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RAPPORT D’ACTIVITE
Titre du projet :

Ciblage de I'inflammation du tissu adipeux, du foie et de I'intestin via I'Ostéopontine/CD44
dans les complications de I'obésité (diabete de type 2 et NAFLD)

Porteur du projet : P. Gual (Ph. D., DR2 INSERM).
INSERM U1065, C3M, Equipe 8 ""Complications hépatiques den I'obésité", Nice
1. CONTEXTE ET OBJECTIFS

Les mécanismes physiopathologiques des complications de I'obésité (Diabetes, NAFLD) sont
complexes, et multi-organes. L'Ostéopontine (OPN)( chimiokine, cytokine Thl et Thl7, pro-
fibrosant, agissant via CD44) régule les fonctions du tissu adipeux (TA), du foie et de I'intestin et
constitue une cible pertinente. Nos objectifs sont de :

-Caractériser cette voie dans le foie et le TA des patients obéses (810 patients)

-Etudier le role de cette voie dans la fibrose du TA et les NAFLD chez la souris (souris OPN,
CD44 et IL17R KO).

-Evaluer des approches thérapeutiques visant I'OPN (neutralisation, nutritionnelle) afin de
prévenir ou corriger la fibrose du TA, le diabéte et les NAFLD chez la souris.

De I'ensemble de ce projet, nous espérons mieux comprendre le réle de 'OPN/CD44/IL17 dans
les complications de l'obésité (I’insulino-résistance, la fibrose du TA, les complications hépatiques)
dans le but de mieux prendre en charge ces complications et d’identifier de nouvelles cibles
thérapeutiques.

1. Résultats obtenus

Un nouveau réle de Ostéopontine dans la réqulation I’inflammation du tissu adipeux et le
développement des complications hépatigues associées a I'obésité. L’inflammation et I’insulino-
résistance du tissu adipeux (TA) et du foie jouent un rdle important dans le développement du
diabéte de type 2 et des NAFLD. La mise en place de cette inflammation dans le TA et le foie est un
mécanisme complexe et multifactoriel. Le recrutement et la régulation des cellules immunes jouent
un role important.

Parmi les acteurs responsables de la mise en place de I’inflammation du tissu adipeux, I’équipe
s’est intéressée a une molécule particuliére : I’ostéopontine (OPN). Appartenant a la famille des
SIBLING (Small Integrin-Binding Ligand N-linked Glycoprotein), cette molécule a d’abord été
identifiée dans la matrice osseuse, puis en tant que cytokine produite par les lymphocytes T activés
lors des réponses inflammatoires. Cytokine et chimiokine, elle est sécrétée par de nombreux types
cellulaires (macrophages, lymphocytes, cellules dendritiques) et participe a la régulation de leur
fonction biologique (migration, survie, activation, polarisation). Dans des modéles de souris
rendues obeses par un régime riche en graisse, I’expression de I’OPN est fortement augmentée dans
le tissu adipeux, cette expression étant corrélée a un recrutement de macrophages inflammatoires
(1) (2) et de cellules dendritiques (3). L’invalidation de I’OPN entraine une diminution du
recrutement des macrophages et une meilleure sensibilité a I’insuline sans modifier la prise de poids
ni la dépense énergétique. De plus, I’OPN est intimement liée aux complications hépatiques.
L’invalidation de I’OPN est associee & une diminution de I’inflammation, de la stéatose et de la
fibrose hépatique dans des modéles murins d’obésité (régime HFD), de NAFLD (régime MCD) et
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de fibrose hépatique (CCly) (1; 4; 5). Cependant, le r6le de I’OPN sur le recrutement et/ou la
polarisation des LT dans I’obésité n’a pas encore été étudié. Les objectifs ont été de caractériser
I’implication de I’OPN dans I’inflammation du tissu adipeux et le foie associée a I’obesité, et
particuliérement sur les LT :

Nous avons pu montrer que I’OPN induisait une inflammation dans le TA et le foie au cours de
I’obésité par des mécanismes différents. Dans le TA, I’OPN favoriserait le recrutement des
macrophages mais aussi des CD et des LT. De plus, I’OPN participe a la polarisation des LT en Thl
et a la diminution des Treg. Dans le foie, ’OPN ne semble pas jouer de réle important dans le
recrutement des LT. Cependant, I’OPN participe a la mise en place des réponses Thl et Th17. Cette
inflammation induite par I’OPN pourrait favoriser le développement de la fibrose hépatique. Bien
que I’OPN soit exprimé au niveau des monocytes, OPN semble dispensable pour leur
différenciation en cellules dendritiques et a la maturation de ces dernieres.

Manuscrit en préparation.

CD44 est un marqueur, un acteur et une cible thérapeutique potentielle de la NASH. La
prévalence des complications hépatiques de I'obésité (Non Alcoholic fatty liver disease : NAFLD),
ne fait qu'augmenter (25%) et constitue un probléme majeur de santé publique. L'inflammation
hépatique sur un foie gras (Non Alcoholic steatohepatitis, NASH), la forme évolutive de la maladie,
conduit a terme a une cirrhose et au carcinome hépatocellulaire. Il est donc urgent de comprendre
les mécanismes précis de cette réponse inflammatoire afin de proposer des cibles thérapeutiques
aux patients atteints par cette pathologie. Nous avons mis en évidence que la protéine CD44,
exprimée majoritaire sur les cellules immunitaires et un des récepteurs de I'OPN, est un marqueur,
un acteur et une cible thérapeutique de la NASH. Dans des modeles murins de stéatohépatite, le
ciblage de CD44 (souris invalidée pour CD44 et déplétion des cellules CD44+ par un anticorps)
prévient fortement et corrige en partie I'inflammation hépatique, I'infiltration des macrophages et la
souffrance hépatique, respectivement. En plus de la régulation du recrutement des macrophages au
niveau du foie, CD44 est nécessaire a l'activation des macrophages en réponse aux signaux de
dangers provenant d'hépatocytes en souffrance (molécules associées a des deégats cellulaires,
DAMPs), motifs moléculaires associés aux pathogenes (PAMP, comme le LPS) et aux acides gras
saturés (Palmitate). Nous avons aussi démontré la relevance humaine de cette expression hépatique
de CD44. Chez les patients obeses, I'expression hépatique de CD44 est fortement augmentée avec la
NASH et corréle avec la souffrance hépatocytaire et la quantité de macrophages dans le foie
(évaluée par l'expression du marqueur CD68). La correction de la NASH est associée a une forte
diminution des cellules CD44-positives dans le foie. Finalement, la forme soluble de CD44 est
augmentée avec la stéatose sévere et la NASH. Ces données humaines et expérimentales sur
I'animal suggérent que CD44 est un marqueur et un acteur clef de I'inflammation hépatique et son
ciblage corrige partiellement la NASH.

Patouraux S, Rousseau D, Bonnafous S, Lebeaupin C, Luci C, Canivet CM, Schneck AS, Bertola
A, Saint-Paul MC, lannelli A, Gugenheim J, Anty R, Tran A, Bailly-Maitre B, Gual P. CD44 is a
key player in non-alcoholic steatohepatitis. J Hepatol. 2017 Mar 16. pii: S0168-8278(17)30137-X.
doi: 10.1016/j.jhep.2017.03.003. (I1F: 10.59)

La chirurgie bariatrigue (by pass en Y) conduit a une remission a long terme de |'apoptose
hépatocytaire et des caractéristiques histologiques qui definissent la NASH. Les effets a long
terme de la chirurgie bariatrique sur la NASH, et plus particulierement sur la souffrance hépatique
et I'apoptose hepatocytaire ne sont pas bien établis. Nous avons réalisé une étude longitudinale avec
les biopsies de foie appareillées de neuf femmes avec une obésité morbides (la médiane du BMI :
42 [38.7; 45.1] kg/m?) et avec une NASH avec un suivi médian de 55 [44; 75] mois aprés une
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chirurgie bariatrique (laparoscopic Roux-en-Y gastric bypass (LRYGB) surgery). La chirurgie
LRYGB est associé a une perte de poids significative (la médiane de la perte de BMI -13.7 [-16.4;-
9.5] kg/m?), la stéatose hépatique est améliorée dans chez tous les patients (55.5 % avec une
correction totale) et résolution de I'inflammation hépatique et du ballooning hépatocytaire dans 100
et 88.8 % des cas, respectivement. Les niveaux des ALAT baissent au niveau des valeurs normales
et le niveau hépatique de la caspase 3 activée diminue fortement aprés un suivi médian de 55 mois.
L'apoptose hépatocytaire évaluée par le niveau circulant des fragments de la keratine 18 générés par
les caspases est améliorée dés la premiére année apres la chirurgie LRYGB et ces améliorations
persistent pendant au moins 55 mois. La chirurgie LRYGB chez les patients obéses morbides avec
une NASH est donc associée a des effets bénéfiques de longue durée sur la stéatohépatite et la mort
hepatocytaire. Cette cohorte nous a aussi permis de mettre en évidence que la correction de la
NASH est associée a une forte diminution des cellules positives pour CD44 dans le foie, comme
décrit ci-dessus.

