pdrl2 étaient plus sensibles a l'interaction du
NAC avec DCF. La souche mutante dans Yapl, un facteur de transcription médiant la réponse au
stress oxydatif, a montré le méme profil de croissance que la souche sauvage en présence de
DCF + NAC. Par conséquent, le stress oxydatif ne semble pas €tre un facteur clé dans la toxicité
du DCF dans notre modele, et nous supposons que la potentialisation de cette toxicité par NAC
est au moins due a sa capacité a perturber le pont disulfure dans diverses protéines qui aident les
cellules de levure a surmonter la toxicité de DCF, entre autres des transporteurs ABC.
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Abstract

Diclofenac (DCF) adverse reactions are well documented and may involve diverse mechanisms
of action in different experimental models. We recently demonstrated that DCF-induced toxicity
in the HepaRG cell line decreases as the cells express DCF-metabolizing/detoxifying enzymes.
In Saccharomyces cerevisiae, DCF metabolism promotes toxicity. Another drug, N-
acetylcysteine (NAC) has been used for treatment of diverse medical conditions and may cause
adverse drug reactions. NAC multiple use is due to its multi-sided chemical properties,
antioxidant in vitro and in vivo, heavy metal chelation and thiol-disulfide exchange and
disruption. This latter accounts for its mucolytic effects and widens its potential molecular
targets such as signal transduction proteins (e.g. NFkB), ABC transporters and many others.

NAC and DCF were reported to act in synergism or antagonism in different models. Our study
aimed to investigate the interaction of NAC with DCF and the possible involvement of ABC
transporters in their toxicodynamics in vitro on Saccharomyces cerevisiae wild type and certain
mutant strains. In the present study, DCF inhibited yeast cell growth in a dose- and time-
dependent manner and the cells started adapting to DCF after 24 hours of treatment. NAC
potentiated DCF-induced growth inhibition of yeast when it was added prior or parallel to DCF.
Pre-treatment with NAC increased its potentiation effect and compromised cell ability to adapt to
DCF. Post-treatment with NAC potentiated DCF toxicity without compromising adaptation.
Moreover, mutant strains in Pdr5, Yorl, Bptl or Pdrl5, were more sensitive to DCF, while
mutant strains in Pdr5, Vmr] or Pdr12 were more sensitive to the interaction of NAC with DCF.
The mutant strain in Yapl, an oxidative stress-related transcription factor, elicited the same
growth pattern as the wild type in presence of DCF + NAC. Therefore, oxidative stress does not
seem to be key actor in DCF toxicity in our model and we hypothesize that NAC potentiation
effect is at least due to its ability to disrupt disulfide bridge in diverse proteins that help yeast
cells overcoming DCF toxicity.

Keywords: Diclofenac, N-acetylcysteine, oxidative stress, di-sulfide bridge, ABC transporters,
Saccharomyces cerevisiae.
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Introduction

Administration of diclofenac (DCF), a non-steroidal anti-inflammatory drug, has been associated
with adverse drug reactions in some patients (Banks et al., 1995; Breen et al., 1986; Watanabe et
al., 2007). DCF adverse effects have been related to different factors including its metabolism
into 4-OH-DCF, 5-OH-DCF, and acyl glucuronides (Bort et al., 1999b; Kretz-Rommel and
Boelsterli, 1993; Wang et al., 2004). We recently demonstrated that DCF-induced toxicity in
hepatic HepaRG cell lines decreases as the cells differentiate and express DCF-metabolizing and
detoxifying enzymes (Al-Attrache et al., 2016). The reverse was reported in Saccharomyces
cerevisiae where heterologous expression of DCF-metabolizing cytochrome P450 potentiates
DCEF toxicity and reactive oxygen species (ROS) generation (van Leeuwen et al., 2011c). DCF-
induced ROS generation originates in the mitochondrion and was shown to be respiratory chain-
dependent in both mammalian and yeast cells (Masubuchi et al., 2002a; van Leeuwen et al.,
2011a). Furthermore, in several cellular systems, including human hepatocytes, DCF induces
ROS formation, causing opening of the mitochondrial permeability transition (MPT) pore,
cytochrome c release, caspase activation and apoptosis (Gomez-Lechon et al., 2003; Inoue et al.,
2004; Lim et al., 2006). The ROS-mediated DCF apoptotic effects are counteracted by N-
acetylcysteine (NAC) (Inoue et al., 2004).

Moreover, in Saccharomyces cerevisiae DCF toxic effects and cells adaptation to this toxicant
involved pleiotropic drug resistance (Pdr) 5 gene and some components of the protein kinase C
(PKC) and MAPK signaling pathways. Indeed, adaption and tolerance of yeast cells to DCF has
been associated with induction of PDR genes and Rlmlp-controlled genes; Rlmlp is a
transcription factor in the PKC pathway. Moreover, increased DCF toxicity occurs after deletion
of components of the cell wall stress-responsive PKC pathway or the Zinc (Zn)-responsive
transcription factor Zaplp (Zn-responsive activator protein). In addition, Zn-chelator increases
DCEF toxicity (van Leeuwen et al., 2011b).

NAC has been used in clinical practice for mucolytic purpose in lung diseases that are associated
with mucus hypersecretion, treatment of pulmonary oxygen toxicity, adult respiratory distress
syndrome, acetaminophen intoxication, doxorubicin cardiotoxicity, ischemia-reperfusion cardiac
injury, chemotherapy-induced toxicity, heavy metal toxicity and psychiatric disorders
(Rushworth and Megson, 2014; Samuni et al., 2013). However, NAC causes adverse drug
reactions such as pruritis, rash and gastrointestinal symptoms (Koppen et al., 2014).

This diversity of NAC pharmacological applications and adverse effects is due to the multi-sided
chemical features of its cysteinyl thiol including nucleophilicity, ROS scavenging (antioxidant
properties, in vitro and in vivo), heavy metal chelation and and its ability to undergo thiol-
disulfide (di-S) exchange reactions with other thiol redox couples leading to di-S bridge
disruption (Zafarullah et al., 2003) as in the case of mucous proteins. NAC is more efficient than
other thiol-containing molecules (e.g. cysteine and glutathione) in terms of di-S bridge disruption
due to its lower molecular weight (in comparison with glutathione) and might compete with
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larger reducing molecules in sterically less accessible proteins cores. Moreover, NAC is a
precursor of cysteine (by deacetylation) and increases glutathione levels.

Therefore NAC affects diverse molecular targets such as signal transduction proteins (e.g. NFkB,
c-Src, STAT3, MAPK) through direct interaction with proteins and/or indirectly through ROS
neutralization (Hou et al., 2015; Parasassi et al., 2010; Ramudo and Manso, 2010; Samuni et al.,
2013). NAC affects cell division and differentiation causing change of expression of more than
900 genes including cytoskeleton- and cell cycle-related genes (Edlundh-Rose et al., 2005). NAC
is also likely to affect expression and activity of many di-S bridge-containing protein types
including ABC transporters as well as key transduction pathways in DCF-induced toxicity.

Given the diverse toxic and therapeutic effects and targets of these two commonly used drugs,
NAC and DCF, and the common use of NAC as antioxidant in research, an important question
arises about their interaction and the possible involvement of ABC transporters in their
toxicodynamic in experimental model. In fact, previous clinical reports as well as reports from
different experimental models showed diverging results in this respect. This is likely due to the
multiple mechanisms of actions of both drugs. NAC and DCF act in synergy as anti-
inflammatory drugs through cyclooxygenase inhibition (Parasassi et al., 2005), and inhibition of
TNFa secretion (Mulhall et al., 2003). NAC was reported to reduce DCF-induced renal toxicity
(Efrati et al., 2007) and ROS-mediated DCF-induced toxicity and apoptosis (Al-Attrache et al.,
2016; Inoue et al., 2004). However, NAC has no effect on DCF-methyl phenyl pyridinium
potentiated toxicity (Morioka et al., 2004).

In the present study we investigated the interaction of NAC and DCF on wild type and ABC-
transporter mutant strains of S. cerevisiae. Our results showed that DCF inhibits cell growth in a
dose and time-dependent manner and that NAC potentiates DCF-induced growth inhibition of
yeast. Moreover, Mutant strains in some ABC transporters are more sensitive to DCF, and to the
interaction of NAC with DCF.
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Materials and methods
Chemicals and reagents

Diclofenac sodium salt, N-acetylcysteine and YPD broth and agarose were purchased from
sigma Aldrich (St. Quentin Fallavier, France). L-cysteine (LC) was from BDH (England).

Cell culture, treatment and growth assessment

Saccharomyces cerevisiae BY4741 and the mutants strains illustrated in Table 2 were supplied
by Euroscarf (Germany). Cells were seeded on YPD-agar (50 g/liter, 1.6 % agarose) for 48h at
30°C. Colonies are diluted in YPD broth (50 g/1) to an OD (optical density) at 600 nm between
0.1 and 0.2 and treated with drugs, or grown for 48h and then diluted to obtain an OD between
0.1 and 0.2 and then treated with drugs for different periods of time. Culture shaking was
performed only prior to growth assessment by OD measurement at 600 nm.

Statistical analysis

One-way ANOVA with Bonferroni's multiple comparison test (GraphPad Prism 5.00) was
performed to compare data between DCF-, NAC-, DCF +NAC-treated cells and control cultures
as well as data obtained with mutant with wild-type strains. Differences were considered
significantly different when p < 0.05.

Results
Dose and time-dependent effect of diclofenac on growth of S. cerevisiae BY4147 strain

In order to assess DCF effect on growth of Saccharomyces cerevisiae BY4741 strain, different
doses and treatment time points were used. Yeast growth was inhibited by DCF in a time and
dose-dependent manner (Figure la and b) starting at the 3 hour-treatment time point and
reaching a maximum after 9 hours. DCF effect appeared at the dose of 1000 uM and was more
efficient at 2000 uM. This latter dose caused 22.6% and 55.8% inhibition at 3h and 6h treatment,
respectively (Figure 1a). The inhibitory effect of DCF was partially abolished after 24 hour-
treatment reflecting a previously described process of adaption of yeast cells to this drug (Figure
1b) (van Leeuwen et al., 2011b).

Interaction of N-acetylcysteinwith diclofenactoxic effect on S. cerevisiae BY4741

In order to assess interaction of NAC with DCF toxic effect, yeast cells (BY4741) were treated
with DCF + NAC, concomitantly or one after the other, and growth was assessed after the
indicated time points (Table 1). Similarly to Figure 1b, DCF maximal inhibitory effect occurred
after 9 hour-treatment (34.4% inhibition), and cells started to adapt at 24 hours where DCF-
mediated inhibition decreased. NAC, which had no statistically significant inhibitory effect by
itself, potentiated DCF toxicity in a significant manner regardless of whether drugs are added
concomitantly or one after the other. A dose of 1 mM showed similar but mild potentiating
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effects (data not shown). At 9h, NAC+DCF added together led to 64.7% growth inhibition while
DCEF alone caused only 34.4% inhibition. At 24h, adaptation of cells to DCF in the presence of
NAC was decreased (19.1% versus 29.7% inhibition) but the difference was not statistically
significant.

Moreover, when cells were pre-treated with NAC, more potentiation of DCF toxicity occurred
(inhibition by 31.8%, 76.3%, 82.9% and 68% at 3, 6, 9 and 24h, respectively). Inhibition after
concomitant addition of the two drugs was 10.7%, 39,6%, 64.7% and 29.7% at 3, 6, 9 and 24h,
respectively (Table 1). Therefore, cells are more sensitive to DCF-induced toxicity when NAC is
added prior to DCF than when they are added together. In addition, cells adaptation to DCF at 24
hours is seriously impaired by NAC pre-treatment. However, when yeast cells were pretreated
with DCEF, increase of DCF toxic effect by NAC was still evident, but NAC was no longer able
to impair their adaptation to DCF. This result suggests the involvement of diverse cellular targets
in NAC/DCEF interaction.

Investigation ofdiclofenac, N-acetylcysteinand L-cysteineffects and interactions on growth of
wild type and mutant strains of S. cerevisiae growth

We aimed here to assess the potential involvement of certain ABC transporters in terms of DCF
toxicity and its potentiation by NAC. Moreover, other amino acids effects were investigated to
check if the observed NAC/DCF interaction was relative to amino acids metabolic pathways,
osmotic stress, or mediated by other mechanisms such as the antioxidant effect, di-S bridge
disruption, signal transduction alteration, metal ion chelation. Wild type and mutant strains
(illustrated in Table 2) in some ABC transporters and Yapl were used.

DCF (1000 uM) was toxic for all used strains causing growth inhibition ranging from 21.2% to
64.9%. The strains Y02409, Y05933, Y01503, Y04242 which are mutant in the genes Pdr5,
Yorl, Bptl and Pdrl5 respectively, were more sensitive to DCF since growth inhibition
percentage was significantly higher (inhibition by 45.7%, 63.3%, 63.9% and 64.9%, for the
mutant strains respectively) in comparison with that of the wild type strain (34.4% inhibition)
(Table 2). Therefore each one of these ABC transporters partially protects yeast cells against
DCF. The other mutant strains showed no statistically significant change of sensitivity to DCF in
comparison with the wild type strain. Regarding yeast cells adaptation to DCF, all of the
investigated mutant strains were still able to adapt to the drug (data not shown) starting at 24
hours.

It is noteworthy emphasizing that the yeast strain mutant in Yapl (Y00569), an AP-1 like
transcription factor known to mediate oxidative stress response (Yano et al., 2009), had the same
sensitivity to DCF as the wild-type one, thereby suggesting that oxidative stress is not a key
factor in DCF-induced toxic effect in our experimental model and culture conditions.

In the presence of NAC, the strains mutants in Pdr5, Vmrl and Pdr12 showed more potentiated
DCEF toxicity (inhibition range from 84.8 to 93.9%) in comparison with the BY4741 wild type
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strain (inhibition by 64.7%). Therefore, these mutant strains are more sensitive to NAC/DCF
interaction. Regarding interaction of DCF with the other amino acids, L-cysteine tended to
potentiate DCF toxicity but the results did not reach statistical significance neither with the wild
type nor with the mutant strains (Table 2), while L-lysine and L-isoleucine, individually, did not
cause any DCEF toxicity potentiation (data not shown).
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Discussion

DCF induces adverse reactions in some patients (Boelsterli, 2003a). Involvement of oxidative
stress enzymes and drug metabolizing enzymes in this toxicity was reported in in vitro hepatic
and non-hepatic models (Al-Attrache et al., 2016; Fredriksson et al., 2011) (van Leeuwen et al.,
2011c). DCF was reported to induce oxidative stress, apoptosis, cholestasis by diverse
mechanisms (Al-Attrache et al., 2016; Fredriksson et al., 2011; Fredriksson et al., 2014; Maiuri
et al., 2015) including deregulation of some ABC and SLC transporters (Al-Attrache et al.,
2016), respiratory chain components and PKC signaling (van Leeuwen et al., 2011b).

Our study demonstrated that DCF inhibited yeast growth in a dose- and time-dependent and
metabolism-independent manner. Our results are in accordance with previous studies (van
Leeuwen et al., 2011c). Toxicity started with a DCF dose of 1000uM and was maximal after
nine hours of treatment. Cells started to adapt to DCF and overcome its toxicity at 24 hours, this
is also in agreement with previous reports which showed that adaptation to DCF was due to up-
regulation of several tens of genes such as the Pdr genes and genes under the control of RIm1p
(MADS-box transcription factor), a transcription factor in the PKC pathway. In addition, many
other genes are down-regulated (van Leeuwen et al., 2011b).

The efficient DCF dose in our study was 1000 uM, much higher than that reported in previous
studies (van Leeuwen et al., 2011b) where DCF effects started at 50 pM and reached a maximum
at 200 or 500 uM. Such high DCF concentration (>1000 uM) are not aberrant and was already
used with another yeast, Candida albicans (Ghalehnoo et al., 2010). The great difference of S.
cerevisiae response to DCF between our study and that of Leeuwen et al. is probably due to use
of the minimal medium YNB (yeast nitrogen base, supplemented with amino acids and glucose)
while the complete YPD broth is used in our case. Indeed, YNB pH is usually more acidic (about
5 (van Leeuwen et al., 2011a) than that of YPD (pH range 6.4 to 7). More acidic pH causes
lower ratio of ionized/non 1onized diclofenac thereby causing more efficient diffusion across the
plasma membrane. In addition, YPD is a rich medium that contains many organic components
that are likely to make complex with DCF thereby reducing its diffusion into cells.

NAC properties and its diverse mechanisms of action and clinical applications were summarized
in the introduction of this article. Though previous studies in other cell models reported
protective effect of NAC against DCF-induced toxicity (Al-Attrache et al., 2016; Efrati et al.,
2007; Inoue et al., 2004), the present study clearly showed an original interaction between NAC
and DCEF since toxicity of the latter on yeast was potentiated in the presence of NAC, and cells
adaptation to DCF was compromised, especially when NAC is added first and DCF second, with
a 30 minute-delay. Potentiation of DCF toxic effect by NAC was in agreement with the result we
obtained using the Yapl mutant strain (Y00569, Table 2) which showed sensitivity to DCF
similar to that of the wild-type strain BY4741. This result enabled us to hypothesize that NAC
effect was not dependent on its antioxidant properties here. Other studies had reported
antioxidant-independent NAC effects. For instance, NAC potentiates effect of Cuy H2O» on the
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mitochondrial diaphorase (Gutierrez-Correa and Stoppani, 1997), interferes with transport of
As>O3 (Vernhet et al., 2003) and inhibits mitochondrial autophagy (Deffieu et al., 2009). In our
experimental model, NAC had a protective effect against toxicity of chlorpromazine
(unpublished data) probably through its antioxidant property.

However, and despite the lack of change of Yapl mutant yeast (an oxidative stress-related
transcription factor) sensitivity to DCF reported here, it is impossible to rule out involvement of
the antioxidant properties of NAC in our context since ROS are known to trigger signaling
pathways that could relief or alleviate toxicity (Hancock et al., 2001; Xu et al., 2002). Their early
neutralization by NAC in the presence of DCF excess is likely to make the cells vulnerable to
DCEF toxic effects due to lack of protective signaling pathways activation.

In addition, NAC could potentiate DCF toxic effects through its ability to disrupt di-S bridges
that occur in diverse proteins of signaling pathways, ABC efflux transporters, and house-keeping
metabolic enzymes. Many ABC transporters such as Pdr5 and Yorl (Egner et al., 1998; Pagant et
al., 2008) have di-S bridge that are important to their stability and are potential targets that could
be disrupted by NAC through its di-S bridge reducing effect. Our results demonstrated that
mutant strains in these three ABC transporters made the cells more sensitive to DCF. This
finding is supportive of the NAC-mediated di-S disruption hypothesis. The cells would become
more vulnerable to DCF effect due to lack of drug efflux, especially because PdrS (ABC G, PgP
homolog), Yorl (ABC C, MRP member) and Pdr15 mediate efflux of a wide variety of toxicants
(Piecuch and Oblak, 2014). It is also possible that NAC/DCF interaction we described in this
work was due to competition of both drugs to some efflux transporters since both NAC and DCF
are weak organic acids.

Di-S bridge disruption by NAC could occur for transcription factors that help the cell
overcoming the toxic effects of DCF. It was reported that di-S bridge disruption occurs for
signaling molecules such as NFkB (review by (Samuni et al., 2013)). Moreover, NAC could
promote DCF toxicity by altering Zn-finger containing protein since NAC has metal ions
chelator activity (Kelly, 1998). In fact, inactivation of the Zn-finger transcription factor Zapl (by
mutation or by Zn ion chelation) was reported to increase DCF toxicity in S. cerevisiae (van
Leeuwen et al., 2011b). Many other Zn-finger containing proteins could be targets of NAC, such
as Pdrl and Pdr3 which are key transcription factors involved in the yeast pleiotropic drug
resistance response. Their potential alteration by NAC would compromise cells response to
chemical stress and aggravate toxicity. NAC could also disrupt key enzymes in the fermentation
pathway, a preferred energetic mode in S. cerevisiae, thereby obligating cells to perform
respiration-based metabolism, a situation known to make the cells more sensitive to DCF (van
Leeuwen et al., 2011a). All the previous hypothetical mechanisms of NAC action are probable
since pre-treatment of cells with NAC increases its ability to potentiate DCF toxic effects. A
contribution of different mechanisms is likely since NAC pre-treatment impaired cells adaptation
to DCF, a process involving nearly a hundred genes (van Leeuwen et al., 2011b).
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Yeast cells are sensitive to the osmotic choc-induced stress (Chant, 1999). Treatment of our
strains with two other amino acids in combination with DCF, L-lysine and L-isoleucine, at the
same concentrations as NAC, showed no change in the DCF toxic response amplitude (data not
shown). This helped us ruling out involvement of osmotic stress and amino acid metabolic
alteration in the observed NAC interaction with DCF.

By deacetylation, NAC is a precursor of LC, which could mediate the observed effects.
Nevertheless, treatment of yeast cells with LC did not increase DCF toxicity in a significant
manner in our study. This result showed that NAC acted by itself to increase DCF toxicity, and
this was in agreement with the fact that NAC has higher redox potential than cysteine and is
more efficient in terms of di-S bridge disruption (Rushworth and Megson, 2014; Samuni et al.,
2013).

In conclusion, we demonstrated here for the first time that NAC, but not LC, potentiated DCF
toxicity in S. cerevisiae cells. Some ABC-transporter mutants were more sensitive to DCF toxic
effects and NAC/DCF interaction. Diverse possible mechanisms could explain the observed
NAC/DCEF interaction including di-S bridge disruption and Zn-chelating effect of NAC on key
proteins (transporters, signaling proteins or transcription factors,...). Oxidative stress did not
seem to be involved in the interaction NAC/DCEF. Further experiments will be performed to
unravel the involved mechanism (s).
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Figure 1: Dose- and time-dependent toxic response of DCF on BY4741 growth. Cells were treated with different DCF
concentrations and growth was assessed by OD measurement at 3, 6, 9 and 24h. Results are expressed as OD% of the control
untreated cells. They correspond to means+SD of at least three independent experiments. *Statistically significant difference
(p<0.05) with respect to untreated cells. (A) Cells were treated with different concentrations of DCF for 3 and 6h after dilution of
pre-culture for 48h (B) Cells from colonies are treated with DCF (1000uM) for 3, 6, 9 and 24 hours without pre-culture.

Conditions Co- Pre-treatment Pre-treatment
DCF (1000 | NAC (5 | treatment | with NAC, then with DCF, then
uM) mM) (NAC + NAC + DCF NAC + DCF
Time (h) DCF) ;
3 89.7+11.3 | 92.7+0.8 | 89.3+2.1 68.2+10.7 " 70.4+12.0""
6 73.0£18.2" | 94.6£1.3 | 60.4+6.9° 23.744.0°" 32.0+53°%¢
9 65.6+12.6 | 101.248.9 | 35.3+8.1"" 171157 28.4+12.7 "
24 80.9+6.2° | 89.7+4.1 | 70.3+3.0° 32.0+10.17°%@ 83.1+3.3%

Table 1: Interaction of NAC (5§ mM) with DCF (1000 pM) toxic effect on BY4741 growth as a function of time (3, 6, 9 and
24 h) and of the sequence in which the drugs are added to the cells. Yeast colonies are diluted in YPD to an OD between 0.1
and 0.2 and treated. Pretreatment corresponds to addition of a drug 30 minutes before the second one. The results are expressed
as percentage of the control-untreated cells and represent the means SD of at least three independent experiments. "P<0.05
compared with untreated cells. *P<0.05 compared to cells treated with DCF. ®P<0.05 compared with co-treatment. “P<0.05

compared with NAC pre-treatment.
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Strain name | Mutant gene DCF NAC LC NAC+DCF LC+DCF
BY4741 Wild type | 65.6+12.6° | 101.2+8.9 | 90.5+11.4 | 35.3+8.1°" | 71.7+4.3
Y02409 Pdr5 54.3+5.8" | 100.6+2.7 | 96.1#3.6 | 6.1+6.5*° | 32.3+10.4"
Y05933 Yorl 36.7+8.37° ND ND ND ND
Y01503 Bptl 36.144.6 ° ND ND ND ND
Y04242 Pdr15 35.1+4.2"" ND ND ND ND
Y00569 Yapl 75.9410.4 | 100.5+13.6 ND 39.2+21.8"% ND
Y00928 Vmrl 76.5+3.1° | 985+0.7 | 97.1#3.4 | 15.247.7%° | 65.1+7.5
Y02770 Pdr12 78.8+3.00 | 98.9+15 | 95.0+1.5 | 17.7+10.8""° | 65.445.2"

Table 2: Effect of DCF and NAC-DCF interaction on growth of ABC-transporter mutant strains. Wild type and mutant
strains of Saccharomyces cerevisiae were pre-cultured and then diluted to an OD between 0.1 and 0.2 and treated with DCF
(1000uM) = NAC (SmM) or + L-cysteine (LC, 5 mM) for Sh and growth was assessed by OD measurement. The results are
expressed as percentage of the control-untreated cells and represent the means+ SD of at least three independent experiments.
#P<0.05 compared with untreated cells; *P<0.05 compared to cells treated with DCF; $P<0.05 compared with BY4741. For genes
abbreviations refer to the abbreviation list. ND, not determined.




148

Chapitre III. TNF-a potentialise I’augmentation de
I’effet hépatotoxique mais non I’effet cholestatique du

co-traitement diclofenac/trovafloxacine dans les cellules
HepaRG

Résumé

Deux ou plusieurs médicaments sont habituellement co-préscrits pour le traitement de
nombreuses maladies. Ainsi, les antibiotiques et les anti-inflammatoires sont souvent associés
pour traiter les patients souffrant d'une infection bactérienne. Ces deux classes de médicaments
comprennent de nombreuses molécules hépatotoxiques idiosyncratiques. Ce travail visait a
examiner si un co-traitement avec deux de ces médicaments, le diclofénac (DCF), qui possede
des propriétés anti-inflammatoires, et la trovafloxacine (TVX), un antibiotique de la classe des
fluoroquinolones, en absence ou en présence d'un stress inflammatoire concomitant induit par
co-addition de cytokines pro-inflammatoires, aggravent les 1€sions hépatocytaires par rapport a
I'addition de chaque médicament séparément, en utilisant les cellules humaines HepaRG
différenciées. Nos résultats montrent que ces cellules, que ce soit apres 24h ou 3 jours de
traitement, étaient plus sensibles a un co-traitement avec DCF et TVX par rapport a 1’ajout de
chaque médicament séparément et que les effets cytotoxiques étaient aggravés par co-addition de
TNF-o. Les effets cholestatiques des deux médicaments, caractérisés par une dilatation des
canalicules biliaires et l'inhibition des transporteurs des acides biliaires, ont également été
augmentés par le co-traitement sans aggravation en présence du TNF-a. Les effets cytotoxiques
étaient associés a une production de ROS et l'induction des deux genes associés, HO-1 et
MnSOD ainsi que I’induction de genes du stress enoplasmique. La potentialisation de la toxicité
de DCF et TVX par TNF-a impliquait I’activation de la caspase 8 par la voie apoptotique
extrinseque. Contrairement a TVX, la 1évofloxacine, une fluoroquinolone non-hépatotoxique,
n'aggravait pas significativement la toxicité de DCF, méme en présence de TNF-a.

En résumé, nos données montrent que les effets hépatotoxiques et cholestatiques du DCF et TVX
étaient augmentés par un traitement combiné et que la co-addition de TNF-a potentialisait
seulement la cytotoxicité. Ces données apportent de nouvelles informations sur les interactions
médicamenteuses et 1'influence d'un stress inflammatoire dans la survenue de 1'hépatotoxicité
induite par les médicaments.
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TNF-a potentiates enhanced hepatotoxic but not cholestatic effects of

diclofenac and trovafloxacin co-treatments in HepaRG cells

Abstract

Two or more drugs are usually co-prescribed for the treatment of many diseases. Thus,
antibiotics and anti-inflammatory drugs are frequently associated to treat patients suffering from
bacterial infection. These two drug classes include many idiosyncratic hepatotoxic molecules.
This work aimed to investigate whether a co-treatment with the two idiosyncratic hepatotoxic
drugs, diclofenac (DCF), that possesses anti-inflammatory properties, and the fluoroquinolone
antibiotic trovafloxacin (TVX), in the absence or presence of a concomitant inflammatory stress
induced by co-addition of pro-inflammatory cytokines, aggravated hepatocyte damage compared
to separate addition of either drug, using differentiated human HepaRG cells. Our results showed
that after either 24h or 3 days HepaRG cells were more sensitive to a co-treatment with DCF and
TVX than to either drug added separately and that cytotoxic effects were aggravated by co-
addition of TNF-a. Cholestatic effects of the two drugs, typified by dilation of bile canaliculi and
inhibition of bile acids transporters, were also enhanced by a co-treatment without further
aggravation by TNF-a. Cytotoxicity effects were associated with ROS generation and induction
of the two related genes HO-1 and MnSOD. TNF-a potentiation of DCF and TVX toxicity
involved activation of caspase 8 through the extrinsic apoptotic pathway. Contrary to TVX,
levofloxacin, a non-hepatotoxic fluoroquinolone, did not significantly aggravate DCF toxicity,

even in the presence of TNF-q.

Together, our data demonstrate that hepatotoxic and cholestatic effects of DCF and TVX were
enhanced in a combined treatment and that co-addition of TNF-a potentiated only cytotoxicity.
These data bring further insights in drug-drug interactions and the influence of an inflammatory

stress in the occurrence of drug-induced hepatotoxicity.
Keywords: Drugs, cytotoxicity, cholestasis, hepatocytes, inflammatory stress, oxidative stress

Abbreviations: DCF, diclofenac; LVX, levofloxacin; TVX, trovafloxacin; ROS, reactive
oxidative species; JNK, jun terminal N-kinase; BSEP, bile salt export pump; NTCP, Na++ -
dependent taurocholate cotransporting polypeptide; MRP2, multidrug associated protein 2; DILI,
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drug-induced liver injury; ER, endoplasmic reticulum; MTT, methylthiazoltetrazolium; H2-
DCFDA, 2’,7’-dichlorodihydrofluorescein; NAC, N-acetyl-cysteine; RT-qPCR, real-time
quantitative polymerase chain reaction; TNF-a, tumor necrosis factor a; IL-6, interleukin-6; IL-
1B, interleukin-1B; CYP450, cytochrome P450; HO1, heme oxygenase 1; MnSOD, manganese
superoxide dismutase; CAR, constitutive androstane receptor; PXR, pregnane X receptor;
MRP3, multidrug resistance-associated protein 3; Ac-DEVD-AMC, N-Acetyl-Asp-Glu-Val-Asp-
7-amido-4-methylcoumarin; AC-LEHD-AMC, Ac-Leu-Glu-His-Asp-7-Amino-4-
methylcoumarin; AC-IETD-AMC, Ac-Ile-Glu-Thr-Asp-7-Amino-4-methylcoumarin; CRP, C-

reactive protein; IL-8, interleukin-8; PBS, phosphate buffered saline.

Introduction

Drug-induced liver injury (DILI) accounts for more than 50% of acute liver failure cases
(Ostapowicz et al., 2002). Although many of these cases are attributable to acetaminophen
overdose, 13-17% are due to idiosyncratic hepatotoxicity (Bjornsson and Olsson, 2006), for
which formation of reactive metabolites, generation of oxidative stress, and inflammatory or

immune response are recognized to be potential critical determinants (Uetrecht, 2006).

Two or more drugs are frequently prescribed together for the treatment of various diseases (Actis
et al., 2014). For instance, antibiotics and anti-inflammatory drugs are frequently co-prescribed
for the treatment of bacterial infection; it has been calculated that 40.2 and 12.7% of the patients
take diclofenac (DCF) as an anti-inflammatory drug and quinolones as an antibiotic respectively

(Tayem et al., 2013).

The non-steroidal anti-inflammatory drug DCF can cause rare cases of hepatocellular injury,
cholestasis or mixed hepatocellular injury and cholestasis (Banks et al., 1995; Breen et al., 1986;
Watanabe et al., 2007). Among the quinolone antibiotics the fluoroquinolone trovafloxacin
(TVX) has been reported to have an incidence rate of adverse hepatic effects of 5.6/100000
prescriptions with 10% fatal cases, leading to its withdrawn from market (Qureshi et al., 2011);
Like DCF, TVX can cause hepatocellular injury and cholestasis (Lazarczyk et al., 2001; Lucena
et al., 2000), suggesting that co-administration of these two drugs could potentiate their

individual hepatotoxicity.
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Several studies have shown that an inflammatory stress aggravated hepatotoxicity induced by
DCF and TVX, using in vivo animal models and liver cell cultures (Al-Attrache et al., 2016;
Beggs et al., 2014; Deng et al., 2006; Shaw et al., 2007). However, most in vitro studies have
been performed with the HepG2 cell line (Beggs et al., 2015; Fredriksson et al., 2011) which is
known to exhibit very low phase 1 and phase 2 drug metabolizing enzyme activities (Westerink
and Schoonen, 2007a, b), making questionable its use as representative of mature human
hepatocytes. Recently, we demonstrated that metabolically competent HepaRG hepatocytes were
less sensitive to DCF than their undifferentiated counterparts and HepG2 cells (Al-Attrache et
al., 2016).