Schneck AS, Anty R, Patouraux S, Bonnafous S, Rousseau D, Lebeaupin C, Bailly-Maitre B, Sans
A, Tran A, Gugenheim J, lannelli A$, Gual P$ (co-last authors). Roux-en Y gastric bypass results in
long-term remission of hepatocyte apoptosis and hepatic histological features of non-alcoholic
steatohepatitis. Front. Physiol. 2016, 7:344. (IF: 4.031)

Le stress du réticulum endoplasmique hépatocytaire participe & la souffrance hépatique
par_une voie dépendante de I'activation de l'inflammasome et de la pyroptose. Dans cette
recherche des mécanismes impliqués dans la mise en place de I'inflammation chronique au niveau
du foie d'obese, nous avons pu mettre en évidence que les stress du réticulum endoplasmique (RE)
dans les hépatocytes régule I'activation de I'inflammasome NLRP3 et induit une mort hépatocytaire
par pyroptose. Inhibition du stress du RE a donc des effets bénéfiques sur le l'inflammation
hépatique et la souffrance hépatique (pyroptose) et pourrait constituer une nouvelle cible
thérapeutique des NAFLD.

Lebeaupin C, Proics E, Desnoyers de Bieville CH, Rousseau D, Bonnafous S, Patouraux S,
Adam G, Lavallard VJ, Rovere C, Le Thuc O, Saint-Paul MC, Anty R, Schneck AS, lannelli A,
Gugenheim J, Tran A, Gual P, Bailly-Maitre B. ER stress induces NLRP3 inflammasome
activation and hepatocyte death. Cell Death Dis. 2015 Sep 10;6:€1879. doi:
10.1038/cddis.2015.248. (IF: 5.378)

Etudes collaboratives

-Nous avons aussi participé a la mise en évidence du réle des Cavin-1 et -2 dans la régulation des
Caveolae adipocytaires. Brievement, I'hypoxie inhibe I'expression des cavin-1 et 2, aboutissant a la
disparition de caveolae. Ceci conduit a l'inhibition de la voie de signalisation de l'insuline et
I'établissement de résistance a l'insuline.

Regazzetti C, Dumas K, Lacas-Gervais S, Pastor F, Peraldi P, Bonnafous S, Dugail I, Le Lay S,
Valet P, Le Marchand-Brustel Y, Tran A, Gual P, Tanti JF, Cormont M, Giorgetti-Peraldi S.
Hypoxia inhibits Cavin-1 and Cavin-2 expression and down-regulates Caveolae in adipocytes,
Endocrinology, 2015;156(3):789-801. (IF: 4.159)

-Nous avons aussi mis en évidence que l'expression hépatique de Promyelocytic Leukemia
Protein est augmentée avec l'obésité et la stéatose hépatique chez nos patients obeses.

Carracedo A*, Rousseau D*, Douris N*(co-first authors), Fernandez-Ruiz S, Martin-Martin N,
Weiss D, Webster K, Adams AC, Vazquez-Chantada M, Martinez-Chantar ML, Anty R, Tran A,
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Maratos-Flier E, Gual P, Pandolfi PP. The promyelocytic leukemia protein is upregulated in
metabolic tissues in conditions of obesity and liver steatosis. Int J Biol Sci. 2015; 11(6): 629-632.
(IF: 3.982)
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Rapport fait le 09 Juin 2017
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Co-Head of the Team 8 "hepatic complications of obesity"
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DIABETES-INSULIN-GLUCAGON-GASTROINTESTINAL

Hypoxia Inhibits Cavin-1 and Cavin-2 Expression and
Down-Regulates Caveolae in Adipocytes

Claire Regazzetti,* Karine Dumas,* Sandra Lacas-Gervais, Faustine Pastor,
Pascal Peraldi, Stéphanie Bonnafous, Isabelle Dugail, Soazig Le Lay,
Philippe Valet, Yannick Le Marchand-Brustel, Albert Tran, Philippe Gual,
Jean-Francois Tanti, Mireille Cormont, and Sophie Giorgetti-Peraldi

INSERM Unité 1065 (C.R., K.D., F.P., Y.L.LM.-B., J.-F.T., M.C., S.G.-P.), C3M, Mediterranean Research
Centre for Molecular Medicine, Team 7 (Cellular and Molecular Physiopathology of Obesity and
Diabetes), Unité de Formation et de Recherche (UFR) Medicine (C.R., K.D., F.P., P.P, S.B., Y.L.LM.-B., A.T,,
P.G., J.-F.T., M.C,, S.G.-P.), and INSERM Unité 1065 (S.B., A.T., P.G.), C3M, Mediterranean Research
Centre for Molecular Medicine, Team 8 (Hepatic Complications in Obesity),University of Nice, Sophia
Antipolis F-06204 Nice, France; Centre Commun de Microscopie Appliquée (S.L.-G.), University of Nice,
Sophia Antipolis, UFR Sciences, Parc Valrose, F-06108 Nice, France; Unité Mixte de Recherche Centre
National de la Recherche Scientifique 7277 (P.P.), Unité Mixte de Recherche INSERM Unité 1091, UFR
Medicine, F-06107 Nice, France; Centre Hospitalier Universitaire de Nice, Digestive Center (S.B., A.T.),
Nice F-06202, Cedex 3, France; INSERM Unité Mixte de Recherche S872 (I.D.), Centre de Recherche des
Cordeliers, Eq8, F-75006 Paris, France; INSERM Unité 1063 (S.L.L.), Stress Oxydant et Pathologies
Métaboliques, Institut de Biologie en Santé, F-49933 Angers, France; and INSERM Unité Mixte de
Recherche 1048 (P.V.), Institut des Maladies Métaboliques et Cardiovasculaires, Université Paul Sabatier,
F-31432 Toulouse, France

During obesity, a hypoxic state develops within the adipose tissue, resulting in insulin resistance.
To understand the underlying mechanism, we analyzed the involvement of caveolae because they
play a crucial role in the activation of insulin receptors. In the present study, we demonstrate that
in 3T3-L1 adipocytes, hypoxia induces the disappearance of caveolae and inhibits the expression
of Cavin-1 and Cavin-2, two proteins necessary for the formation of caveolae. In mice, hypoxia
induced by the ligature of the spermatic artery results in the decrease of cavin-1 and cavin-2
expression in the epididymal adipose tissue. Down-regulation of the expression of cavins in re-
sponse to hypoxia is dependent on hypoxia-inducible factor-1. Indeed, the inhibition of hypoxia-
inducible factor-1 restores the expression of cavins and caveolae formation. Expression of cavins
regulates insulin signaling because the silencing of cavin-1 and cavin-2 impairs insulin signaling
pathway. In human, cavin-1 and cavin-2 are decreased in the sc adipose tissue of obese diabetic
patients compared with lean subjects. Moreover, the expression of cavin-2 correlates negatively
with the homeostatic model assessment index of insulin resistance and glycated hemoglobin level.
In conclusion, we propose a new mechanism in which hypoxia inhibits cavin-1 and cavin-2 expres-
sion, resulting in the disappearance of caveolae. This leads to the inhibition of insulin signaling and
the establishment of insulin resistance. (Endocrinology 156: 789-801, 2015)

xygen homeostasis is required for normal cell and
O tissue function. During hypoxia, cells establish cellular
and metabolic responses to limit their oxygen consumption.
Hypoxia decreases cell proliferation, switches metabolism
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from oxidative phosphorylation to glycolysis, switches from
oxidative glucose metabolism to reductive glutamine metab-
olism to promote fatty acid synthesis, and promotes angio-
genesis to increase oxygen supply to cells (1-6).

Endocrinology, March 2015, 156(3):789-801

* C.R. and K.D. contributed equally to the work.

Abbreviations: Ct, cycle threshold; DRM, detergent-resistant membrane; EM, electron
microscope; Glut, glucose transporter; HIF, hypoxia-inducible factor; IR, insulin receptor;
REDD1, regulated in development and DNA damage responses; siRNA, small interfering
RNA.
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Hypoxia also plays an important role in the dysfunction
of the adipose tissue during obesity and the development of
insulin resistance. Indeed, the expansion of the adipose tissue
during obesity is associated with the development of hypoxic
areas in obese mice (ob/ob mice and dietary induced obesity)
and in overweight/obese patients (7-12).

Adipose tissue hypoxia, mainly through the activation
of its master transcription factor, hypoxia-inducible fac-
tor (HIF)-1, induces a dysregulation of adipokines secre-
tion, (7, 9, 13, 14), and contributes to the development of
inflammation, by promoting macrophages and T lympho-
cytes accumulation and by inducing inflammatory phe-
notype in macrophages (9-11, 13,15, 16). Modulation of
HIF-1« expression has an impact on the development of
obesity and insulin resistance. Overexpression of HIF-1«
in adipocytes leads to the development of adipose tissue
inflammation associated with fibrosis and insulin resis-
tance in mice (17). Inhibition of HIF-1a or HIF-13 ex-
pression protects mice from obesity-induced glucose in-
tolerance and insulin resistance and ameliorates adipose
tissue dysfunction (18-22).