The aim of the present work was to determine whether a co-treatment with DCF and the
fluoroquinolone antibiotic TVX led to an aggravation of their individual toxic effects in the
presence or absence of TNF-a, using well differentiated human HepaRG cells as a cell model
system. Another drug from the same family as TVX, levofloxacin (LVX), that is generally
considered a safe antibiotic and non hepatotoxic was used as a control compound (Cosgrove et
al., 2009). Our results showed that (i) in combination DCF-TVX aggravated their individual
hepatotoxicity; (ii) in the presence of pro-inflammatory cytokines their toxicity was further
enhanced; (iii) Except expression of some genes, their cholestatic effects were also potentiated

by a co-treatment without any additional effect of the pro-inflammatory cytokines.
Materials and Methods
Chemicals and Reagents

Diclofenac sodium salt (DCF), trovafloxacin mesylate (TVX), levofloxacin (LVX), MTT
(methylthiazoltetrazolium), DTT (dithiothreitol), AC-DEVD-AMC (N-Acetyl-Asp-Glu-Val-
Asp-7-amido-4-Methylcoumarin), =~ NAC  (N-acetyl-cysteine), testosterone and  6f-
hydroxytestosterone were purchased from Sigma Aldrich (St. Quentin Fallavier, France). H2-
DCFDA (2’,7’-dichlorodihydrofluorescein) from Invitrogen Molecular probe (Cergy-Pontoise,
France) and AC-LEHD-AMC (Ac-Leu-Glu-His-Asp-7-Amino-4-methylcoumarin) and AC-
IETD-AMC (Ac-Ile-Glu-Thr-Asp-7-Amino-4-methylcoumarin) from Enzo life sciences (Lyon,
France). TNF-a, IL-6 and IL-1 were provided by Promocell (Nuremberg, Germany). SP600125
(ab120065) was obtained from Abcam, (Cambridge, UK). Phospho-SAPK/JNK
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(Thr183/Tyr185) (Antibody #9251) and SAPK/INK Antibody (Antibody #9252) from Cell
signaling (Danvers, MA,United states). Human C-reactive protein (CRP) and CXCLS/IL-8
DuoSet kits were from R&D (Abingdon, United Kingdom). z-LEHD-fmk was purchased from

BD Biosciences (Le Pont de Claix, France) and etanercept was from Amgen (Thousand Oaks,

CA, USA).
Cell cultures and treatments
Cell cultures

HepaRG cells were seeded at a density of 2.6 x 10% cells/em® in Williams’E medium
supplemented with 10 % Hyclone® fetal bovine serum (HFBS) (Thermo Scientific, San Jose,
USA), 100 U/mL penicillin, 100 mg/mL streptomycin, 5 ug/mL insulin, 2 mM glutamine, and 50
puM hydrocortisone hemisuccinate. After 2 weeks, they were shifted to the same medium
supplemented with 1.7% dimethyl sulfoxide for further 2 weeks. At that time, cultures contained

hepatocyte-like and progenitors/primitive biliary-like cells in about an equal proportion (Cerec et

al., 2007).
Treatments

Tested concentrations of the three pro-inflammatory cytokines (10ng/ml TNF-a, 10ng/ml IL-6
and 0.1ng/ml IL-1p for 24h treatment and 4ng/ml TNF-a for 3days treatment) were selected from
previous studies (Al-Attrache et al., 2016; Bachour-El Azzi et al., 2014; Beggs et al., 2014;
Fredriksson et al., 2014) and preliminary experiments on determination of caspase 3 activity and
CRP secretion levels. Treatments of HepaRG cells were performed using a medium containing
2% HFBS and 1% dimethyl sulfoxide and lasted either 24h (a single treatment) or 3 days
(treatments at days 0, 1 and 2). When the cells were co-treated with both drugs and cytokines,

they were first exposed to the cytokines for 24h.
MTT assay

Cytotoxicity was evaluated using the MTT colorimetric assay. Briefly, cells were seeded in 24-
well plates and treated with various concentrations of DCF (50, 100, 200, 250, 350, 500uM)
and/or TVX (5, 20, 50, 100, 250, 500uM) and/or LVX (5, 20, 50, 100, 200, 400, 1000uM) +/-

cytokines at the pre-selected concentrations. After medium removal, 500uL of serum-free
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medium containing MTT (0.5 mg/ml) was added to each well and incubated for 2 hours at 37°C.
The water-insoluble formazan was dissolved in 500ul dimethyl sulfoxide and absorbance was

measured at 550 nm (Aninat et al., 2006).

Determination of caspase 3, 8 and 9 activities

After treatment with DCF = TVX + TNF-a; DCF + LVX + TNF-a or TVX + cytokines, the cells
were scrapped in the culture medium, then centrifuged, washed with PBS, dried and stored at -
80°C. Cell lysates were re-suspended in 70ul of 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic
acid supplemented with anti-phosphatase and anti-protease. Then, 40 pg of protein of each
sample was placed in an opaque plate in triplicate and supplemented with caspase buffer (20 mM
piperazine-1,4-bis-2-ethanesulfonic acid, pH 7.2, 100 mM NaCl, 10mM dithiotreitol, 1mM
EDTA, 0.1% 3- [(3-cholamidopropyl dimethylammonio)-1-propanesulfonic acid] and 10%
sucrose. Then 2 pl of DEVD-AMC, LEHD or IETD substrates for caspases 3, 9 and 8
respectively, were added. Fluorescence was measured at a wavelength between 380 and 420 nm
for caspase 3 and between 405 and 465 nm for caspases 8 and 9 (Dumont et al., 2010; Maianski
et al., 2004).

Measurement of CYP3A4 activity

After treatment with DCF + TVX + TNF-o or DCF + LVX *+ TNF-q, cells were washed with
PBS and incubated at 37°C with testosterone dissolved in Williams’ medium without phenol red.
After 2h medium was collected and CYP3A4 activity was measured using a high performance
liquid chromatography equipment (Agilent 1100 series high performance liquid chromatograph
equipped with an autosampler and Agilent 1100 series fluorescence and UV detectors) with two

solvents, acetic acid (0.1%) and acetonitrile as previously (Aninat et al., 2006).
Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) analysis

Total RNA was extracted from 10° HepaRG cells with the SV total RNA isolation system
(Promega, Charbonnieres-les-Bains, France). RNAs were reverse-transcribed into cDNA and

RT-qPCR was performed using a SYBR Green mix. Primer sequences are listed in Table 1.
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Gene Name Forward primer Reverse primer

GAPDH Glycéraldéhyde-3-Phosphate TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA
déshydrogénase

CAR constitutive androstane receptor ~TGATCAGCTGCAAGAGGAGA AGGCCTAGCAACTTCGCATA

PXR pregnane X receptor CCAGGACATACACCCCTTTG CTACCTGTGATGCCGAACAA

FXR farnesoid X receptor AGGTAGCAGAGATGCCTGTAACAA CACAGCTCATCCCCTTTGATC

CYP3A4  cytochrome P450 3A4 CTTCATCCAATGGACTGCATAAAT TCCCAAGTATAACACTCTACACAGAC

AA

CYP2C9  cytochrome P450 2C9 GGACAGAGACGACAAGCACA AATGGACATGAACAACCCTCA

CYP1A2  Cytochrome P450 1A2 TGGAGACCTTCCGACACTCCT CGTTGTGTCCCTTGTTGTGC

CYP8B1  Cytochrome P450 8B1 TGGAGAAAGCTGGCAAAGTT TGGTTCCCCTTTGACTTCAC

CYP7A1  Cytochrome P450 7A1 CTGTGGCAAACACTATTCCAACTA TTGACCTGTTGACTGCAGCAA

CYP27A  Cytochrome P450 27A1 GGCCCTAAGTAGGACATCCA AGCTGCGCTTCTTCTTTCAG

1

SULT2A  Sulfotransferase 2A1 CCAGTTATTCCCCAAGTCTTTCT AAACATCTCTGGGATTTCTCATGAG

1

HO-1 heme oxygenase 1 ACTTTCAGAAGGGCCAGGT TTGTTGCGCTCAATCTCCT

MnSOD manganese superoxide GGGTTGGCTTGGTTTCAATA CTGATTTGGACAAGCAGCAA
dismutase

ATF4 Activating Transcription Factor ~ TGGCATGGTTTCCAGGTCATCT CCAACAACAGCAAGGAGGATGC
4

ATF6 Activating Transcription Factor =~ CTGCACCCACTAAAGGCCAGA GAGGGCAGAACTCCAGGTGCT
6

CHOP C/Ebp-Homologous protein ATGGCAGCTGAGTCATT AGAAGCAGGGTCAAGAGTGGT

GRP78 Glucose Regulated GTTCTTGCCGTTCAAGGTGG TGGTACAGTAACAACTGCATG
Protein,78KD

CRP C-Reactive Protein GAACTTTCAGCCGAATACATCTTTT CCTTCCTCGACATGTCTGTCT

IL-8 Interleukin8 ATGACTTCCAAGCTGGCCGTGGCT TCTCAGCCCTCTTCAAAAACTTCTC

BSEP bile salt export pump TGATCCTGATCAAGGGAAGG TGGTTCCTGGGAAACAATTC

NTCP Na+-dependent taurocholic GGGACATGAACCTCAGCATT CGTTTGGATTTGAGGACGAT
cotransporting polypeptide

MDR1 multidrug resistance protein 1 GCCAAAGCCAAAATATCAGC TTCCAATGTGTTCGGCATTA
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Gene Name Forward primer Reverse primer
MDR3 multidrug resistance protein 3 GGCTTCAGCCGGCATTTTCA GCAGCATCTGTGGCAAGTCT
MRP2 Multidrug resistance-associated ~TGAGCAAGTTTGAAACGCACAT AGCTCTTCTCCTGCCGTCTCT
protein 2

MRP3 Multidrug resistance-associated ~ GTCCGCAGAATGGACTTGAT TCACCACTTGGGGATCATTT
protein 2

MRP4 multidrug resistance-associated =~ GCTCAGGTTGCCTATGTGCT CGGTTACATTTCCTCCTCCA
protein 4

OATP-B  organic anion-transporting TGATTGGCTATGGGGCTATC CATATCCTCAGGGCTGGTGT
polypeptide B

Table 1: List of primers.

Determination of ROS generation

ROS generation was determined by the H,-DCFDA assay. After treatment cells were incubated
for 2 hours at 37°C with 2uM H,-DCFDA and then washed with cold PBS, and scraped in
potassium buffer (10 mM, pH 7.4) / methanol (v/v) complemented with Triton X-100 (0.1 %).
Fluorescence intensity of cell lysates was determined by spectrofluorimetry using

excitation/emission wavelengths of 498/520 nm (Sharanek et al., 2014).
Superoxide dismutase (SOD) activity

The activity of SOD was measured by using a kit assay (19160 SOD determination kit). After
treatment cells were scrapped in the culture medium, centrifuged and washed with cold PBS and
stored dried up at -80°C. For activity measurement, the cells were re-suspended in PBS/Triton X-
100 (1%) followed by sonication. Samples were distributed in 96 well plates and the substrate

(WST) and dilution buffer were added. The absorbance was measured at 440nm.
ELISA assays

C-reactive protein (CRP) and interleukin-8 (IL-8) proteins were measured in cell supernatants
using the CRP and CXCLS8/IL-8 DuoSet kits, according to manufacturer’s instructions. Briefly,
supernatants were collected at appropriate time points and stored at -80°C until analysis; 96-well
microplates were coated with capture antibody and incubated overnight. Samples and standards
were diluted appropriately and added for 2 hours after a saturation step. Secondary antibody was

added for 2 hours after washing. Streptavidin-horseradish peroxidase and its substrate were used
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for the revelation step. Optical density was read at 450nm with wavelength correction. All steps

were performed at room temperature (Bachour-El Azzi et al., 2014).
Western blotting

HepaRG cells were incubated in medium added or not with DCF £ TNF-a + TVX + LVX for 3
days. Then, protein level of CYP7A1, CYP27A1, CYP8B1, SULT2A1 and NTCP was evaluated
as previously described (Sharanek et al., 2015). After treatment, cells were washed with cold
PBS and re-suspended in cell lysis buffer and a protease inhibitor cocktail. Aliquots containing
an equivalent total protein content, as determined by the Bradford’s procedure with bovine serum
albumin as the standard, were subjected to sodium dodecyl sulfate/12 % polyacrylamide gel
electrophoresis, electrotransferred to immobilon-P membranes, and probed overnight with the
primary antibodies already cited. After incubation with a rabbit secondary antibody, a
chemiluminescence reagent, and Hyperfilm ECL, CYP7A1l, CYP27A1, CYP8BI1, SULT2AI,
and NTCP bands were quantified by densitometry with Fusion-Capt software (Vilber Lourmat,

Fusion FX7, France) and normalized compared to the HSC-70 protein.

Taurocholic acid efflux

To estimate bile salt export pump (BSEP) activity cells were first exposed to 43.4 nM [*H]-TA
for 30min, then washed with standard buffer and incubated with or without DCF + TVX + TNF-
a; DCF + LVX * TNF-a or TVX + TNF-a in a standard buffer containing Ca® and Mg2+. After
incubation for 2h cells were washed and then scrapped in 0.IN NaOH. The remaining
radiolabeled substrate was measured through scintillation counting to determine TA efflux

(Antherieu et al., 2013).

Na*-dependent taurocholic cotransporting polypeptide activity (NTCP)

NTCP activity was estimated by determination of sodium-dependent intracellular accumulation
of the radiolabeled [3H]—TA substrate. Cells were treated with DCF + TVX + TNF-a or DCF +
LVX + TNF-a or TVX #+ TNF-a (pre-treated with TNF-a) followed by incubation with 43.3nM
radiolabeled TA for 30min. Then, they were washed with PBS and lysed with 0.IN NaOH.
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Accumulation of radiolabeled substrate was determined through scintillation counting (Antherieu

etal., 2013).

Phase-contrast imaging

After cell treatment for different times (0, 2, 4, 6, 8 and 24h) images were taken using a phase-

contrast microscope (Inverted microscope Zeiss axiovert 200M and Axiocam MRm).

CDF efflux determination

After treatment for 4h, 24h or 3days the cells were incubated with 3uM CDFDA, a substrate of
the multidrug resistance-associated protein 2 (MRP2) for 20 min at 37°C followed by washing

with PBS and fluorescence was analyzed with an inverted microscope Zeiss (Bachour-El Azzi et

al., 2014).

Statistical analysis

One-way ANOVA with Bonferroni's multiple comparison test (GraphPad Prism 5.00) was
performed to compare data between DCEF-, cytokine-, DCF/cytokine-treated cells, TVX-,
TVX/cytokine-treated cells, LVX-, LVX/cytokine and control cultures. Each value corresponded
to the mean + standard deviation (SD) of at least three independent experiments. Data were

considered significantly different when p < 0.05.

Results
Induction of inflammatory markers by the pro-inflammatory cytokines

Preliminary experiments were performed to verify the responsiveness of HepaRG cells to pro-

inflammatory cytokines. Both transcript and secreted protein levels of CRP and IL-8 were
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determined using RT-PCR and ELISA assays respectively after 24h- and 3day-exposure of the
cells to the cytokines and/or tested drugs. As expected, a 24h-treatment with cytokines alone
strongly enhanced secretion of both CRP and IL-8 in the culture medium, i.e. 13.07-, 79.23- and
43.42-fold for CRP and 41.81-, 72.86- and 57.73-fold for IL-8 after treatment with TNF-o, IL-6
and IL-1P respectively (Figure 1A and C). Transcripts levels showed similar profile changes;
1.e.15.87-, 95.45- and 58.60-fold increase for CRP and 33.53-, 63.31- and 53.9-fold increase for
IL-8 with TNF-0, IL-6 and IL-1P respectively after 24h (Figure 1B and D and Table 2). At
50uM TVX alone slightly diminished production of the two proteins; it also dose-dependently
lowered increase of CRP and IL-8 mRNA and protein levels caused by either cytokines (Figure
1A, B, C and D). LVX alone had no significant effect. The two inflammatory proteins were more
lowered with DCEF. In addition, when DCF was combined with TVX or LVX a limited further

reduction in both transcript and secreted protein levels was found (Figure 1E and F).
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Figure 1: Effects of DCF + TVX # cytokines on the inflammatory markers CRP and IL-8. Cells were treated with DCF,
TVX, LVX, DCF-TVX or DCF-LVX with or without cytokines for (A, B, C, D, E and F) 24 h or (G and H) 3 days and
protein and transcripts levels of CRP and IL-8 were measured. All results are expressed relative to the levels found in
corresponding untreated cells, arbitrarily set at a value of 1. "P<0.05, “P<0.01 and “““P<0.001 compared with untreated
cells, “P<0.05, #P<0.01 and #*P<0.001 compared with cells treated with cytokine, DCF, TVX, LVX or the mix.
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vx | VX qux TNF- TNF- TNF- IL-6+TVX | 1L-6+TVX | IL-6+Tvx | 'W1B IL- IL- IL-
5uM 20 50uM TNF-a a+TVX a+TVX a+TVX IL-6 5uM 20uM 50uM 1B+TVX 1B+TVX 1B+TVX
M 5pM 20uM | 50uM H 5uM 20uM | 50uM
Nuclear receptors
0.25+0.03* | 0.1620.05* | 0.11+0.03*
1.12+ .96+ .71+0. .38+0. .22+0. .15+0.04* .11+0.03* .08+0.03*
FXR 1224 010 9069 010 713 00 | 532006 | 0.61£0.13a | 0.41:0.04* | ° 38::0 08 |0 Zf*f 0410 15,:2:04 0 11,;2 0371 0 08:2 93" | 0.30+0.05 *c **a **a
° N * %
PXR 1.03+0 | 0.7120 | 0.64+0.1 | 0.38+0.07 | 0.33£0.09* | 0.18+0.05* | 0.17+0.04 | 0.22+0.04 | 0.18+0.03* | 0.09+0.03* | 0.07+0.02* 012:—'8-04 0~25i0-°6* 0~13i0-°4* O-Osi%“*
.09 16 1 *kk *%c *x0 *rkg *kk *x 0 *%c *x c c
* * *
CAR 1.16+0 | 0.64+0 | 0.60+0.0 N 0.23+0.03* | 0.20+0.12* | 0.18+0.04 | 0.26+0.05 | 0.19+0.03* | 0.12+0.04* | 0.07+0.02* 0.37;;0.05 0'20i0'04 0'14f8'04 0'09f8'03
_23 07 5* 0'45_006 **b * *kk * % **C * % * %k b
Metabolizing enzymes (Phases | and Il)
CYP3A N N N . . | 0.32+0.03 | 0.25+0.04a | 0.15+0.05* | 0.11+0.04*
1.0820 | 08320 | 0.6320.1 | ) 15010 | 0324003 | 0224002 | 016005 | 551005 | 02620047 | 1110.03x | 0-0720.02
4 16 .07 0 a *
CYP2C 20 | 08950 | 0.68+0.0 0.60£0.07 | 0.77x0.05 | 0.51+0.06 | 0.320.04
g 1'1039—0 “oa P77 | 073£0.11 | 0.82:0.06 | 0.68+0.04 | 0.48+0.07 | 0.49:0.06 | 0.62+0.03 | 0.35£0.04 | 0.200.06
CYP2B . . , | 035£0.11 | 0.38+0.05 | 0.26+0.06* | 0.20+0.11*
) 1.014210. 0.629:0 o.ssgto.o 0694005 | 0804010 | 0595010 | 0.345021 0.32fo.07 0.2210.07 0.141;0.04 0.091*0.05
CYP1A 0. | 12540 | 153+01 . , | 0.69£0.04 | 0.81+0.04 | 0.62+0.03* | 0.49+0.06*
; 1.3016_0. ) 059_0 .53*_0. 0814007 | 1026004 | 083:0.02 | 0-760.01 0.72fo.03 0.8440.05 0.671;0.02 0.52f8.01 o . -
CYPSB . ., | 072006 | 0.88+0.02* | 0.65+0.05* | 0.54+0.03*
11240, | 0.90. | 0.73£00 | 077013 | o0 0 oo | 0.752001% | 0.6120.03 | 0.810.05 | | o\ (0 | ooy 0 | 06550.03 . . o
1 08 1 2%% * * N o
CYP7A | 134+0. | 1.04+0 | 0.69+0.0 079+0.09 | 095:0.1 | 0.83+0.18 | 0.570.12
1 5 08 . 0.83+0.07 | 0.91+0.09 0.740.1 | 0.52+0.05 | 0.75+0.06 | 0.89+0.12 | 0.67+0.03 | 0.41+0.02
CYP27 | 11720 | 0.9650 | 0.8040.1 0.68+0.12 | 0.87+0.08 | 0.63+0.05 | 0.46+0.07
Al 31 n . 0.85+0.12 | 1.02+0.16 | 0.86+0.06 | 0.67+0.08 | 0.79+0.13 | 0.96+0.06 | 0.78+0.09 | 0.61+0.11
SULT2 | 12350 | 13650 | 112403 0.73x0.07 | 1.11+0.13 | 0.59+0.03 | 0.38+0.01
Al s | s 77| 0754015 | 1.224013 | 0.68+0.09 | 0.46+0.04 | 0.86+0.10 | 1.12:0.23 | 1.04:0.31 | 0.78:0.09
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TVX TNF- TNF- TNF- IL-1 IL- IL- IL-
TVX TVX IL-6+TVX | IL-6+TVX | IL-64+TVX B

SuM 20p 50uM TNF-a o+TVX a+TVX a+TVX IL-6 5uM 20uM 50uM 1B+TVX 1B+TVX 1B+TVX

H M H 5pM 20uM | 50uMm H H H 5uM 20uM | 50uM
GSTA1 0762002 | 0.7820.04 | 058£0.03 | 0.32+0.06
/2 1'103;0' 0'9015*0 0'747*0'0 0.83+0.03 | 0.85+0.05 | 0.63x0.04 | 0.41£0.07 | 0.72¢0.07 | 0.72+0.02 | 0.4620.01 | 0.37+0.04
GSTM 0.7120.04 | 0732003 | 0362009 | 0.18%0.05
1/2 1'1121*0' 1'0069*0 0'6941'0'0 0.850.03 | 0.90+0.07 | 0.60£0.01 | 0.300.03 | 0.73:0.05 | 0.76+0.08 | 0.43+0.02 | 0.23+0.06
UGT1 0432008 | 0482007 | 0522005 | 0.37%0.02
AL 1'103;0' 1'601;0 O'BO;O'O 0.75:0.05 | 0.73:0.08 | 0.83:0.06 | 0.42:001 | 0.5120.1 | 0.5740.06 | 0.6120.04 | 0.26+0.03
UGT1 0422005 | 0502003 | 0392004 | 0.27+0.02
A3 1'014;50' 1‘513;0 0'8561'0'0 0624004 | 0612002 | 0.8420.09 | 0.32:0.06 | 0.37£0.01 | 0.40£0.04 | 0.57£0.02 | 0.13£0.02
Bile acid transporters
0.6120.06 | 0.38£0.05* | 0.27£0.03* | 0.1820.06%

1.3020 | 0.850 | 0.5040.3 0.52£0.14* | 0.26£0.09* | 0.45:0.12 | 0.3240.05* | 0.19£0.03* | 0.1240.02*

BSEP 05 s f 0.74+0.06 | 0.77+0.21c - o Ter . b o *xe **e *x
0.58£0.04 | 0.45£0.06* | 0.3120.08* | 0.27%0.04*

1.1220 | 0.80+0 | 0.70+0.0 0.25+0.07* | 0.20£0.08 | 0.4620.07 | 0.34+0.07* | 0.21+0.06* | 0.19+0.03*
NTCP 08 17 9 0.68+0.07 | 0.95:0.12 v b o o o > - rxe e by
OATP- 072016 | 095:0.1 | 0632001 | 0.31%0.02
8 1 '218;0 0'902;0 0'657i°'° 0.76+0.12 | 0.89+0.07 | 0.68+0.09 | 0.51+0.03 | 0.73+0.1 | 0.92+0.14 | 0.78+0.03 | 0.42+0.09

1 1650 | 12850 0.68£0.05 | 0.8920.07 | 0.99£0.09 | 0.9220.05
MDR1 : 09‘ ’ 12‘ 1.6740.1 | 0.78+0.06 | 1.03+0.13 1.1740.16 | 1.21+0.07 | 0.65+0.02 1.12+0.1 1.13+0.04 1.02+0.07

1 3350 | 10550 | 072500 0732009 | 1.1220.11 | 072003 | 0.48£0.09
MDR3 | "7 | B0 | 072001 0821000 | 0964011 | 0694002 | 055:0.1 | 0.69£0.08 | 1054009 | 076001 | 042+0.06

1 0650 | 12150 | 078500 0.6520.02 | 1.25:0.08 | 0.68£0.09 | 0.33£0.04
MRP2 | 050 | M0 | 0700 075001 | 114301 | 0794004 | 0.49+0.06 | 0.72:0.06 | 0944007 | 073+0.06 | 038+0.02

1.2320 0.7120.02 | 0962009 | 0.69£0.02 | 0.41£0.07
MRP3 14 0'8550 0'69;0'1 0.69+0.04 | 0.99+0.15 | 0.65£0.06 | 0.37+0.09 | 0.61%0.12 | 1.11£0.23 | 0.61:0.08 | 0.32+0.06

1950 | 13250 | 189501 142201 | 1532006 | 2242019 | 2.71%0.26
MRP4 | V00 | RO SO 1994015 | 1194009 | 192401 | 2426021 | 136402 | 1380.13 | 2034017 | 263:013
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TVX TVX TVX TNF-a TNF- TNF- TNF- IL-6 IL-6+TVX | IL-6+TVX | IL-6+TVX IL-18 IL- TVX TVX
5uM | 20p | 50uM a+TVX | a+TVX | a+TVX 5uM 20uM 50uM 1B+TVX 5uM 20uM
M 5uM 20puM 50uM
Markers of oxidative stress
% % X « | 1.4120.29 | 2.23+0.32* | 3.63+0.37* | 4.72+0.37*
HO-1 1.-102910 1..521;0 2.083i0.2 1264015 | 1554022 | 2.16+0.31% 3'22i(;40 1874029 3'09i%43 4.57ioc.43 6.16:2:.73 e o
* * *
MnSO | 10920 | 1.37+0 | 2.13+0.2 1514029 | 1965035 | 3030-16% | 4.02:0.34* | 2.44:029 | 349:025* | 456:0.36* | 6.34:0.51% 1.73+0.18 2'61f8'46 3'50f8'37 4'47:"8'23
D .10 .26 S¥* e R *% *% $% % *% % *x
1.56+0.14 | 2.5520.16 | 3.1220.10 | 4.63x0.22
Nrf2 1 'OO%J—'O 1'21950 ! '95;0'1 1.324£0.09 | 1.84+0.13 | 2.56+0.11 | 3.62+¢0.09 | 1.92+0.11 | 3.58£0.23 | 4.12+0.19 | 5.89+0.12
Markers of ER stress
ATF4 12320 11220 1 1.83200 | ) 56,010 | 1152008 | 1.56£0.11 | 3.03£0.18 | 1.050.14 | 1.16£0.04 | 2.87£0.11 | 4.12£0.16 | 1.2840.10 | 1.12£0.13 | 3.01£021 | 4.5220.19
12 .16 6
ATF6 L1820, 1 1.2620 | 1.72400 | 4 17,009 | 1224013 | 2.012004 | 2.96:021 | 1.2940.05 | 125:0.17 | 2.19£0.08 | 3362021 | 1.33£0.05 | 1.37£0.09 | 2.64£0.08 | 4.19+0.15
09 15 4
CHOP 1‘3(;5;0 1‘3350 2'25810‘0 1.23£0.12 | 1.13£0.07 | 2.5120.14 | 3.62+0.17 | 1.1620.09 | 1.29+0.12 | 3.72#0.22 | 5.69+0.25 | 1.12¢0.02 | 1.20+0.15 | 2.86£0.14 | 5.970.26
GRP78 1‘3117i0 1‘407;0 1'7971'0‘0 1.124£0.06 | 1.27#0.11 | 1.6120.06 | 2.57+0.13 | 1.1920.07 | 1.11£0.09 | 2.59+0.13 | 3.16+0.12 | 1.25+0.07 | 1.1620.06 | 1.79+0.11 | 2.91£0.21
Markers of inflammation
58.60+7.6 | 48.57+4.07 | 33.56+4.22 | 24.63+4.69
1.09+0 | 0.94+0 | 0.83+0.4 | 15.87+2.8 | 15.84+2.71 95.45+5.3 | 93.51+6.78 | 74.35+5.83 | 61.27+5.30
CRP 64 39 P 1+ +q 13.2442.42 | 11.7743.70 A g P phny o - . -
0.89+0 | 0.7740 | 0.97+0.4 | 33.53%5.6 | 26.34+4.46 | 23.46+4.11 | 17.83+2.46 | 63.31%5.2 | 55.6242.83 | 45.49+5.74 | 34.86+4.47 | 53.90£3.4 | 45.87£3.23 | 38.0643.43 | 27.07#4.33
"-'8 37 A7 5 EEL *xkC *EkC *EkC O*** *Ek *HkC *EKC H*x *EkC *EkC *E*C

Table 2: Effects of TVX * cytokines (TNF-a, IL-6 and IL-1p) on expression of mRNAs measured by RT-PCR encoding genes related to oxidative stress, inflammation, hepatobiliary
transporters, nuclear receptors, phase I and phase II metabolizing enzymes in HepaRG cells (24 h). All results are expressed relative to the levels found in corresponding untreated cells,
arbitrarily set at a value of 1. ¥*P<0.05, **P<0.01 and **%*P<0.001 compared with untreated cells, #P<0.05, ##P<0.01 and ###P<0.001 compared with cells treated with cytokine or TVX
individually. a:#; b:##; c:###.
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A 3-day exposure of HepaRG cell cultures to 4ng/ml TNF-a led to a 8.45-fold increase in CRP
release, that fell to around 73% in cultures exposed simultaneously to 100uM DCF or 20uM
TVX and to around 33.85% in cultures exposed to LVX. Similar effects were evidenced by
measuring CRP mRNA levels. When DCF was combined with TVX or LVX a further limited

reduction in both transcript and secreted protein levels was observed (Figure 1G and H andTable
3).



165

DCF 100uM | TVX 20uM LVX 20uM TNF-a TNF-a+DCF TNF-a+TVX TNF-a+LVX DCF 100 DCF 100 TNF- TNF-
100puM 20puMm 20pm +TVX 20 +LVX 20 a+DCF100+TVX20 | a+DCF100+LVX20

Nuclear receptors

CAR 0.750.2 0.64+0.07 0.62+0.08 0.45+0.06 0.37+0.05 0.41£0.04 0.4620.08 0.55+0.03 0.7240.11 0.28+0.05 0.41+0.09
PXR 0.85+0.07 0.71x0.16 0.92+0.04 0.38+0.07 0.33+0.06 0.18+0.05 0.42+0.07 0.76+0.05 0.83+0.09 0.16+0.02 0.35£0.19
FXR 1.23+0.37 0.9620.09 0.86:0.06 0.53+0.06 0.2940.03 0.41+0.04 0.55+0.04 0.92+0.10 1.0240.13 0.52+0.07 0.62+0.11
Metabolizing enzymes (Phases | and Il)

CYP3A4 0.86£0.08 0.83+0.07 0.56:0.09 0.4240.10 0.3840.02 0.22+0.02 0.48+0.05 0.730.07 1.06+0.10 0.51+0.09 0.62+0.12
CYP2C9 0.89+0.24 0.89+0.04 0.79+0.07 0.73+0.11 0.56£0.11 0.68+0.04 0.710.11 0.82+0.09 1.08+0.07 0.59+0.10 0.63+0.09
CYP1A2 0.92+0.13 1.25+0.09 0.82+0.13 0.81+0.07 0.75+0.16 0.83+0.02 0.85+0.04 1.12+0.04 0.680.02 0.69+0.03 0.72+0.06
CYPSB1 0.88+0.08 0.9%0.1 0.63+0.05 0.7740.13 0.63+0.08 0.75£0.01 0.72+0.03 0.75£0.06 0.76+0.08 0.58+0.09 0.65£0.12
CYP7A1 1.100.13 1.04+0.08 1.08+0.07 0.83+0.07 0.86+0.10 0.7#0.1 1.21+0.12 0.92+0.17 1.030.05 1.85+0.18 1.5620.19
CYP27A1 1.1240.17 0.96+0.11 0.98+0.02 0.85+0.12 0.82+0.04 0.86+0.06 1.35+0.14 0.86+0.06 0.8+0.02 1.1240.13 1.030.11
SULT2A1 1.08+0.14 1.360.15 0.93+0.06 0.75£0.15 0.79+0.02 0.68+0.09 0.69+0.05 0.94£0.12 0.86+0.09 0.68+0.06 0.57+0.08
GSTA1/2 0.96+0.12 0.91+0.05 1.23+0.08 0.83+0.03 0.78+0.05 0.630.04 0.85+0.11 0.84:0.06 1.1320.12 0.620.11 0.720.02
GSTM1/2 1.1320.09 1.060.09 1.1240.11 0.85+0.03 0.82+0.06 0.60+0.01 0.86+0.06 0.82+0.09 1.07£0.06 0.58+0.07 0.810.07
UGT1A1 0.96+0.15 1.610.08 1.19+0.04 0.75%0.05 0.69+0.02 0.83+0.06 0.78+0.09 0.96+0.10 1.1220.14 0.78+0.04 0.8520.01
UGT1A3 1.1220.11 1.5340.12 1.08+0.10 0.62+0.04 0.58+0.04 0.84+0.09 0.830.11 0.920.11 1.22+0.13 0.79+0.06 0.88+0.12
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DCF 100uM | TVX 20puM LVX 20umM TNF-a TNF-a+DCF TNF-a+TVX TNF-a+LVX DCF 100 DCF 100 TNF- TNF-
100uM 20puM 20puM +TVX 20 +LVX 20 a+DCF100+TVX20 | a+DCF100+LVX20

Bile acid transporters

BSEP 0.75+0.1 0.85+0.07 0.79+0.12 0.74+0.06 0.47+0.17 0.52+0.14 0.62+0.07 0.55+0.03 0.51+0.03 0.38+0.06 0.42+0.09
NTCP 0.79+0.09 0.80+0.17 0.69+0.02 0.68+0.07 0.47+0.14 0.25+0.07 0.87+0.13 0.48+0.06 0.70+0.09 0.39+0.12 0.46+0.11
OATP-B 0.92:0.04 0.92+0.08 0.92:+0.05 0.7620.12 0.65+0.08 0.6820.09 0.7120.08 0.8520.12 0.81+0.04 0.65:0.09 0.7620.02
MDR1 1.12+0.08 1.28+0.12 1.06+0.08 0.7820.06 0.68+0.02 1.1740.16 0.72+0.05 1.23+0.09 1.11+0.13 1.56+0.20 1.32+0.04
MDR3 0.98+0.05 1.05+0.09 0.97+0.10 0.82:0.02 0.7520.04 0.690.02 0.85+0.05 0.79+0.04 0.92+0.12 0.62+0.12 0.92+0.08
MRP2 1.27+0.07 1.21+0.23 1.03+0.11 0.75+0.11 0.85+0.02 0.79+0.04 0.82+0.14 1.09+0.13 1.12+0.10 1.12+0.07 1.03+0.13
MRP3 1.06+0.19 0.88+0.06 1.11£0.14 0.69:0.04 0.68+0.04 0.6520.06 0.72+0.10 0.91%0.06 1.15£0.17 0.7120.04 0.860.08
MRP4 0.93+0.09 1.3240.13 1.24+0.12 1.2240.15 1.28+0.10 1.9240.1 1.33+0.11 1.0340.12 1.03+0.04 1.81+0.13 1.42+0.03
Markers of oxidative stress

HO-]_ 1.29+0.17 1.51+0.28 1.08+0.18 1.26+0.15 1.31+0.09 2.16+0.31 1.13+0.16 1.39+0.18 1.23+0.11 2.51+0.16 1.52+0.12
M nSOD 1.1610.11 1.37+0.26 1.13+0.13 1.51+0.29 1.4610.12 3.03+0.16 1.42+0.12 1.46+0.05 1.15+0.13 2.03+£0.19 1.49+0.15
Nrf2 1.3240.15 1.29+0.10 0.99:+0.06 1.32+0.09 1.53+0.06 2.56+0.11 1.39+0.13 1.57+0.08 1.1120.15 2.36+0.2 1.52+0.09
Markers of ER stress

ATF4 1.59+0.20 1.12+0.16 1.09+0.12 1.29+0.10 2.86£0.28 1.5620.11 1.3220.13 1.8320.14 1.6120.11 2.48+0.17 1.68+0.09
ATF6 1.7240.19 1.26+0.15 0.910.06 1.17+0.09 2.42+0.26 2.01£0.04 1.0420.09 2.03+0.07 1.7120.16 3.43£0.21 1.75+0.12
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DCF 100uM TVX 20uM LVX 20uM TNF-a TNF-o+DCF TNF-a+TVX TNF-a+LVX DCF 100 DCF 100 TNF- TNF-
100uM 20puM 20puM +TVX 20 +LVX 20 a+DCF100+TVX20 | a+DCF100+LVX20
CHOP 2+0.24 1.34+0.09 1.170.04 1.23+0.12 3.54+0.29 2.5120.14 0.99+0.15 2.510.17 1.860.14 3.670.18 1.81+0.06
GRP78 1.3940.16 1.47+0.04 1.13+0.01 1.12+0.06 2.1740.29 1.610.06 1.110.11 1.69+0.06 1.45+0.07 2.4420.15 1.53+0.18
Markers of inflammation
CRP 1.09+0.38 0.94+0.39 1.1620.14 15.87+2.81 23.2745.57 13.24+2.42 14.13+0.68 0.8120.02 0.680.09 2.71%0.16 12.3120.23

Table 3: Effects of DCF + TVX + LVX *+ TNF-a on expression of mRNAs measured by RT-PCR encoding genes related to oxidative stress, inflammation, hepatobiliary
transporters, nuclear receptors, phase I and phase II metabolizing enzymes in HepaRG cells (24 h). *P<0.05, **P<0.01 and ***P<(0.001 compared with untreated cells,

#P<0.05, ##P<0.01 and ###P<0.001 compared with cells treated with cytokine, DCF, TVX, LVX or the mix. a:#; b:##; c:###.
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TNF-o+DCF | TNF-a+TVX | TNF-a+LVX DCF 100 DCF 100 TNF- TNF-
DCF 100uM | TVX 20uM LVX 20uM TNF-a
100puM 20uM 20uM +TVX 20 +LVX 20 a+DCF100+TVX20 | a+DCF100+LVX20
Nuclear receptors
CAR 0.54£0.15** | 0.25+0.03*** | 0.42+0.13*** 0.700.02%** 0.51+0.16%** 0.36+0.12%** 0.44+0.06*** | 0.25+0.09*** | 0.43+0.13*** 0.25+0.08*** 0.45+0.13%**
PXR 0.74+0.12 0.77+0.08 0.79+0.09 0.71+0.12 0.69+0.14 0.58+0.03* 0.65+0.12 0.91+0.20 0.65+0.07 0.51+0.09**a 0.68+0.19
FXR 0.82+0.15 0.60+0.08 0.65+0.09 1.00+0.14 0.85+0.10 0.53+0.15* 0.90+0.20 0.86+0.20 0.82+0.06 0.69+0.04 1.03+0.23
Metabolizing enzymes (Phases | and Il)
CYP3A4 2.23+0.28*** 0.66+0.09 0.26+0.11** 0.48+0.10 1.0940.04c 0.560.12 0.25+0.07** 1.7340.17** 2.1140.25%** 1.49+0.40 1.68+0.23*
CYP2C9 1.83+0.24*** 0.64+0.08* 0.52+0.03*** 0.64+0.04* 1.05+0.08c 0.40+0.03*** 0.40+0.06*** 1.2240.11 0.96+0.06 0.61+0.06**c 0.69+0.13
CYP1A2 0.33+0.08*** | 1.36+0.16** 0.540.11%** 0.73+0.02 0.3120.02%** 0.63+0.07**c 0.28+0.08*** 1.02+0.05 0.3940.05%** 0.2940.04***¢ 0.40+0.18***
CYP8B1 0.74+0.12 0.2940.12%** | (0.45+0.15%** 0.49+0.07*** 0.42+0.08*** 0.31+0.08*** 0.34+0.05*** 0.33£0.09*** | 0.46+0.06*** 0.32+0.07*** 0.440.20%**
CYP7A1 1.28+0.62 0.80+0.09 0.92+0.14 2.43+0.35%* 2.37+0.39** 3.43+0.48***c | 2.91+0.38***c 1.01+0.38 0.84+0.09 2.5440.29**b 2.27+0.57*b
CYP27A1 0.88+0.14 0.57+0.08 0.71+0.05 1.37+0.16 1.3240.20 1.2340.15b 1.55+0.34*c 0.56+0.07 0.64+0.06 1.43+0.18c 1.19+0.24a
SULT2A1 1.1940.16 0.68+0.03** 0.80+0.05 0.83+0.05 0.83+0.10c 0.41+0.09***a | 0.61+0.03*** 0.54+0.05*** | 0.66+0.06*** 0.400,04*** 0.57+0.06***
GSTA1 / 2 1.1240.11 0.79+0.05 1.16+0.13 0.82+0.07 0.65+0.03 0.610.07 0.85+0.09 0.58+0.01 1.02+0.10 0.4120.08 0.79+0.05
GSTM1/2 1.03+0.10 0.72+0.04 1.060.09 0.79+0.05 0.600.01 0.58+0.04 0.82+0.03 0.52+0.05 0.98+0.03 0.39+0.04 0.83+0.03
UGT1A1 0.92+0.13 1.2620.11 1.12+0.10 0.75+0.04 0.72+0.06 0.92+0.03 0.73%0.06 0.85+0.02 1.05+0.13 0.65+0.07 0.82+0.08
UGT1A3 0.98+0.08 1.32+0.12 1.25+0.14 0.77+0.02 0.69+0.08 0.84+0.07 0.79+0.04 0.88+0.07 1.10£0.15 0.710.02 0.89+0.04
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DCF 100uM

TVX 20uM

LVX 20uM

TNF-a

TNF-a+DCF
100uM

TNF-a+TVX
20pM

TNF-a+LVX
20pM

DCF 100
+TVX 20

DCF 100
+LVX 20

TNF-

o+DCF100+TVX20

TNF-

a+DCF100+LVX20

Bile acid Transporters

BSEP 0.30+£0.07*** | 0.27£0.08*** | 0.33+0.16*** 0.3420.08*** 0.21+0.02%** 0.21+0.02*** | 0.32+£0.10*** | 0.15£0.00*** | 0.20£0.06*** 0.16+0.02%** 0.200.06***
NTCP 0.39+0.07*** 0.28+0.06*** 0.38+0.04*** 0.51+0.12*** 0.2740.08*** 0.39+0.08*** 0.37+0.11*** 0.2840.03*** 0.5140.15*** 0.3540.09*** 0.3940.08***
OATP-B 0.7320.09* | 0.51+0.02*** | 0.64+0.08** 0.65+0.04** 0.62:+£0.05%** 0.46£0.07*** | 0.49+0.03*** 0.71+0.14* 0.70+0.06* 0.5540.11%** 0.730.14*
MDR]_ 1.16+0.12 0.76+0.07 0.90+0.14 0.79+0.08 1.61+0.30 0.93+0.12 0.70+0.09 1.53+0.15 1.41+0.24 1.86+0.47** 1.64+0.30
MDR3 0.88+0.18 0.4420.04*** 0.75+0.13 0.78+0.18 0.7220.03 0.58+0.12** 0.68+0.09 0.58+0.07** 0.79+0.05 0.65£0.15 1.030.06
M RPZ 1.59+0.29** 0.78+0.12 0.89+0.08 0.90+0.10 1.09+0.19a 0.64+0.09 0.88+0.22 1.18+0.19 1.37+0.07 1.18+0.06 1.20+0.11
MRP3 0.85+0.13 0.6220.10 0.7820.11 0.950.17 0.80+0.16 0.450.09** 0.83+0.17 0.710.14 0.830.14 0.7420.08 0.9020.17
MRP4 0.8620.20 1.02+0.10 0.90+0.05 1.43+0.12 1.300.14 2.08+0.20%**c | 1.64+0.07**c 1.15+0.17 0.93+0.09 2.27+0.24%*%¢ 1.9020.15%**c
Markers of oxidative stress

HO-]_ 1.36+0.37 1.81+0.11* 0.95+0.20 1.10+0.21 1.42+0.10 2.2440.17%** 1.02+0.26 1.884+0.23** 1.18+0.07 3.43+0.37***¢ 1.31+0.21
MnSOD 0.970.14 1.59+0.01** 0.73+0.09 1.34+0.10** 1.47+0.14*b 2.15£0.24***b | 1.62+0.09***c | 1.89+0.09*** 1.01£0.19 3.230.14***c 2.0620.16***c
Nrf2 1.0920.11 1.9220.13 0.86+0.07 1.1220.06 1.5220.03 1.9620.10 1.4320.05 2.02+0.11 1.22+0.08 3.560.16 1.63+0.10
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DCF 100uM TVX 20uM LVX 20uM TNF-a TNF-a+DCF TNF-a+TVX TNF-a+LVX DCF 100 DCF 100 TNF- TNF-
100uM 20puM 20puM +TVX 20 +LVX 20 a+DCF100+TVX20 | a+DCF100+LVX20

Markers Of ER stress

ATF4 1.92+0.13 1.6820.09 1.1220.10 1.1820.05 2.25+0.16 2.36+0.11 1.3620.08 2.7240.21 1.7520.14 3.78+0.26 1.8620.07
ATF6 1.84:0.09 1.52+0.04 0.96:0.08 1.2520.10 2.46+0.12 1.88+0.04 1.1520.02 2.91£0.15 1.82+0.09 4.12%0.23 1.97+0.19
CHOP 2.3240.11 1.89+0.07 1.230.06 1.1220.03 2.84x0.13 2.21£0.10 1.1220.12 3.36:0.28 2.16x0.16 4.86+0.19 2.25+0.11
GRP78 1.7320.15 1.7620.08 1.0920.03 1.1920.05 1.92+0.07 2.01£0.12 1.2420.14 2.87+0.17 1.62%0.05 3.59+0.21 1.69+0.10
Markers of inflammation

CRP 0.53+0.05 0.7520.07 0.90+0.06 12.5540.45%** | 4.6320.07***c | 4.8620.06***c | 7.19+0.34***c 0.58+0.04 0.50+0.04 3.83+0.11c 5.22+0.12¢

Table 4: Effects of DCF+TVX+*LVX+TNF-a on Expression of mRNAs (by RT-PCR) Encoding Genes Related to Oxidative stress, Inflammation, Hepatobiliary
Transporters, Nuclear Receptors, Phase I and Phase II Metabolizing Enzymes in HepaRG Cells (3 days). ¥*P<0.05, **P<(0.01 and ***P<0.001 compared with untreated

cells, #P<0.05, ##P<0.01 and ###P<0.001 compared with cells treated with cytokine, DCF, TVX, LVX or the mix. a:#; b:##; c:###.
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CYP3A4 activity and transcripts

The main TVX metabolites formed by the liver are glucuronides, and N-acetyl- and sulfo-
conjugates (Dalvie et al., 1997; Fujiwara et al., 2015) while DCEF is first oxidized mainly by
CYP3A4 (Shen et al.,, 1999; Tang et al., 1999b) that together with some other CYPs is
strongly repressed by pro-inflammatory cytokines (Abdel-Razzak et al., 1993). At 20 and
50uM TVX inhibited CYP3A4 activity by 28.89% and 47.9% respectively compared to
untreated cells after 24h treatment; the inhibition reached 83.78, 93.71 and 88.85% by co-
treatment of 20uMTVX with TNF-o, IL-6 or IL-1P respectively (Figure 2A). Comparable
changes were observed at the corresponding transcript levels (Figure 2B and Table 2). No

further significant change occurred with a co-treatment of TVX/DCF (Figure 2C and D).

After 3 days, DCF at 100uM increased CYP3A4 activity by around 1.7-fold; this activity
remained close to the normal value by co-exposure with TNF-a. When added separately
20uMTVX or LVX only slightly decreased CYP3A4 activity and in combination with DCF
did not significantly modulate its effect in presence or absence of TNF-a. Comparable
inhibitory effects of TVX and TNF-a separately or in combination were observed at the
transcripts levels. While 20uM LVX had a higher repressive effect on CYP3A4 mRNA levels
in the presence or absence of TNF-a (Figure 2E and F).
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Figure 2: Measurement of gene level expression and activity of CYP3A4. Cells were treated with (A and B) TVX +
TNF-a for 24h or (C, D, E and F) with DCF, TVX, LVX, DCF-TVX or DCF-LVX with or without TNF-a for (C and
D) 24 h or (E and F) 3 days and CYP3A4 activity and gene level expression were measured (A-C-E and B-D-F
respectively). All results are expressed relative to the levels found in corresponding untreated cells, arbitrarily set at a
value of 1. "P<0.05, “P<0.01 and ““P<0.001 compared with untreated cells, P<0.05, #P<0.01 and **P<0.001
compared with cells treated with cytokine, DCF, TVX, LVX or the mix.

Modulation of other genes related to drug metabolism and transport

Several other genes encoding drug metabolism enzymes and transporters were analyzed by
RT-gPCR after 24-hour and 3-day treatments; these genes included nuclear receptors (CAR,
PXR, FXR), phase 1 (CYP2C9, CYP2B6, CYP1A2) and phase 2 (UGT1Al, UGTI1A3,
GSTA1/2 and GSTMI1) enzymes, and influx and efflux transporters (NTCP, OATP-B, BSEP,
MDRI1, MDR3, MRP2, MRP3, and MRP4). After 24h treatment expression of several of
these genes, including CYP2C9, CYP2B6, CAR and PXR, was inhibited, especially after co-

treatment with cytokines. CYP1A2 and FXR were also repressed by co-treatment but to a
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lower extent (Tables 2, 3 and 4). No significant changes were observed in genes encoding
transporters after treatments with 20uMTVX while SOuMTVX and TNF -a caused a limited
decrease of most of them. A strong inhibition of BSEP and NTCP was obtained with co-
treatments while, when observed, inhibition of other transporters was much lower. Similar
results were obtained with co-treatments with IL6 and IL1. After 3 days BSEP and NTCP
were still strongly repressed by either DCF, TVX or LVX separately. Transcripts of several
genes were decreased and to a more extent with the combination DCF/TVX and DCF/LVX
and these effects were aggravated after 3 days by comparison with those observed at 24 h

(Tables 2, 3 and 4).

Co-treatments with TVX + cytokines and DCF + TVX £ cytokines also repressed
transcription of genes encoding detoxifying GSTA1/2 and GSTM1/2 enzymes. By contrast
UGT1A1 and UGT1A3 were overexpressed with low concentrations and repressed with high
concentrations of TVX and co-addition of TNF-a. Only a slight inhibition was observed when

the cells were co-treated with 4ng/ml TNF-a (Tables 2, 3 and 4).

In general, the effects of DCF and TVX on the major of genes were aggravated when the two
drugs was added together and were potentiated by co-treatment with TNF-a at 24 h and more

after 3 days ( Tables 2, 3 and 4).
Cytotoxicity of trovafloxacin is aggravated by co-treatment with diclofenac and cytokines

Differentiated HepaRG cells were treated with various concentrations of TVX for 24h or 3
days, then cytotoxicity was estimated using the MTT assay. A significant decrease in cell
viability was observed in a dose-dependent manner with drug concentrations starting at
500uM (IC50=827.73uM). However, when TVX was added together with either TNF-a, IL-
1B or IL-6 cytotoxicity was aggravated (IC50= 250uM, 150uM, 100uM respectively); a
decrease in cell viability was evidenced with 100uM TVX regardless of the cytokine.
However, the extent of cytotoxicity was higher with IL-6 compared to the two other
cytokines, especially with 100 uM TVX, reaching 50.98% cell loss. No cytotoxic effect was
observed with the cytokines alone (Figure 3A). IC50 values were lowered when TVX was co-
added with DCF, and to a higher extent in the presence of TNF-a (For example the
combination of DCF 200uM with TVX 20uM and TNF-a 10ng/ml contributed to more than
50% of cell death) (Figure 3B).
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Figure 3: Cytotoxic effect s of TVX in HepaRG cells. Cells were treated with (A) various concentrations of TVX *

cytokines (TNF-a, IL-6 or IL-1f) or (B) with DCF or TVX separately or with the mix TVX/DCF +/- TNF-a for 24 h

and cytotoxicity was measured with the MTT assay. All results are expressed relative to the levels found in
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corresponding untreated cells, arbitrarily set at a value of 1. “P<0.05, “P<0.01 and ““P<0.001 compared with

untreated cells, "P<0.05, #P<0.01 and **P<0.001 compared with cells treated with cytokines or TVX individually.

TVX cytotoxicity was augmented after 3 days of treatment and further aggravated in the
presence of TNF-a. At 50 uM TVX caused 37.38 and 66.31% cell loss when added alone and
with TNF-a respectively. By contrast, even at ImM LVX did not cause any effect, whether
added separately or with TNF-a (Figure 4A). Similar observations were done with DCF; at
200uM this drug caused 29.75 and 70.88% cell loss when added alone and with TNF-a
respectively (Figure 4A). Co-treatments with DCF/TVX and DCF/LVX at various
concentrations in the absence or presence of TNF-o were also investigated. The combination
200uM DCF/50uM TVX led to 40.33% cell loss and to 91.03% cell loss when combined to
TNF-a (Figure 4B) whereas at S0uM LVX did not enhance DCF toxicity in both conditions
(Figure 4C).



176

A 150
3 T 14
5 100{— I
o
ki
g
z .
%
> 50
3 i
o
0 ’
S @\9@ SEORORS @@@ 0@@@ @@@ SRR
6“@?@?&/\\* IO @?0 0/& SX¥es ¥ 0/& Y SY o¥
(':(;2%(%(@0 cg@ S & S Se® ,\4*;\:%4« ++@+°> R
FF P ,9 S ¢ &\'
& el « &
S «\\se «\\\e

150

50

Cell viability (% of control)
° 8
]
|_|
|.|
|.|
|.|
|.|

CANNENES S oo GRS SANESS S

o%co,\é@ S "ﬁ' e,@ SEROEN Q«\\ o
DAY ,¢\++¢¢@ 8 +,¢\4$’ Q\&ﬁ\\ﬁ +\+°’ ,\\\+'”+°’
@\s\“ ¥ S S Sies @\»\9 @\s\“@“
SN NS S St S SSte¥
FXEE L L8 LEF LHP L&
FEE S Sl Sl Ty
i »~ O°Q O°Q x» Q7 Q
Le” &SP &S S
CES S A

Cell viability (% of control)

100{— 19 15 1 LT
T
501
0

o > SO NSRS ﬁ\@@\g SONS SOREASS
‘-E” Y ‘&1@ RGNS

x\r\/ x\r\r x\r\/ x\/\/
S & ®¥¥ M N Mg
01»\» x»x» AT T TN N

S Ste? , SRe? NEOIENAY
[ o x x °o°o° SEE TEE L
S e %
S SL& SL&

Figure 4: Effect s of repeated (3-day)
treatments with combinations DCF-
TVX or DCF-LVX with or without
TNF-a, on cell viability in HepaRG
cells. Cells were treated with different
doses of DCF, TVX or LVX in the
presence or not of TNF-a for 3 days
and MTT toxicity was measured (A, B
and C). All results are expressed
relative to the levels found in
corresponding untreated cells,
arbitrarily set at a value of 1. "P<0.05,
"P<0.01 and ““P<0.001 compared
with untreated cells, *P<0.05, #P<0.01
and *P<0.001 compared with cells
treated with cytokine, DCF, TVX,
LVX or the mix.
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Caspase-3 activity was measured at the two time-points. After 24h treatment a 4.26-fold
increase was observed with 50uM TVX compared to untreated cells. In the presence of
cytokines which were ineffective when added alone, an increase in caspase 3 activity was
observed with lower TVX concentrations, i.e. 20uM with IL-6 (5.15-fold vs IL-6 alone) and
20uM with TNF-a (2.9-fold vs TNF-a alone) and IL-1fB (3.54 fold vs IL-1p alone) (Figure
5A). Moreover, caspase 3 activity was slightly enhanced when TVX was co-administered
with DCF in the absence and more extensively in the presence of TNF-a (2.03 and 4.09-fold
changes respectively) (Figure 5A).

After 3 days, a slight increase in caspase 3 activity was observed after co-treatment of
HepaRG cells with 100uM DCF and 20uM TVX (2.8 -fold change versus corresponding
untreated cells); this increase was more pronounced by co-treatment with the combination

DCF-TVX-TNF-a (4.97-fold) (Figure 5B).

Of note, as expected treatment of undifferentiated HepaRG cells with DCF augmented
caspase 3 activity while but it was not the case with TVX , even at high concentrations

(Figure 5D).
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Figure 5: Measurement of caspase 3 activity. Differentiated HepaRG cells were treated with various concentrations
of TVX * cytokines (A), with DCF, TVX, LVX or the mix DCF/TVX or DCF/LVX +TNF-a for 24h (B) or 3days (C) .
For comparison undifferentiated HepaRG cells were also tested for 24h (D). All results are expressed relative to the
levels found in corresponding untreated cells, arbitrarily set at a value of 1. "P<0.05, “P<0.01 and ““P<0.001
compared with untreated cells, #P<0.05, #P<0.01 and **P<0.001 compared with cells treated with cytokine, DCF,
TVX, LVX or the mix.

Light microscopic examination showed that while DCF and TVX first altered primitive
biliary cells and HepaRG hepatocytes respectively, co-treatment with DCF/TVX in the

presence or absence of TNF-a affected both cell types simultaneously (Figure 6).
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Untreated cells

Undifferentiated
HepaRG cells

Differentiated
HepaRG cells

Figure 6: Effects of DCF and TVX on HepaRG cell morphology. Differentiated and undifferentiated HepaRG cells
were treated with these drugs for 24 h and images were taken (Phase-contrast microscopy ; magnification 20x).

ROS generation induced by trovafloxacin is aggravated by co-treatment with diclofenac

and cytokines

A 24h treatment with 20uM TVX caused a slight generation of ROS (1.61-fold) that was
further moderately augmented by co-exposure to cytokines, especially IL-6 (2.3-fold). A
higher response was obtained with 50uM TVX, representing 2.66-, 3.63- and 3.12-fold
increase when co-added with TNF-a, IL-6 and IL-1P respectively (Figure 7A andFigure 8).
Similar changes were observed in transcripts levels of the related gene HO-1, that were
increased 2.08-fold with 50 uM TVX alone and 3.22-, 6.16- and 4.72-fold by co-addition of
TNF-a, IL-6 and IL-1p respectively (Table 2). Transcripts levels of MnSOD, another ROS-
related gene, raised to 2.13-fold after treatment with 50uM TVX alone and 4.02-, 6.34- and
4.47-fold after co-treatment with TNF-a, IL-6 and IL-1p respectively (Table 2). SOD activity
was also augmented 2.15-fold with 50uM TVX and to a higher extent after co-treatment with
TNF-a (3.22-fold) (Figure 7B). Co-treatment of TVX with DCF aggravated ROS generation
mainly in the presence of TNF-a (4.58-fold) (Figure 7C). Similarly co-treatment of TVX with
DCEF also aggravated SOD activity after 24h (2.88-fold) (Figure 7D).
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Figure 7: Effects of TVX + DCF * TNF-a on ROS generation and SOD activity. Cells were treated with (A and B)
TVX * TNF-0 and (C and D) the mix TVX+DCF+TNF-a for 24 h or (E and F) for 3 days and ROS generation (A, C
and E) and (B, D and F) SOD activity were measured. All results are expressed relative to the levels found in
corresponding untreated cells, arbitrarily set at a value of 1. "P<0.05, “P<0.01 and ““P<0.001 compared with
untreated cells, “P<0.05, #P<0.01 and *#P<0.001 compared with cells treated with cytokine or TVX individually.

After 3 days of treatment ROS generation was increased 1.55-fold with 20uM TVX and was
further slightly augmented by co-addition of TNF-a (1.92-fold) and much more by the
combination DCF/TVX/TNF-a (3.19-fold) (Figure 7E). These results were confirmed by
measurement of HO-1 transcripts that showed 1.81-, 2.24- and 3.43-fold increase with TVX
alone, TVX + TNF-a and TVX + DCF+ TNF-a respectively (Table 3). The highest increase
was obtained with the combination TVX+ DCF+ IL-6 (data not shown). In parallel, SOD
activity was similarly augmented with 20uM TVX (2.28-fold), TVX+TNF-a co-treatment
(2.88-fold) and further more with 20uMTVX + 100uMDCF + TNF-a (4-fold) (Figure 3G).
Similar results were observed with MnSOD transcripts that were augmented 1.59-, 2.15- and
3.23-fold with TVX, TVX/TNF-a and TVX/DCF/TNF-a, respectively (Table 3). An increase

of Nrf2 gene expression was also found (Table 3).
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untreated cells, "P<0.05, #P<0.01 and **P<0.001 compared with cells treated with cytokine or TVX individually.
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Endoplasmic reticulum stress

An activation of several ER stress genes has been previously evidenced in either HepG2 or
HepaRG cells exposed to DCF (Al-Attrache et al., 2016; Fredriksson et al., 2014). Expression
of several genes related to ER stress, ATF4, ATF6, CHOP and GRP78, were also measured
by RT-gqPCR in the present study. After 24h of treatment, the 4 genes were overexpressed
with 50uM TVX and this overexpression was enhanced by co-exposure to the cytokines; the
highest values being obtained with co-treatment of 50uM TVX with IL6 or IL1. The
cytokines or LVX alone were ineffective (Table 3). After 3 days, a moderate increase in the
expression of the 4 genes was observed with 100uM DCF and 20uM TVX, that was slightly
higher by co-addition of TNF-a. However, co-treatment with DCF and TVX resulted in a
marked overexpression of ER stress-related genes, that was further augmented by co-addition
of TNF-a. LVX had no effect; it did not affect changes associated with DCF or DCF+ TNF-a

co-treatments (Tables 3 and 4).
Involvement of intrinsic and extrinsic apoptotic pathways

A 24h treatment of HepaRG cells with 50uM TVX resulted in 3.53-fold activation of caspase
8 that reached 5.02-fold with a co-treatment with TNF-a. Caspase 8 activation by TVX was
strongly inhibited by co-addition of the anti-oxidant NAC (65.93%), the JNK inhibitor
SP600125 (53.19%) and the caspase 9 inhibitor z-LEHD-fmk (58.09%). Co-addition of the
soluble p75 TNF receptor etanercept completely inhibited the fraction of caspase 8 activated

by TNF-a (Figure 9A).
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Figure 9: Measurement of activities of
caspases 8, 9 and 3 after TVX * TNF-a
treatment. Cells were treated with TVX +
TNF-a in the presence or not of NAC,
SP600125, Etanercept and z-LEHD-fmk
and (A) caspases 8, (B) 9 and (C) 3
activities were measured. All results are
expressed relative to the levels found in
corresponding untreated cells, arbitrarily
set at a value of 1. "P<0.05, “'P<0.01 and
“*P<0.001 compared with untreated cells,
*P<0.05, *P<0.01 and *P<0.001
compared with cells treated with cytokine
or TVX individually.

Caspase 9 activity was also increased 5.06- and 7.26-fold with TVX and TVX+TNF-a
respectively. Its activation was inhibited with NAC, SP600125 and z-LEHD-fmk (70.20;
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78.57 and 93.59% with TVX alone and 59.74; 75.24 and 90.23% with TVX + TNF-a
respectively. As for caspase 8 only the fraction induced by TNF-a was inhibited by etanercept
(Figure 9B). Similar changes in caspase 3 activity were observed when HepaRG cells were
co-treated with TVX/TNF-a and the inhibitors (Figure 9C). This was also the case with the
combination DCF/TVX/TNF-a (Figure 10A, B and C).
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Figure 10: Effects of drug combinations on
the caspases 8, 9 and 3. Cells were treated
for 24h with TVX, DCF, LVX or the mix
with or without TNF-a and in the presence
or not of the inhibitors NAC, SP600125,
Etanercept and z-LEHD-fmk followed by
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LVX or the mix.
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After 3 days caspase 8 activity was increased 2.51- and 4.89-fold with TVX/DCF and
DCF/TVX/TNF-a respectively (Figure 11A and B). Similarly, the fraction induced by co-
addition of TNF-a was inhibited by etanercept (Figure 11C and D) while the other fraction
increased by TVX/DCF combination was inhibited by NAC, SP600125 and z-LEHD-fmk
(Figure 11E and F).
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Figure 11: Effects of drugs separately of in combinations +/- TNF-a on the caspases 8, 9 and 3 activities. Cells were
treated for 3 days with TVX, DCF, LVX or the mix with or without TNF-a and in the presence or not of the inhibitors
NAC, SP600125, Etanercept and z-LEHD-fmk followed by measure of the caspases (A and B) 8, (C and D) 9 and (E
and F) 3. All results are expressed relative to the levels found in corresponding untreated cells, arbitrarily set at a
value of 1. "P<0.05, “P<0.01 and ““P<0.001 compared with untreated cells, *P<0.05, #P<0.01 and **P<0.001
compared with cells treated with cytokine, DCF, TVX, LVX or the mix.
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IL-6 also aggravated activation of the three caspases when co-added with the combination
100uMDCF+20uMTVX and its effect was mostly abrogated by addition of NAC while

etanercept was ineffective (Figures 12, 13 and 14).
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Effects of trovafloxacin and diclofenac on cholestatic features

Morphological changes. Alterations of bile canaliculi dynamics (BC) were observed as early
as 30min after DCF addition at 100uM with a phase-contrast microscope, consisting in
dilation of the canalicular lumen. This dilation was aggravated after 2h and became maximum
after 6h. After 24h, only a slight dilation of some BC was still visible by comparison with
untreated cells and was not further observed after 3 days. At 20uM TVX also caused BC
dilation after 6h but to a lower extent compared to DCF and this dilatation was reversible after
24h. LVX was ineffective, at concentrations up to ImM. Noteworthy, the combination
DCF/TVX induced large dilatations of BC that were irreversible and more pronounced after 3
days of treatment. Limited dilations were also evidenced with DCF/LVX after 3 days (Figure
15).
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Figure 15: Effect s of DCF, TVX and LVX or combinations with or without TNF-a on the morphology of bile
canaliculi. Cells were observed at different times (2, 4, 6 and 24 h and 3 days) and images were taken (Phase-contrast
microscopy, magnification 20x).

Taurocholate acid efflux . [3H]—TA efflux was decreased after 2h of treatment with TVX
(50uM) but not with LVX (even at high concentrations) (Figure 16A). The combination
20uM TVX-100uM DCEF or 50uM TVX-100uM DCF-did not aggravate inhibition of [H]-TA
efflux observed with DCF alone (Figure 16B). After 24h and 3 days of treatment BSEP
transcripts were decreased with DCF, TVX and LVX individually and to a higher extent with

the combinations DCF+TVX and DCF+LVX (Tables 2, 3 and 4).
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Figure 16: Measurement of BSEP and NTCP activities. Cells were treated with (A) TVX £ TNF-a or (B, C and D) the
mix DCF+TVX+TNF-a and BSEP (A and B) and NTCP activities (C and D) were measured. All results are expressed
relative to the levels found in corresponding untreated cells, arbitrarily set at a value of 1. “P<0.05, “P<0.01 and
"P<0.001 compared with untreated cells, “P<0.05, #P<0.01 and #*P<0.001 compared with cells treated with cytokine,
DCF, TVX, LVX or the mix.

Expression of transporters; NTCP was also inhibited at the transcript and activity levels
(Figure 16C and D), even at a higher extent than BSEP by the combination DCF+TVX+TNF-
a. Similarly, expression of OATP-B was strongly repressed, especially by co-treatment with
DCF-TVX-TNF-a and DCF-LVX-TNF-a (Tables 3 and 4). In addition, MDR1 and MRP4
transcripts were increased with TNF-0+DCF+TVX while those of MDR3 and MRP3 were
lowered (Tables 3 and 4). Noticeably, a diminution of MRP2 mRNAs was obtained with the
combination TNF-TVX (Tables 2, 3 and 4). Of note, even alone cytokines alone exerted an

inhibitory effect on several genes, including NTCP and BSEP.

Bile acids enzymes. Transcript and protein levels of several enzymes implicated in

metabolism of biliary acids were also analyzed after 24h and 3 days, including CYP7AI,
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CYP8BI1, CYP27A1 and SULT2AI. After 24h, expression of the 3 CYPs was diminished
with 50uM TVX and either cytokine and more extensively by the co-treatment of TVX with
either cytokine. SULT2A1 was repressed by the 3 cytokines and the co-treatments (Tables 2,

3 and 4). A greater inhibition of transcript levels of these 4 genes was observed after co-

treatment with DCF/TVX.

Of note, these inhibitions were confirmed at the protein levels by western blotting analysis
(Figures 17 and 18). Any effect was observed with TNF-o alone except of these related to

transcripts level.
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Figure 17: Effects of TVX + DCF *+ TNF-a on some genes involved in bile acid synthesis and transport. Cells were
treated with the drugs separately or in combination, then protein contents of CYP7A1, 27A1, 8B1, SULT2A1 and
NTCP were measured by western blotting.
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Figure 18: Quantification of the western blots shown in Figure 17. (A) CYP7A1 (B) CYP27A1 (C) CYP8B1 and (D)
NTCP. *P<0.05, **P<0.01 and ***P<0.001 compared with untreated cells, #P<0.05, ##P<0.01 and ###P<0.001
compared with cells treated with cytokine, DCF, TVX, LVX or the mix.

CDF efflux.Moreover, efflux of CDF, a substrate of multidrug resistance-associated protein 2
(MRP2), was measured and found to be induced after a 4h treatment with 100uM DCF and
more greatly after 24h. It was more slightly augmented, with TVX after 24h. This increase of
CDF efflux was enhanced by the combination DCF-TVX without any additional effect of
TNF-o (Figure 19). The treatment for 3 days was enhanced very slightly this efflux (Figure

19).

Control DCF+TVX DCF+LVX

B . .. . ..
4h
o ......
B - -. . ..
o . -.- ..
3 day
- . .. . .-

Figure 19: CDF efflux. Cells were treated with the DCF + TVX + TNF-a then images of florescent CDF efflux were
taken after 4, 24 and 72h of treatment.
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Discussion

Antibiotics and anti-inflammatory drugs are frequently co-prescribed to patients suffering
from bacterial infection and many of them are recognized able to cause idiosyncratic
hepatotoxicity (Actis et al., 2014; Tayem et al., 2013). In the current study we showed that
concomitant treatment with the two idiosyncratic hepatotoxic drugs DCF, an anti-
inflammatory drug and TVX, an antibiotic, enhanced cytotoxicity and cholestatic lesions
compared to their separate addition and that co-addition of pro-inflammatory cytokines
aggravated cytotoxicity in differentiated human HepaRG cells. Moreover, the damage was

extended by repeated treatment.