At the cellular level, hypoxia inhibits insulin-induced
signaling pathways and induces insulin resistance in
adipocytes through an HIF-1-dependent mechanism
(23, 24). However, the precise molecular mechanisms
by which hypoxia induces insulin resistance remains to
be identified.

The insulin receptor is mainly localized within caveolae
at the plasma membrane (25-27). Caveolae are small in-
vaginations of the plasma membrane localized in lipid raft
area and are particularly abundant in adipocytes in which
they can represent up to 50% of the plasma membrane
surface (28-30). Caveolae are involved in protein endo-
cytosis, intracellular trafficking, lipid homeostasis, and
signal transduction (30). Caveolae formation depends on
the presence of specific proteins, such as the structural
proteins caveolins and peripheral proteins cavins (28, 31).
Caveolins 1-3 are essential for the formation of caveolae,
and the absence of caveolin-1 expression leads to the dis-
appearance of caveolae structures (32, 33). However,
caveolins are not the sole proteins implicated in caveolae
formation, and multiple proteins ensure the formation of
caveolae. Among these proteins, cavins (PTRF/cavin-1,
SDPR/cavin-2, SRBC/cavin-3 and MURC/cavin-4) are
crucial for caveolae processing. Cavin complex is recruited
to caveolin at the plasma membrane through membrane
lipids and proteins interactions. Cavin-1 is required for
caveolae formation, whereas cavin-2 is involved in the
generation of caveolar membrane curvature (31, 34-37).
Cavin-3 regulates caveolae endocytosis, whereas the ex-
pression of cavin-4 is restricted to the muscle (29, 38). The
expression levels and cellular localizations of each protein
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are tightly regulated and are required for the correct forma-
tion of caveolae. The absence of caveolin-1 or cavins leads to
the loss of caveolae (39, 40). This absence of caveolae results
in a variety of disease such as lipodystrophy, muscular dys-
trophy, cardiovascular disease, and cancer (41-43).

Some studies have shown that insulin receptor is localized
within caveolae (26, 44, 45). A functional role of caveolae in
insulin signaling is suggested by the observation that some
lipodystrophic patients with severe insulin resistance present
mutations in caveolin-1 or Cavin-1 (41, 42) and that the
caveolar localization of the insulin receptor is necessary for
its activation in adipocytes because caveolin-1-deficient cells
have impaired insulin signaling (46).

To identify mechanisms implicated in the development
of insulin resistance in response to hypoxia, we have in-
vestigated the effect of hypoxia on caveolae formation. We
show that in vivo and in intact cells, hypoxia decreases
cavin-1 and cavin-2 expression in adipocytes, associated
with a loss of caveolae. Cavin expression is also decreased
in adipose tissue from obese diabetic patients and its
down-regulation in mouse adipocytes inhibits insulin sig-
naling. Together, these observations suggest that hypoxia
participates in the establishment of insulin resistance in
adipose tissue through a down-regulation of caveolae that
leads to a decrease in insulin signaling pathway.

Materials and Methods

Materials

Insulin was obtained from Life Technologies. Antibodies
were obtained from the following companies: regulated in de-
velopment and DNA damage responses (REDD1) and cavin-2
from Proteintech; phosphotyrosine from Cell Signaling Tech-
nology; insulin receptor (IR) and ERK2 from Santa Cruz Bio-
technology; tubulin from Sigma-Aldrich; cavin-1 and flotillin
from BD Biosciences; and glucose transporter (Glut)-1 from Ab-
cam. Control small interfering RNA (siRNA) and siRNA di-
rected against cavin-1, cavin-2, or HIF-1«a were purchased from
Thermo Scientific. The primer sets for real-time PCR were pur-
chased from Eurogentec. Culture media were obtained from Life
Technologies. Inhibitors were obtained from Calbiochem.

Cell culture

3T3-L1 fibroblasts were obtained from the American Type Cul-
ture Collection (CL-173) and grown and induced to differentiate in
adipocytes as previously described (23). Briefly, 3 days after con-
fluence, 3T3-L1 fibroblasts were treated for 2 days with DMEM
and 10% fetal calf serum (vol/vol) supplemented with isobutyl
methylxanthine (250 nmol/L), dexamethasone (250 nmol/L),
rosiglitazone (10 umol/L), and insulin (800 nmol/L) and then for
two additional days with DMEM and 10% fetal calf serum con-
taining 800 nmol/L insulin. The adipocytes were used between days
2 and 7 after the end of the differentiation protocol when the adi-
pocyte phenotype appeared in more than 90% of the cells.
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The isolation and properties of hMADS cells have been de-
scribed by Plaisant et al (47). Adipocyte differentiation was per-
formed as described previously (48). Confluent cells were cultured
in DMEM/Ham’s F12 media supplemented with transferrin (10
ug/mL), insulin (0.86 uM), T5 (0.2 nmol/L), dexamethasone (1
wmol/L), isobutyl-methylxanthine (100 wmol/L), and rosiglitazone
(500 nmol/L). Three days later, the medium was changed (dexa-
methasone and isobutylmethylxanthine were omitted).

Hypoxia treatment

For hypoxic treatment, the medium was replaced by DMEM
containing 0.5% BSA and incubated within hypoxystation H35
(AES Chemunex) calibrated at 1% O, 94% nitrogen, and 5% CO,
for 16 hours.

Cell fractionation

Plasma membranes were prepared as previously described
(49). OptiPrep fractionation (Sigma-Aldrich) was realized as fol-

Figure 1. Hypoxia-induced delocalization of IR and caveolar proteins. A, 3T3-L1 adipocytes were
incubated for 16 hours in normoxia or in hypoxia (1% O,) before being stimulated with insulin
(100 nM) for 5 minutes. Plasma membranes were analyzed by immunoblots with indicated
antibodies. B, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O,).
C, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O,) before
being stimulated with insulin (100 nM) for 5 minutes. Cell lysates were separated into 10
fractions from the lightest (fraction 1) to the heaviest (fraction 10) using OptiPrep density
gradient fractionation (Sigma-Aldrich) and analyzed by Western blots with indicated antibodies. D,
Quantification of IR of three experiments is shown. *, P < .05. Hypo, hypoxia; Norm, normoxia.
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lows: 3T3-L1 adipocytes were lysed with lysis buffer [50 mmol/L
HEPES (pH 7.4), 150 mmol/L NaCl, 10 mmol/L EDTA, 10
mmol/L Na,P,0-, 100 mmol/L NaF, 2 mmol/L vanadate, pro-
tease inhibitor cocktail (Complete; Roche)] containing Triton
X-100 (1 uL per 10 mg protein) for 1 hour at 4°C. After shaking,
the lysate was centrifuged 10 minutes at 110 X g. Six hundred
microliters of supernatant mixed with 400 wL of OptiPrep den-
sity gradient medium (Sigma-Aldrich) were placed at the bottom
of an ultracentrifuge tube and overlaid with 2 mL of 30 % sucrose
and 1 mL of lysis buffer. The gradient was formed after 2 hours
of ultracentrifugation at 33 000 rpm in a TLS50 rotor. The mix-
ture was divided into 10 fractions collected from the top of the
tube and analyzed by Western blot.

Transfection of siRNA
3T3-L1 adipocytes were used for reverse transfection 7 days
after the induction of differentiation. 3T3-L1 adipocytes were
trypsinized, and control siRNA, or siRNA directed against HIF-
la, cavin-1, or cavin-2 (40 pmol) were
transfected using INTERFERin (Polyplus
Transfection) according the protocol of Kil-
roy et al (50). Briefly, siRNA complexes (80
nmol/L final concentration) were incubated
with INTERFERIn and lay onto the wells.
3T3-L1 adipocytes were trypsinized and
added to the siRNA/INTERFERin complex
solution. The adipocyte phenotype after
transfection was assessed by visualization of
lipid droplets, staining with oil red O, and
expression of peroxisomal proliferator-acti-
vated receptor-y protein (Regazzetti, C., K.
Dumas, unpublished data).

Western blot analysis

Serum-starved cells were treated with
ligands, chilled to 4°C, and washed with
ice-cold PBS (6 mmol/L Na,HPO,; 1
mmol/L KH,PO,, pH 7.4; 140 mmol/L
NaCl; 3 mmol/LL KCl) and solubilized
with RIPA buffer [SO mmol/L Tris, pH
7.5; 150 mmol/L NaCl; 1% Nonidet P40;
0.1% sodium dodecyl sulfate; 0.5% Na
deoxycholate; 1 mmol/L orthovanadate; 5
mmol/L NaF; 2.5 mmol/L Na,P,0-; and
Complete protease inhibitor cocktail
(Roche Diagnostics)] for 30 minutes at
4°C.

Epididymal fat pads were frozen in
liquid nitrogen and stored at —80°C un-
til they were used. Tissues were solubi-
lized by sonification in ice-cold buffer
containing 20 mmol/L Tris (pH 7.5), 150
mmol/L NaCl, 2 mmol/L orthovanadate,
100 mmol/L NaF, 10 mmol/L Na,P,0-,
and completed with 1% Triton X-100
and Complete protease inhibitor cocktail
(Roche Diagnostics).

Lysates were centrifuged (14 000
rpm) for 10 minutes at 4°C, and the pro-
tein concentration was determined using
BCA protein assay reagent (Thermo
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Fisher Scientific). Cell lysates were analyzed by Western blot.
Immunoblots were revealed using a Fujifilm LAS-3000 imaging
system. Quantifications were realized using Fujifilm MultiGauge
or Image] softwares (National Institutes of Health, Bethesda,
Maryland).

Hypoxia of epididymal adipose tissue by ligature
of spermatic artery

C57BL6/J mice were exposed to a 12-hour light, 12-hour dark
schedule and had free access to water and standard chow diet.
Mice were anesthetized, and the left spermatic artery was ligatured
to induce hypoxia on the fat pad for indicated periods of time. The
right spermatic artery was not ligatured, and the fat pad was used
as an internal control. Mice woke up from the surgery and were
kept for indicated periods of time before being killed by cervical
dislocation. Epididymal adipose tissues were removed, freeze
clamped in liquid nitrogen, and stored at —80°C until used. The
Principles of Laboratory Animal Care (National Institutes of Heal
publication number 85-23, revised 1985 (http://grants1.nih.gov/
grants/olaw/references/phspol.htm) as well the European Union
guidelines on animal laboratory care (http://ec.europa.eu/
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environment/chemicals/lab_animals/legislation_en.htm) were
followed. All procedures were approved by the Animal Care Com-
mittee of the Faculty of Medicine of the Nice-Sophia Antipolis
University (Nice, France).

Obese patients

Morbidly obese patients (n = 8 obese and n = 7 obese dia-
betic)) were recruited through the Department of Digestive Sur-
gery and Liver Transplantation (Nice hospital) where they un-
derwent bariatric surgery for their morbid obesity. Bariatric
surgery was indicated for these patients in accordance with
French guidelines. Exclusion criteria were the presence of a hep-
atitis B or hepatitis C infection, excessive alcohol consumption
(>20 g/d) or another cause of chronic liver disease as previously
described (51-53). The characteristics of the study groups are
described in Supplemental Table 1. Before surgery, fasting blood
samples were obtained and used to measure alanine amino trans-
ferase, aspartate aminotransaminase, glucose, and insulin. Insu-
lin resistance was calculated using the homeostatic model
assessment index for insulin resistance (HOMA-IR) (54). Ab-
dominal sc adipose tissue was obtained during surgery. Control

Figure 2. Hypoxia induced the loss of caveolae in 3T3-L1 adipocytes. 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia
(1% O,) (A) or reoxygenated (B) for 1 hour. Caveolae structure were identified by transmission EM. Quantification is performed after counting the
number of caveolae and are expressed as number of caveolae per micrometer of plasma membrane (PM). ***, P < .0001; **, P < .01. Number of
caveolae counted is as follows: normoxia: 1938, hypoxia: 1597 (A); normoxia: 1105, hypoxia: 1125, reox: 731 (B). Reox, reoxygenated.
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sc adipose tissue was obtained from four lean subjects (two fe-
males and two males; aged 37.3 * 11.5 y; body mass index of
20.9 = 0.5 kg/m?) undergoing lipectomy for cosmetic purposes.
Informed written consent was obtained from all subjects for this
study, which was set up in accordance with French legislation
regarding ethics and human research (Huriet-Serusclat). The Co-
mité Consultatif de Protection des Personnes dans la Recherche
Biomédicale de Nice approved the study (protocol 07/04:2003,
number 03.017).

Real-time quantitative PCR analysis

Cells and murine tissues
RNA was isolated from adipocytes or epididymal fad pads
(TRIZOL; Invitrogen), and cDNA was synthesized using Tran-

Figure 3. Hypoxia decreased cavin-1 and cavin-2 expression. A, 3T3-L1 adipocytes and hMADS
adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O,), and mRNA
expression was determined by quantitative RT-PCR. B, 3T3-L1 adipocytes were incubated for 16
hours in normoxia or in hypoxia (1% O,) and protein expression was analyzed by specific
immunoblots. Quantification of relative expression of cavin-1, cavin-2, and caveolin-1
(normalized to tubulin protein level) is shown (n = 8). C, 3T3-L1 adipocytes were incubated for
16 hours in normoxia or in hypoxia (1% O,), or reoxygenated for 1 or 2 hours, and protein
expression was analyzed by specific immunoblots. Quantification of relative expression of cavin-1
and cavin-2 is shown (n = 3). Ponceau S is used as a loading control. ***, P < .0001; **, P <
.01; *, P < .05. HSP, heat shot protein; Hypo, hypoxia; Norm, normoxia.
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scriptor first-strand ¢cDNA synthesis kit (Roche Diagnostics).
Real-time quantitative PCR was performed with sequence de-
tection systems (StepOne; Applied Biosystems) and SYBR Green
dye. Gene expression values were calculated based on the com-
parative cycle threshold (Ct) method (2722¢). The levels of
mRNA were normalized to the expression value of the house-
keeping gene 36B4 and expressed relative to the mean of the
group of normoxic controls. The primer sequence can be ob-
tained upon request.

Human tissues
Total RNA was extracted from human tissues using RNeasy
minikit (QIAGEN) and treated with Turbo DNA-free (Applied
Biosystems) following the manufacturer’s protocol. The quan-
tity and quality of the RNA were determined using the Agilent
2100 Bioanalyzer with an RNA 6000
Nano kit (Agilent Technologies). Total
RNA (1 pg) was reverse transcribed with
a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems). Real-time
quantitative PCR was performed in du-
plicate for each sample using the
StepOne real-time PCR system (Applied
Biosystems). The TagMan gene expres-
sion assays were purchased from Applied
Biosystems: Cavin-2 (serum deprivation
response, cavin-2) (Hs00190538_
m1); Cavin-1 (polymerase I and transcript
release factor, cavin-1) (Hs00396859_
ml); Glut4 (SLC2A4) (Hs00168966_
ml); HIF-1A (hypoxia inducible fac-
tor-1) (Hs00153153_m1); and RPLPO
(ribosomal phosphoprotein large PO)
(Hs99999902_m1). Gene expression
values were normalized to the expression
value of the housekeeping gene RPLPO
and calculated based on the comparative
Ct method (2744<%) as described by the
manufacturer’s protocols.

Electron microscopy

For ultrastructural analysis, cells
were fixed in 1.6 % glutaraldehyde in 0.1
M phosphate buffer (pH 7.4) at 4°C,
rinsed in 0.1 mol/L cacodylate buffer,
and postfixed for 1 hour in 1% osmium
tetroxide and 1% potassium ferrocya-
nide in 0.1 mol/L cacodylate buffer to
enhance the staining of membranes.
Cells were rinsed in cold distilled water,
quickly dehydrated in cold ethanol, and
lastly embedded in epoxy resin. Con-
trasted ultrathin sections (70 nm) were
analyzed under a JEOL 1400 transmis-
sion electron microscope (EM) mounted
with a Morada Olympus charge-coupled
device camera.

Statistical analysis
The statistical significance of the dif-
ferential gene expression between two
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groups was determined using the nonparametric Mann-Whitney
test with the 8Ct of each group. Correlations were analyzed using
the Spearman’s rank correlation test. P < .05 is considered as
significant.

Results

Hypoxia-modulated insulin receptor localization in
3T3-L1 adipocytes

Hypoxia inhibited insulin-tyrosine phosphorylation of in-
sulin receptor in adipocytes (23). Because the localization of
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insulin receptor in caveolae microdomains in plasma mem-
brane is required for its activation, we first evaluated its cel-
lular localization and phosphorylation in normoxia and in
response to hypoxia. 3T3-L1 adipocytes were stimulated
with insulin, plasma membranes were extracted, and insulin
receptor within this fraction was analyzed by Western blots.
Hypoxia inhibited insulin receptor tyrosine phosphorylation
without significantly modifying its amount at the plasma
membrane (Figure 1A). The distribution of the IR was then
evaluated by cellular fractionation [using the Opti-Prep den-
sity gradient method (Sigma-Aldrich)] in normoxia or in

Figure 4. Ligature of spermatic artery induced hypoxia of epidydimal adipose tissue and decreased cavin-1 and cavin-2 expression. Spermatic
artery of mice were ligatured as described in Materials and Methods. Epidydimal adipose tissues were removed and used to analyze mRNA
expression after 2 and 16 hours (A) or protein expression after 16 hours (B). A, Results are expressed in a relative expression, with the control value
taken as 1 and are the means = SE of eight mice in each group. B, Quantification of the relative expression of cavin-1, cavin-2, Glut-1, and REDD1
(normalized to ERK2) is shown (each point represents one mouse, n = 7). Ponceau S is shown as loading control. *, P < .05; **, P < .01,

**x P < .001.
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hypoxia. Cell lysates were resolved into 10 fractions from the
lightest (fraction 1) to the heaviest (fraction 10) and analyzed
by Western blots (Figure 1B). Detergent-resistant membrane
(DRM) fractions were identified by immunoblotting of flo-
tillin-1. Flotillins were initially discovered as caveolae-asso-
ciated integral proteins (535), but they still localize to lipid-raft
membranes in the absence of caveolins (56, 57). Therefore,
although they are not exclusively located in caveolar do-
mains, flotillins are considered as a good marker for total
lipid rafts, biochemically preserved, and recovered in DRMs.
In normoxia, IR was mainly located within the DRM frac-
tions. Hypoxia induced a shift of the IR from DRM fractions
(3 and 4) to heavier fractions (Figure 1B). In Figure 1C,
3T3-L1 adipocytes were stimulated with insulin prior to cel-
lular fractionation. In normoxia, insulin stimulated the ty-
rosine phosphorylation of its receptor located in DRM frac-
tions. In hypoxia, the IR in fractions 3 and 4 was no longer
phosphorylated in response to insulin.