TVX has been reported to cause hepatotoxicity in animals and in vitro, either in primary
human hepatocytes or in HepG2 cells (Cosgrove et al., 2009; Liguori et al., 2008). Changes in
a set of genes involved in mitochondrial damage and oxidative stress were identified in
primary human hepatocytes treated with 400uM TVX for 24h (Liguori et al., 2008). In the
current study we showed that 50 uM TVX caused generation of ROS, overexpression of
related genes and enhanced activity of SOD and caspase 3 activation after a 24h treatment
confirming that HepaRG hepatocytes were sensitive to TVX and supporting that toxicity
involved induction of an oxidative stress and apoptosis. We also found that HepaRG
hepatocytes were more sensitive than the surrounding, non metabolically active primitive
biliary cells to TVX. Noticeably, a transcriptomic analysis showed that the profiles of
deregulated genes by TVX were quite different in primary human hepatocytes and HepG2
cells (Liguori et al., 2008). In support, IL8 was found to be repressed 2-fold in the former and
overexpressed 9.4-fold in the latter. A decreased expression of IL8 was also found in TVX-
treated HepaRG cells further confirming that HepaRG hepatocytes are functionally close to
primary human hepatocytes (Guillouzo et al., 2007) (Tables 2, 3 and 4).

When TVX was combined with DCF its cytotoxicity was increased. Noticeably, contrary to
TVX, DCF first damaged primitive biliary cells, suggesting that it was more cytotoxic than its
metabolites. Although DCF was metabolized to reactive metabolites it appeared that they are
inactivated by the high capacity of detoxification of HepaRG hepatocytes (Al-Attrache et al.,
2016). This drug-drug interaction resulted in increased ROS production and apoptosis activity
supporting the view that both drugs caused mitochondrial damage. Accordingly, the
antioxidant NAC and the JNK inhibitor, SP600125 strongly attenuated cytotoxicity of the two

drugs whether added separately or combined. Although their Cmax are comparable, 7.4uM
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and 5-10 puM for TVX and DCF (Willis et al., 1979) respectively, the former was cytotoxic at
a lower concentration (20 vs 100uM respectively). Importantly, various activities and gene
expression were differently deregulated when the two drugs were added simultaneously, as

for example CYP3A4 activity and expression of various CYPs (Figure 2 ;Tables 2, 3 and 4).

Toxicity of both TVX and DCF has been reported to be aggravated by an inflammatory stress
induced by LPS or TNF in animal models and liver cell cultures (Deng et al., 2006; Shaw et
al., 2009b). Our data confirmed these observations and demonstrated that when the two drugs
were combined their cytotoxicity was further aggravated by TNF. TNF has been shown to be
a critical mediator for manifestation of TVX hepatotoxicity in LPS-treated mice (Shaw et al.,
2007). LPS treatment of HepaRG cells also resulted in marked activation of TNF synthesis
(See chapter 4). LPS and TNF induced many similarities in gene expression changes in TVX-
treated rats (Liguori et al., 2010) If pro-inflammatory cytokines can induce similar changes as
LPS in several cell signaling networks the endotoxin has however broader effects with more
pathways impacted and more extensive perturbation of gene regulation. LPS acts partly by
stimulating toll-like receptors resulting in the synthesis of various immune activators

(Cosgrove et al., 2010).

Co-administration of TNF potentiated the toxicity of the two drugs as shown by increased
caspases 8, 9 and 3 activation and ROS generation. Since co-addition of etanercept nearly
completely abolished this additional effect it might be concluded that TNF mainly enhanced

the extrinsic apoptotic pathway via activation of caspase 8.

Previous studies have shown that JNK activation contributes to cytotoxicity mediated by LPS
and TNF when added with TVX (Beggs et al., 2014) or DCF (Fredriksson et al., 2011). Our
data shows that co-addition of SP600125, an inhibitor of JNK activation, mostly eliminated
cytotoxicity mediated by the cytokines of these two drugs alone or in combination in HepaRG
cells, further supporting the major role of this signaling pathway in the hepatotoxicity of these

two drugs in an inflammatory context (Maiuri et al., 2015).

If mitochondrial dysfunction and oxidative stress are two major mechanisms involved in
drug-induced injuries ER stress is also becoming as an important mechanism; it can be a
mitochondrial dependent or independent pathway of apoptosis (Scull and Tabas, 2011). We
showed that several genes related to ER stress were overexpressed with TVX and DCF
treatments and that their action was greatly increased by the combination of the two drugs and

still much more with co-addition of TNF. Since up-regulation of these genes was greatly
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alleviated by the antioxidant NAC, the JNK inhibitor SP600125 and the caspase 9 inhibitor z-
LEHD-fmk, it might be concluded that oxidative and ER stresses mediating the mitochondrial

pore transition were crucial events in apoptosis induced by these different treatments.

In vivo drug hepatotoxicity is usually aggravated after repeated administration. Interestingly,
repeated co-treatment of HepaRG cells with TVX/DCF potentiated cytotoxicity that was
further aggravated by co addition of TNF, suggesting a cumulating effect and consequently

supporting the increasing sensitivity with repeated administration.

Both TVX and DCF are also idiosyncratic cholestatic drugs. Noteworthy, while they both
transiently caused BC dilation, in combination they induced large irreversible dilations that
were further increased after 3 days. This synergistic effect was associated with higher
decrease of BSEP and MRP2 activities and transcripts of all tested transporters except MRP4.
Co-addition of TNF did not modify BC dilation caused by the drugs either separately or in
combination. However, decreased expression of transporters with pro-inflammatory cytokines
agrees with previous studies (Bachour-El Azzi et al., 2014; Le Vee et al., 2009). The specific
increase in MRP4 transcripts could be related to a compensatory mechanism of bile acids
sinusoidal secretion following BSEP inhibition as previously described. Noteworthy, we got
preliminary data supporting that like DCF and various other cholestatic drugs , TVX
decreased phosphorylation of the myosin light chain 2 (MLC2) (not shown). To our
knowledge, this is the first description of the increased severity of cholestatic features
resulting from drug-drug interactions. The absence of potentiation by pro-inflammatory
cytokines confirmed our previous observations with chlorpromazine and cyclosporine A
(Bachour-El Azzi et al., 2014). Noticeably, down-regulation of CYP7A1, CYP8B1, CYP27A,
3 major CYPs involved in bile acids synthesis by DCF and TVX also supported previous
reports (Makishima, 2006).

Together, our data demonstrate that hepatotoxic and cholestatic effects of DCF and TVX were
enhanced in a combined treatment and increased after repeated treatment while co-addition of
TNF-a potentiated only cytotoxicity. These data bring further insights in drug-drug
interactions and the influence of an inflammatory stress in the occurrence of drug-induced

hepatotoxicity.
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Chapitre IV.  N-acétylcysteine empéche I’induction de
la cytotoxicité et la stéatose hépatique par
I’amiodarone ainsi que leur aggravation par le stress
inflammatoire

Résumé

En plus d’une phospholipidose, I’amiodarone, un médicament cationique amphiphile, peut
induire une stéatose chez un petit nombre de patients traités, pouvant conduire a une
stéatohépatite suite a une administration chronique. Le but de ce travail était d'évaluer
l'influence de co-traitements aigus et répétés de 1'amiodarone avec le lipolysaccharide (LPS)
sur l'induction de la cytotoxicité et de la stéatose, en utilisant des cellules HepaRG humaines.
Nos résultats montrent qu’apreés 24 heures un traitement avec 1’amiodarone seule provoquait
une accumulation de triglycérides, une dérégulation de divers genes, en particulier les génes
liés a la lipogenese de novo et une diminution de 'oxydation des acides gras. En outre, apres 3
traitements répétés sur une période de 7 jours, la formation de nombreuses gouttelettes
lipidiques intracytoplasmiques a été mise en évidence. Le co-traitement de ’amiodarone avec
le LPS aggravait ses effets cytotoxique et stéatotique apres 7 jours, comme indiqué par une
perte marquée de la viabilité cellulaire, une plus grande accumulation de triglycérides et de
gouttelettes lipidiques, et la dérégulation de différents genes, y compris les genes liés a la
lipogenese. Ces perturbations étaient associées a la génération de ROS et la surexpression de
geénes associés notamment nrf2 et étaient empéchés par la co-addition d’un antioxydant, la N-
acétylcystéine. Les effets aggravants d’un co-traitement par LPS ont été empéchés par la co-
addition de 1’étanercept le récepteur p75 soluble du TNF-a. La plupart des effets de LPS ont
été reproduites par le TNF-a, a des concentrations proches de celles de I'endotoxine lors du
co-traitement avec I'amiodarone. En conclusion, nos données montrent clairement pour la
premiere fois que la cytotoxicité et la stéatose induite par I'amiodarone peuvent €tre aggravées
par un stress inflammatoire, mimant ainsi la stéatohépatite induite par le médicament, et que
ces effets étaient liés a la production de ROS et empéchés par la co-addition de N-
acétylcystéine.
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N-acetyl cysteine prevents amiodarone-induced hepatic cytotoxicity and

steatosis and their aggravation by an inflammatory stress
Abstract

In addition to phospholipidosis the cationic amphiphilic drug amiodarone can induce steatosis
in a small number of treated patients, leading to steatohepatitis following chronic
administration. The aim of this work was to evaluate the influence of acute and repeated co-
treatments of amiodarone with lipolysaccharide (LPS) on the induction of cytotoxicity and
steatosis, using human HepaRG cells. Our results show that after a 24h single treatment
amiodarone caused accumulation of triglycerides, deregulation of various genes, especially
genes related to de novo lipogenesis and decrease in fatty acid oxidation. In addition, after 3
repeated treatments over a 7-day period, formation of many intracytoplasmic lipid droplets
was evidenced. Co-treatment with LPS aggravated amiodarone-induced cytotoxicity and
steatosis after 7 days as shown by marked loss in cell viability, higher accumulation of
triglycerides and lipid droplets, and higher deregulation of various genes including genes
related to lipogenesis. These disturbances were associated with ROS generation and
overproduction of related genes including nrf2 and were prevented by co-addition of the
antioxidant N-acetyl cysteine. Enhanced effects resulting from LPS co-treatment were
prevented by co-addition of the soluble p75 TNF receptor etanercept. Most LPS effects were
reproduced with TNF-a at concentrations close to those of the endotoxin during co-treatment
with amiodarone. Together, our data clearly showed for the first time that both cytotoxicity
and steatosis induced by amiodarone could be aggravated by an inflammatory stress, thereby
mimicking drug—induced steatohepatitis, and that these effects were related to ROS

production and prevented by co-addition of N-acetyl cysteine.

Keywords: HepaRG cells, lipopolysaccaride, TNF-a, reactive oxygen species, steatosis,

steatohepatitis
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Introduction

Hepatic steatosis is characterized by accumulation of triglycerides (TG) in hepatocytes. It
represents a reversible state of metabolic dysfunction that can possibly progress to
inflammatory steatohepatitis, irreversible liver damage, fibrosis, cirrhosis, and even
hepatocellular carcinoma (Farrell and Larter, 2006; Reddy and Rao, 2006). The many
steatogenic drugs include amiodarone (AMD), a class III antiarrhythmic drug used for both
ventricular and atrial arrhythmias. AMD is associated with many adverse effects, such as
thyroid dysfunction, corneal microdeposits, and pulmonary and hepatic toxicities (Vassallo
and Trohman, 2007). It also causes idiosyncratic hepatotoxic reactions in 1-3% of treated
patients (Heger et al., 1981; Mattar et al., 2009; Vassallo and Trohman, 2007). Lipid
macrovesicles and microvesicles are the most common pathological features of hepatic
lesions but steatohepatitis is also frequently associated with chronic administration
(Keshavarzian et al., 2009).

AMD hepatotoxicity can be recapitulated in animal models; it appears to be dose-dependent
and consistent with increased production of cholesterol and accumulation of triglycerides and
intracellular lipid vesicles in hepatocytes. These disturbances have been associated with
deregulation of several genes related to lipogenesis in mouse liver (Vitins et al., 2014). AMD
can also cause in vitro excessive accumulation of triglycerides together with appearance of
lipid vesicles and overexpression of several genes involved in lipogenesis as shown in human
HepaRG hepatocytes (Antherieu et al., 2011).

Several mechanisms can account for potential liver injury following amiodarone use. The
drug and its primary lipophilic metabolite mono-N-desethylamiodarone concentrated in
mitochondria and inhibit electron transport and uncoupled oxidative phosphorylation
(Waldhauser et al., 2006). In animal models as well as in human HepaRG hepatocytes
amiodarone induces generation of ROS and impairs mitochondrial B-oxidation (Antherieu et
al., 2011; Fromenty et al., 1990; Spaniol et al., 2001). Thus, hepatotoxicity associated with
amiodarone can at least partly be explained by decreased mitochondrial B-oxidation of fatty
acids and subsequent production of microvesicular steatosis and induction of apoptosis and
necrosis (Fromenty et al., 1990; Kaufmann et al., 2005).

Various studies have shown that lipopolysaccharide (LPS) and pro-inflammatory cytokines,
especially TNF-a, can induce and accelerate hepatic steatosis (Endo et al., 2007; Fukunishi et
al., 2014) and aggravate AMD toxicity in mouse Hepalclc7 cells and rodent liver (Lu et al.,

2012; Lu et al., 2013). LPS can also induce ROS and overexpression of oxidative stress-
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related genes including nrf2. Activation of this transcriptional factor has been associated with
increased hepatic steatosis (Endo et al., 2007; Fukunishi et al., 2014) but other studies have
come to the opposite conclusions (Hayes and Dinkova-Kostova, 2014). ER stress is also
recognized to play an important role in the development of steatosis (Kammoun et al., 2009;
Pagliassotti, 2012).

To our knowledge, whether an inflammatory stress can aggravate in vitro AMD-induced
toxicity and steatosis has not been reported. Here, we show that repeated co-treatment of
human HepaRG hepatocytes with AMD and LPS led to enhanced cytotoxicity and steatosis,
thereby mimicking a steatohepatitis context. These alterations were associated with increased
ROS production, overexpression of genes related to lipogenesis and endoplasmic reticulum
stress, decrease of fatty acid oxidation and production of TNF-a. All these effects were

largely prevented by co-addition of the antioxidant NAC.

Materials and methods
Chemicals and reagents

Amiodarone (AMD), methylthiazoltetrazolium (MTT), N-Acetyl-Asp-Glu-Val-Asp-7-amido-
4-Methylcoumarin (DEVD-AMC) and N-acetyl-cysteine (NAC) were purchased from Sigma
Aldrich (St. Quentin Fallavier, France). 2°,7’-Dichlorodihydrofluorescein (H2-DCFDA) was
from Invitrogen Molecular Probe (Cergy-Pontoise, France). LPS was provided by Promocell
(Nuremberg, Germany). CRP kit was from R&D (Abingdon, United Kingdom) and
Triglyceride (TG) kits from CliniSciences Biovision (Nanterre, France). Etanercept was
obtained from Amgen (Thousand Oaks, CA, USA) and [14C]-palmitic acid from Perkin
Elmer (Boston, MA).

Cell cultures and treatments
HepaRG cell cultures

HepaRG cells were seeded at a density of 2.6 x 10* cells/cm” in Williams’ E medium
supplemented with 10 % Hyclone® fetal bovine serum (HFBS) (Thermo scientific, San Jose,
USA), 100 U/mL penicillin, 100 pg/mL streptomycin, 5 pg/mL insulin, 2 mM glutamine, and
50 uM hydrocortisone hemisuccinate. After 2 weeks, these cells were shifted to the same

medium supplemented with 1.7% dimethyl sulfoxide for further 2 weeks in order to obtain
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mature hepatocytes. At that time, cultures contained hepatocyte-like and progenitors/primitive

biliary-like cells at around equal proportions (Cerec et al., 2007).
Treatments

All treatments were performed on cells maintained in a medium containing 2% HFBS and 1%
dimethyl sulfoxide (used as a vehicle) instead of 10 and 2% respectively, as previously
(Antherieu et al., 2011), to reduce their protective activity, especially their antioxidant
properties. The selection of non cytotoxic LPS concentrations (0.01pg/ml and 1pg/ml) was
based on previous studies (Aninat et al., 2008; Sharifnia et al., 2014) and preliminary
experiments on determination of caspase 3 activity and CRP secretion levels. Cells were
treated with AMD or LPS separately, or with a combination of AMD and LPS following a
pre-treatment with LPS for 24h. Similarly, when they were co-exposed to NAC this anti-
oxidant was first added 24h before AMD and/or LPS. The cells were treated for either 24h
(one addition) or 7 days (addition every 2-3 days).

MTT cytotoxicity assay

Cytotoxicity was evaluated using the MTT colorimetric assay. Briefly, cells were seeded in
24-well plates and treated with LPS or various concentrations of AMD (5, 20 or 50uM) after
pre-treatment with LPS. After medium removal, 500ul of serum-free medium containing
MTT (0.5 mg/ml) was added to each well and incubated for 2h at 37°C. The water-insoluble
formazan was dissolved in 500ul dimethyl sulfoxide and absorbance was measured at 550nm

(Aninat et al., 2006).
Determination of caspase 3 activity

After treatment with AMD * LPS, the cells were scrapped in the culture medium, then
centrifuged, washed with PBS, dried and stored at — 80°C. Cell lysates were re-suspended in
70ul of 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid supplemented with anti-
phosphatase and anti-protease. Then, 40 pug of protein of each sample was placed in an
opaque plate in triplicate and supplemented with caspase buffer (20 mM piperazine-1,4-bis-2-
ethanesulfonic acid, pH 7.2, 100 mM NaCl, 10mM dithiotreitol, ImM EDTA, 0.1% 3-[(3-
cholamidopropyl)dimethylammonio)-1-propanesulfonic acid] and 10% sucrose. Then 2 pl of
DEVD-AMC was added. Fluorescence was measured at a wavelength between 380 and 420
nm (Dumont et al., 2010).



211

Phase-contrast imaging analysis

Cells were treated with AMD =+ LPS for 24h or 7 days and images were taken using a phase-

contrast microscope (Inverted microscope Zeiss axiovert 200M and Axiocam MRm).
ELISA assays

C-reactive protein (CRP) and TNF-a protein were measured in cell supernatants using CRP
and TNF-o DuoSet kits, according to manufacturer’s instructions. Briefly, supernatants were
collected after 24h or 7 days treatments and stored at -80°C until analysis; 96-well
microplates were coated with capture antibody and incubated overnight. Samples and
standards were diluted appropriately and added for 2h after a saturation step. Secondary
antibody was added for 2h after washing. Streptavidin-horseradish peroxidase and its
substrate were used for the revelation step. Optical density was read at 450nm with
wavelength correction. All steps were performed at room temperature (Bachour-El Azzi et al.,

2014).
Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) analysis

Total RNA was extracted from 10° HepaRG cells with the SV total RNA isolation system
(Promega, Charbonnieres-les-Bains, France). RNAs were reverse-transcribed into cDNA and

RT-qPCR was performed using a SYBR Green mix. Primer sequences are listed in Table 1.
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Gene Name Forward Primer Reverse Primer
ACLY ATP-citrate synthase AAGGAGTTCTTTGCCCGTCT GATTTTGCGGGGTTCGTC
ADFP Adipose differentiation-related CTCATGGGTAGAGTGGAAAAGGAGCATTGG TTGGATGTTGGACAGGAGGGTGTGGCACGT
protein
ALB Albumin TGCTTGAATGTGCTGATGACAGG AAGGCAAGTCAGCAGGCATCTCATC
ALDB Aldolase B GCATCTGTCAGCAGAATGGA TAGACAGCAGCCAGGACCTT
ASML3A Acid sphingomyelinase-like CAGAACATCTCCAAAAGGGC AATCCTCCTCCGGCGATAG
phosphodiesterase 3a
ATF4 Activating Transcription Factor 4 TGGCATGGTTTCCAGGTCATCT CCAACAACAGCAAGGAGGATGC
ATF6 Activating Transcription Factor 6 CTGCACCCACTAAAGGCCAGA GAGGGCAGAACTCCAGGTGCT
CAR Constitutive androstane receptor TGATCAGCTGCAAGAGGAGA AGGCCTAGCAACTTCGCATA
Cas3 Caspase 3 CAAAGATCATACATGGAAGCG TGAAAAGTTTGGGTTTTCCAG
CHOP C/Ebp-Homologous protein ATGGCAGCTGAGTCATT AGAAGCAGGGTCAAGAGTGGT
CPT1A Carnitine O-palmitoyltransferase GCCTCGTATGTGAGGCAAAA TCATCAAGAAATGTCGCACG
1
CRP C-Reactive Protein GAACTTTCAGCCGAATACATCTTTT CCTTCCTCGACATGTCTGTCT
CYP2E1 Cytochrome P450 2E1 TTGAAGCCTCTCGTTGACCC CGTGGTGGGATACAGCCAA
CYP3A4 Cytochrome P450 3A4 CTTCATCCAATGGACTGCATAAAT TCCCAAGTATAACACTCTACACAGACAA
FASN Fatty acid synthase AACTCCTGCAAGTTCTCCGA GCTCCAGCCTCGCTCTC
GDPD3 Glycerophosphodiester GCTGAAGGCTGCTTCAAAAT GTGGTTTCGAAATGGCTGAT
phosphodiesterase domain
containing 3
GRP78 Glucose Regulated Protein,78KD GTTCTTGCCGTTCAAGGTGG TGGTACAGTAACAACTGCATG
GSTA1/2 Glutathione S-Transferase A1/2 TGCAACAATTAAGTGCTTTACCTAAGTG TTAACTAAGTGGGTGAATAGGAGTTGTATT
GSTM1 Glutathione S-Transferase M1 ATGGTTGTCCAGGTCTGG CGCCATCTTGTGCTACATT
HO-1 Heme oxygenase 1 ACTTTCAGAAGGGCCAGGT TTGTTGCGCTCAATCTCCT
LPIN1 Lipin-1 GATGTCAATGCACCCTGAGA GTGTTTGCAATACAAAGGCG
LPL Lipoprotein lipase AATGAGGTGGCAAGTGTCCT CTCCAGAGTCTGACCGCCT
LSS Lanosterol synthase TATTTCCACAAGCGTTTCCC TGAAGCAAACTCCCCAGG
MnSOD Manganese superoxide dismutase GGGTTGGCTTGGTTTCAATA CTGATTTGGACAAGCAGCAA
Nrf2 NF-E2-Related Factor 2
PGCla Peroxisome proliferator-activated CTGCTAGCAAGTTTGCCTCA AGTGGTGCAGTGACCAATCA
receptor gamma coactivator 1-
alpha
PLIN4 Perilipin-4 CAGATGCAGGAAGCATCAAA GCGACTAAAAGGCACTCTGG
PXR Pregnane X receptor CCAGGACATACACCCCTTTG CTACCTGTGATGCCGAACAA
SCD1 Acyl-CoA desaturase GACGATGAGCTCCTGCTGTT CTCTGCTACACTTGGGAGCC
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Gene Name Forward Primer Reverse Primer
SLC27A4 Long-chain fatty acid transport CCTCCTTCCGTAGCTCTGTC GAAGGAACTGCCCCTGTATG
protein 4
SOATI1 Sterol O-acyltransferase 1 ATTCCTCTGCCTCTGCTGTC GCTGTCAAAGTCCAGGGAAA
SREBP1 Sterol regulatory element-binding AGGGAAGTCACTGTCTTGGTTG CTGCTGACCGACATCGAA
protein 1
TBP TATA Box Binding Protein GAGAGTTCTGGGATTGTACCG ATCCTCATGATTACCGCAGC
THRSP Thyroid hormone-inducible AGGCCTTTCTGCTCTCATCA AAATGACGGGACAAGTTTGG
hepatic protein
TNF-q Tumor Necrosis Factor-a TGGCCAATGGCATGGAT TCCTGGTATGAAGTGGCAAAT

Table 1: List of primers.
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Determination of ROS generation

ROS generation was determined by the H,-DCFDA assay. After treatment with AMD + LPS,
cells were incubated for 2h at 37°C with 2uM H,-DCFDA and then washed with cold PBS,
and scraped in potassium buffer (10mM, pH 7.4) / methanol (v/v) complemented with Triton
X-100 (0.1%). Fluorescence intensity of cell lysates was determined by spectrofluorimetry

using excitation/emission wavelengths of 498/520 nm (Sharanek et al., 2014).

Red oil Staining

Lipid accumulation was determined by red oil staining which allows detection of TG. Red oil
was dissolved in isopropanol (0.5:100) for stock solution. After treatments, cells were washed
with phosphate buffered saline, incubated for 1 hour with red oil saturated solution
(isopropanol : water, 3:2), washed in water, and observed under a phase-contrast microscope

(Antherieu et al., 2011).

Triglycerides quantification

After treatment for 24 h or 7 days, samples were scrapped, collected in NP-40 buffer and
stored at -80°C until analysis. For triglyceride quantification these samples were distributed in
duplicate in 96 well plates after a 1:4 dilution in distilled water. The final volume was
adjusted to 50ul with the triglyceride assay buffer and 2ul of lipase was added to each well
followed by 50ul of the triglyceride reaction mix [triglyceride quantification
colorimetric/fluorometric kit (BioVision; catalog#k622-100)]. Finally, absorbance was

measured at 570nm after a 60 min incubation at room temperature.

Fatty acid oxidation

After treatment the culture medium was removed and replaced with a fresh medium
containing 0.5 mM L-carnitine and 10% fat-free bovine serum albumin. [U- 14C]—palmitic acid
(final concentration, 1 mM; 0.05 uCi/ml) was added, and the reaction was carried out for 90
min at 37°C. After addition of perchloric acid (final concentration, 3%) and centrifugation at
4000g for 10 min, an aliquot of the supernatant was counted for ['*C]-labeled acid-soluble B-

oxidation products (Antherieu et al., 2011).
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Statistical analysis

One-way ANOVA with Bonferroni's multiple comparison test (GraphPad Prism 5.00) was
performed to compare data between AMD, LPS (or pro-inflammatory cytokines), AMD +
LPS (or pro-inflammatory cytokines)-treated cells and control cultures. Each value
corresponded to the mean + standard error of the mean (SEM) of at least three independent

experiments. Data were considered significantly different when p < 0.05.
Results
Lipopolysaccharide aggravates amiodarone-induced cytotoxicity

Preliminary experiments were performed to confirm the responsiveness of HepaRG cells to
the two concentrations of endotoxin by measurement of transcript and secreted protein levels
of CRP. Transcript levels were strongly increased, 1.e 196.53- and 282.15-fold after 24h and
279.23- and 561.14-fold after 7 days with 0.01 and 1pg/ml endotoxin treatment respectively
(Tables 2 and 3). Similarly, secreted protein levels assayed by ELISA increased up to 188.66-
and 273.15-fold after 24h and 252.14- and 534.38-fold after 7 days with 0.01 and Ipg/ml
endotoxin respectively (Figure 1A and B). Co-treatment with AMD did not affect CRP

transcript and protein levels at both time-points.
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AMD AMD LPS AMD AMD LPS AMD AMD
(10pM) (20pM) (0.01pg/m) (10pM)+ | (20pM)+LPS |  (1pg/ml) (10pM)+ (20pM)+ LPS
LPS (0.01pg/ml) LPS (1pg/ml)
(0.01pg/ml (1pg/ml)
)
Fatty acid transport and very low-density lipoprotein synthesis
SLC27A4 1.29+0.26 1.68+0.28* 1.18+0.26 1.20+0.18 1.86+0.19* 1.1240.17 1.28+0.15 1.99+0.33*
Fatty acid oxidation and mitochondrial biogenesis
CPT1A  [0.99+0.22 1.24+0.16 1.23+0.25 0.92+0.35 1.00+£0.24 0.88+0.12 0.88+0.10 1.7220.14%
PGClo  (1.43+0.26 2.69+0.26* 0.87+0.16 1.4320.08 2.18+0.26* 1.04+0.23 0.9620.15 2.38+0.17*
De novo lipogenesis
ACLY 1.7540.23 1.4720.05 1.52+0.08 2.22:+0.52+ 2.63+0.317* 1.65+0.16 2.18+0.25% 2.22:+0.59*
FASN 1.3840.17 1.29+0.28 1.2540.25 1.2120.30 1.89:0.10% 1.16+0.24 1.96+0.16* 2.5240.67*
SCD1 0.31£0.63*%  [2.12+0.41%* 0.90+0.18 2.36:0.47* 2.52+0.14* 0.69+0.24 2.0420.15% 2.7620.15%
SREBP1 |1.7120.39 2.11+0.37%* 0.93+0.04 1.63+0.43 2.0040.22% 0.81+0.14 1.51+0.23 1.74+0.08*
THRSP  [1.8120.52 2.46+0.54% 0.36+0.11%* 0.94+0.28 0.65+0.20 0.12:+0.03 %% 0.39+0.03 0.52+0.11
Cholesterol and glycero-lipid metabolism
LPIN1 1.32+0.30 2.1240.39* 0.92+0.24 1.350.16 1.64+0.22 0.80+0.12 1.19+0.18 1.48+0.22
LSS 1.51+0.36 2.39+0.27* 1.23%0.16 2.21+0.35% 2.85+0.23* 1.16+0.19 2.24:+0.28+ 3.47:+£0.26%*
SOAT1  [1.0620.11 1.68+0.22 1.13+0.07 1.48+0.19 1.86+0.09* 1.3240.16 1.58+0.17 2.27+0.37%
Lipid hydrolysis and formation of droplets
ADFP 1.22+0.17 1.72+0.34% 0.92+0.11 1.67+0.47 1.78+0.26* 0.84+0.02 1.95+0.20* 2.57+0.44+
LPL 1.39+0.25 1.96+0.08* 1.20£0.17 1.73£0.30 2.19+0.56* 1.34+0.20 1.85+0.05* 2.93+0.36%*
PLIN4  (1.100.09 2.26+0.13%* 1.80+0.17%* 1.48+0.48 2.46+0.55% 1.66+0.28 2.48:+0.45%* 3.000.55%+
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AMD AMD LPS AMD AMD LPS AMD AMD
aopM) 20pM) (0.01pg/m) (10pM)+ 20pM)+ LPS (1pg/ml) (10pM)+ LPS 20upM)+ LPS
LPS (0.01pg/ml) (1pg/ml) (1pg/ml)
(0.01pg/ml)

Degradation of phospholipids
ASML3A 1.06+0.24 1.19+0.31 0.87+0.12 1.03+£0.27 0.96+0.20 0.63+0.14% 0.91+0.22 0.98+0.24
GDPD3  |1.0720.16 1.39£0.20 1.11+0.03 1.23+0.12 1.38+0.19 1.110.12 1.77+0.09% 1.9240.15%
Cytochromes P450 and other genes related to metabolism
CAR 0.82+0.25 0.72+0.21 0.47£0.127%* 0.31£0.09+%%  0.37£0.10%%* 0.24+0. 127 0.32:£0.19% 0.37£0.13+%*
CYP2E1 (0762027 0.27+0.10* 2.544+0.49%* 3.1620.31+**  [0.95+0.13 2.04+0.30 1.85+0.11 1.11+0.21
CYP3A4 122049 1.85+0.18* 0.13£0.09* 0.210.11* 0.29+0.09* 0.0720.03%* 0.0920.04%* 0.19+0.06*
PXR 1.16+0.34 0.79+0.24 0.97+0.27 0.82+0.19* 0.93+0.26 0.78+0.16* 0.79+0.10% 0.88+0.16*
Liver-specific proteins
ALB 0.93+0.15 0.84+0.11 0.76+0.21 0.88+0.10 0.78+0.07* 0.89+0.07 0.85+0.17 0.76+0.16*
ALDB 0.82+0.15 0.92+0.13 0.94+0.04 0.90+0.07 0.88+0.14 0.92+0.06 0.95+0.17 0.89+0.07
Markers of oxidative stress
GSTA1/2 [1.15+0.28 1.41+0.19 0.78+0.13 0.84+0.11 0.35+0.10 0.48+0.04 0.32+0.06 0.20+0.04
GSTM1 |[1.12+0.06 0.96+0.13 0.77+0.09%* 0.74+0.21* 0.56£0.06% 0.66+0.09%* 0.81+0.18 0.50£0.1 9+
HO-1 1.02+0.13 1.09+0.23 1.16£0.25 1.1440.62 1.58+0.10% 1.2840.36 1.47+0.08 2.22+0.59%*
MnSOD (1.03+0.05 1.62+0.22 3.67+0.25% 5.50+0.68** 5.51+0.86** 5.5341.07%* 5.93+0.80%* 9.30£1.03 3%
Nrf2 1.32+0.18 1.49+0.11 1.54+0.17 1.94+0.16%* 2.19+0.10%* 1.7540.11% 2.33+£0.14+* 2.76£0.19++%*
Markers of endoplasmic reticulum stress
ATF4 0.83+0.18 0.88+0.15 0.97+0.22 0.86+0.07 1.38+0.04 0.91+0.28 1.11+0.13 2.17£0.14%+%*
ATFG6 1.25+0.15 1.52+0.24 1.16+0.10 1.23+0.06 0.94+0.19 1.24+0.10 0.89+0.12 1.61+0.07*
CHOP 1.41+0.27 2.35+0.26* 1.42+0.12 1.53+0.14 2.55+0.11%* 0.93+0.39 1.53+0.19 3.13£0.16%+**
GRP78 1.18+0.06 1.01+0.15 1.53+0.04 2.32+0.19* 2.59+0.22%* 1.78+0.37 2.76+0.09%* 3.19£0.18
Markers of inflammation
CRP 1.17+0.19 1.23+0.15 196.53+8.3 %% 200.35+7.15%+% [202.51£10.19***  [282.15+6.14***  [286.16+9.23%:* 281.59+8.13***
TNF-a 1.18+0.07 0.81+0.12 03.243.75%** 96.2245.03%%*  92,61+3.89%** 106.22+4.71%%%  [107.746.77%%* 110.50£5.39%
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AMD AMD LPS AMD AMD LPS AMD AMD
(10pM) (20pM) 0.01pg/m) | (10pM)+ | 20pM)+LPS | (Ipg/ml) | (10uM)+LPS | (20pM)+LPS
LPS (0.01pg/ml) (1pg/ml) (1pg/ml)
LD 01 suex/vnl)
Markers of toxicity
Cas3 072021 [1.1920.23 |1.35£0.57 0.79£0.28 0.94£0.26 0.92+0.07 0.84+0.33 0.810.24
Others
ACACA [1.50£0.14  [1.81£0.13* 1.3620.08 1.3820.15 1.0720.10 1.2020.19 1.0920.13 15520.14
CD36(FA [I.6120.10  [1.89%0.16% 0.76+0.18 0.7320.13 0.45£0.14% 0.6920.24 0.640.13 0.5220.14%
HSP70  |1.54%0.15  |1.09£0.06 0.99+0.16 1.1420.16 1.0420.11 0.9720.08 0.79+0.12% 0.6620.19%*
PKLR  |1.15:025  [0.7320.19% 0392011+ 0.48£0.14%%  0.39£0.05%* 0.28£0.07%%  [0.33£0.02% 0.2720 127+
TRIB3  [2.12:0.12%% [2.89£0.13%* 1.07£0.17 1.96£0.11%  [.93+0.08%* 1.32£0.06 2.5920.12%* 3.3540.28%%*

Table 2: Effects of DCF and LPS on expression of various genes (by RT-PCR) related to drug metabolism, oxidative stress, fatty acid synthase and toxicity after 24 h. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1. “P<0.05, “P<0.01 and

compared with cells treated with LPS and AMD individually.

ekt

P<0.001 compared with untreated cells, “bold character” when P<0.05
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AMD AMD LPS AMD AMD LPS AMD
(10pM) (20pM) (0.01pg/ml) (10pM)+ LPS (20pM)+ LPS (1pg/ml) (10pM)+ LPS
(0.01pg/ml) (0.01pg/ml) (1pg/ml)
Fatty acid transport and very low-density lipoprotein synthesis
SLC27A4  [1.03:023  [1.6420.13*  1.06£0.14 0.93£0.10 [1.59+0.02+ 11.03£0.17 1.450.15
Fatty acid oxidation and mitochondrial biogenesis
CPT1A 0.68+0.15%  [0.98+0.15 0.76+0.12 1.02+0.39 0.80+£0.22 0.62+0.16* 0.68+0.20
PGCla 1.58+0.16 1.78+0.14%  [0.73+0.16 1.38+0.29 1.79+0.15* 1.14+0.23 1.75+0.21%
De novo lipogenesis
ACLY 1.100.19 1.20+0.19 1.2220.27 1.400.22 0.99+0.16 1.09+0.21 1.39+0.14
FASN 1.1120.33 1.19+0.26 1.19+0.32 1.55+0.17 1.59+0.21 1.15+0.15 1.68+0.13*
SCD1 1.79+0.28 1.800.26 1.1220.22 1.33+0.28 1.560.12 0.52+0.13 1.3840.12
SREBP1 1.3220.22 1.6240.16 0.84+0.23 1.17+0.07 1.08+0.18 0.87£0.26 1.27+0.16
THRSP 1.8320.30  [.26£0.39%  [0.61£0.07* 1.30+0.37 1.35+0.18 0.27+0.09 0.68+0.20
Cholesterol and glycerol-lipid metabolism
LPIN1 1.1920.21 1.01+0.21 0.81+0.24 1.1840.13 1.21+0.23 0.7420.16 1.220.17
LSS 1.40+0.15 1.35+0.20 1.18+0.23 1.85+0.18 1.79+0.23 1.300.14 2.43+0.37
SOAT1 1.06+0.20 1.39+0.27 1.120.11 1.170.19 1.8240.11* 1.2020.16 1.70£0.07*
Lipid hydrolysis and formation of droplets
ADFP 1.25+0.32 1.83+0.12*%  [1.10£0.31 1.45+0.04 1.98+0.18* 0.79+0.12 1.19+0.26
LPL 1.4120.29 1.65+0.17 1.10£0.24 1.610.14 2.01+0.38* 1.0120.36 1.64+0.27
PLIN4 0.94+0.03 1.28+0.19 1.1540.11 1.74+0.11%* 2.46+0.21 %+ 1.2720.17 1.870.17*
Degradation of phospholipids
ASML3A  |0.96+0.19 1.07+0.28 0.86+0.13 1.0720.11 1.98+0.18% 0.9420.29 1.9320.16%*
GDPD3 0.78+0.16 1.55+0.10 1.03+0.25 1.2240.18 1.84+0.12% 1.2720.29 2.18+0.23 %
Cytochromes P450 and other genes related to metabolism
CAR 1.03£0.22  [0.92+0.31 0.59+0.13* 0.64+0.27 0.27£0.21 % 0.39+0.13%* 0.24£0.117%*
CYP2E1  [055:0.19  [0.3220.03%  [2.5120.69%* 1.78+0.21 0.88+0.22 1.980.29% 1.15+0.30
CYP3A4  [1.7420.14%  [.1120.39%%+ [0.3220.05% 0.78+0.14 0.8220.15 0.15+0.03% 0.33£0.09+%
PXR 0.99+0.14 1.42+1.14 1.01£0.13 0.99+0.10 0.56£0.13 0.83£0.18 0.45+0.05
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AMD AMD LPS AMD AMD LPS AMD
(10pM) 20pM) (0.01pg/ml) (10pM)+ LPS 20uM)+ LPS (I1pg/ml) (10pM)+ LPS (1pg/ml)
(0.01pg/ml) (0.01pg/ml)
Liver-specific proteins
ALB 0.82+0.19 0.93+0.10 0.94+0.10 0.89+0.12 0.78+0.09 0.76+0.11 0.69+0.12
ALDB 1.28+0.10 1.08+0.14 0.98+0.12 0.99+0.10 0.75+0.07* 0.88+0.17 0.76+0.06*
Markers of oxidative stress
GSTA1/2 1.14+0.07 1.36+0.19 0.83+0.14 0.64+0.027* 0.61+0.13** 0.33+0.027%*** 0.29+£0.07 %
GSTM1 0.78+0.16 0.57+0.18* 0.63+0.09* 0.83£0.05 0.41£0.04% 0.61+0.10* 0.54+0.07+*
HO-1 1.46+0.10 1.34+0.13 1.02+0.07 1.74+0.28* 1.97+0.14* 1.14+0.18 1.88+0.16%*
MnSOD 1.01+0.26 1.20+0.16 2.95+0.19% 2.49+0.28* 3.18+0.67* 4.99+0.89* 4.38+0.69*
Nrf2 0.660.07 0.69+0.14 1.2340.10 1.53+0.26 1.77+0.12% 1.00£0.18 1.81+0.19*
Markers of endoplasmic reticulum stress
ATF4 0.84+0.11 0.87+0.18 1.30+0.14 1.21+£0.26 0.93+0.13 1.48+0.17 0.61+0.05
ATF6 1.10£0.12 1.32+0.11 1.43+0.24 1.23+0.18 1.21+0.15 1.58+0.26 1.27+0.10
CHOP 1.45+0.18 1.67+0.09* 1.09+0.27 1.72+0.13* 2.37+£0.15%%%* 1.41+0.29 1.88+0.05%*
GRP78 1.06+0.24 1.24+0.14 1.35+0.15 1.44+0.10 1.09£0.17 1.71+0.30 2.02+0.07+%%
Markers of inflammation
CRP 1.25¢0.37  |1.31%0.18 279.23+11.3%%x 281.12:+6.57+%+ 285.09+9.31 561.14:+8 96+ 563,423, 78+
TNF-o. 0.89+0.15 1.17+0.44 126.13+5.82%%* 129.00+£4.77%%* 125.68+£6.97*** 189.314£8.23#:#* 196.3+5.23%**
Markers of toxicity
Cas3 1.31+0.16 1.32+0.21 1.13+£0.28 1.33+0.25 2.34+0.31* 1.41£0.12 2.18+0.09*
Others
ACACA 1.61+0.17 1.7120.11%  [1.24+0.09 1.27+0.06 1.02+0.10 0.88+0.14 1.21£0.15
CD36 (FAT)[1.00£0.18  [1.27+0.09 0.87+0.11 0.99+0.18 0.69+0.05* 0.500.07* 0.59:+0.03
PKLR 0.82+0.14 0.87£0.13 0.83+0.14 1.04+0.05 0.45+0.18%* 0.43+£0.01** 0.51+0.11%**
TRIB3 1.1240.23 1.88+0.03**  |1.54+0.07 2.56+0.13%* 3.21+0.1 1% 1.40+0.09 2.97+0.12+*
HSP70 0.81+0.07 1.12+0.11 0.86+0.14 1.18+0.09 0.71£0.12%* 1.10£0.11 0.75+0.18%
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Table 3: Effects of AMD and LPS on expression of various genes (by RT-PCR) related to drug metabolism, oxidative stress, fatty acid synthase and toxicity after 7 d. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1. "P<0.05, ““P<0.01 and ““"P<0.001 compared with untreated cells, “bold character” when P<0.05
compared with cells treated with LPS and AMD individually.
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Figure 1 : Measurement of production of CRP.

Cells were pre-treated with LPS (0.01 or 1 pg/ml) for 24h followed by co-treatment with different concentrations of AMD
(0, 10 and 20pM) or directly by AMD for 24 h or 7 days. Then CRP protein were measured. All results are expressed
relative to the levels found in control cells, arbitrarily set at a value of 1. “P<0.05, ““P<0.01 and “““P<0.001 compared with
untreated cells, "P<0.05, #P<0.01 and **P<0.001 compared with cells treated with LPS and AMD individually.
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Treatment of HepaRG cells with either varying AMD concentrations ranging from 0 to S0uM or
LPS at 0.01 or 1pg/ml showed no significant decrease in cell viability after either 24h or 7 days
using the MTT assay. However, co-treatment with 20uM AMD and Ipg/ml LPS caused a
55.34% loss in cell viability after 7 days (Figure 2A).
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Figure 2 : Effects of LPS on AMD cytotoxicity. Cells were pre-treated with LPS (0.01 or 1 pg/ml) for 24h followed by co-
treatment with different concentrations of AMD (0, 10 and 20uM) or directly with AMD, for 24h or 7 days in the absence
or presence of NAC or etanercept. Then cytotoxicity was measured by (A) MTT or (B) caspase 3 activity. All results are
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expressed relative to the levels found in control cells, arbitrarily set at a value of 1. *P<0.05, **P<0.01 and ***P<0.001
compared with untreated cells, #P<0.05, ##P<0.01 and ###P<0.001 compared with cells treated with LPS and AMD
individually, $P<0.05, $$P<0.01 and $$$P<0.001 compared with cells treated with NAC, @P<0.05, @ @P<0.01 and
@@ @P<0.001 compared with cells treated with etanercept.

Caspase 3 activity was also measured after 7 days and found to be slightly (2.09-fold) and
strongly (5.09-fold) activated with 10 and 20 uM AMD in the presence of Ipg/ml LPS,
respectively (Figure 2B).  Accordingly, caspase 3 was found to be overexpressed 2.18- and
2.34-fold in cultures co-treated with 10uM AMD + 1ug/ml LPS and 20uM AMD + 0.01pug/ml
LPS for 7 days respectively (Table 3). Co-addition of NAC largely inhibited caspase 3 activation
(63.45%) while etanercept mostly suppressed the fraction of activation related to LPS co-

treatment (Figure 2B).

ROS generation is increased by lipopolysaccharide and lipopolysaccharide/amiodarone

treatments

Whatever its concentration AMD alone did not affect ROS generation after 24h while a co-
treatment with 20uM AMD and 1pg/ml LPS led to a 2.48-fold increase (Figure 3A). After
repeated treatments for 7 days ROS generation was augmented 1.83-fold with 20uM AMD alone
and 2.77-fold with 20uM AMD/0.01 pg/ml LPS (Figure 3B). Production of ROS was also
enhanced with 10uM AMD in the presence of 0.01 and 1pg/ml LPS reaching 2.04- and 3.88-fold
respectively (Figure 3B). This effect was strongly inhibited by co-addition of NAC
(approximately 80%) (Figure 3C) and increased ROS production following co-exposure to LPS
was completely blocked by etanercept (Figure 3C).
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Figure 3 : Measurement of ROS generation.

Cells were pre-treated with LPS (0.01 or 1
pg/ml) for 24h followed by co-treatment
with different concentrations of AMD (0, 10
and 20pM) or directly with AMD, for 24h
(A) or 7 days in in the absence (B) or
presence (C) of NAC or etanercept. ROS
generation was measured by the H2-
DCFDA assay. All results are expressed
relative to the levels found in control cells,
arbitrarily set at a value of 1. “P<0.05,
"P<0.01 and “P<0.001 compared with
untreated cells, *P<0.05, *P<0.01 and
##P<0.001 compared with cells treated with
LPS and AMD individually, *P<0.05,
$p<0.01 and ***P<0.001 compared with cells
treated with NAC, “P<0.05, ““P<0.01 and
€@Cp(,001 compared with cells treated
with etanercept.
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Increased ROS generation was associated with overexpression of HO-1, MnSOD and Nrf2
transcripts. Their levels were augmented by a co-treatment with 20uM AMD and 1pg/ml LPS
for 24h (2.22-, 9.30- and 2.76-fold respectively) and with 10uM AMD/1pg/ml LPS after 7 days
(1.88-, 4.38- and 1.81-fold respectively). In addition, several genes associated with an ER stress
were also overexpressed depending on experimental conditions. CHOP and TRIB3 were
overexpressed with AMD alone and more extensively with co-treatments with AMD and LPS
after 24h. ATF4 and GRP78 transcripts were also increased with co-treatments, ATF4 with
20uM AMD/1pg/ml LPS only. After 7 days CHOP and TRIB3 were still overexpressed by
AMD alone and more extensively by co-treatments with LPS (Tables 2 and 3). Co-addition of
NAC strongly inhibited overexpression of HO-1, MnSOD and Nrf2 and only slightly if any that
of genes related to ER stress (Figures 4 and 5).
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Figure 4 : Effects of NAC on expression of ROS- and ER stress-related genes after 24h.

Cells were pre-treated with LPS (1 pg/ml) for 24h followed by co-treatment with different concentrations of AMD (0, 10
and 20uM) or directly with AMD for another 24h in the presence of NAC. Transcripts levels of some genes related to
ROS (HO-1, MnSOD and Nrf2) or ER stress (ATF4, ATF6, CHOP, GRP78 and TRIB3) were measured. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1. "P<0.05, ““P<0.01 and ““"P<0.001
compared with untreated cells, *P<0.05, #P<0.01 and *#P<0.001 compared with cells treated with LPS and AMD

individually, $P<0.05, ¥*P<0.01 and ***P<0.001 compared with cells treated with NAC.
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Figure 5 : Effects of NAC on expression of ROS- and ER stress-related genes after 7 days.
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Cells were pre-treated with LPS (1 pg/ml) for 24h followed by co-treatment with different concentrations of AMD (0, 10
and 20puM) or directly with AMD for 7 days in the presence of NAC. Transcripts levels of some genes related to ROS
(HO-1, MnSOD and Nrf2) or ER stress (CHOP, GRP78 and TRIB3) were measured. All results are expressed relative to
the levels found in control cells, arbitrarily set at a value of 1. "P<0.05, ““P<0.01 and ““P<0.001 compared with untreated
cells, ¥P<0.05, #P<0.01 and **P<0.001 compared with cells treated with LPS and AMD individually, *P<0.05, **P<0.01
and ***P<0.001 compared with cells treated with NAC.

Accumulation of lipid droplets

HepaRG cell cultures were stained by Oil-red O to detect intracytoplasmic lipid droplets
following treatment with AMD +/- LPS after 24h and 7 days. AMD caused accumulation of Oil-
red O-stained vesicles in HepaRG hepatocytes after 7 days (Figure 6). The number was markedly
increased following co-treatment with LPS, especially at 1pg/ml. In addition, numerous small
unstained vesicles were evidenced in both HepaRG cell types, after either 24h or 7 days,
suggesting phospholipid accumulation in lamellar bodies as previously described (Antherieu et
al.,, 2011) (Figure 6). Co-addition of NAC largely reduced accumulation of Oil-red-stained
intracytoplasmic vesicles caused by AMD and AMD/LPS (Figure 7) while it had no obvious
effect on the formation of unstained vesicles (phospholipidosis).
Control AMD (10uM) AMD (20uM)

Phase-contrast (10x) Red oil staining (20x) Phase-contrast (10x)

7

Red oil staining (20x) Phase-contrast (10x) Red oil staining (

20x)

Figure 6 : Detection of the intracellular accumulation of lipid droplets.

Cells were pre-treated with LPS (0.01 or 1 pg/ml) for 24h followed by co-treatment with different concentrations of AMD
(0, 10 and 20uM) or directly with AMD, for 7 days. Lipids were stained by Oil red oil. HepaRG cells were observed and
photographed under a phase-contrast microscope (magnification 10 and 20X).
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Phase-contrast (10x) Red oil staining (20x) Phase-contrast (10x) Red oil sainin (2x

Without NAC
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Figure 7 : Effects of NAC on the accumulation of lipid droplets.
Cells were pre-treated with LPS (0.01 or 1 pg/ml) for 24h followed by co-treatment with AMD (10pM) in the presence of

the antioxidant NAC for 7 days. Lipids were stained by Oil red oil. HepaRG cells were observed and photographed under
a phase-contrast microscope (magnification 10 and 20X).

Lipopolysaccharide aggravates accumulation of triglycerides in co-treated HepaRG

hepatocytes

No significant changes in triglycerides content were observed with AMD alone or co-treatments
after 24h (Figure 8 A) while after 7 days at 20uM AMD caused a 2.31-fold increase (Figure 8B).
This effect was markedly aggravated by co-treatments with LPS, representing 2.52- and 4.86—
fold increase with 10uM AMD combined with 0.01 and 1pg/ml LPS respectively and 4.1-fold
increase with 20uM AMD combined with 0.01pg/ml LPS (Figure 8B). Co-addition of NAC
largely inhibited accumulation of triglycerides caused by AMD alone or in combination with
LPS and the fraction of triglycerides resulting from co-exposure to LPS was completely

alleviated by etanercept (Figure 8B).
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Figure 8 : Effects of AMD and LPS on
triglycerides accumulation and fatty acid
oxidation.

Cells were pre-treated with LPS (0.01 or 1
pg/ml) for 24h followed by co-treatment
with different concentrations of AMD (0, 10
and 20pM) or directly with AMD, for 24 h
(A) or 7 days (B and C) in the absence or
presence of NAC or etanercept.
Determination of (A and B) triglycerides
content and (C) fatty acid oxidation activity.
All results are expressed relative to the
levels found in control cells, arbitrarily set
at a value of 1. 'P<0.05, “P<0.01 and
““P<0.001 compared with untreated cells,
#P<0.05, #P<0.01 and **P<0.001 compared
with cells treated with LPS and AMD
individually, *P<0.05, %P<0.01 and
$%P<0.001 compared with cells treated with
NAC, “P<0.05, ®“P<0.01 and “““P<0.001
compared with cells treated with
etanercept.
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Inhibition of fatty acid oxidation

Impairment of mitochondrial FAO activity is considered as one of the major mechanisms of liver
steatosis (Fromenty et al., 1990). FAO was evaluated by measuring ['*C]-labelled acid-soluble B-
oxidation products in HepaRG cells after 7 day-treatments with 10 and 20uM AMD alone or
10uM AMD combined with 0.01 or 1pg/ml LPS (Figure 8C). No change was observed after 24h
while after 7 days FAO activity dropped by 19.94, 42.49 and 31.78% with 20uM amiodarone
alone, 20uM amiodarone + 0.01pg/ml LPS and 10uM amiodarone + 1pg/ml LPS respectively
(Figure 8C). Co-addition of NAC partly alleviated FAO decrease caused by AMD and
AMDY/LPS (Figure 8C). The increased effect related to co-addition of LPS was blocked by
etanercept (Figure 8C).

Modulation of mRNA levels of genes related to lipid metabolism

To characterize gene expression changes associated with a treatment with AMD alone or
combined with LPS a set of genes related to lipid metabolism, including ADFP, CD36, ACACA,
CPT1A, LPL, THRSP, PGC-1a, SREBP1, SLC27A4, PLIN4, SOATI1, SCDI1, FASN, SREBP1
and CYP3A4 or to phospholipidosis, such as LSS, LPIN1, ASML3A and GDPD3, was analysed
by RT-PCR.

In cells treated with AMD alone for 24h a dose-dependent increase in CYP3A4, ADFP, LPL
THRSP, PGC-1a, SREBP1, LPINI1, SLC27A4, PLIN4, LSS, SOATI and GDPD3 was
evidenced. In addition SCD1, ACACA and CD36 were similarly increased with both AMD
concentrations while CYP2E1 decreased dose-dependently. After 7 days, several of these genes
were still increased by the drug, including CYP3A4, ADFP, THRSP, PGC-1a, SLC27A1 and
ACACA while GSTMI1 and CYP2E1 was diminished.

The major changes associated with a 24h co-treatment with AMD and LPS were an increase of
FASN, ACLY, GDPD3, SOAT1 and CYP2El and a decrease of THRSP and CYP3A4
transcripts. After 7 days, FASN, ACLY, LSS, PLIN4, ASML3A and GDPD3 were
overexpressed while both THRSP and CYP3A4 remained repressed (Tables 2 and 3).

At either 0.01 or 1pg/ml LPS did not significantly modulate expression of genes related to lipid

metabolism whether after 24h or 7-day treatments.
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Moreover, the influence of NAC co-addition was also tested after 24h and 7 days of treatment
with AMD and AMD/LPS. When the genes were overexpressed a strong reduction was observed

in both conditions in the presence of NAC (Figures 9 and 10).
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Figure 9 : Effects of NAC on the expression of some genes related to steatosis and phospholipidosis after 24h.

Cells were pre-treated with LPS (1pg/ml) for 24h followed by co-treatment with different concentrations of AMD (0, 10
and 20pM) or directly with AMD for another 24h in the presence of NAC. Then expression of some genes related to
steatosis and phospholipidosis was measured. All results are expressed relative to the levels found in control cells,
arbitrarily set at a value of 1. “P<0.05, “P<0.01 and ““P<0.001 compared with untreated cells, P<0.05, #P<0.01 and
##Pp<0.001 compared with cells treated with LPS and AMD individually, $P<0.05, *¥*P<0.01 and ***P<0.001 compared with
cells treated with NAC.
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Figure 10 : Effects of NAC on the expression of some genes related to steatosis and phospholipidosis after 7 days.

Cells were pre-treated with LPS (1pg/ml) for 24h followed by co-treatment with different concentrations of AMD (0, 10
and 20pM) or directly with AMD for 7 days in the presence of NAC. Transcripts levels of some genes related to steatosis
and phospholipidosis were measured. All results are expressed relative to the levels found in control cells, arbitrarily set
at a value of 1. "P<0.05, “P<0.01 and ““P<0.001 compared with untreated cells, *P<0.05, #P<0.01 and **P<0.001

compared with cells treated with LPS and AMD individually, $p<0.05, ¥P<0.01 and **P<0.001 compared with cells
treated with NAC.

Lipopolysaccharide effects are largely reproduced by neo-synthetized TNF-a

Previous works have shown that LPS effects are mainly mediated by stimulation of TNF-a neo-
synthesis (Endo et al., 2007). TNF-a release in the medium of cultures exposed to LPS alone or
LPS/AMD was estimated using an immunoassay. AMD alone had no effect on TNF-a
production that did not exceed 0.012ng/ml after 7 days. Treatment with LPS resulted in a dose-
dependent huge increase in TNF-a accumulation in the medium, reaching 1.61 and 2.82ng/ml
with 0.01 and Ipg/ml LPS, respectively (Figure 11). Accordingly, TNF-a transcripts were also
hugely increased (Tables 2 and 3).
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Figure 11 : Production of TNF-o by AMD and LPS-treated HepaRG cell cultures

Cells were pre-treated with LPS (0.01 or 1 pg/ml) for 24h followed by co-treatment with different concentrations of AMD
(0, 10 and 20puM) or directly by AMD for 24 h or 7 days. Then TNF-a protem were measured. All results are expressed

sk

relative to the levels found in control cells, arbitrarily set at a value of 1. “P<0.05, “P<0.01 and ““P<0.001 compared with
untreated cells, "P<0.05, #P<0.01 and **P<0.001 compared with cells treated with LPS and AMD individually.

To confirm that LPS effects were at least partly mediated by TNF-a, HepaRG cell cultures were
exposed to 1, 3 and 5 ng/ml TNF-a in the presence or absence of AMD for 7 days and caspase 3
activity, ROS generation, fatty acid oxidation, intracellular triglycerides content (Figure 12A, B,
C and D) and gene expression levels (Figures 13, 14, 15 and 16) were measured. At 5Sng/ml
TNF-a caused an increase in ROS generation, reduced fatty acid oxidation activity and enhanced
accumulation of triglycerides. When added with AMD an aggravation of the effects was

observed with a TNF-a concentration of 3ng/ml (Figure 12A, B, C and D).
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Figure 12 : Effects of AMD and TNF-o on different markers of cytotoxicity and steatosis

Cells were pre-treated with TNF-a (1; 3 and 5ng/ml) for 24h followed by co-treatment with different concentrations of
AMD (10pM) or directly with AMD for 7 days in the presence of NAC or etanercept. (A) caspase 3 activity, (B) ROS
generation, (C) fatty acid oxidation activity and (D) triglycerides content were measured. All results are expressed
relative to the levels found in control cells, arbitrarily set at a value of 1. “P<0.05, “P<0.01 and ““P<0.001 compared with
untreated cells, *P<0.05, *#P<0.01 and **P<0.001 compared with cells treated with LPS and AMD individually, *P<0.05,
$p<0.01 and ***P<0.001 compared with cells treated with NAC.
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Figure 13 : Effect of NAC on the markers of ROS generation and ER stress after 24h.

Cells were pre-treated with TNF-a (3 ng/ml) for 24h followed by co-treatment with different concentrations of AMD (0,
10 and 20puM) or directly by AMD for another 24h in the presence of NAC. Then expression of some genes related to ROS
(HO-1, MnSOD and Nrf2) or ER stress (ATF4, ATF6, CHOP, GRP78 and TRIB3) was measured. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1.
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Cells were pre-treated with TNF-a (3 ng/ml) for 24h followed by co-treatment with different concentrations of AMD (0,
10 and 20puM) or directly by AMD for 7 days in the presence of NAC. Then expression of some genes related to ROS (HO-

1, MnSOD and Nrf2) or ER stress (CHOP, GRP78 and TRIB3) was measured. All results are expressed relative to the
levels found in control cells, arbitrarily set at a value of 1.
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Figure 15 : Effects of NAC on the expression of some genes related to steatosis and phospholipidosis after 24h.

Cells were pre-treated with TNF-a (3 ng/ml) for 24h followed by co-treatment with different concentrations of AMD (0,
10 and 20pM) or directly by AMD for another 24h in the presence of NAC. Then expression of some genes related to
steatosis and phospholipidosis was measured. All results are expressed relative to the levels found in control cells,
arbitrarily set at a value of 1.
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Figure 16 : Effects of NAC on the expression of some genes related to steatosis and phospholipidosis after 7 days.
Cells were pre-treated with TNF-a (3 ng/ml) for 24h followed by co-treatment with different concentrations of AMD (0,
10 and 20puM) or directly by AMD for 7 days in the presence of NAC. Then expression of some genes related to steatosis

and phospholipidosis was measured. All results are expressed relative to the levels found in control cells, arbitrarily set at
a value of 1.

Co-exposure to etanercept resulted in nearly complete inhibition of ROS production and caspase
3 activation and most of the enhanced accumulation of triglycerides and decrease in FAO
resulting from co-treatment with TNF-o in the presence of AMD (Figure 12A, B, C and D).
NAC completely abolished AMD effects and most of those resulting from co-treatment with
AMD/ TNF-a on genes related to lipid metabolism and oxidative stress but did not modulate

expression of genes related to ER stress (Figures 13, 14, 15 and 16).

Moreover, when HepaRG cells were co-treated with AMD and IL-1f or IL6 instead of TNF-a, a

modest activation of caspase 3 was observed with IL-1 3 only (Figure 12A).
Discussion

In the current work, we show that AMD could aggravate in vitro cytotoxicity and steatosis under
an inflammatory stress using human HepaRG cells and that co-addition of NAC exerted a

protective effect against both AMD and AMD/LPS or AMD/TNF-a induced lesions

AMD has been shown to induce liver steatosis in experimental animals and in some patients
(Vitins et al., 2014) as well as in HepaRG hepatocytes (Antherieu et al., 2011). In the present
study, we confirmed that AMD could induce vesicular steatosis in HepaRG cells together with
intracellular accumulation of triglycerides, overexpression of a variety of genes related to lipid
metabolism and inhibition of FA oxidation. In addition, we showed that such alterations could
occur within a 7-day period in a culture medium containing only 2% serum and 1% DMSO
(instead of 10 and 2% respectively). Fold increases of overexpressed genes were usually higher
after a single than a repeated treatment with AMD and none of the tested genes was deregulated

in the opposite direction in the two studies.

AMD steatogenic effects have been shown to result from inhibition of beta-oxidation of fatty
acids, likely via inhibition of CPT1 with, as a consequence, accumulation of free FA and
triglycerides, leading to ROS production and mitochondrial permeability transition and apoptosis

(Massart et al., 2013).
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A treatment with LPS has also been shown to induce steatosis in rodents and its steatogenic
effect has been attributed to its ability to enhance production of TNF-a and other pro-
inflammatory cytokines (Endo et al., 2007; Fukunishi et al., 2014). In support, direct
administration of TNF-a has been shown to increase steatosis in leptin-deficient mice (Xu et al.,
2012). TNF-a effects are thought to result from activation of lipogenesis (Endo et al., 2007).
However, no effect of LPS on both expression of genes related to lipid metabolism and
intracellular triglycerides content was observed in HepaRG cells, probably because of the too
low production of TNF-a. Indeed, this production did not exceed 3ng/ml over the 7-day repeated
treatment and we showed that treatment with TNF-a caused intracellular accumulation of

triglycerides only with a concentration of 5Sng/ml.

Both cytotoxicity and steatosis of AMD were aggravated by co-exposure to LPS, as shown by
increased ROS production, caspase 3 activation and intracellular accumulation of triglycerides
and lipid droplets. To our knowledge such in vitro recapitulation of a drug—induced
steatohepatitis has not been reported previously. Among the higher deregulated genes with the
co-treatment than with AMD alone were ACLY and FASN, that play a key role in lipogenesis
while by contrast, THRSP and CYP3A4 that are both genes regulated through activation of PXR
and/or CAR , two transcriptomic factors known to be inhibited by pro-inflammatory cytokines,
were repressed by the treatment. Compared to 24h data overexpression of some genes was still
observed in 7-day co-treated cultures, in particular FASN and PLIN4 that is involved in the
formation of lipid droplets, in agreement with increased accumulation of triglycerides. In

addition, CYP2E1 was increased by the endotoxin as previously reported (Abdulla et al., 2006).

In agreement with previous studies showing that LPS potentiated AMD toxicity in mouse
Hepalclc7 cells and rodent liver (Lu et al., 2012; Lu et al., 2013) we demonstrated here that LPS
also enhanced cytotoxicity of AMD in HepaRG cells. Both AMD and LPS separately induced
ROS generation and when combined they caused increased ROS production associated with
higher expression of HO-1, MnSOD and Nrf2. Oxidative stress impaired mitochondrial function
and induced the intrinsic mitochondrial apoptosis pathway. The potentiation of AMD toxicity by
co-exposure to LPS was completely blocked by co-addition of etanercept, indicating that TNF-a
effect was caused via the external apoptotic pathway as observed with co-treatments of other

drugs with the cytokine (Al-Attrache et al., 2016; Fredriksson et al., 2011).
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The transcriptional factor Nrf2 was strongly overexpressed by co-treatments. Nrf2 influences
intrinsic resistance to oxidative stress and control adaptive responses to various environmental
stressors. Its activation has been reported to increase steatosis in leptin-deficient mice (Xu et al.,
2012). However conflicting data have been reported; thus, mitochondrial oxidation of FA was
found to be depressed in the absence of Nrf2 (Ludtmann et al., 2014). In our study we observed
both enhanced expression of Nrf2 and increased cytotoxicity and steatosis in cells co-treated

with AMD and LPS.

In addition, to oxidative stress ER stress has been reported to play an important role in the
development of steatosis and progression to steatohepatitis (Kammoun et al., 2009; Pagliassotti,
2012). We showed that several genes related to ER stress were overexpressed supporting an
involvement of ER stress in steatosis and/or cytotoxicity effects induced by AMD + LPS in

HepaRG cells.

The ROS scavenger, NAC, remarkably relieved AMD, AMD/LPS and AMD/TNF-a oxidative
stress, subsequently protecting HepaRG cells against apoptosis and steatosis. Although TNF-a
was also reported to aggravate AMD toxicity in mouse Hepalclc7 cells, co-addition of NAC
was found to only slightly attenuate cytotoxicity induced by the co-treatment (Lu et al., 2013).
The higher sensitivity of HepaRG cells was probably related to their higher differentiation state.

A slight increase in AMD cytotoxicity was also observed in the presence of IL-6 or IL-1b as

demonstrated by modest activation of caspase 3.

Noticeably, co-addition of vitamin E at S5uM, another antioxidant, also largely prevented caspase
3 activation and accumulation of triglycerides induced by AMD and AMD/LPS (data not

shown).

AMD, like other cationic amphiphilic drugs, also induced phospholipidosis, identified as
intracellular lamellar inclusion bodies formed by excessive accumulation of phospholipids. As
previously reported (Antherieu et al., 2011) these lamellar bodies were observed in both
hepatocyte-like and biliary-like HepaRG cells as early as the first 24h of treatment. AMD-
induced phospholipidosis could be related to up-regulation of the fatty acid biosynthesis-related
gene SCD causing enhanced synthesis of phospholipids and overexpression of lanosterol

synthase (LSS), associated with cholesterol and glycerolipid metabolism (Sawada et al., 2005).
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Another gene, LPIN1 that encodes the phosphatidate phosphatase-1 enzyme, was specifically
overexpressed in HepaRG cells after both acute and repeat amiodarone exposure. This enzyme
converts phosphatidate to diacylglycerol that can serve as substrate for the synthesis of
triacylglycerol as well as phosphatidylethanolamine and phosphatidylcholine (Carman and Han,
2006). In addition, genes involved in phospholipid degradation (GDPD3 and ASML3A) were
also up-regulated after 7 days. The major differences observed with co-treated cells were an
overexpression of ASML3A, GDPD3 involved in degradation of phospholipids and LSS; they
corresponded to a defence mechanism to reduce phospholipid accumulation and therefore could

represent potential biomarkers of drug-induced phospholipidosis.