Hypoxia induced the disappearance of caveolae in
3T3-L1 adipocytes

Because hypoxia inhibited IR phosphorylation and dis-
tribution at the plasma membrane, we evaluated the effect of

Figure 5. Inhibition of cavin-1 and cavin-2 expression inhibited insulin receptor phosphorylation.
3T3-L1 adipocytes were transfected with control or siRNA against cavin-1 or cavin-2. Forty-eight
hours after transfection, 3T3-L1 adipocytes were stimulated with insulin (100 nM) for 5 minutes.
Proteins were analyzed by immunoblots using indicated antibodies. Phosphorylation of insulin
receptor is normalized using insulin receptor, and quantification of three independent

experiments in duplicate is shown. ***, P < .001. Ins, insulin.
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hypoxia on the integrity of caveolae. We evaluated the dis-
tribution of cavins proteins, cavin-1 and cavin-2, in response
to hypoxia by cell fractionation (Figure 1B). In normoxia,
cavin-1 and cavin-2 were mainly detected in fractions 3 and
4 and in fewer amount in heavier fractions. Hypoxia induced
a change in the distribution of these proteins. Indeed, cavin-1
and cavin-2 amounts shifted from lightest fractions to
heavier fractions (fractions 9 and 10). This modification of
protein distribution suggests that hypoxia could affect the
formation of caveolae in adipocytes.

The integrity of caveolae in 3T3-L1 adipocytes incu-
bated in normoxia or hypoxia was determined by trans-
mission EM. In Figure 2A, caveolae were detected near the
plasma membrane in 3T3-L1 adipocytes. Hypoxia incu-
bation induced the disappearance of caveoale in this re-
gion. We have previously demonstrated that the inhibition
of the insulin signaling pathway by hypoxia can be re-
versed after cell reoxygenation (23). Accordingly, the re-
oxygenation of adipocytes restored the presence of cave-
olae at the cell surface (Figure 2B).

Hypoxia decreased expression of cavin-1 and
cavin-2

Cell fractionation is not a reflec-
tion of the quantity of proteins
within the cell, but it rather reflects
their cellular localization. Because a
decrease in cavins and caveolin has
been shown to alter caveolae struc-
ture (39, 40, 58), we investigated
whether the expression of these pro-
teins was modified by hypoxia in
murine (3T3-L1) and human
(hMADS) adipocytes.In 3T3-L1 and
hMADS adipocytes, hypoxia inhib-
ited the expression of mRNA of
cavin-1 and cavin-2 (Figure 3A). In
3T3-L1 adipocytes, hypoxia de-
creased significantly the protein ex-
pression of cavin-1 and cavin-2 (Fig-
ure 3B). In contrast, the expression
of caveolin-1 was not modified after
hypoxia treatment (Figure 3B). Be-
cause reoxygenation restored cave-
olae at the cell surface, we have de-
termined the effect of reoxygenation
on cavin-1 and cavin-2 expression in
3T3-L1 adipocytes. As shown in Fig-
ure 3C, restored
cavin-2 expression without any sig-
nificant effect on cavin-1 protein
expression.

reoxygenation
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To study the effect of hypoxia on protein expression in
mice, we have set up a protocol to induce hypoxia in ep-
ididymal adipose tissue by the ligature of spermatic artery.
The left spermatic artery of C57BL6/J mice was ligatured
to induce hypoxia on the fat pad for the indicated periods
of time. The right spermatic artery was not ligatured, and
the fat pad was used as an internal control. Ligature of
spermatic artery induced hypoxia of the epididymal adi-
pose tissue, detected by the increase of HIF-1a and Glut-1
mRNA expression (Figure 4A). Hypoxia decreased
cavin-1 and cavin-2 mRNA expression in epidydimal fat
pads as soon as after 2 hours of ligature. Protein expres-
sion was also studied, and we observed that hypoxia in-
hibited cavin-1 and cavin-2 expression in hypoxic fat pads
(Figure 4B). As control, the expression of REDD1, a hy-
poxia-induced protein (59, 60), and Glut-1 was increased.
ERK2 and Ponceau S are shown as loading control.

Decrease in expression of cavin-1 and cavin-2
inhibited insulin signaling pathway in adipocytes
Because cavins are key components of caveolae, we in-
vestigated the outcome of the decrease in expression of
cavin-1 and cavin-2 on insulin receptor activity. 3T3-L1
adipocytes were transfected with siRNA against cavin-1
or cavin-2 and stimulated with insulin (Figure §). Trans-
fection of cavins siRNA decreases the expression of cavins
to a level similar to hypoxia treatment. Down-regulation
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of the expression of cavin-1 or cavin-2 inhibited IR ty-
rosine phosphorylation (respectively, 43% = 8% and
40% = 5% of inhibition).

Hypoxia decreased the expression of cavin-1 and
cavin-2 through a HIF-1a dependent mechanism

Because the expression of cavin-1 and cavin-2 is reg-
ulated by hypoxia, we investigated the implication of
HIF-1 transcription factor in this mechanism. Indeed,
we previously reported that HIF-1 is implicated in the
inhibition of insulin signaling in response to hypoxia
(23). 3T3-L1 adipocytes were transfected with siRNA
against HIF-1a or treated with echinomycin, a HIF-1«
inhibitor, prior to being exposed to hypoxia for 16
hours (Figure 6).

The decrease of expression of cavin-1 and cavin-2
induced by hypoxia was reversed after inhibition
of HIF-1. Efficiency of echinomycin and silencing of
HIF-1a was evaluated by the down-regulation of
REDD1 at the protein level (Figure 6) as previously
reported (61). These results demonstrate that the ex-
pression of cavin-1 and cavin-2 was regulated by HIF-1
dependent mechanisms.

We then determined the involvement of HIF-1 in cave-
olae formation (Figure 7). Inhibition of HIF-1« by siRNA
restored the number of cavoelae at the cell surface in hyp-
oxia (Figure 7A). In parallel, the activation of HIF-1 by

Figure 6. Inhibition of HIF-1a restored cavin-1 and cavin-2 expression in hypoxia in 3T3-L1 adipocytes. 3T3-L1 adipocytes were transfected with
control or HIF-1a siRNA. Forty-eight hours after transfection, 3T3-L1 adipocytes were treated without or with echinomycin (20 nM) for 16 hours
and incubated in normoxia or in hypoxia (1% O,). Proteins were analyzed by immunoblots using the indicated antibodies. Quantification of
expression of proteins is normalized using tubulin (n = 3 independent experiments in duplicate). *, P < .05; **, P < .01; ***, P < .001.

cont, control.
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Figure 7. Hypoxia induced the loss of caveolae through HIF-1 activity in 3T3-L1 adipocytes. A, 3T3-L1
adipocytes were transfected with control or HIF-1a SIRNA before being incubated in normoxia or in
hypoxia for 16 hours. B, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O,)
or treated with CoCl, (200 uM). Caveolae structures were identified by transmission EM. Quantification is
performed after counting the number of caveolae and are expressed as the number of caveolae per
micrometer of plasma membrane (PM). ***, P < .0001; *, P < .05. Numbers of caveolae counted are as
follows: control siRNA normoxia, 431; hypoxia, 245; HIF-1 siRNA normoxia, 614; hypoxia, 728 (A);
normoxia, 401; hypoxia, 226; CoCl,, 1241 (B). Hypo, hypoxia; Norm, normoxia.

CoCl, inhibited the caveolae at the cell surface (Figure 7B).
Taken together, these observations suggest that hypoxia
decreased caveolae formation through a HIF-1-dependent
pathway.