Together, the data described in the present work clearly showed that cytotoxicity and steatosis
induced by AMD could be aggravated in an inflammatory stress, thereby mimicking a drug-
induced steatohepatitis and that these effects were related to ROS generation and likely to ER
stress generation and were prevented by NAC co-addition. Moreover, our results suggest that
HepaRG cells represent a suitable in vitro model for the evaluation of the protective role of

anti-oxidants and other molecules against drug-induced steatohepatitis.
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Discussion et conclusions

Plus de 1000 molécules sont reconnues pour €tre potentiellement hépatotoxiques. L’importance
d’un contexte inflammatoire associ¢ a une réaction immune est largement évoquée pour
expliquer les réactions idiosyncratiques observées chez un petit nombre de patients traités. Cette
situation et le fait que les modeles animaux ne sont pas prédictifs de ce type de toxicité font que
la prédiction d’une hépatotoxicité idiosyncratique au cours du développement préclinique et
clinique de nouveaux médicaments reste un challenge majeur. Dans notre travail, nous avons
montré que des cytokines pro-inflammatoires peuvent aggraver la cytotoxicité de médicaments
connus pour induire une hépatotoxicité de type idiosyncratique, a savoir le diclofénac, la
trovafloxacine et I’amiodarone, en utilisant comme mode¢le expérimental, les cellules hépatiques
humaines différenciées HepaRG. Les résultats ont €été€ principalement obtenus avec le TNF-a qui
agit via ’activation des récepteurs de mort, ce qui conduit a une apoptose par la voie extrinseque
alors que les médicaments seuls induisent une apoptose par la voie intrinseque. Des études plus
approfondies sur le diclofénac ont montré que les cellules HepaRG indifférenciées (n’exprimant
pas les enzymes majeurs de biotransformation) étaient plus sensibles que les cellules
différenciées. Ceci s’explique par le fait que si des métabolites réactifs sont formés par I’activité
de cytochromes P450 ils sont ensuite inactivés par les enzymes de conjugaison et en premier
lieu, les glutathion transférases. Cette sensibilité plus grande des cellules indifférenciées est en
accord avec des données in vivo montrant que le diclofénac est plus toxique pour I’intestin que
pour le foie. Les cellules HepaRG sont également sensibles a I’IL-1 et I’IL-6 et une étude plus
approfondie de ces 2 cytokines serait utile pour comparer plus précisément leurs effets
cytotoxiques a ceux du TNF-a (Tableau 7).

La trovofloxacine, en revanche, était plus cytotoxique pour les cellules HepaRG différenciées
que pour les cellules indifférenciées, suggérant un mécanisme de toxicité différent de celui du
diclofénac. Cependant, comme ce dernier, la trovofloxacine était plus cytotoxique en présence de
cytokines pro-inflammatoires. D’autre part, ajoutés en meélange les 2 médicaments avaient un
effet additif qui était accru par des traitements répétés et la présence de cytokines.

Nous avons montré que le diclofénac et la trovofloxacine ont des effets cholestatiques in vitro,
qui se traduisent notamment par une dilatation des canalicules biliaires. Des travaux récents du
laboratoire suggerent que des altérations des canalicules biliaires qui peuvent étre des dilatations
ou des constrictions, sont constamment induites par des molécules cholestatiques (Sharanek et
al., 2016). Ces altérations n’étaient pas aggravées dans un contexte inflammatoire. Cette
observation est importante et mérite d’étre approfondie car elle permettrait de mieux estimer
I’influence d’un stress inflammatoire. Il conviendrait notamment de s’assurer qu’il n’existe pas
de différences d’effet entre les cytokines et qu’un traitement répété pendant plusieurs jours est
toujours sans effet. Les cytokines sont, en effet, connues pour inhiber 1’expression et I’activité de
certains transporteurs d’acides biliaires mais les conséquences restent imprécises. On notera
également qu’il n’a pas été démontré une accumulation intracellulaire d’acides biliaires en
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présence de molécules cholestatiques, a 1’exception d’acide lithocholique en présence de
cyclosporine A, dans les cellules en culture (Sharanek et al., 2015). L’ajout d’acides biliaires
exogenes, dans des concentrations comparables a celles présentes in vivo, permettra peut-Etre de
répondre a cette question (Tableau 7).

Nous avons également abordé 1’é¢tude de I’influence d’un stress inflammatoire induit par le
lipopolysaccharide bactérien sur le développement d’une stéatose d’origine médicamenteuse
(amiodarone) et montré que cette endotoxine provoque une évolution vers un stade de stéato-
hépatite qui peut cependant €tre évité par un traitement anti-oxydant, avec I’addition de N-acétyl-
cystéine. Ces résultats originaux et intéressants méritent d’étre confirmés et confortés par 1’étude
d’autres molécules stéatosiques et une analyse détaillée des effets des différentes cytokines pro-
inflammatoires. Nos résultats suggerent que le lipopolysaccharide agit principalement en
induisant la production de diverses cytokines et en particulier le TNF-a (Tableau 7).

Le role des cellules immunes est constamment évoqué dans I’induction d’une hépatotoxicité
idiosyncratique d’origine médicamenteuse. Nous avons réalis¢ plusieurs expériences de co-
cultures associant des cellules HepaRG et des cellules immunes en ajoutant des monocytes
humains qui se différenciaient en quelques jours en macrophages et cellules dendritiques.
Cependant, nous avons €ét€ constamment confrontés a une perte importante de cellules
monocytaires et a une perte d'activité des macrophages qui survivaient. Il nous est apparu que de
telles co-cultures ne pouvaient étre réalisées qu’en 3-D, avec ensemencement dans des gels pour
éviter des pertes de cellules. Ce type de cultures 3-D fait actuellement 1’objet de nombreuses
recherches car il devrait permettre d’associer plusieurs types cellulaires et donc des hépatocytes
avec des cellules étoilées, des cellules de Kiipffer et des cellules endothéliales.

D’une autre part, nous avons étudié la toxicité du DCF dans le mode¢le de levure qui possede une
trés faible capacité de métabolisme des xénobiotiques. Nous avons reproduit 1’effet toxique du
DCEF sur ces cellules et leur capacité a s’adapter au DCF et reprendre leur croissance. Nous
avons aussi démontré, pour la premiere fois et différemment de ce que nous avons vu dans les
cellules HepaRG (Al-Attrache et al., 2016) que la NAC aggrave la toxicité induite par DCF chez
la levure Saccharomyces cerevsiae et que certaines souches mutées au niveau de certains
transporteurs ABC (par exemple PdrS) étaient plus sensibles aux effets toxiques de DCF et
l'interaction NAC/DCF. A ce niveau, divers mécanismes possibles pourraient expliquer ce
synergisme d'interaction observée entre NAC et DCF, y compris les perturbations de pont di-S et
l'effet chélateur de Zinc (Kelly, 1998), par NAC, pour certaines protéines clés (transporteurs,
protéines de signalisation ou des facteurs de transcription, ...). Par contre, le stress oxydant ne
semble pas étre impliqué dans l'interaction NAC/DCF dans le cas de Saccharomyces cerevisiae.
Des études mécanistiques seront nécessaires pour €lucider cette interaction originale (Tableau 7).

Les résultats opposés obtenus avec NAC dans les cellules HepaRG et les levures méritent d’étre
confortés par des ¢études complémentaires, notamment par 1’utilisation d’autres anti-oxydants,
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d’autant que des effets divergents ont été rapportés avec NAC dans des conditions de traitements

différentes.
Médicaments Sans co- Co-traitement Co-traitemen Co-traitement
traitement avec LPS avec TNF-a avec NAC
Diclofénac -Plus toxique ND -Aggrave la -Diminue I’effet
dans les toxicité de DCF | toxique de DCF
cellules majoritairement | et TNF-a dans
HepaRG non via la voie les cellules
différenciées extrinseque dans | HepaRG
) les cellules ,
-Induit une HepaRG -Aggrave I’effet
cholestase dans . iy toxique de DCF
différenciées
les cellules dans le
HepaRG -Aggrave la Saccharomyces
différenciées génération de cerevisiae et
o ROS et des surtout dans les
-Sa toxicité est c
) marqueurs du souches mutées
dependa‘nte de RE dans certains
la capacité de
T , transporteurs
détoxification -N’aggrave pas ABC
du modele ’effet
L cholestatique de
-Sa toxicité est DCF sauf au
aggravée dans niveau de
les souches de . N
certains genes
Saccharomyces
cerevisiae
mutées dans
certains
transporteurs
ABC
Trovafloxacine -Plus toxiques | ND -Aggrave la
dans les toxicité de
cellules DCF/TVX
HepaRG majoritaireemnt
différenciées via la voie
) extrinseque dans
-Induit une

cholestase dans

les cellules
HepaRG
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les cellules
HepaRG
différenciées

-Co-traitement
DCF/TVX
aggrave la
toxicité et
’effet
cholestatique

-Un traitement
répété aggrave
la toxicité

différenciées

-Aggrave la
génération de
ROS et des
marqueurs du
RE

-N’aggrave pas
I’effet sur 1’effet
cholestatique de
DCF/TVX sauf
au niveau de
certains genes

Amiodarone

-Induit une
stéatose surtout
a 7 jours apres
3 additions

-Aggravation de la
toxicité

-Aggravation de
ROS

-Aggravation de la
synthese de
triglycérides

-Inhibition de la -
oxydation des
acides gras

-Induction de
sécrétion de TNF-
o

-Aggravation de
la toxicité

-Aggravation de
ROS

-Aggravation de
la synthese de
triglycérides

-Inhibition de la
B-oxydation des
acides gras

-Mime ’effet de
LPS

-Diminue I’effet
toxique
d’AMD/TNF-a
ou AMD/ LPS
dans les cellules
HepaRG

Tableau 7: Tableau contenant les conclusions principales obtenues. « LPS » signifie « lipopolysaccharide », « TNF-a »
signifie « facteur de nécrose tumorale o » et « NAC » « N-acétylcystéine ».

Au total, nos travaux ont démontré tout I’intérét que représente le modele des cellules humaines
HepaRG en culture pour I’é¢tude de molécules médicamenteuses quant a leurs effets
cytotoxiques, cholestatiques et stéatosiques dans un contexte inflammatoire ou non et pour la

prédiction des effets de nouvelles molécules en développement. Ils montrent aussi que 1’effet de
ces dernieres seules ou en mélange dépend des caractéristiques du modele cellulaire utilisé

surtout au niveau du métabolisme et des transporteurs d’efflux et d’influx que ce soit au niveau
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des cellules eucaryotes humaines (comme les cellules HepaRG et les cellules HepG2) ou non
humaines (comme le Saccharomyces cerevisiae).

D’autres modeles que les cellules HepaRG et le hépatocytes humains en culture 2D pourraient
étre envisagés pour des études telles que celles que nous avons réalisées. Comme nous 1’avons
indiqué plus haut des cultures 3D (en sphéroides ou obtenues par bioprinting) devraient
permettre d’avoir des co-cultures associant hepatocytes et cellules non parenchymateuses et des
hepatocytes exprimant des fonctions a un niveau plus élevé qu’en culture 2D. Cependant, les
cultures 2D nous semblent plus adaptées a des observations en microscopie optique (analyse de
la dynamique des canalicules biliaires par exemple). Des cultures d’hépatocytes dérivées de
cellules souches devraient pouvoir aussi étre utilisées ; cependant, le niveau de différenciation
reste encore insuffisant. Enfin nos études pourraient bénéficier de modeles in vivo, et en
particulier d’animaux humanisés (transplantation d’hépatocytes humains ou de cellules
HepaRG), ce qui permettrait d’analyser les réponses des cellules humaines dans un contexte
d’organismes entiers.
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ABSTRACT

Several factors are thought to be implicated in the occurrence of
idiosyncratic adverse drug reactions. The present work aimed to
question as to whether inflammation is a determinant factor in
hepatic lesions induced by chlorpromazine (CPZ) using the human
HepaRG cell line. An inflammation state was induced by a 24-hour
exposure to proinflammatory cytokines interleukin-6 (IL-6) and
IL-1; then the cells were simultaneously treated with CPZ and/or
cytokine for 24 hours or daily for 5 days. The inflammatory response
was assessed by induction of C-reactive protein and IL-8 tran-
scripts and proteins as well as inhibition of CPZ metabolism and
down-regulation of cytochrome 3A4 (CYP3A4) and CYP1A2 tran-
scripts, two major cytochrome P450 (P450) enzymes involved in its
metabolism. Most effects of cotreatments with cytokines and CPZ
were amplified or only observed after five daily treatments; they

mainly included increased cytotoxicity and overexpression of oxidative
stress-related genes, decreased Na*-taurocholate cotransporting
polypeptide mRNA levels and activity, a key transporter involved
in bile acids uptake, and deregulation of several other trans-
porters. However, CPZ-induced inhibition of taurocholic acid
efflux and pericanalicular F-actin distribution were not affected.
In addition, a time-dependent induction of phospholipidosis was
noticed in CPZ-treated cells, without obvious influence of the
inflammatory stress. In summary, our results show that an inflam-
matory state induced by proinflammatory cytokines increased
cytotoxicity and enhanced some cholestatic features induced by
the idiosyncratic drug CPZ in HepaRG cells. These changes, together
with inhibition of P450 activities, could have important consequences
if extrapolated to the in vivo situation.
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Introduction

Drug-induced liver injury (DILI) is a major cause of attrition during
both early and late stages of the drug development and marketing
process (Meng, 2010). DILI is usually classified as dose dependent,
which is typically reproducible, or unpredictable (idiosyncratic),
occurring only in certain susceptible patients and being not overtly
dose dependent (Greer et al., 2010). The mechanisms underlying
idiosyncratic DILI (iDILI) remain largely unknown. Several factors
are thought to be implicated, including genetic polymorphisms of drug
metabolism-related or HLA genes, liver pathologies of various origins
including viral infection, and/or environmental inflammatory stress.
Among these factors, inflammation caused by agents such as bacterial
lipopolysaccharide (LPS) and proinflammatory cytokines, has been
shown to exacerbate toxicity of many hepatotoxic chemicals (Roth
et al., 1997; Barton et al., 2000; Yee et al., 2000) and to induce
hepatotoxicity of various drugs associated with idiosyncratic reactions,

ABBREVIATIONS: BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CAR, constitutive androstane receptor; CDFDA, 5(6)-
carboxy-2',7'-dichlorofluorescein diacetate; CPZ, chlorpromazine; CRP, C-reactive protein; DILI, drug-induced liver injury; DMSO, dimethyl
sulfoxide; FXR, farnesoid X receptor; H2-DCFDA, 2',7 -dichlorodihydrofluorescein; HO1, heme oxygenase 1; HPLC-MS/MS, high-pressure liquid
chromatography with tandem mass spectrometry; iDILI idiosyncratic drug-induced liver injury, ; IL, interleukin; LPS, lipopolysaccharide; MDR1,
multidrug resistance protein 1; MnSOD, manganese superoxide dismutase; MRP, multidrug resistance-associated protein; MTT, methylthiazoletet-
razolium; Nor-1 CPZ, N-desmethyl-CPZ; Nrf2, NF-E2-related factor; NTCP, Na*-dependent taurocholate cotransporting polypeptide; OATP,
organic anion-transporting polypeptide; OCT-1, organic cation transporter 1; 3-OH CPZ, 3-hydroxyl CPZ; 7-OH CPZ, 7-hydroxyl CPZ; P450,
cytochrome P450; PBS, phosphate-buffered saline; PXR, pregnane X receptor; ROS, reactive oxygen species; RT-gPCR, real-time quantitative
polymerase chain reaction; SO CPZ, sulfoxy-CPZ; TA, taurocholic acid.
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such as trovafloxacin (Waring et al., 2006; Shaw et al., 2007) and
chlorpromazine (CPZ) (Buchweitz et al., 2002).

The antipsychotic agent CPZ is known to cause hepatotoxicity, which
includes cholestasis (Hollister, 1957; Regal et al., 1987), hepatocellular
necrosis, and phospholipidosis, in some patients (Velayudham and Farrell,
2003). Various CPZ-induced liver disturbances have also been described
in in vivo and in vitro animal models, but they were mainly limited to
hepatic lesions related to cell death, which were usually amplified by
pretreatment with inflammatory agents (Buchweitz et al., 2002; Gandhi
et al., 2010; MacAllister et al., 2013). No evidence of changes in serum
bile acid concentrations and alterations of bile canaliculi were observed in
rats treated with LPS and CPZ (Buchweitz et al., 2002). Obviously, whether
cholestatic effects of CPZ are aggravated by concomitant exposure to
proinflammatory cytokines remains unclear.

LPS and proinflammatory cytokines have been reported to alter various
liver functions, including drug metabolism and transport. In particular,
they down-regulate activity of major cytochromes P450 (P450) involved
in xenobiotic metabolism and also markedly impair phase-2 conjugating
enzymes as well as basolateral and canalicular transporters of bile acids
and organic anions (Abdel-Razzak et al., 1993; Aitken et al., 2006).
Recently, our group reported that CPZ generated an early oxidative stress,
altered mitochondrial membrane potential, and disorganized pericanalicular
cytoskeletal F-actin distribution in human HepaRG cells. These effects
were associated with inhibition of taurocholic acid (TA) efflux (Antherieu
et al., 2013). These results led us to question as to whether the two major
proinflammatory cytokines interleukin-6 (IL-6) and interleukin-13 (IL-1B)
might enhance cytotoxic and cholestatic effects induced by CPZ in
human hepatocytes. We showed that an inflammatory situation caused
by both cytokines and resulting in a strong inhibition of cytochrome
P450-mediated metabolism of CPZ decreased cell viability and aggravated
some cholestatic markers in hepatocyte-like HepaRG cell cultures treated
with this cholestatic drug.

Materials and Methods

Chemicals. CPZ, methylthiazoletetrazolium (MTT), and 5(6)-carboxy-2’,
7'-dichlorofluorescein diacetate (CDFDA) were purchased from Sigma
(St. Quentin Fallavier, France). Human recombinant IL-6 and IL-18 were from
Promokine, (Heidelberg, Germany). Human C-reactive protein (CRP) and
CXCLBS/IL-8 DuoSet kits were from R&D (Abingdon, United Kingdom).
[*H]Taurocholic acid ([*H]TA) was from Perkin Elmer (Boston, MA). The
2',7 -dichlorodihydrofluorescein (H2-DCFDA) was from Life Technologies-
Molecular Probes (Saint Aubin, France). Phalloidin fluoprobe SR101 (200 U/ml)
was purchased from Interchim (Montlugon France). Hoechst dye was from
Promega (Madison, WI). CPZ metabolites [N-desmethyl-CPZ (Nor-1 CPZ),
sulfoxy-CPZ (SO CPZ), 3-hydroxyl CPZ (3-OH CPZ), and 7-hydroxyl CPZ
(7-OH CPZ)] were a gift from Sanofi (Alfortville, France).

Cell Culture. HepaRG cells were seeded at a density of 2.6 x 10* cells/cm?
as previously described elsewhere (Gripon et al., 2002). After 2 weeks, the
medium was supplemented with 2% dimethyl sulfoxide (DMSO) for 2 further
weeks to obtain confluent differentiated HepaRG cell cultures. At that time,
these cultures contained hepatocyte-like and progenitors/primitive biliary-like
cells in around an equal proportion (Cerec et al., 2007) and were ready for
experimental use. All treatments were done with a medium supplemented with
2% fetal bovine serum and 1% DMSO.

Cell Viability. Cytotoxicity was evaluated by the MTT colorimetric assay.
Briefly, cells were seeded in 24-well plates and treated with various con-
centrations of cytokines and CPZ. After medium removal, 500 ul of serum-free
medium containing MTT (0.5 mg/ml) was added to each well and incubated
for 2 hours at 37°C. The water-insoluble formazan was dissolved in 500 ul of
DMSO, and absorbance was measured at 550 nm.

Measurement of Reactive Oxygen Species. Reactive oxygen species
(ROS) generation was determined by the H2-DCFDA assay. Cells were
incubated for 2 hours at 37°C with 2 uM H2-DCFDA; then they were washed
with cold phosphate-buffered saline (PBS), and scraped in phosphate buffer
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(10 mM, pH 7.4)/methanol (v/v) added with 0.1% Triton X-100. Fluorescence
intensity of cell lysates was determined by spectrofluorometry using excitation/
emission wavelengths of 498/520 nm.

CRP and IL-8 Protein Measurements. CRP and IL-8 proteins were
measured in cell supernatants after 1 and 5 days of cotreatment with cytokines
and CPZ using the CRP and CXCLS8/IL-8 DuoSet kits, according to the
manufacturer’s instructions. Briefly, supernatants were collected at the
appropriate time points and stored at —80°C until analysis; 96-well microplates
were coated with capture antibody and incubated overnight. Samples and
standards were diluted appropriately and added for 2 hours after a saturation
step. Secondary antibody was added for 2 hours after washing. Streptavidin-
horseradish peroxidase and its substrate were used for revelation. Optical density
was read at 450 nm with wavelength correction. All steps were performed at
room temperature.

Real-Time Quantitative Polymerase Chain Reaction analysis. Total RNA
was extracted from 10° HepaRG cells with the SV total RNA isolation system
(Promega). RNAs were reverse-transcribed into cDNA and real-time quantitative
polymerase chain reaction (RT-qPCR) was performed using a SYBR Green mix.
Primer sequences are listed in Supplemental Table 1.

F-Actin Distribution. After cell exposure to CPZ and/or cytokines, cells
were washed twice with warm PBS, fixed with 4% paraformaldehyde for
20 minutes at 4°C, and permeabilized with 0.3% Triton in PBS for 20 minutes.
F-actin and nuclei were labeled simultaneously using the phalloidin-fluoprobe
diluted at 1/100 and 5 ng/ml Hoechst dye, respectively, for 20 minutes (Pernelle
et al.,, 2011). Imaging was done using the Cellomics ArrayScan VTT HCS
Reader (Thermo Scientific).

Na*-Dependent Taurocholic Cotransporting Polypeptide Activity.
Activity of the Na*-Dependent Taurocholic Cotransporting Polypeptide (NTCP)
transporter was estimated through determination of sodium-dependent intracellular
accumulation of radiolabeled TA substrate, as previously described elsewhere
(Antherieu et al., 2013). Briefly, treated cells were incubated with radiolabeled
TA for 30 minutes. Cells were then washed twice with PBS and lysed with
0.1 N NaOH. Accumulation of radiolabeled substrates was determined through
scintillation counting. Taurocholate accumulation values in the presence of
sodium minus accumulation values in the absence of sodium represented NTCP
activity.

TA Efflux Activity. Cells were first incubated with [PH]TA, a substrate of
bile salt export pump (BSEP), for 30 minutes, then washed with PBS and
exposed to CPZ, cytokines, or both for 2 or 4 hours in a standard buffer
containing Ca®* and Mg?* ions. At the end of the incubation time, cells were
washed with PBS and incubated for 5 minutes with a Ca®>* and Mg>*-free
buffer to disrupt the canalicular tight junctions. Then, they were scraped in
0.1 N NaOH; the remaining radiolabeled substrate was measured through
scintillation counting to determine TA efflux (Marion et al., 2012).

CDF Excretion. After 2 or 4 hours of exposure to CPZ and cytokines
individually or simultaneously, cells were incubated with 3 uM CDFDA,
which is hydrolyzed by intracellular esterases to CDF, a substrate of multidrug
resistance-associated protein 2 (MRP2) (Zamek-Gliszczynski et al., 2003), for
20 minutes at 37°C and then washed with PBS. Imaging was done using
inverted microscope Zeiss Axiovert 200M and AxioCam MRm (Carl Zeiss
Microscopy GmbH, Jena, Germany).

Quantification of CPZ and Its Metabolites. After 1 and 5 days of
treatment, incubation media were collected and stored at —20°C until analysis.
Cells were washed twice with PBS and then lysed with 0.0IN NaOH. An
aliquot was used to determine protein concentration, and the remaining volume
was stored at —20°C until analysis. Concentrations of CPZ and four of its
metabolites (Nor-1 CPZ, SO CPZ, 3-OH CPZ, and 7-OH CPZ) were
determined in both cell lysates and incubation media using a high-pressure
liquid chromatography with tandem mass spectrometry (HPLC-MS/MS)
system. HPLC separation was performed on a C18 column (Hypersil Gold,
C18; particle size: 1.9 um; 50 x 2.1 mm, i.d.; ThermoFisher Scientific).
Mobile phase A consisted of 10 mM ammonium acetate with 0.1% formic acid.
Mobile phase B was acetonitrile with also 0.1% formic acid. The gradient
program was as follows: 0-2.50 minutes, 95% A; 2.51-3.70 minutes, 70% A;
3.71-5.50 minutes, 60% A; 5.51-6.60 minutes, 95% B; 6.61-8.00 minutes,
95% A. Under these conditions, retention times were, respectively, 3.16
minutes for SO CPZ, 3.57 minutes for 3-OH CPZ, 3.85 minutes for 7-OH CPZ,
4.60 minutes for Nor-1 CPZ, and 4.70 minutes for CPZ. The flow rate was kept
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at 500 ul/min. The injected volume was 5 ul, and the temperature of column
was maintained at 35°C. Detection parameters were set in MRM mode, with the
following transitions: 304.9/72.0 (collision energy 18) for Nor-1 CPZ, 334.9/
231.9 (collision energy 37) for SO CPZ, 334.9/86.0 (collision energy 20) for
both 3-OH CPZ and 7-OH CPZ, 319.1/86.1 (collision energy 20) for CPZ, and
388.0/315.0 (collision energy 23) for flurazepam, as internal standard.

Statistical Analysis. One-way analysis of variance with Bonferroni’s multiple
comparison test (GraphPad Prism 5.00; GraphPad Software, San Diego, CA) was
performed to compare data between the cells treated with CPZ, cytokine, cytokine
plus CPZ and the control cultures. Each value corresponded to the mean *
standard deviation (S.D.) of at least three independent experiments. P < 0.05
was considered statistically significant.

Results

Dose- and Time-Dependent Effects of CPZ and Cytokines on
HepaRG Cell Viability. First, the MTT assay was performed to
estimate the cytotoxicity of CPZ, IL-6, and IL-183 in HepaRG cells after
one and five daily additions. At 5 and 20 uM, CPZ elicited no toxicity
regardless of treatment duration while at 50 uM it caused 90% cell death
after three additions (data not shown). IL-6 did not alter cell viability at
concentrations ranging from 0.01 (1 unit/ml) to 1 ng/ml regardless of the
duration of treatment; at 10 ng/ml, it induced a 20% loss in cell viability
after 5 daily treatments. IL-18 also caused 20%—30% decrease in cell
viability at concentrations ranging from 0.1 (20 units/ml) to 1 ng/ml after
5 days of treatment (data not shown). Based on these results, nontoxic
concentrations of 20 uM CPZ, 1 ng/ml IL-6, and 0.01 ng/ml IL-18 were
selected for 1 and 5 day cotreatment, and 50 uM CPZ was used for short-
term cotreatment.

To verify whether their viability was affected by cotreatments with
cytokines, HepaRG cells were first incubated with IL-6 or IL-18 for 24
hours before simultaneous CPZ addition for 1 or 5 days. Compared with
untreated cells, a significant although modest decrease of cell viability
was observed after five additions of CPZ with either cytokine (12% and
20% with IL-6 + CPZ and IL-183 + CPZ, respectively) (Fig. 1).

Effects of Cytokines and CPZ on Inflammation Markers.
Generation of an in vitro inflammatory response with the selected
cytokine concentrations was validated by measurement of CRP and
IL-8 mRNA and secreted protein levels after one and five additions of
either IL-18 or IL-6. Both cytokines caused a statistically significant
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increase of CRP mRNA (8- to 95-fold) and protein (12- to 48-fold)
levels at both time points compared with corresponding untreated cells
(Fig. 2, A and C), thereby demonstrating an inflammatory response of
HepaRG cells. At 20 uM, CPZ did not cause any significant change in
CRP expression, excluding any inflammatory effect of this neuroleptic
drug at least up to this concentration. However, combination of CPZ
and IL-6 or IL-18 enhanced increase of CRP mRNAs (53-fold with
IL-6 versus 80-fold with IL-6 + CPZ and 8-fold with IL-183 versus
12-fold with IL-18 + CPZ after 5 daily additions) (Fig. 2A). Although
cytokine-mediated induction of CRP protein was also enhanced by CPZ
after five simultaneous additions (41-fold by IL-6 versus 48-fold by
IL-6 + CPZ and 12-fold by IL-183 versus 14-fold by IL-18 + CPZ),
these variations were not statistically significant (Fig. 2C).

Regardless of treatment duration, IL-8 mRNA and protein levels
were not affected by IL-6 or 20 uM CPZ individually nor by their
combination. By contrast, IL-8 mRNAs were increased by IL-13
alone or associated with CPZ after one addition; this induction was
lower after five additions (Fig. 2B). Similarly, IL-8 protein was also
augmented (5- and 4-fold after one and five additions, respectively)
(Fig. 2D). Secreted IL-18 and IL-6 proteins were undetectable in
either untreated or 20 uM CPZ-treated HepaRG cells even after five
additions (data not shown).

Additional experiments were performed with 50 uM CPZ, a
concentration previously shown to induce early characteristic
cholestatic features. At 50 uM, CPZ increased IL-8 at both mRNA
(3.15-fold) and protein (6.6-fold) levels after 24 hours; induction of
IL-8 protein was observed as early as 2 hours. Moreover, IL-18 and
IL-6 transcripts were induced by 50 uM CPZ (6.6- and 2.3-fold after
24 hours) and secreted IL-6 protein became detectable after 4 hours
exposure to S0 uM CPZ (Supplemental Fig. 1).

Inhibition of CPZ Metabolism by Proinflammatory Cytokines.
At the selected concentrations and regardless of the duration of
treatment, both IL-6 and IL-13 strongly repressed mRNA expression
of CYP1A2 (a drop by 67% and 58%, respectively) and CYP3A4 (a
drop by 90% and 75%, respectively), the two major P450 enzymes
involved in CPZ oxidative metabolism, in HepaRG cells. Whereas
CYP1A2 and CYP3A4 transcripts were induced 4- to 6-fold in 20 uM
CPZ-treated HepaRG cells compared with untreated cells, their
induction was abolished in the presence of cytokines (Fig. 3A). Of

Fig. 1. Cytotoxic effects of CPZ and/or proinflammatory cytokines
in HepaRG cells. Cells were pretreated with IL-6 (1 ng/ml) or IL-183
(0.01 ng/ml) for 24 hours, then 20 uM CPZ were added daily
simultaneously with cytokines for 1 or 5 days (one and five additions,
respectively). Cytotoxicity was measured by the MTT colorimetric
assay. Each point is the mean *= S.D. of three independent ex-
periments. *P < 0.05 compared with untreated cells.

CPZ IL-6 IL-6 IL-Ip IL-1B CPZ IL-6 IL-6 IL-1g IL-1p
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Fig. 2. Effects of CPZ and proinflammatory cytokines on inflammatory stress markers. Cells were pretreated with IL-6 (1 ng/ml) or IL-18 (0.01 ng/ml) for 24 hours, then
20 uM CPZ was added daily simultaneously with cytokines for 1 or 5 days (one and five additions, respectively). (A) CRP and (B) IL-8 mRNA levels were assessed by
RT-gqPCR. (C) CRP and (D) IL-8 proteins were measured by ELISA in culture media. Data represent the mean = S.D. of three independent experiments. All results are
expressed relative to the levels found in control cells, arbitrarily set at a value of 1. *P < 0.05 compared with untreated cells, *P < 0.05 compared with cells treated with

cytokine and CPZ individually.

note, cytokine-induced inhibition of both cytochromes was attenuated
or even completely abolished with IL-13 after five additions in CPZ
cotreated cells.

Moreover, four CPZ metabolites, Nor-1 CPZ, SO CPZ, 7-OH CPZ,
and 3-OH CPZ, were quantified by HPLC-MS/MS in culture media
and cell lysates after one and five drug additions. Detectable amounts
of Nor-1 CPZ, SO-CPZ, and to a lesser extent 7-OH CPZ were found
in both cell lysates (Fig. 3B) and incubation media (Fig. 3C) of
untreated and cytokine-treated HepaRG cells, whereas 3-OH CPZ
was barely detectable in all tested conditions, preventing its accurate
quantification (data not shown). After 1 day of simultaneous treatment
with cytokines, 7-OH CPZ and Nor-1 CPZ amounts were decreased
by up to 42%, and CPZ content was statistically higher in cytokine-
treated cells compared with the values obtained in cells treated with
CPZ alone. After 5 days, all detectable metabolites were decreased in
the presence of IL-6 and most of them with IL-18 (SO CPZ and Nor-1
CPZ). Accumulation of CPZ was nearly doubled in both cell lysates
and supernatants of cytokine-treated cultures (Fig. 3, B and C).

Time-Dependent Effects of CPZ and Cytokines on Phospholip-
idosis Induction. Intracytoplasmic vesicles, corresponding to
lamellar bodies, the hallmark of phospholipidosis, were detected in

both hepatocyte-like and biliary-like cells after 3 days exposure to
20 uM CPZ, and their number increased during the following days.
Cotreatment with cytokines did not seem to affect their accumulation
(Fig. 4). This observation was confirmed by measurement of transcript
levels of some genes related to phospholipidosis after one and five
treatments. Indeed, adipose differentiation-related protein (ADFP) and
perilipin-4 (PLIN4), two genes involved in the formation of lamellar
vesicles, and Acyl-CoA desaturase (SCD1) and lipin-1 (LPIN1), both
involved in lipid metabolism, were all up-regulated, especially after five
daily treatments (Table 1). None of the cytokines prevented up-regulation
of these genes by CPZ.

By contrast, THRSP, a lipogenic gene encoding the thyroid hormone
responsive spot 14 protein, was down-regulated and its induction by
CPZ completely abolished with both cytokines (Table 1).

Effects of CPZ and Cytokines on ROS Generation and Oxidative
Stress Markers. We have previously reported that oxidative stress
plays a major role as both primary causal and aggravating factor in
intrahepatic cholestasis induced by 50 uM CPZ in HepaRG cells
(Antherieu et al., 2013). To assess whether cotreatment of CPZ with
inflammatory cytokines modulated ROS generation in HepaRG cells,
H,-DCFDA fluorescence intensity was measured after one and five
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Fig. 3. Effects of proinflammatory cytokines and/or CPZ on
CYP3A4 and CYP1A2 mRNA levels and CPZ metabolism in
HepaRG cells. Cells were exposed to IL-6 (I ng/ml) or IL-183
(0.01 ng/ml) for 24 hours before daily cotreatment with 20 uM
CPZ for 1 or 5 days (one and five additions, respectively). (A)
mRNA levels of CYP3A4 and CYP1A2 were estimated by
RT-qPCR. Data represent the mean * S.D. of three independent
experiments. *P < 0.05 compared with untreated cells. (B and C)
At each time point, cell lysates and incubation media were collected.
Concentrations of CPZ and three metabolites (N-desmethyl CPZ
(Nor-1 CPZ), sulfoxy-CPZ (SO CPZ), and 7-hydroxyl CPZ (7-OH
CPZ)) were determined in cell lysates (B) and incubation media (C)
by HPLC-MS/MS and were normalized relative to total protein
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additions of CPZ and/or cytokines. A 1.8-fold increase in ROS formation
was observed with 20 uM CPZ whereas none of the cytokines induced
ROS nor altered their generation by CPZ at either time point (Fig. 5A).
Because 50 uM CPZ was previously shown to cause an early oxidative
stress in HepaRG cells, ROS generation was also assessed after 24-hour
exposure to IL-6 or IL-183 followed by 2- or 4-hour cotreatment with
20 uM or 50 uM CPZ. No aggravation of CPZ-induced oxidative stress
was observed with cytokine pretreatment (Fig. 5B).