Insulin resistance is associated with a decreased in
the expression of cavin-1 and 2 in adipose tissue
of obese patients

Because obesity is associated with the hypoxia of the ad-
ipose tissue and insulin resistance, we evaluated the expres-
sion of HIF-1q, cavin-1, and cavin-2 in sc adipose tissue of
lean subjects and obese patients without or with type 2 dia-
betes. As shown in Figure 8A, HIF-1a mRNA expression
was increased in the adipose tissues of obese and obese dia-
betic patients. In contrast, cavin-1 and cavin-2 were de-
creased only in sc adipose tissue of obese diabetic patients
compared with lean subjects (Figure 8A). Furthermore,
cavin-2 correlated positively with cavin-1 level and nega-
tively with HOMA-IR (index used to evaluate insulin resis-
tance) and glycated hemoglobin level (evaluating the average
plasma glucose concentration over prolonged periods of
time), which reflect the risk of developing diabetes-related
complications.
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This indicates that the decreased
expression of cavin in adipose tissue
could be associated with insulin
resistance.

Discussion

Hypoxia promotes inflammation, im-
pairs adipose tissue endocrine func-
tion, and contributes to insulin resis-
tance (7-10, 12, 13, 62). We and
others (23, 24) have demonstrated
that hypoxia induces insulin resistance
inadipocytes through the inhibition of
the insulin receptor autophosphoryla-
tion and signaling pathway. In the at-
tempt to understand the mechanisms
implicated, we demonstrate that hyp-
oxia inhibits the expression of caveo-
lar proteins cavin-1 and cavin-2 in adi-
pocytes, which is accompanied by the
loss of caveolae at the plasma mem-
brane. Moreover, cavin-1 and cavin-2
expression is decreased in adipose tis-
sue from obese diabetic patients.
These observations prompt us to pro-
pose that hypoxia induces insulin re-
sistance through the down-regulation
of caveolae, leading to the impaired in-
sulin signaling pathway.

Caveolae are abundantin adipocytes in which they play
a major role in insulin signaling (27, 44). IRs are mainly
localized at the plasma membrane in caveolae, with little
insulin receptors found outside from the caveolae (26, 44,
45, 63). Caveolar localization of insulin receptor is re-
quired for its activation. Indeed, the modulation of caveo-
lin-1 expression and caveolae structures affects insulin sig-
naling pathway (27, 45, 63). Moreover, the absence of
cavin-1 and cavin-2 in 3T3-L1 adipocytes inhibits insulin-
induced activation of its receptor. This is in accordance
with the observation that the deficiency of cavin-1 gener-
ates mice without caveoale and resistant to diet-induced
obesity with an abnormal lipid metabolism and insulin
signaling pathway (39). Hypoxia regulates only cavins ex-
pression but not the expression of caveolin-1. The expres-
sion and distribution of cavins might be affected, whereas
the caveolin-1 distribution or expression seems unaltered
but still leads to caveolae disassembly. Briand et al (64)
have recently reported that during extreme fat cell shrink-
age in adipocytes, caveolin-1 expression was unaffected,
whereas cavins were targeted to degradation, resulting in
caveolae disassembly. The deletion of cavin-2 in endothe-
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Figure 8. Cavin-1 and cavin-2 expression was decreased in adipose tissue of obese diabetic patients. A, Biopsies of sc adipose tissues from lean
(n = 4), obese without (n = 8), or obese with diabetes (n = 7) were collected. Total RNAs were extracted and the relative amount of cavin-1,
cavin-2, and HIF-1a were determined by real-time quantitative PCR. Results are expressed in arbitrary units with the control value (lean subjects)
taken as 1 and are the means = SE of the number of subjects in each group. *, P < .05; ***, P < .0001. B, Correlations between cavin-2 and
cavin-1 expression levels, cavin-2 and HOMA-IR, and HbA1c were analyzed using a Spearman'’s rank correlation test (white triangle, obese
patients; black square, obese diabetic patients). HbA1c, glycated hemoglobin.

lial cells causes flattening of caveolae perturbing neither
caveolin-1 expression nor oligomerization (65). There-
fore, cavins can be viewed as critical caveolar organizers
whose distribution or expression would influence cave-
olae integrity. In this regard, cavins appear as early sensors
of physiological events of caveolae dynamics. Moreover,
our observations clearly demonstrate that insulin receptor
localization within caveolae is mandatory for its
activation.

During obesity, adipose tissue oxygen tension is de-
creased to reach 2% (8-11). Hypoxia regulates inflam-
mation and angiogenesis but also general cellular metab-
olism including glucose use. In the present study, we
demonstrate that hypoxia can regulate caveolae forma-
tion through the regulation of cavin proteins expression.
Indeed, hypoxia decreases the expression of cavin-1 and
cavin-2, in murine and human adipocytes, and also in a
model of ligature of the spermatic artery to induce hypoxia
of the epidydimal adipose tissue. Moreover, this inhibition
of the expression of cavins is accompanied by the loss of
caveolae at the surface of 3T3-L1 adipocytes. Cavins con-

tribute to the stability of caveolae because the down-reg-
ulation of cavin-1 shortens the half-life of caveolin-1,
likely targeting caveolin-1 for lysosomal degradation (36,
37). Cavin proteins might also serve as a bridge for other
caveolar proteins such as EH domain containing 2 (66)
and organize cytoskeleton connection (39). Cavin redis-
tribution to cytosolic compartments might be linked to
cavin degradation, an event reported in adipocytes and in
others cells to signal caveolae disassembly (40, 64).
Hypoxia has been shown to regulate gene expression in
human adipocytes. Among 1346 genes differently regu-
lated by hypoxia, cavin-2 expression is decreased (3.76-
fold change) compared with the normoxic conditions (67).
Inhibition of cavin-1 and cavin-2 expression is dependent
on the HIF-1 transcription factor. The molecular mecha-
nisms implicated in the regulation of cavin-1 and cavin-2
expression remain unknown. A sequence analysis reveals
that cavin-2 promoter contains HRE sequences, but we
cannot rule out that other transcription factors could par-
ticipate in the regulation of the expression of cavins. For
instance, Kriippel-like factor-7, activating transcription
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factor, Fos-like antigen 2, and Jun transcription factors are
involved in the regulation of gene expression in response
to hypoxia in adipocytes, and this activation requires
HIF-1c (68).

Insulin resistance and type 2 diabetes are linked to obe-
sity. Hypoxia has been proposed to play a crucial role in
the establishment of adipose tissue insulin resistance, and
we found that HIF-1a expression is increased in adipose
tissue during obesity. This is in agreement with previous
studies showing an up-regulation of the expression of
HIF-1a mRNA in adipose tissue during obesity in mice
(genetic obesity or high fat diet) (10, 11, 24, 69) and in
humans (70). Because the expression of HIF-1a is not dif-
ferent between obese and obese diabetic patients, we can-
not rule out that the activity of HIF-1 will be modified
between obese and obese diabetic patients because HIF-1«
regulation mainly requires posttranslational mechanisms
(3). The expression of cavin-1 and cavin-2 is significantly
inhibited in adipose tissue of obese patients with type 2
diabetes. The decrease in cavin-2 expression correlated
with insulin resistance as evaluated by HOMA-IR. Dys-
functional caveolae results in insulin resistance because
patients with mutations of caveolin-1 or cavin-1 display
lipodystrophy phenotype characterized by insulin resis-
tance development (41,42, 71, 72). Caveolae dysfunction
is also implicated in several pathologies, such as muscular
dystrophies, pulmonary hypertension in chronic obstruc-
tive pulmonary disease, bladder smooth muscle hypertro-
phy, and cancer (73, 74). Even if the role of caveolae in
cancer development remains unclear, expression of
cavin-1, cavin-2, and cavin-3 is down-regulated in breast
cancer (75, 76). Because no correlation between HIF-1«
and cavin-2 has been revealed, this suggest that others
factors, in addition to HIF-1, could participate the regu-
lation of the expression of cavins during diabetes.

In conclusion, we propose that during obesity, hypoxia
induces insulin resistance through the regulation of cavins
expression. Inhibition of cavin-1 and cavin-2 expression
induces the disappearance of caveolae leading to the in-
hibition of insulin signaling and establishment of insulin
resistance.
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The promyelocytic leukemia protein (PML) is the
essential component of multi-protein sub-nuclear
structures, the PML-Nuclear bodies (PML-NB, [1]).
The PML-NBs regulate a variety of nuclear functions,
including post-translational modifications in nuclear
proteins (acetylation, SUMOylation, ubiquitylation)
[1]. This function has led to the current notion that
PML is a modulator of cell responses, which might
not be essential in steady-state conditions (under lack
of stress) but plays a critical role when the cell and
organism is challenged. This notion is supported by
the fact that the lack of PML in mice does not result in
embryonic lethality or overt physiological alterations
in adulthood, but it alters the response to oncogenic
insults or dietary alterations [1-4].

The activity of PML has been mostly investigat-
ed in the context of suppression, pathogenesis and
progression of tumorigenesis. However, evidence of
the function of this protein beyond malignant trans-
formation are quickly accumulating. We and others
have recently reported that the expression of PML is
relevant for the response to metabolic insults, nutri-
tional disorders and obesity [4-8]. In this study, we
aimed at extending and defining the status of PML in

conditions of nutritional challenge. To this end, we
evaluated PML transcript abundance in a cohort of
human liver biopsies from lean or morbidly obese
subjects. Liver material from lean patients was ob-
tained from 3 subjects (3 women; age, 46+12 years;
BMI, 21+2 kg/m?) undergoing partial hepatectomy for
benign tumors (neighbor tissues from four adenoma
and one focal nodular hyperplasia) and did not dis-
play any hepatic steatosis, inflammation or fibrosis.
For obese patients, bariatric surgery was indicated in
accordance with French guidelines (the study was
approved by “Comité Consultatif de Protection des
Personnes dans la Recherche Biomédicale de Nice”
07/04:2003, N° 03.017) (Fig. 1A). Quantitative real
time RT-PCR (q-RT-PCR) analysis (references from
Applied biosystems Hs99999902_m1 for housekeep-
ing RPLPO (Ribosomal protein, large subunit, PO) and
Hs00231241_m1 for PML and as previously described [9,
10]), revealed a significant PML up-regulation in
obese individuals (Fig. 1B). Further, hepatic PML ex-
pression increased in obese patients without liver
complications (n=5) versus lean subjects (+2.49+0.28,
P=0.036). We next decided to extend this observation
to diet-induced (Research Diets D12451 as obesogenic
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diet; LabDiet 5008 (Pharmaserv, Framingham, MA,
USA) as chow, following the procedure in Ref. [11]) or
genetic (Agouti mutant heterozygous) mouse models
of obesity (the mouse experiments were approved by
IACUC, USA). Q-RT-PCR analysis in high-fat diet fed
mice demonstrated the up-regulation of Pml in livers
from obese mice (murine Pml primers, Pml_F:
GATCTCCGCGACAATTCAGT, Pml_R: ATGCCACT
GCTGAATCTCCT; Cyclophilin was used as house-
keeping gene; Cyclo_F: GGTGGAGAGCACCAAG
ACAGA, Cyclo_R: GCCGGAGTCGACAATGATG;
Fig. 1C). Importantly, transcriptional up-regulation of
this gene was accompanied by the detection of Pml

immunoreactive nuclear bodies by immunohisto-
chemistry in <6% of hepatocytes in livers from HFD
mice (using Millipore Pml antibody), but rarely in
those from lean individuals (Fig. 1D), similar to our
prior observations in another mouse model [4]. Of
note, Pml immunoreactivity was often restricted to a
single or few large nuclear bodies of doughnut shape,
a structural conformation prior described for PML
nuclear bodies. We also confirmed the increase Pml
immunoreactivity in a second murine model of obe-
sity, driven by the heterozygous mutation in the
Agouti gene (Jackson laboratory ref. KK.Cg-Av/]; Ref.
[12]; Fig. 1E).

Figure 1. PML is up-regulated in hepatocytes from obese individuals. (A-B) Description of the clinical features of obese subjects (A) in which PML transcript
abundance (q-RT-PCR) was measured (B). (C-D). Pml transcript abundance (q-RT-PCR) (C) and immunoreactivity (D) in mice subjected to standard (chow) or
obesity-inducing high-fat diets (HFD) (representative micrographs from n=4-5; squares represent zoomed region; red arrows depict PML immunoreactive
hepatocytes; red asterisks depict PML immunoreactive non-hepatocyte cells). **, p<0.01 calculated by non-parametric Mann-Whitney test. (E) Pml, Sumo-1 and
Nucleophosmin (Npm) immunoreactivity in livers from wild type or agouti heterozygous mutant mice (representative micrographs from n=3; squares, arrows and
asterisks as described in D).
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PML nuclear bodies are enriched in SUMO-1
(Santa Cruz BioTechnology). Immunohistochemical
analysis confirmed similar nuclear distribution of
Sumo-1 into nuclear bodies at a similar rate of Pml,
which strongly suggests that the staining of Pml cor-
responds to functional nuclear bodies (Fig. 1E). It is
worth noting that this altered pattern of nuclear lo-
calization was not observed in other non PML-NB
resident proteins such as nucleophosmin (a nucleolar
protein; Cell Signaling Technology; Fig. 1E). In sum-
mary, our results demonstrate that PML accumulates
in hepatocytes in conditions of obesity.

Obesity is associated to lipid accumulation in
hepatocytes, termed steatosis [13]. Since there are
pathological conditions where steatosis can be trig-
gered in the absence of obesity, we sought to ascertain
whether PML accumulation was related to obesity or
it was a consequence of the steatosis associated to
weight increase. To this end, we first evaluated PML
expression in obese patients with different degree of
steatosis (0, <5%; 1, 5%-30%; 2, >30%-60%; 3, >60%)
[14]. The results clearly demonstrated that PML ex-
pression significantly correlated with the extent of
steatosis (Fig. 2A).

In addition, we took advantage of a dietary re-
gime that results in weight loss and liver lipid accu-
mulation, namely ketogenic diet (KD; Ref. Bio-Serv
F3666, [11]). The results confirmed that Pml transcript
and immunoreactivity were increased (Fig. 2B-C).

Fatty liver disease is a rapidly increasing pa-
thology that, albeit tightly associated with obesity, is
also observed in a fraction of lean individuals, where
it is thought to be related to nutrition and life style
factors [13]. Our results conclusively demonstrate that
PML expression is increased in livers from obese in-
dividuals, and is particularly associated to a steatotic
phenotype. These findings are of relevance for the
characterization of PML non-tumoral functions. Im-
portantly, this observation might open an interesting
mean of regulation of PML in the context of cancerous
lesions, in which nutrient availability might impact on
the expression of this protein and hence on the biol-
ogy of the disease. In particular, they extend our
knowledge regarding the patho-physiological regula-
tion of PML in metabolism. In this respect, it is
tempting to speculate that PML induction may rep-
resent a failsafe response to steatosis in view of the
positive role it plays in the activation fatty acid oxi-
dation pathways [4, 5].

Figure 2. PML liver mRNA expression increases in steatosis. (A) PML mRNA expression (q-RT-PCR) in individuals with defined degree of liver steatosis; the
correlation of PML and steatotic grade (S0-S3) was calculated by non-parametric Spearman test. (B-C) Pml transcript expression(q-RT-PCR) (B) and immunoreac-
tivity (C) in livers from mice subjected to chow or ketogenic diet (KD). Representative micrographs from n=4-5; squares represent zoomed region; red arrows depict
PML immunoreactive hepatocytes; red asterisks depict PML immunoreactive non-hepatocyte cells **, p<0.01 calculated by non-parametric Mann-Whitney test.
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ER stress induces NLRP3 inflammasome activation
and hepatocyte death

C Lebeaupin'?, E Proics', CHD de Bieville", D Rousseau'?, S Bonnafous >3, S Patouraux'>*, G Adam', VJ Lavallard'?, C Rovere®,
0 Le Thuc®, MC Saint-Paul"?3, R Anty"?®, AS Schneck'*?, A lannelli">3, J Gugenheim'?®, A Tran">3, P Gual' and B Bailly-Maitre*'

The incidence of chronic liver disease is constantly increasing, owing to the obesity epidemic. However, the causes and
mechanisms of inflammation-mediated liver damage remain poorly understood. Endoplasmic reticulum (ER) stress is an initiator
of cell death and inflammatory mechanisms. Although obesity induces ER stress, the interplay between hepatic ER stress, NLRP3
inflammasome activation and hepatocyte death signaling has not yet been explored during the etiology of chronic liver diseases.
Steatosis is a common disorder affecting obese patients; moreover, 25% of these patients develop steatohepatitis with an inherent
risk for progression to hepatocarcinoma. Increased plasma LPS levels have been detected in the serum of patients with
steatohepatitis. We hypothesized that, as a consequence of increased plasma LPS, ER stress could be induced and lead to NLRP3
inflammasome activation and hepatocyte death associated with steatohepatitis progression. In livers from obese mice,
administration of LPS or tunicamycin results in IRE1a and PERK activation, leading to the overexpression of CHOP. This, in turn,
activates the NLRP3 inflammasome, subsequently initiating hepatocyte pyroptosis (caspase-1, -11, interleukin-14 secretion) and
apoptosis (caspase-3, BH3-only proteins). In contrast, the LPS challenge is blocked by the ER stress inhibitor TUDCA, resulting in:
CHOP downregulation, reduced caspase-1, caspase-11, caspase-3 activities, lowered interleukin-14 secretion and rescue from cell
death. The central role of CHOP in mediating the activation of proinflammatory caspases and cell death was characterized by
performing knockdown experiments in primary mouse hepatocytes. Finally, the analysis of human steatohepatitis liver biopsies
showed a correlation between the upregulation of inflammasome and ER stress markers, as well as liver injury. We demonstrate
here that ER stress leads to hepatic NLRP3 inflammasome pyroptotic death, thus contributing as a novel mechanism of
inflammation-mediated liver injury in chronic liver diseases. Inhibition of ER-dependent inflammasome activation and cell death
pathways may represent a potential therapeutic approach in chronic liver diseases.