Next, we measured mRNA levels of three oxidative stress-related
genes, heme oxygenase 1 (HO1), manganese superoxide dismutase
(MnSOD), and NF-E2-related factor (Nrf2). HO1 and MnSOD were
induced by both IL-6 and IL-18 after one and five additions while
CPZ caused a statistically significant increase of HO1 mRNA levels
after five additions (2.4-fold) (Fig. 5, C and D). When HepaRG cells
were coexposed to CPZ and either IL-6 or IL-18, HO1 mRNA levels
were statistically further augmented after five additions (2.7-fold with
IL-6 versus 4.8-fold with IL-6 + CPZ and 1.6-fold with IL-183 versus
3.3-fold with IL-18 + CPZ) (Fig. 5C). MnSOD transcripts were also

increased after five additions of cytokines and were further elevated by
cotreatment with CPZ (1.7-fold with IL-6 versus 2.5-fold with IL-6 +
CPZ and 2.2-fold induction with IL-18 versus 3-fold with IL-18 +
CPZ) (Fig. 5D). Expression of NF-E2-related factor (Nrf2) was not
affected by any of the treatment conditions (data not shown).

Effects of CPZ and Cytokines on Canalicular Efflux Membrane
Transporters. Activity of two main apical efflux transporters, BSEP and
MRP2, was estimated by using their prototypical substrates TA and CDF,
respectively. To determine BSEP activity, no cytokine pretreatment was
performed to avoid any inhibitory effect on NTCP activity, the main
influx transporter of TA. CPZ at 20 uM and 50 uM induced a time-
dependent intracellular accumulation of TA after 2 and 4 hours. Cytokines
associated or not with CPZ were ineffective on TA efflux (Fig. 6A). To
estimate MRP?2 activity, HepaRG cells were exposed to IL-6 or IL-18 for
24 hours followed by 2- and 4-hour treatment with 20 uM or 50 uM
CPZ, and canalicular excretion of CDF, characterized by accumulation of
green fluorescence in bile canaliculi, was analyzed. CPZ inhibited
canalicular excretion of CDF only at 50 uM while coexposure of cells to
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Fig. 4. Phase-contrast micrographs of HepaRG cells. Cells were either directly exposed to 20 uM CPZ or pretreated with IL-6 (1 ng/ml) or IL-18 (0.01 ng/ml) for 24 hours
before adding daily 20 uM CPZ simultaneously with cytokines. After three CPZ additions, many intracytoplasmic vesicles are visible (arrow) in cells treated with CPZ alone

or simultaneously with IL-6 or IL-183. Control: untreated cells (magnification, 20x).

20 uM or 50 uM CPZ and cytokines did not result in additional effects
on CDF excretion (Fig. 6B), even if cytokine concentrations were
increased by 10-fold (data not shown).

Effects of CPZ and Cytokines on F-Actin Distribution.
Phalloidin fluoprobe labeling was used to assess whether 20 uM CPZ
and/or cytokines, affected the integrity of the pericanalicular F-actin
microfilament network. Whatever the treatment, F-actin distribution was
not disrupted even after 5 days (Fig. 7, A-C). Consequently, additional
experiments were performed with 20 uM or 50 uM CPZ treatment of
2 or 4 hours. As expected from previous studies (Antherieu et al., 2013),
at 50 uM, CPZ strongly altered distribution of cytoskeletal pericanalicular
F-actin and bile canaliculi shape after 2 (data not shown) and 4 hours
(Fig. 7D). These alterations were not aggravated by cytokine pre-
treatment (Fig. 7, E and F).

Effects of CPZ and Cytokines on NTCP Activity. To investigate
whether CPZ and cytokines also affected NTCP-mediated uptake
activity, HepaRG cells were exposed to CPZ and/or cytokines for 1
and 5 days and then incubated with [PHITA for 30 minutes. NTCP-
dependent activity was assessed by measuring intracellular accumu-
lation of radiolabeled TA; it was found to significantly drop by 51% or
61% and 36% or 42% in the presence of IL-6 and IL-183 after 1 or
5 days, respectively. CPZ was ineffective regardless of treatment
duration. Combination of cytokines and CPZ led to a greater inhibition
of NTCP activity, which was statistically significant after five additions
(83% with IL-6 + CPZ and 78% with IL-18 + CPZ) (Fig. 8).

Effects of CPZ and Cytokines on Expression of Cholestasis-
Related Genes. To further investigate interactions between proinflam-
matory cytokines and CPZ, the expression of the main genes involved in
bile acids transport and synthesis was assessed by RT-qPCR (Table 2).
Several transporters were modulated by cytokines alone; the major

changes were represented by down-regulation of influx transporters,
especially NTCP. The mRNA levels of the uptake transporter NTCP
dropped by 80% and 60% in cells treated with IL-6 and IL-1f3 after either
1 or 5 days whereas 20 uM CPZ did not cause any significant change.
However, combination of CPZ with either cytokine resulted in a
statistically significant additional decrease of NTCP transcripts after
five additions (75% with IL-6 versus 91% with IL-6 + CPZ and 58%
with IL-183 versus 87% with IL-18 + CPZ). In addition, IL-6 down-
regulated expression of other influx transporters, organic anion-
transporting polypeptide (OATP)-B, and organic cation transporter 1
(OCT-1) after one addition and OATP-C at both treatment time points.
IL-18 also down-regulated OCT-1 after the first addition. Increased
expression of OATP-C by CPZ was observed after only one addition
and was completely antagonized by both cytokines (Table 2).

Cytokines individually did not modulate expression of the canalicular
transporter MDR3, which was down-regulated by CPZ. CPZ alone
induced mRNA expression of breast cancer resistance protein (BCRP) and
multidrug resistance protein (MDR1) after one addition; this increase was
antagonized by both cytokines, which caused a 30-40% drop of BCRP at
both time points and of MDRI1 transcripts after one addition. Although
neither CPZ nor IL-13 had a significant effect on BSEP transcripts, their
combination caused a statistically significant decrease of BSEP mRNA
expression after five additions. CPZ alone or with cytokines did not
significantly change the relative mRNA levels of MRP2.

By contrast, CPZ associated or not with cytokines caused increased
expression of the basolateral efflux gene MRP4 at both treatment time
points. Noticeably, MRP3 expression was affected neither by CPZ nor
by the cytokines individually, but their combinations caused a significant
decrease after both one and five additions (CPZ + IL-6) and five
additions (CPZ + IL-1B).

TABLE 1
Effects of CPZ and/or cytokines on expression of mRNAs encoding genes related to phospholipidosis in HepaRG cells

Cells were exposed to IL-6 (1 ng/ml) or IL-1 (0.01 ng/ml) and/or CPZ (20 uM) for 24 hours or daily for 5 days. mRNAs were analyzed by RT-qPCR. Results are expressed as fold of the value
found in control cells arbitrarily set at 1. Data are mean * S.D. of at least three independent experiments.

One Addition Five Daily Additions
CPZ IL-6 IL-6 + CPZ IL-18 IL-18 + CPZ CPZ IL-6 IL-6 + CPZ IL-18 IL-18 + CPZ
ADFP 1.37 =021 0.87 £0.14 092 £ 0.33 1.07 £ 027 137 £0.27 2.08 = 0.24 1.18 = 0.25 1.98 = 0.15 0.88 = 0.09 2.36 = 0.64“
PLIN4 1.13 021 0.87 £027 074 =022 127 £031 1.02*0.14 1.69 =029 1.18 £0.19 2.01 = 0.68 1.02 =0.19 1.66 = 0.14“
SCD1 1.97 = 046“ 0.75 £ 0.17 1.04 £0.56 1.01 £0.10 1.79 £047° 2.11 = 0.26 0.69 = 0.21 1.21 =024 0.87 £ 0.11 1.50 = 0.57
LPIN1 1.37 £ 0.08* 0.70 = 0.12 0.72 = 0.04 1.01 £ 0.09 140 = 0.29° 1.78 + 0.43* 0.86 = 0.18 143 =026 097 = 0.11 141 £045
THRSP 1.93 = 0.37¢ 0.18 = 0.03 0.51 = 0.02 0.52 £0.19 1.02 £0.22 2.25* 048" 0.18 = 0.15 0.32 = 0.11“ 0.65 = 0.32 0.97 = 0.28

“P < 0.05 compared with untreated cells.
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Fig. 5. Effects of CPZ and/or proinflammatory cytokines on ROS generation and expression of oxidative stress-related genes. Cells were pretreated with IL-6 (1 ng/ml) or IL-18
(0.01 ng/ml) for 24 hours before simultaneous addition of (A, C, D) 20 uM CPZ for 1 or 5 days (one and five additions, respectively) or (B) 50 uM CPZ for 2 or 4 hours. (A and B)
ROS generation: hydrogen peroxides were quantified by the H2-DCFDA assay. A treatment with 25 mM H,O, for 2 hours was used as a positive control. (C and D) HO1 and MnSOD
relative mRNA levels were assessed by RT-qPCR. Data represent the mean = S.D. of three independent experiments. All results are expressed relative to the levels found in control
cells, arbitrarily set at a value of 1. *P < 0.05 compared with untreated cells. *P < 0.05 compared with cells treated with cytokine and CPZ individually.

Expression of cytochrome P450 genes involved in bile acid synthesis
was also analyzed. CYP8B1 mRNA levels were reduced by CPZ +
IL-18 (44% drop compared with control) after five additions, whereas
no change occurred in the presence of CPZ, IL-18 or IL-6 alone. By
contrast, CYP7A1 was slightly overexpressed by cotreatment with CPZ
and IL-1p after five additions while CYP27A1 was not affected by CPZ
or cytokines, alone or in combination.

Transcripts of three major cholestasis-related nuclear receptors, the
farsenoid X receptor (FXR), the pregnane X receptor (PXR) and the
constitutive androstane receptor (CAR) were analyzed. Only IL-18,
alone or in combination with CPZ, slightly induced FXR expression
after 5-day treatment. By contrast, PXR expression was down-regulated
by both cytokines alone or in presence of CPZ after 1-day treatment and
only by IL-6 and IL-6 + CPZ after 5 days. Expression of CAR was
decreased by both cytokines and CPZ after 5 days. Combination of
cytokines and CPZ did not exacerbate this repression.

Discussion

Inflammation is thought to play a role in the susceptibility to iDILIL
Bacterial LPS and proinflammatory cytokines are frequently used to

induce an inflammatory state in animals and in vitro cell models. In the
present work, we used the metabolically competent HepaRG cell line to
evaluate the influence of an inflammatory stress induced by the two
proinflammatory cytokines, IL-6 and IL-18, on the hepatotoxic and
cholestatic effects of the idiosyncratic hepatotoxicant CPZ after either
one or five daily treatments. Our data showed that in the presence of an
inflammatory stress resulting in marked reduction of its metabolism,
20 uM CPZ was more cytotoxic, amplified inhibition of NTCP activity,
and enhanced deregulation of expression of several other transporters.
However, CPZ-induced TA efflux inhibition and bile canaliculi structures
were not affected by cytokines cotreatment; most effects were amplified
or observed only after five daily treatments.

HepaRG cells have been previously shown to exhibit an in-
flammatory response to bacterial LPS (Aninat et al., 2008). We
showed in the current study that 1 ng/ml IL-6 and 0.01 ng/ml IL1-8
strongly induced CRP mRNA and protein levels. IL-183 also induced
mRNA and protein levels of IL-8, a proinflammatory CXC chemokine
that plays an important role in liver inflammation, regeneration, and
repair (Zimmermann et al., 2011). These data support the conclusion
that, at these selected concentrations, both cytokines induced a chronic
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inflammatory stress in HepaRG cells. Noticeably, at 20 uM CPZ had
no effect on CRP expression after 5 days, but when associated with
cytokine it enhanced CRP transcript levels as well as protein content
although to a lower extent.

Pretreatment of HepaRG cells with either IL-13 or IL-6 followed by
concomitant exposure to 20 uM CPZ resulted in a significant although
modest enhanced cytotoxic response after five repeated additions
compared with treatments with the cytokines or the drug individually.
These results agree with previous observations in rodents (Buchweitz

-
..

IL-1
+CPZ 200 +CPZ 50

and 4 hours in control and treated cells, by measuring intracellular
TA accumulation. Efflux of TA was expressed relative to the levels
found in control cells, arbitrarily set at a value of 100%. Data
represent the mean *+ S.D. of three independent experiments. *P <
0.05 compared with control cultures. (B) Cells were pretreated with
IL-6 (1 ng/ml) or IL-183 (0.01 ng/ml) for 24 hours then CPZ (20 or
50 uM) was simultaneously added for 4 hours. MRP2 activity was
estimated using CDF, a substrate of MRP2, and was characterized
by accumulation of green fluorescence into bile canaliculi. Untreated
cells (a); unchanged CDF canalicular excretion with 20 uM CPZ
alone (b) or in combination with IL-6 (c) or IL-18 (d), and loss of
canalicular CDF excretion with 50 uM CPZ (e).

IL-1p

et al., 2002) and primary mouse hepatocytes (Gandhi et al., 2010).
This increased cytotoxicity did not appear to be directly related to
the strong inhibition of CPZ metabolism and the reduction in the
formation of nontoxic metabolites in the presence of cytokines.
Indeed, HepaRG cells and HepG2 cells that lack CYP3A4- and
CYP1A2-mediated metabolic activity have been reported to be nearly
equally sensitive to CPZ (Aninat et al., 2006; Gerets et al., 2012).
Because expression of two oxidative stress-related genes HO1 and
MnSOD were significantly induced in cotreated cells, especially after

Fig. 7. Pericanalicular cytoskeletal F-actin dis-
tribution in CPZ- and cytokine-treated HepaRG
cells. Cells were pretreated with IL-6 (1 ng/ml) or
IL-18 (0.01 ng/ml) for 24 hours before simulta-
neous addition of 20 uM or 50 uM CPZ for
5 days (five additions) or 4 hours respectively,
and then F-actin was localized by using the
Phalloidin FluoProbe. Nuclei were stained in blue
using Hoechst dye. Cells treated with 20 uM CPZ
alone (A), or simultaneously with IL-6 (B) or
IL-18 (C); 50 uM CPZ alone (D), or simulta-
neously with IL-6 (E) or IL-18 (F). Constricted
bile canaliculi are observed only in 50 uM CPZ-
treated cells in the absence or presence of cytokines.
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Fig. 8. NTCP activity in CPZ- and/or proinflammatory cytokine-
treated HepaRG cells. Cells were pretreated with IL-6 (1 ng/ml)
or IL-18 (0.01 ng/ml) for 24 hours, then 20-uM CPZ was added
daily simultaneously with cytokines for 1 or 5 days (one and five
additions, respectively). Cells were then incubated with [*H]-TA for
30 minutes. NTCP activity was evaluated through measurement of
intracellular accumulation of the radiolabeled substrate TA. Data
represent the mean * S.D. of three independent experiments.
Uptake of [*H]-TA was expressed relative to the levels found in
untreated cells, arbitrarily set at a value of 100%. #*p < 0.05 com-
pared with untreated cells, *P < 0.05 compared with cells treated
with cytokine and CPZ individually.

IL-1p
+ CPZ

1 addition

5 days, increased cytotoxicity could be related to generation of an
oxidative stress although an increase in ROS content could not be
evidenced by the H2-DCFDA assay.

As expected, in agreement with previous reports (Abdel-Razzak
et al.,, 1993), the two cytokines were also found to down-regulate
CYP3A4 and CYP1A2, two major cytochrome P450 enzymes,
together with CYP2D6 involved in CPZ oxidative metabolism
(Wojcikowski et al., 2010). Accordingly, CPZ metabolism was highly

5 additions

repressed in cytokine-treated cells. Notably, a strong intracellular
accumulation of CPZ was observed, especially after five daily
treatments. As other cationic amphiphilic drugs, CPZ is able to
induce phospholipidosis, which is characterized by lamellar bodies
formed by excessive accumulation of phospholipids to which CPZ and
its metabolites can possibly bind (Fujimura et al., 2007). Accordingly,
an increasing accumulation of intracellular vesicles was observed in
CPZ-treated cells starting after 2 days in the presence or absence of

TABLE 2

Effects of CPZ and/or cytokines on the relative mRNA levels of hepatobiliary transporters, bile acid synthesizing enzymes, and nuclear receptors in HepaRG cells

Cells were pretreated with IL-6 (1 ng/ml) or IL-1f (0.01 ng/ml) for 24 hours, then 20 uM CPZ was added with a continuous treatment with cytokines, for 1 or 5 days (one and five additions,
respectively). Total RNAs were extracted, and mRNAs were analyzed by RT-qPCR. Results are expressed as fold of the value found in control cells arbitrarily set at 1. Data are mean * S.D. of at least

three independent experiments.

One Addition

Five Daily Additions

CpZ IL-6 IL-6 + CPZ IL-18 IL-18 + CPZ CpzZ IL-6 IL-6 + CPZ IL-18 IL-18 + CPZ

Influx

Transporters

NTCP 0.92 + 024 0.18 + 0.06" 0.12 = 0.05° 0.41 + 0.08* 0.22 * 0.07“ 0.98 + 0.14 0.25 + 0.07* 0.10 = 0.04”> 0.42 + 0.08* 0.14 * 0.04"

OATP-B 1.34 = 0.27 0.55 = 0.10° 0.56 * 0.05 0.76 = 0.13 0.73 = 0.10 1.07 = 0.27 0.62 = 0.05 052 *0.16 0.79 = 0.23 0.76 = 0.20

OATP-C 1.57 = 0.35% 0.46 = 0.09“ 0.65 * 0.22 0.66 = 0.19 0.76 = 0.09 1.08 * 0.33 0.54 = 0.16“ 0.49 = 0.16* 0.77 = 0.09 0.68 = 0.14

OATP-8 1.37 £ 046 088 £0.19 1.05*0.14 0.82 *0.12 0.86 = 0.13 1.05* 0.18 0.74 = 0.05 0.85 = 0.13 0.86 = 0.13 0.87 £ 0.35

OCT1 1.37 £ 029 049 = 0.16" 0.52 = 0.20“ 0.61 * 0.15“ 0.65 = 0.13“ 1.36 = 0.39 0.57 = 0.21 048 = 0.31 0.92 = 0.08 0.83 = 0.17
Efflux

Transporters

BSEP 121 =036 0.90 = 0.15 0.96 = 0.11 0.90 = 0.17 081 *0.04 0.76 = 0.23 1.11 =0.37 0.90 =048 0.77 £ 0.20 0.51 * 0.27°

BCRP 1.43 = 0.11“ 0.60 = 0.07* 0.68 = 0.07* 0.67 * 0.17¢ 0.72 = 0.13“ 1.05 = 0.40 0.61 = 0.06" 0.74 = 0.13 0.70 = 0.28 0.89 * 0.22

MRP2 1.21 £039 072 £0.11 0.84 = 0.08 0.74 £ 0.06 0.72 = 0.26 138 = 0.29 128 =045 1.28 =045 1.06 = 0.22 1.01 =033

MDRI1 1.40 = 0.10“ 0.65 = 0.08* 0.85 = 0.01 0.72 = 0.11 0.83 = 0.07 1.16 £ 0.14 0.82 = 0.12 0.86 = 0.07 0.93 £ 0.10 0.94 = 0.10

MDR3 0.59 * 021 0.81 = 0.18 0.59 = 0.17* 0.98 = 0.12 0.69 * 0.15 0.52 = 0.20 0.69 = 0.29 0.46 = 0.16" 1.16 = 0.25 0.40 = 0.13¢

MRP3 1.00 = 0.09 0.89 + 0.07 0.64 = 0.06" 0.84 = 0.13 0.75 = 0.12 0.73 = 0.04 0.78 + 0.12 0.52 = 0.14” 0.84 = 0.10 0.61 = 0.23“

MRP4 1.41 = 0.22 125 = 0.06 142 *0.10° 1.28 = 0.11 1.51 = 0.13“ 2.02 = 0.12* 1.42 = 0.15“ 2.19 = 0.17 1.37 = 0.33 1.78 = 0.25“
Bile acid

Synthesis

CYP7A1 1.21 £0.18 0.79 =0.13 095 *=0.10 096 = 0.12 1.10 £ 0.12 1.62 = 030 0.83 =0.11 1.36 =0.24 0.98 = 0.20 1.90 * 0.24“

CYP27A1 1.16 £ 0.18 0.83 =£0.03 092 =0.12 1.02 = 0.14 1.10 =0.11 1.21 £0.08 0.75 £0.11 0.86 £0.13 1.01 £0.14 125 * 0.34

CYP8B1 1.13 £ 024 0.68 =020 0.64 =0.23 094 *£0.12 082 = 0.04 1.07 =035 0.84 =0.17 0.78 =0.38 0.78 = 0.15 0.56 * 0.23“
Nuclear

Receptors

FXR 096 = 0.14 1.07 £ 0.17 1.09 =0.10 1.12 =0.17 098 = 0.10 1.02 =0.07 098 = 0.04 1.03 = 0.19 144 *0.24" 1.36 = 0.16"

PXR 1.08 = 021 0.52 = 0.16" 0.43 = 0.09* 0.55 * 0.13“ 0.69 = 0.17¢ 1.19 = 0.26 0.53 = 0.08" 0.50 = 0.03* 0.84 = 0.25 0.95 * 0.28

CAR 1.21 =035 059 = 0.14 0.33 +0.18" 0.67 = 0.17 0.53 = 0.10 043 + 0.15* 0.36 = 0.13“ 0.39 = 0.09* 0.58 + 0.05" 0.48 * 0.12“

“P < 0.05 compared with untreated cells.
’p < 0.05 compared with cells treated with cytokine and CPZ individually.
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either cytokine. As previously reported (Antherieu et al., 2013), an
accumulation of these vesicles is associated with an induction of genes
involved in lipid metabolism and phospholipidosis (ADFP, PLIN4,
SCD1, LPINI1, THRSP) in CPZ-treated cells. In agreement with
morphologic observations, overexpression of ADFP, PLIN4, SCDI1,
LPIN1 was not prevented by cotreatment with either cytokine,
suggesting that an inflammation stress does not affect induction of
phospholipidosis by CPZ. It is noteworthy that expression of the PXR/
CAR target gene THRSP was down-regulated by cytokines, especially
IL-6, as a consequence of their ability to down-regulate these nuclear
receptors (Breuker et al., 2010).

At 50 uM, CPZ was found to generate an early oxidative stress,
which was associated with an inhibition of TA efflux, and shortly
later, of its uptake, and alterations of bile canaliculi structures
(Antherieu et al., 2013). Similarly, at 20 uM CPZ also induced an
oxidative stress and inhibited TA efflux; however, it did not alter
pericanalicular cytoskeletal F-actin distribution or bile canaliculi
structures, even in the presence of either cytokine after five daily
treatments. Nevertheless, many genes related to cholestasis were
differentially deregulated by proinflammatory cytokines individually
or combined with CPZ. In agreement with previous studies (Le Vee
et al., 2008, 2009), we found that an IL-18- and IL-6-induced in-
flammatory stress down-regulated mRNA and activity of NTCP,
and altered the expression of several additional influx and efflux
transporters in HepaRG cells. Interestingly, NTCP down-regulation
was amplified by cotreatment with CPZ, suggesting that inhibition of
sodium-dependent bile acids uptake was exacerbated by CPZ in
proinflammatory cytokine-stimulated hepatocytes. Cytokines did not
induce any change in MRP2 or BSEP transcripts or activity. Dis-
crepant data have been reported in the effects of proinflammatory
cytokines on the main canalicular transporters BSEP and MRP2. Thus,
transcripts of these two transporters were not affected by LPS in
human liver slices (Elferink et al., 2004); by contrast, they were
repressed by IL-18 and IL-6 whereas BSEP protein, unlike MRP2,
was induced in sandwich-cultured human hepatocytes (Diao et al.,
2010). Such discrepancies are likely due to the use of different ex-
perimental models and conditions such as cytokine concentrations.
It is noteworthy that our results agree with those obtained in liver
biopsies of patients with inflammation-induced cholestasis where no
change of MRP2 and slight reduction of BSEP mRNA were reported,
while a strong down-regulation of NTCP mRNA and protein was
observed (Zollner et al., 2001). Noticeably, mRNA expression of
BSEP was down-regulated in IL-1 + CPZ—treated cells after 5 days of
treatment although no effect was observed with each agent separately.
Such data could explain the onset of cholestasis in patients treated
chronically with CPZ.

In addition, SLC transporters, OATP-B, OATP-C and OCT-1, and
ABC transporters, BCRP and MDR1, were down-regulated mainly by
IL-6 after the first addition, which is in agreement with previous
studies (Le Vee et al., 2008; Le Vee et al., 2009). By contrast, most
deregulated genes by 20 uM CPZ were overexpressed (i.e., OATP-C,
BCRP, MDR1, and MRP4), while only MDR3, which mediates
biliary phospholipid excretion, was down-regulated by CPZ, whether
in the presence or absence of cytokines. Cotreatment with cytokines
and CPZ had an antagonist effect on the expression of genes induced
by CPZ alone, including BCRP, MDRI1, and OATP-C. By contrast,
induction of MRP4 expression by CPZ was still increased, and to a
higher level, after 5 days, even in the presence of cytokines. Overexpression
of this basolateral transporter, together with down-regulation of
NTCP, could be interpreted as a compensating mechanism aiming to
reduce intrahepatic accumulation of toxic bile acids (Zollner et al.,
2006; Wagner et al., 2009).
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Changes in the expression of cytochromes P450 which are involved
in the formation of bile acids could represent another means to
modulate intracellular accumulation of bile acids (Zollner et al., 2006).
Accordingly, differential deregulation of CYP7A1l, CYP8B1, and
CYP27A1 transcripts were observed depending on the treatment and
its duration. As expected (Aitken et al., 2006), CAR and PXR were
down-regulated by IL-6 and IL-13 in HepaRG cells. Noticeably, CAR
was also down-regulated by CPZ after five daily treatments; this finding
deserves further investigation.

An immune reaction has been evoked as an important determinant
factor in CPZ-induced cholestasis but data, at least in animals, did not
confirm an allergic hypersensitivity with CPZ (Mullock et al., 1983).
An increased accumulation of neutrophils was observed in the liver of
LPS + CPZ~treated rats but without evidence of cholestasis (Buchweitz
et al., 2002). However, extrapolation of such data to the human situation
is questionable. Coculturing HepaRG cells with immune cells, inflam-
matory cells, or nonparenchymal liver cells will be of interest in future
investigations.

Taken together, our findings suggest that proinflammatory cytokines,
which induced inflammatory stress and cholestatic features in HepaRG
cells by themselves, in combination with CPZ increased cytotoxicity
and aggravated some cholestatic features caused by this idiosyncratic
drug. The decrease of NTCP activity, repression of P450 expression,
and inhibition of CPZ metabolism could have major consequences if
extrapolated to the in vivo situation. First, because NTCP is now
recognized as required for the entry of hepatitis B and D viruses into
hepatocytes (Yan et al., 2012; Ni et al., 2014), it might be postulated
that proinflammatory cytokine-stimulated and cholestatic hepatocytes
are less susceptible to viral infection. Second, inhibition of the major
P450 enzymes involved in drug metabolism by proinflammatory
cytokines led to postulate that CPZ-treated patients in an inflammation
state would be more or less sensitive to other hepatotoxic drugs
depending on whether these compounds are detoxified or activated by
cytochrome P450-mediated metabolism. Finally, in the future, it would
be of interest to evaluate in a similar inflammatory state other cholestatic
drugs known to act by other mechanisms.
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ABSTRACT

Mechanisms involved in drug-induced cholestasis in humans remain poorly understood. Although cyclosporine A (CsA) and
tacrolimus (FK506) share similar immunosuppressive properties, only CsA is known to cause dose-dependent cholestasis.
Here, we have investigated the mechanisms implicated in early cholestatic effects of CsA using the differentiated human
HepaRG cell line. Inhibition of efflux and uptake of taurocholate was evidenced as early as 15 min and 1 h respectively after
addition of 10nM CsA,; it peaked at around 2 h and was reversible. These early effects were associated with generation of
oxidative stress and deregulation of cPKC pathway. At higher CsA concentrations (>50pn.M) alterations of efflux and uptake
activities were enhanced and became irreversible, pericanalicular F-actin microfilaments were disorganized and bile
canaliculi were constricted. These changes were associated with induction of endoplasmic reticulum stress that preceded
generation of oxidative stress. Concentration-dependent changes were observed on total bile acid disposition, which were
characterized by an increase and a decrease in culture medium and cells, respectively, after a 24-h treatment with CsA.
Accordingly, genes encoding hepatobiliary transporters and bile acid synthesis enzymes were differently deregulated
depending on CsA concentration. By contrast, FK506 induced limited effects only at 25-50n.M and did not alter bile
canaliculi. Our data demonstrate involvement of different concentration-dependent mechanisms in CsA-induced
cholestasis and point out a critical role of endoplasmic reticulum stress in the occurrence of the major cholestatic features.
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Nrf2 NF-E2-related factor 2

HO1 heme oxygenase 1

MnSOD manganese superoxide dismutase

ATF4 activating transcription factor 4

ATF6 activating transcription factor 6

GRP78 glucose regulated protein,78KD

CHOP C/Ebp-homologous protein

PBA 4-phenyl butyric acid

CDF 5(6)-carboxy-2',7’-dichlorofluorescein diacetate
BA bile acids

H7 1-(5-isoquinolinylsulfonyl)-2-methyl-piperazine
CAR constitutive androstane receptor

PXR pregnane X receptor

FXR farnesoid X receptor

BCRP breast cancer resistance protein

MDR3 multidrug resistance 3

MRP3 multidrug resistance-associated protein 3
MRP4 multidrug resistance-associated protein 4

CYP7A1 cytochrome P450 7A1
CYP8B1 cytochrome P450 8B1
CYP27A1 cytochrome P450 27A1
CYP3A4 cytochrome P450 3A4

Adverse drug reactions (ADRs) are usually classified as either
dose-dependent and reproducible (intrinsic) or unpredictable
(idiosyncratic) occurring only in certain susceptible patients and
being not overtly dose-dependent (Park et al., 2005). Many differ-
ent classes of marketed drugs and herbals have been reported
to cause drug-induced liver injury (DILI) in humans, accounting
for more than 50% of cases of acute liver failure in the United
States (Lee, 2003). DILI encompasses a large spectrum of lesions,
including apoptosis/necrosis, phospholipidosis, steatosis, and
cholestasis.

Intra-hepatic cholestasis represents a frequent manifesta-
tion of DILI in humans (Lee, 2003). In many cases, it results from
alterations of the hepatobiliary transporter system, in particu-
lar the bile salt export pump (BSEP), which is the most physi-
ologically important canalicular bile transporter (Stieger et al.,
2007). Other disturbances, such as altered cell polarity, disrup-
tion of cell-to-cell junctions, and cytoskeleton disorganization,
can also participate in cholestasis. The mechanisms by which
drugs induce cholestasis are diverse and remain poorly under-
stood (Anthérieu et al., 2013). Intracellular signaling has emerged
as a fundamental mechanism to explain the development of
different models of cholestasis (Crocenzi et al., 2004); thus, the
Ca?*-dependent PKC isoforms (cPKC) have been demonstrated
to be involved in estradiol 1788-D-glucuronide (E17G)- and tert-
butylhydroperoxide-induced cholestasis (Barosso et al., 2012;
Pérez et al., 2006). A role for oxidative stress as a primary causal
agent and/or an aggravating factor has been evidenced in extra-
hepatic and intrahepatic cholestasis (Anthérieu et al., 2013; Pérez
et al., 2006; Roma and Pozzi, 2008).

Cyclosporine A (CsA) is well recognized as a dose-dependent
cholestatic inducing agent. It has been shown to alter bile secre-
tion in in vitro (Princen et al., 1991) and short-term in vivo stud-
ies (Mizuta et al., 1999). CsA also acts as a competitive inhibitor
of BSEP, MRP2, and MDR1 and caused disorganization of per-
icanalicular F-actin cytoskeleton (Roméan and Coleman, 1994).
CsA disturbs the endoplasmic reticulum (ER)-Golgi transport by
altering vesicle-mediated transport (Sarré et al., 2012). By con-
trast, tacrolimus (FK506), another immunosuppressant that pos-
sesses similar immunosuppressive properties as CsA (Tocciet al.,
1989), has usually no effect even at supra-therapeutic concen-
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trations in humans. The reasons why the liver is so differently
sensitive to the two immunosuppressant agents remain unclear.

In the present study, we have investigated early effects of
CsA and FK506 in the metabolically competent human HepaRG
cells. In addition to phases I and II metabolizing enzymes (An-
inat et al., 2006), these cells exhibit functional sinusoidal and
canalicular transporters and are now largely used for studying
both acute and chronic effects of xenobiotics in human liver
(Anthérieu et al., 2012; Guguen-Guillouzo and Guillouzo, 2010).
Our data show that unlike FK506, CsA induced early cholestatic
effects, involving different dose-dependent mechanisms in Hep-
aRG cells.

MATERIALS AND METHODS

Chemicals. Cyclosporine A (CsA), methylthiazoletetrazolium
(MTT), N-acetyl-cysteine (NAC), 4-phenyl butyric acid (PBA),
1-(5-isoquinolinylsulfonyl)-2-methyl-piperazine =~ (H7), and
5(6)-carboxy-2',7'-dichlorofluorescein diacetate (CDF) were pur-
chased from Sigma (St. Quentin Fallavier, France). Tacrolimus
(FK506) was provided by Tocris Bioscience (Bristol, UK), 2',7’-
dichlorodihydrofluorescein (H2- DCFDA) was obtained from In-
vitrogen Molecular Probe (Saint Aubin, France). [*H]-Taurocholic
acid ([*H]-TA) was from Perkin Elmer (Boston, MA). The specific
antibodies against phospho-p38 MAP kinase and p38 MAP
kinase were purchased from Cell Signaling Technology (Beverly,
MA). Go"6976 and SB203580 were from Calbiochem (San Diego,
CA). BAPTA/AM was obtained from Alexis Co. (Nottingham,
UK). Phalloidin fluoprobe SR101 (200 U/ml) was purchased from
Interchim (Montlugon France). Hoechst dye was from Promega
(Madison, Wisconsin). Other chemicals were of reagent grade.

Cell cultures. HepaRG cells were seeded at a density of 2.6 x
10* cells/cm? in Williams E medium supplemented with 10%
fetal bovine serum, 100 IU/ml penicillin, 100 mg/ml strepto-
mycin, 5 mg/ml insulin, 2mM glutamine, and 50mM hydrocorti-
sone hemisuccinate. After 2 weeks, HepaRG cells were shifted
to the same medium supplemented with 2% dimethyl sul-
foxide (DMSO) for further 2 weeks in order to obtain conflu-
ent differentiated cultures with maximum functional activi-
ties. At this time, these cultures contained hepatocyte-like and
progenitors/primitive biliary-like cells (Cerec et al., 2007).

Cell viability. Cytotoxicity was evaluated by the MTT colorimet-
ric assay. Briefly, cells were seeded in 24-well plates and treated
with various concentrations of CsA and FK506. After medium
removal, 500 pl serum-free media containing MTT (0.5 mg/ml)
were added to each well and incubated for 2 h at 37°C. The
water-insoluble formazan was dissolved in 500 pl DMSO and ab-
sorbance was measured at 550 nm (Aninat et al., 2006).

Measurement of reactive oxygen species. Reactive oxygen species
(ROS) generation was determined by the H2-DCFDA assay. Cells
were incubated for 2 h at 37°C with 2pM H2-DCFDA; then they
were washed with cold phosphate buffered saline (PBS) and
scraped in phosphate buffer (10mM, pH 7.4)/methanol (vol/vol)
supplemented with Triton X-100 (0.1%). Fluorescence inten-
sity of cell extracts was determined by spectrofluorimetry us-
ing excitation/emission wavelengths of 498/520 nm (Anthérieu
et al.,, 2013).

Real-time quantitative polymerase chain reaction analysis. Total RNA
was extracted from 10° HepaRG cells with the SV total RNA isola-
tion system (Promega). RNAs were reverse transcribed into cDNA
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and real-time quantitative polymerase chain reaction (RT-gPCR)
was performed using a SYBR Green mix. Primer sequences are
listed in Supporting table 1.

Efflux of taurocholate acid. Cells were first exposed to 43.3nM [*HJ-
TA for 30 min to induce intracellular accumulation of [*H]-TA,
then washed with PBS and incubated with or without CsA or
FK506 at different time points (from 0 to 6 h) in a standard buffer
with Ca%* and Mg?*. After the incubation time, cells were washed
with PBS and incubated for 5 min with Ca?*- and Mg?*-free buffer
in order to disrupt canalicular tight junctions. Then, they were
scraped in 0.1 N NaOH and the remaining radiolabeled substrate
was measured through scintillation counting to determinate TA
efflux. To discriminate between basolateral and canalicular ef-
flux, cells were incubated in parallel in either standard or Ca%*-
and Mg?*-free buffer for 30 min after TA uptake before measur-
ing the remaining radiolabeled TA. Canalicular efflux was cal-
culated using this equation: Canalicular efflux = Radioactivity
in efflux medium Ca?'- and Mg?*-free buffer - Radioactivity in
efflux medium standard buffer (Marion et al., 2012).

CDF excretion. After 2 h of exposure to CsA or FK506, cells were
incubated with 3uM CDFDA, which is hydrolyzed by intracellular
esterases to CDF, a substrate of multidrug resistance-associated
protein 2 (MRP2) for 20 min at 37°C and then washed with PBS.
Imaging was done using inverted microscope Zeiss Axiovert
200M and AxioCam MRm.

Na+-dependent taurocholic cotransporting polypeptide activity. Activ-
ity of the Na+-dependent taurocholic cotransporting polypep-
tide (NTCP) transporter was estimated through determination
of sodium-dependent intracellular accumulation of the radio-
labeled [*H]-TA substrate. After treatment with either drug, cells
were incubated with 43.3nM of radio-labeled TA for 30 min. Cells
were then washed twice with PBS and lysed with 0.1 N NaOH. Ac-
cumulation of radiolabeled substrate was determined through
scintillation counting. Taurocholate accumulation values in the
presence of sodium minus accumulation values in the absence
of sodium represented NTCP activity (Anthérieu et al., 2013).

F-actin distribution. After cell exposure to CsA or FK506, cells
were washed twice with warm PBS, fixed with 4% paraformalde-
hyde for 20 min at 4°C and permeabilized with 0.3% Triton in PBS
for 30 min. F-actin and nuclei were labeled simultaneously using
a phalloidin fluoprobe diluted at 1/100 and 5 ng/ml Hoechst dye,
respectively, for 20 min. Imaging was done using the Cellomics
ArrayScan VTI HCS Reader (Thermo Scientific) (Anthérieu et al.,
2013).

Time-lapse imaging. Phase-contrast images were taken each
minute after exposure of HepaRG cells to both immuno-
suppressant agents, using time-lapse phase-contrast videomi-
croscopy (Zeiss Axiovert 200M and AxioCam MRm). The inverted
microscope was equipped with a thermostatic chamber (tem-
perature and CO,) to maintain the cells under physiological con-
ditions. Images were captured with a 20x objective and the mo-
saic tool of the microscope which enabled the automated acqui-
sition of multi-image mosaics at the defined positions.

Measurement of endogenous bile acid content. After treatment of
HepaRG cells with CsA for 4 and 24 h both cells and media were
collected, lyophilized and stored at —80°C. Ten pl of water was
added to 100 mg dried samples, homogenized using a Polytron
homogenizer for 30 s, and clarified by centrifugation at 20,000 x

g for 20 min. The supernatant was collected and extracted us-
ing a solid phase extraction cartridge (SPE). High pressure lig-
uid chromatography coupled with tandem mass spectrometry
(HPLC-MS/MS) was used to measure bile acid (BA) content in the
samples. The chromatographic separation of BAs was carried
out on a Zorbax eclipse XDB-C18 (Agilent Technology, Garches,
France) fitted on an Agilent 1100 HPLC system (Massy, France).
The column was thermostated at 35°C. The mobile phases con-
sisted of (A) (ammonium acetate 15 mmol/l, pH 5.3) and (B)
(methanol) at 65:35 (vol/vol). BAs were eluted by increasing B in
A from 65 to 95 (vol/vol) for 30 min. Separation was achieved at
a flow rate varying between 0.3 and 0.5 ml/min for 30 min. Mass
spectra were obtained using an API 2000 Q-Trap (AB-Sciex, Con-
cord, Ontario, Canada) equipped with a Turbolon electrospray
interface set in the negative mode (needle voltage—4500 V) with
nitrogen as the nebulizer set at 40 (arbitrary pressure unit given
by the equipment provider). Curtain and heater pressures were
set at 20 and 40, respectively (arbitrary units), and the ion source
temperature was set at 400°C. Declustering and entrance poten-
tials were set at —60 V and —10 V, respectively. The MS/MS detec-
tion was operated at unit/unit resolution. The acquisition dwell
time for each transition monitored was 70 ms. Data were ac-
quired by the Analyst software (version 1.4.2, AB-Sciex) in the
Multiple Reaction Monitoring mode (Humbert et al., 2012).

Western blot analysis of MAPK phosphorylation. Activation of p38-
MAPK was assessed by evaluating its phosphorylation status in
cell lysates by Western blotting. Briefly, HepaRG cells were incu-
bated with medium alone or with CsA, FK506, and CsA plus in-
hibitors for 15 or 120 min, washed with cold phosphate-buffered
saline, and finally resuspended in cell lysis buffer and a pro-
tease inhibitor cocktail. Aliquots containing an equivalent to-
tal protein content, as determined by the Bradford procedure
with bovine serum albumin as the standard, were subjected to
sodium dodecyl sulfate/12% polyacrylamide gel electrophore-
sis, electrotransferred to Immobilon-P membranes, and probed
overnight with a rabbit antiphosphorylated p38 (Cell Signal-
ing Technology, Beverly, MA). After using a mouse anti-rabbit
IgG secondary antibody (1:5000, 1 h; ThermoFisher Scientific,
Waltham, MA), a chemiluminescence reagent, and Hyperfilm
ECL, phosphorylated and total MAPK bands were quantified by
densitometry with Fusion-Capt software (Vilber Lourmat, Fu-
sion FX7, France) (Boaglio et al., 2012).

Statistical analysis. The student’s t-test was applied to compare
data between treated and corresponding control cultures. Data
were considered as significantly different when *p < 0.05, *p <
0.01, and **p < 0.001.

RESULTS

Cytotoxicity Effects of CsA and FK506

Cytotoxicity of both CsA and FK506 was evaluated in HepaRG
cells using the MTT test. CsA did not cause any significant cyto-
toxicity after 24 h at concentrations up to 100pM. By contrast,
FK506 was highly toxic at 100pM causing 94% cell death (p <
0.001; Fig. 1A). Based on these data, non-toxic concentrations
from 0 to 50uM of both drugs were selected for further studies.

Induction of ROS and ER Stress by CsA

Because deregulation of the cellular redox status is a potent
mechanism in DILI, generation of oxidative and ER stress was
analyzed after exposure to the two immunosuppressant agents.
Significant production of ROS was observed in HepaRG cells
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FIG. 1. Cytotoxicity and intracellular generation of ROS in CsA- and FK506-treated HepaRG cells. (A) Cells were incubated for different time points (0-24 h) with different
concentrations of either CsA or FK506 (0-100nM). Cytotoxicity was measured by the MTT colorimetric assay. (B) Cells were treated with different concentrations of
either CsA or FK506, or co-treated with 50pM CsA + 15mM NAC or 5mM PBA for 2 h. H,0, at 25mM was used as a positive control. ROS generation was detected by
the DCFDA specific substrate. (C and D) Cells were treated with CsA or FK506 or co-treated with 50uM CsA + (15mM NAC or 5mM PBA) for 6 h, then mRNA levels
of ROS markers (HO-1, MnSOD, and Nrf2) and ER stress markers (CHOP, GRP78, ATF4, and ATF6) were estimated by RT-qPCR. Data represent the means + SD of three
independent experiments. All results are expressed relative to the levels found in untreated cells, arbitrarily set at 1 or 100% *p < 0.05, *p < 0.01, **p < 0.001 compared

with non-treated cells, *p < 0.05, #p < 0.01, *##p < 0.001 compared with 50uM CsA.

starting at 10pM (twofold; p < 0.05) after 2 h (Fig. 1B). ROS for-
mation occurred within the first 15 min after CsA addition (data
not shown), peaked after 2 h (3.8-fold; p < 0.01) and was totally
prevented by co-incubation with 15mM of the antioxidant NAC.
Only a slight ROS production was obtained with 50n.M FK506 af-
ter 2 h (Fig. 1B). Moreover, transcript levels of three ROS mark-
ers (Nrf2, HO-1, and MnSOD) were also measured and found to be
significantly up-regulated as early as 6 h after CsA exposure (Fig.
1C). Overexpression of Nrf2 was lower with FK506 and occurring
only at 50uM.

Moreover, four ER stress-related genes (ATF4, ATF6, GRP78,
and CHOP) were strongly up-regulated after 6 h treatment with
50nM CsA, whereas only a slight increase of CHOP transcripts
was observed with 50p.M FK506 (Fig. 1D). Co-treatment with PBA,
an ER stress inhibitor, prevented induction of ER stress-related
genes. Interestingly, co-treatment with PBA also reduced ROS

generation and induction of ROS-related genes, suggesting a link
between ER stress and ROS triggered by CsA. However, NAC re-
duced induction of ROS markers without affecting ER stress-
related genes.

In addition, PBA failed to lower ROS induced by H,0, and
the cholestatic drug chlorpromazine where no ER stress was ob-
served (Supplementary data 1), indicating that PBA was able to
decrease ROS by reducing ER stress, as is the case with high CsA
concentrations.

Effects of CsA and FK506 on Influx and Efflux Transporters

CDF and TA substrates were used to evaluate MRP2 and BSEP ac-
tivity, respectively. To estimate BSEP activity, HepaRG cells were
incubated with [*H]-TA for 30 min and then treated for 2 h with
either drug in standard buffer containing Ca?/Mg?*.
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A 5-min incubation with Ca?*/Mg?*-free buffer was used to
disrupt Ca?*/Mg?*-dependent canalicular tight junctions and
eventually evacuate bile canaliculi content; thus only intracel-
lular accumulation of [*H]-TA, which correlated to the effect on
canalicular efflux, was measured. In treated cells, CsA inhibited
[?H]-TA canalicular efflux in a dose-dependent manner with a
33% (p < 0.05) significant inhibition starting at 5uM and reaching
90% (p <0.001) at 50p.M (Fig. 2A). On the other hand, 50uM FK506
decreased [*H]-TA canalicular efflux to 58.2% (p < 0.05) without
any inhibition observed at 10uM (Fig. 2A). To better characterize
CsA effects on TA efflux, a time-dependent study was carried
out between 0 and 6 h after treatment with 10 and 50p.M. Efflux
inhibition was evidenced as early as 15 min after CsA addition,
whereas its maximum occurred after 2 h. At low CsA concentra-
tions, inhibition was partially restored after 6 h. At higher CsA
concentrations inhibition of TA efflux was totally maintained af-
ter 6 h (Fig. 2B).

To estimate MRP2 activity, HepaRG cells were exposed to both
drugs for 2 h followed by incubation with CDF, an MRP2-specific
substrate. CsA inhibited canalicular excretion of CDF at both 10
and 50pM concentrations; no effect was observed with FK506
even at 50pM (Fig. 2C).

The effect of the two immunosuppressant agents on Na*-
dependent BA uptake was estimated through measurement of
intracellular accumulation of [*H]-TA after a 30-min incubation.
CsA-induced inhibition of NTCP activity started after 30 min
with 50pM and 1 h with low doses (<10p.M); it reached a max-
imum after 2 h and started to be restored after 4 h exposure
at low doses, whereas inhibition of [*H]-TA uptake was main-
tained with 50pM (Fig. 2D). Only a slight inhibition of [*H]-TA up-
take was observed with 50pM FK506 after 24 h treatment. Both
drugs had no significant effect on Na*-independent [*H]-TA up-
take measured using Na*-free buffer (data not shown). Further
experiments were carried out on progenitors/primitive biliary-
like cells after selective enzymatic detachment of hepatocyte-
like cells (Cerec et al., 2007) to determine the contribution of
these cells in CsA effects. No [*H]-TA uptake was detected (Sup-
plementary data 2), indicating it was exclusively performed by
hepatocyte-like cells.

Role of cPKC, ER, and Oxidative Stress in CsA-Induced Effects

It has been demonstrated that cPKC partly accounts for acute
cholestasis caused by E17G (Barosso et al., 2012) and that CsA
can activate cPKC. We analyzed whether cPKC was involved in
CsA-induced cholestatic effects. [*H]-TA efflux was reduced to
21.9% of the control by treatment of HepaRG cells with 10pM
CsA for 2 h and was partially restored by co-treatment with
the PKC inhibitor H7, rising to 59.4% (p < 0.05) of the control
(Fig. 3A). Because Ca?* is required for activation of the classi-
cal PKCs, we investigated whether Ca?*-mediated activation of
these PKC isoenzymes was involved in CsA-induced deleterious
effects. Both the intracellular Ca?*-chelator BAPTA/AM and the
specific inhibitor of Ca?*-dependent PKCs, Go'6976, prevented
the decrease induced by CsA in [*°H]-TA efflux representing 47.4
and 48.7% (p < 0.01), respectively, compared with a 21.9% (p
< 0.001) inhibition with 10pM CsA. When administered alone,
none of these inhibitors had any effect on [*HJ-TA efflux (data
not shown). At high CsA concentration (50pM), none of these
inhibitors significantly modulated inhibition of [*H]-TA efflux
(Fig. 3A). However, this inhibition was totally restored by co-
treatment with either PBA or NAC. Interestingly at low CsA con-
centrations, co-treatment with PBA has no counteraction effect,
favoring a role of ER stress only at high CsA concentrations. By
contrast, NAC was totally effective at low and high CsA con-

centrations indicating a role of ROS in CsA-induced cholestasis
whatever the drug concentration (Fig. 3B).

The downstream effector of cPKC, p38, was previously shown
to be involved in E17G-cPKC-dependent induced cholestasis
(Boaglio et al., 2012). Its specific inhibitor, SB203580, significantly
reduced inhibition of [*H]-TA by 10uM CsA to 47.5% (p < 0.01)
instead of 21.9% (p < 0.001) (Fig. 3B). Accordingly, Western blot-
ting analysis of phospho (p)-p38 showed that CsA increased the
amount of p-p38 in a time-dependent manner with increment
becoming apparent as soon as 5 min after CsA administration.
Co-treatment with either the cPKC inhibitor Go'6976 or NAC se-
lectively prevented p-p38increase, indicating that p38 activation
was dependent on cPKC induction and ROS generation by CsA
(Figs. 3C and 3D).

Effects of CsA on BA Disposition

In order to determine whether CsA altered disposition of en-
dogenous BAs, total BA content was quantitated in both media
and cells after 4 and 24 h exposure to 10 and 50u.M CsA using
HPLC-MS/MS. Although no changes were evidenced after 4 h, a
concentration-dependent increase of BA content in the medium
and decrease in cells was observed after 24 h of CsA treatment.
The sum of total BAs content (media + cells) appeared to be
nearly unchanged between 4 and 24 h (Fig. 4).

Induction of Cytoskeletal F-Actin Disruption and Bile Canaliculi Con-
striction by High CsA Concentrations

F-actin cytoskeleton is one of the primary targets of oxida-
tive stress. To determine whether CsA and FK506 disrupted cy-
toskeletal F-actin distribution, HepaRG cells were exposed to
both drugs at different time points and then cytoskeletal F-actin
was visualized by phalloidin fluoprobe labeling. Untreated cells
showed typical pericanalicular distribution of F-actin and large
bile canaliculi with an open lumen (Fig. 5A). At 10pM CsA did
not affect actin distribution in the pericanalicular area (Fig. 5B)
whereas at 50pM it disrupted its distribution, lowered its label-
ing intensity, and caused constriction of bile canaliculi after 2-
h exposure (Fig. 5D). These effects were confirmed by phase-
contrast time-lapse imaging. Retraction and disappearance of
bile canaliculi were observed in 50uM CsA-treated cells (Fig.
5G’). FK506 did not alter cytoskeletal F-actin distribution nor bile
canaliculi structures (Figs. 5C and 5F’).

Effects of CsA and FK506 on Expression of Genes Related to Cholestasis
Many genes involved in BA transport, synthesis, and metabolism
are deregulated in cholestasis. A set of target genes was an-
alyzed by RT-qPCR after 24-h treatment with various concen-
trations of CsA and FK506. These genes included nuclear re-
ceptors (CAR, PXR, FXR), efflux transporters (BCRP, BSEP, MDR1,
MDR3, MRP2, MRP3, and MRP4), uptake transporter NTCP, BA
metabolism enzymes (CYP7A1, CYP8B1, and CYP27Al), and
CYP3A4, a BA detoxifying enzyme. At low concentrations up to
10pM CsA slightly induced PXR, FXR, CAR, NTCP, MRP2, MRP3,
MRP4, BCRP, and CYP3A4 expression whereas at doses >10pM it
strongly inhibited most of the tested genes, i.e., FXR, PXR, CAR,
CYP3A4, BSEP, NTCP, MDR1, MDR3, and CYP8B1. By contrast, at
low concentrations, FK506 was found to induce only MRP4 and
CYP3A4 whereas at high concentrations it inhibited expression
of PXR, CAR, BSEP, MDR3, NTCP, CYP27A1, CYP8B1, and CYP3A4
and induced basolateral transporters (MRP3, MRP4) as well as
MRP2 and BCRP to a similar extent as CsA at the same con-
centrations (Table 1). No transporter transcripts were detected
in progenitors/primitive biliary-like cells when measurements
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FIG. 2. Effects of CsA and FK506 on activity of efflux transporters. (A and B) Cells were exposed to [*H]-TA in standard buffer for 30 min to induce intracellular
accumulation of TA and then incubated with different concentrations of either CsA or FK506 for 2 h (A) or different time points (0-6 h) (B). Bile canaliculi were disrupted
by additional 5-min incubation with Ca?*- and Mg?*-free buffer. TA efflux was determined by measuring intracellular TA accumulation. Efflux of TA was expressed
relative to the level found in untreated cells, arbitrarily set at a value of 100%. (C) Cells were treated with either CsA or FK506 for 2 h. MRP2 activity was estimated
using CDF, a specific substrate; nuclei were stained in blue using Hoechst dye. (D) HepaRG cells were treated with either CsA or FK506 at different concentrations for
different time points (0-24 h) and then incubated with [*H]-TA for 30 min. NTCP activity was evaluated by measurement of intracellular accumulation of [*H]-TA. Data
represent the means + SD of three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001 compared with untreated cells, *p < 0.05, #p < 0.01 compared with CsA

(same concentration) after 2 h.

were performed after selective detachment of hepatocyte-like
cells (not shown).

DISCUSSION

Presently, there is no means for accurate prediction of cholesta-
sis risks in humans; many cholestatic drugs do not induce hep-
atotoxicity in rats. Using the metabolically competent human
HepaRG cells, we demonstrated that CsA induced dose- and
time-dependent characteristic features of cholestasis typified by
an early inhibition of efflux and uptake of BA and that FK506, an-
other immunosuppressant agent which shares similar immuno-
suppressive properties and mechanism of action with CsA, was
much less cholestatic, inducing some liver disturbances only at
high concentrations.

CsA strongly inhibited canalicular efflux of [*H]-TA in a dose-
dependent manner in HepaRG hepatocytes, becoming signifi-
cant at concentrations as low as 5uM after 15 min treatment.
This inhibition was reversible at low doses and irreversible at
concentrations of 25pM or higher. Recent works using sandwich-

cultured primary hepatocytes have well demonstrated that CsA
is a powerful inhibitor of BSEP (Pedersen et al., 2013).

CsA also induced a concentration-dependent decrease in
NTCP activity measured by Na*-dependent TA uptake starting
after 1h atlow doses (10nM) and even after 30 min at high doses,
thereby indicating that inhibition of uptake occurred shortly af-
ter efflux inhibition. CsA has been previously shown to decrease
uptake of BA in the liver (Murray et al., 2011) but our observation
represented the first direct demonstration that inhibition of TA
uptake was reversible with low CsA concentrations.

Early effects on efflux and influx of BA by CsA were associ-
ated with generation of an oxidative stress and involved dereg-
ulation of the cPKC/p38 pathway. A role for oxidative stress as
a primary causal agent in induction of drug-induced cholestasis
has been reported (Anthérieu et al., 2013; Pérez et al., 2006). Sev-
eral arguments support the involvement of an oxidative stress
in CsA-induced cholestasis, especially ROS generation, and pre-
vention of CsA-induced BSEP activity inhibition and decrease
in phospho-p38 protein in the presence of NAC. Compelling
evidence that ROS-mediated cholestasis can involve activation
of intracellular signaling cascades via cPKC has been provided
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FIG. 3. Effect of Ca?* chelation, cPKC, p38, ER stress, and ROS inhibition on CsA-induced effects. (A) HepaRG cells were exposed to [*H]-TA for 30 min to induce
intracellular accumulation of TA and then incubated for 2 h with CsA alone or with either (A) the PKC inhibitor H7 (25u.M), cPKC inhibitor Go"6976 (10pnM), p38 inhibitor
SB203580 (10pM), or intracellular Ca?* chelator BAPTA/AM (20pnM) or (B): 5SmM PBA or 15mM NAC. (C) Representative Western blotting of p-p38 and total p38 forms
obtained from whole cellular lysates of HepaRG cells incubated with CsA + inhibitors. (D) Phosphorylation of p38-MAPK quantified as p-p38 to total-p38 ratio. The
results are expressed as percentages of untreated cells and are shown as mean + SD of three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001 compared
with untreated cells, *p < 0.05, #p < 0.01, ##p < 0.001 compared with CsA alone.

TABLE 1. Effects of CsA and FK506 on Expression of mRNAs Encoding Genes Related to Hepatobiliary Transporters, Nuclear Receptors, and
Phase I Metabolizing Enzymes in HepaRG Cells After 24 h Exposure

CSA 1uM CSA 5uM CsA 10pM CsA 25uM CsA 50pM FK506 1pM FK506 5pM FK506 10pM FK506 25uM FK506 50uM
Nuclear receptors
FXR 1.27+0.05* 1.184+0.09 1.05+0.18 0.88+0.05 0.69+0.09* 1.04540.25 1.44+0.33 1.64+0.68 1.17340.20 0.95+0.21
PXR 1.39+0.1 1.94+0.13"* 1.144+0.14 0.44+0.07*** 0.32+0.02*** 1.07+0.08 1.15+0.09 0.83+0.02 0.94+0.04 0.58+0.12***
CAR 1.4+0.1* 1.25+0.55 1.01+0.30 0.44+0.03** 0.04+0.02*** 1.03+0.44 1.44+0.40 0.81+0.21 0.76+0.18** 0.30+0.18**
BA transporters
BSEP 1.09+0.09 1.01+0.15 0.79+0.17 0.61+0.11* 0.54+0.15** 1.17+0.03 0.76+0.22 0.77+0.14 0.72+0.11% 0.63+0.11%*
BCRP 1.19+0.08 2.14+0.11"* 2.51+0.50 2.76+0.09*** 3.36:+0.85* 0.92+0.15 0.95+0.13 0.95+0.13 1.02+0.12 1.74+0.42
MDR3 1.26+0.34 1.161+0.11 0.93+0.17 0.34+0.09"* 0.23+0.05"* 0.95+0.13 0.89+0.21 0.6+0.15 0.39+0.09"* 0.47+0.18"
MRP2 0.9+0.24 1.06+0.21 1.3+0.18" 1.80+0.14"** 1.84+0.15"* 0.90+0.12 1.35+0.3 1.34+0.28 1.58+0.15* 2.04+0.41%
MRP3 1.02+0.11 1.4+0.18™ 1.50+0.14"** 1.57+0.07*** 1.79+0.08"** 1.18+0.13 1.3714+0.41 1.41+0.43 1.64+0.23* 1.64+0.32*
MRP4 0.99+0.18 1.44+0.21 1.55+0.18* 2.84+0.09"* 2.68+0.12"** 1.34+0.17 1.68+0.03"** 1.840.05"* 1.840.09* 2.60+0.51%
NTCP 2.16+0.55" 2.64+0.54" 1.51+0.33 0.10+0.02*** 0.05+0.01"** 1.11+0.24 1.3+0.23 0.82+0.09 0.45+0.15"* 0.23+0.08™*
BA metabolizing enzymes
CYP27A1 0.88+0.04 1.04+0.07 0.86+0.03 0.53+0.05*** 0.41+0.08"* 1.00+0.16 1.16+0.35 0.86+0.11 1.3+0.46 0.47+0.06™*
CYP8B1 0.84+0.27 1.15+0.14 0.73+0.24 0.26+0.08 0.05+0.01 1.540.25 1.62+0.71 1.03+0.35 0.77+0.08* 0.32+0.1"*
CYP7A1 1.08+0.03 1.11+0.07 1.11+0.05 0.9240.01** 0.42+0.13* 1.06+0.29 1.42+0.37 0.87+0.08 1.440.11 0.940.12*
CYP3A4 1.62+0.05"* 1.51+0.28* 1.33+0.57 0.23+0.05*** 0.12+40.01*** 1.3+0.23 1.8+0.21* 1.54+0.18* 0.93+0.13 0.34+0.08"**

Note: Data represent the means + SD of three independent experiments. All results are expressed relative to the levels found in untreated cells, arbitrarily set at a value of 1. *p < 0.05, **p < 0.01, *'p <
0.001 compared with non-treated cells.
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FIG. 4. Effects of CsA treatment on endogenous BAs content. Total BAs were mea-
sured in the medium and cells (intracellular + bile canaliculi content) from cul-
tures treated with 10 or 50uM CsA for 4 and 24 h and in corresponding untreated
HepaRG cells using LC-MS/MS as described in the Materials and Methods sec-
tion. Data were normalized relative to the amount of proteins in each condition,
and expressed in percentage relative to the total BA content (medium + cells) of
untreated cells at 4 h which was arbitrary set at 100. Values represent the sum of
means =+ SD of duplicate measurements in three independent experiments, *p <
0.05 compared with untreated cells. Total BA content (medium + cells) appeared
to be nearly unchanged between 4 and 24 h.

(Pérez et al., 2006), and its association with endocytic internal-
ization of BA transporters, such as Mrp2 and Bsep, has been re-
ported (Barosso et al., 2012; Pérez et al., 2006). The downstream
effector p38-MAPK has been shown to be differently activated by
cPKC isoforms in E17G-induced cholestasis (Boaglio et al., 2012).
If cPKC was recently reported to play a major role in CsA tox-
icity (Sarr6 et al., 2012), to our knowledge our work is the first
to link the sequential activation of cPKC-p38 as a mechanism of
CsA-induced cholestasis.

Amplified and irreversible effects of high CsA concentrations
on efflux and influx of TA were associated with ROS produc-
tion and overexpression of ROS markers, Nrf2, HO-1, and MnSOD,
disruption of cytoskeletal pericanalicular F-actin, and constric-
tion of bile canaliculi structures. These effects appeared to be
related primarily to induction of an ER stress. Indeed, four ma-
jor ER stress markers, ATF4, ATF6, GRP78, and CHOP, were over-
expressed and addition of NAC did not prevent their induction,
contrary to PBA, a specific inhibitor of ER stress (Basseri et al.,
2009; Carlisle et al., 2014). Obviously, these data support a hierar-
chical relationship between ER stress and ROS in CsA-induced
effects. Contrary to CsA both H,0, (this study) and chlorpro-
mazine (Anthérieu et al., 2013) were able to induce ROS without
induction of an ER stress. Moreover, PBA failed to reduce ROS
generation by these two molecules (Supplementary data 1), indi-
cating that it cannot reduce ROS unless an ER stress is induced.
These data suggest that ER stress might precede an oxidative
stress in HepaRG cells treated with high CsA concentrations.
This is supported by a recent study on renal proximal tubule
cells, which identified ER stress as an early effector of CsA cy-
totoxicity, leading to ROS generation (Sarr6 et al., 2012).

The mechanism of CsA-induced ER stress remains poorly
studied. A recent proteomic analysis of CsA-treated HepG2 cells
has evidenced deregulation of some proteins related to an ER
stress without concluding whether it was a primary event in CsA
action (Van Summeren et al., 2011). ER stress has been linked
to perturbation of cyclophilins A and B distribution in a CsA-
treated human kidney cell line (Lamoureux et al,, 2011). The
relevance between CsA-induced ER and oxidative stress could
be related to deregulation of ER-mitochondria Ca?*-signaling
bridge. Indeed, ER stress often stimulates a cascade of cellular
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and molecular events that lead to changes in ER Ca?* concen-
tration resulting in activation of Ca?*-dependent PKC and ROS
production (Orrenius et al., 2003). Several arguments support a
role of Ca%* in ER and oxidative stress-mediated effects during
CsA-induced acute cholestasis, mostly the effectiveness of the
Ca?*-chelator BAPTA/AM in reducing CsA cholestatic effects at
low concentrations. However, the lack of a Ca?* chelation effect
at high CsA concentrations could be explained by the severity
and irreversibility of the effects induced by CsA at high doses.

Our data clearly showed that CsA induced ER stress and
ROS in HepaRG cells at concentrations which were not cytotoxic
whereas FK506 was highly toxic in the absence of ER stress and
ROS formation. Accordingly, CsA, but not FK506, was recently
reported to induce ER stress in endothelial cells (Bouvier et al.,
2009). There is currently no report showing induction of ER stress
by FK506 in vivo.

Although no obvious change was found in the medium/cells
ratio of BAs after a 4-h treatment with 10 or 50uM CsA a
concentration-dependent increase in this ratio was observed af-
ter 24 h, indicating a cellular (intracellular + bile canaliculi) de-
crease and not, as it could be expected, an accumulation of BAs.
This decrease was not related to a diminution in the content
in total BA between 4 and 24 h. These data with CsA as well as
those previously obtained with chlorpromazine (Anthérieu et al.,
2013) clearly showed that cholestatic features rapidly appeared
in HepaRG cells after drug addition; inhibition of BSEP occurred
within 1 h and only shortly preceded that of NTCP whereas bile
canaliculi constriction was observed within 4 h, giving support
to a rapid adaptation of the cells to cholestatic drug effects. The
rapid inhibition of the uptake transporter NTCP, bile canaliculi
constriction associated with BA discharge, and increased baso-
lateral excretion likely explained the increased medium/cells ra-
tio of BAs after 24 h of CsA treatment. Accordingly, troglitazone,
another potent inhibitor of BSEP, failed to induce intracellular
accumulation of BAs in human and rat sandwich-cultured hep-
atocytes, and this result was attributed to compensatory mech-
anisms which help to maintain BA homeostasis and low intra-
cellular BA concentrations (Marion et al., 2012).

Various cholestasis-related genes were also found to be dif-
ferently deregulated depending on CsA concentration after a
24-h treatment. At low concentrations the major changes in-
volved overexpression of PXR, CAR, CYP3A4, NTCP, and BCRP. Al-
though CsA is recognized as a direct inhibitor of CYP3A4 activity
(Amundsen et al., 2012), previous studies have reported induc-
tion of CYP3A4 transcripts by CsA through activation of PXR in
human primary hepatocytes (Wallace et al., 2010). Because BCRP
is known to be regulated by Nrf2, its overexpression could be re-
lated to early Nrf2 activation by CsA (Singh et al., 2010).

Conversely, overexpression of the basolateral MRP3 and
MRP4 transporters, and down-regulation of NTCP, CYP27A1, and
CYP7A1, the initiator of the BAs biosynthetic pathway, with high
CsA concentrations could represent an adaptive defense re-
sponse aimed at reducing BA accumulation and concomitant
toxicity (Zollner and Trauner, 2008).

Compared with CsA, FK506 induced some cholestatic effects
only at 50nM, a concentration close to its toxic concentration.
Only, NTCP, MRP3, and MRP4 were deregulated with 25.M FK506
and to a much lower extent than with 25uM CsA. Moreover, cy-
toskeletal pericanalicular F-actin and bile canaliculi were not al-
tered. Because FK506 is used at 10- to 100-fold lower doses than
CsA, the absence of hepatotoxic and cholestatic effects at con-
centrations up to 25uM fully agreed with its safety reported in
clinics (Mihatsch et al., 1998). Noteworthy, if similar in vitro obser-
vations as with CsA were recently reported with chlorpromazine
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FIG. 5. Alteration of F-actin cytoskeletal distribution and bile canaliculi structures by CsA treatment. (A-D) Untreated cells (A), cells treated with 10uM CsA (B), 50p.M
FK506 (C), or 50p.M CsA (D), after 2 h treatment; F-actin was localized using phalloidin fluroprobe. Nuclei were stained in blue (Hoechst). F-actin shows a predominant
pericanalicular distribution around open bile canaliculi in untreated cells and a much less intense staining around constricted bile canaliculi in 50uM CsA-treated
cells (arrow). Time-lapse imaging of HepaRG cells treated with 10p.M CsA (E’), 50uM FK506 (F’), and 50uM CsA (G’) after 120 min compared with corresponding cultures

at 0 min (E, F, and G), respectively.

the effects of this idiosyncratic cholestatic drug were, however,
observed only at 50pM, a concentration close to its maximum
nontoxic concentration (Anthérieu et al., 2013). Accordingly, con-
sidering the Cmax values measured in patients, i.e., 1.15, 0.1-0.2,
and 0.05uM for CsA, chlorpromazine, and FK506, respectively,
cholestatic concentrations are expected to be reached only in pa-
tients treated with CsA. These findings suggest that it might be
possible to discriminate between dose-dependent and idiosyn-
cratic cholestatic drugs using the HepaRG cell model.

In summary, we demonstrate that reversibility of CsA-
induced cholestatic effects is concentration-dependent using
HepaRG cells and that ER and oxidative stress are major causal
events and involved Ca?*-dependent signaling pathways.
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