Cell Death and Disease (2015) 6, e1879; doi:10.1038/cddis.2015.248; published online 10 September 2015

Nonalcoholic fatty liver disease (NAFLD) has become the
most common form of chronic liver disease, currently affecting
20-30% of the general population and 75-100% of obese
individuals.” The spectrum of NAFLD is wide ranging: from
hepatic steatosis to nonalcoholic steatohepatitis (NASH) and
hepatocellular carcinoma. Hepatic steatosis is characterized
by triglyceride accumulation in hepatocytes and follows a
benign non-progressive clinical course. Nonalcoholic steato-
hepatitis (NASH), a progressive form, is defined as a
combination of lipid accumulation, hepatocyte death, inflam-
mation and fibrosis. As the probability of developing advanced
fibrosis and hepatocellular carcinoma? is significantly greater
in patients with steatohepatitis than in those with simple
steatosis, it is important to elucidate the mechanism under-
lying the progression from steatosis to steatohepatitis.

The endoplasmic reticulum (ER) stress response has been
linked to obesity, type 2 diabetes and liver cancer.>* Under
stress conditions, the ER initiates the unfolded protein
response (UPR) to restore homeostasis. The UPR involves
three transmembrane sensors: inositol-requiring enzyme
1 (IRE1a), PKR-like ER kinase (PERK) and activating
transcription factor (ATF6).% Each pathway culminates in the
transcriptional regulation of gene expression, which first seeks
to reestablish ER homeostasis. Failure of the UPR to decrease
ER stress leads to apoptosis, notably via CHOP, a pro-
apoptotic transcription factor whose expression is highly
induced by ER stress.®

Increased activation of the ER stress response has been
reported in obese mice and humans.®>*7®8 Obesity results in
liver ER stress, which promotes insulin resistance and
hepatosteatosis through the IRE1a branch.® Moreover, PERK
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and IRE1a can regulate lipid stores in the liver, enforcing the
hepatic metabolic disorders associated with obesity.®'° It is
well established that apoptosis and inflammation are
increased in patients with NASH, correlating with histological
severity. Because the ER stress response is a critical mediator
of inflammation, apoptosis and insulin resistance, it could have
a central role in the progression from steatosis to NASH.
However, the evidence for activation of hepatic ER stress in
patients with NASH needs to be clarified. Gonzalez-Rodriguez
etal.' observed that NASH patients displayed more elevated
ER stress markers, namely CHOP and GRP78, reinforcing the
notion that enhanced ER stress within liver cells may be
relevant in the progression from steatosis to NASH.'2-14

In addition, while studies indicated a contribution of NF-kB in
the inflammatory responses triggered as a consequence of
hepatic ER stress associated with NASH,'® the potential
interplay between ER stress and inflammasome engagement
has yet to be explored in NASH progression. The NLRP3
inflammasome is a multi-protein complex which instigates the
inflammatory response and contributes to insulin resistance.
The NLRP3 inflammasome senses obesity-associated dan-
ger signals, namely endotoxin (LPS),'® hyperglycemia and
free fatty acids (FFAs), and mediates caspase-1-dependent
maturation of the proinflammatory cytokines interleukin-18
(IL-1B) and IL-18."" Importantly, increased plasma LPS levels
have been detected in mice models of NAFLD'" and in
humans with NASH.'®2" Studies have suggested that the
NLRP3 inflammasome may have a deleterious role in
steatosis and NASH pathogenesis. Indeed, a deficiency in
caspase-1, Nirp3 or ASC in mice results in protection from
high-fat diet (HFD)-induced steatosis and insulin
resistance.'®?223 Similarly, a deficiency in IL-18, IL-1 Recep-
tor or TLR42* protects mice from methionine- and choline-
deficient (MCD) diet-induced steatohepatitis. Moreover, the
NLRP3 inflammasome also triggers pyroptosis, a form of
programmed cell death. Pyroptosis is defined as a caspase-1
or caspase-11-dependent cell death subroutine that is
associated with the generation of pyrogenic mediators such
as IL-18 and IL-18.252% Therefore, the NLRP3 inflammasome
could be a major cause of cell death and inflammation in
NASH progression.

A ‘two hit’ mechanism has been proposed to drive NASH
pathogenesis.?” The first hit is associated with steatosis and
sensitizes the liver to additional proinflammatory insults
(second hit), such as LPS, which aggravate liver injury and
contribute to the development of NASH.?82° We hypothesized
that, as a consequence of increased plasma LPS, ER stress
could be induced and lead to NLRP3 inflammasome activation
and hepatocyte death associated with NASH. To address this
issue, we explored in vivo whether the administration of LPS
could trigger exaggerated hepatic ER stress signaling, and
compared the response with that of tunicamycin, a chemical
ER stress inducer, in steatotic livers from genetically obese
(ob/ob) mice. We analyzed the potential benefit of TUDCA, an
ER stress inhibitor, in the prevention and treatment of hepatic
inflammation and death caused by an LPS challenge. We
found that PERK and IRE1a pathways cooperate to activate
CHOP, and that this appears to be a critical link between
inflammasome activation and hepatocyte death in NASH.
Importantly, the upregulation of transcripts of ER stress
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correlated with inflammasome priming and liver injury in
NASH patients, which highlights their relevance in disease
progression.

Results

TUDCA protects the liver from LPS-induced injury,
apoptosis and inflammasome priming. In genetically
obese mice (ob/ob) with severe steatosis and challenged
with LPS, we investigated the in vivo effects of TUDCA
treatment. Liver histological analysis revealed severe inflam-
mation with many inflammatory foci and areas of cell death in
LPS-injected mice compared with PBS-injected mice
(Figure 1a). Five days of TUDCA treatment dramatically
reduced the number of steatohepatitis foci (presence of
inflammatory foci and ballooned hepatocytes) induced by
LPS (Figure 1a). TUDCA treatment also resulted in partial
resolution of hepatic steatosis (Figure 1a and Supplementary
Figure S1A). As expected, inflammatory foci were absent in
PBS- and TUDCA-injected mice (Supplementary Figure S1A).
Consistent with these observations, serum levels of aspartate
(AST) and alanine (ALT) aminotransferases were significantly
lower in [TUDCA+LPS]-treated ob/ob mice compared with
LPS-treated mice (Figure 1b). TUDCA-treated mice also
displayed a reduction in AST and ALT levels compared with
those receiving PBS. Thus, in ob/ob mice, LPS challenge
induced NASH-like pathological features: ballooned hepato-
cytes, liver damage and inflammation. TUDCA treatment
prevented these effects. After LPS injection, liver sections of
TUDCA-treated mice also contained less TUNEL-positive
hepatocytes compared with untreated animals. TUNEL
staining showed that both apoptosis (nuclear fragmentation,
Figure 1c) and necrosis (diffuse cytoplasmic staining,
Supplementary Figure S1A) were significantly reduced after
TUDCA treatment. Furthermore, the levels of active caspase-
3 and substrate CAD were markedly reduced in [TUDCA
+LPS]-treated mice in comparison with LPS-treated ones
(Figure 1c). In accordance with inflammatory cell infiltration,
the hepatic levels of TNFa, IL-1B, IFNy and iNOS messenger
mRNA were significantly increased in LPS-injected mice
(Figure 1d). TUDCA treatment decreased the hepatic levels
of these markers upon LPS challenge. Notably, IL-18 is
matured by proinflammatory caspases (caspase-1 and
caspase-11).7 Interestingly, the analysis of mRNA levels
showed that caspase-1 and caspase-11 were significantly
decreased in the livers of [TUDCA+LPS]-treated mice in
comparison with LPS-treated ones (Figure 1d). We con-
cluded that TUDCA treatment suppresses hepatocyte bal-
looning, apoptosis and inflammasome priming upon LPS
challenge in ob/ob mice.

TUDCA provides protection against LPS-induced ER
stress and inflammasome pyroptotic death. As TUDCA
treatment prevented LPS-induced upregulation of IL-18,
caspase-1 and caspase-11 gene expression (Figure 1d)
and TUNEL positivity (Figure 1c), we hypothesized that LPS
could induce hepatic ER stress pyroptosis. As in apoptotic
cell death, cells undergoing pyroptosis incur DNA damage
and become positive in the terminal deoxynucleotidyl
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TUDCA protected against LPS-induced liver injury, apoptosis and inflammasome priming in ob/ob mice. TUDCA was injected intraperitoneally (500 ng/g) for 5 days.

An LPS challenge (2 1.g/g) was performed 6-h before killing. (a) Shown are photomicrographs of sections of murine liver stained with H&E (scale bar = 50 zm at x 200 or 25 um at
x 400 magnification). The number of steatohepatitis foci (number of inflammatory foci in contact with ballooned hepatocytes, identified by arrows) was evaluated. (b) Serum AST
and ALT transaminase levels were measured (n=9-12). (c) Apoptotic hepatocytes were visualized with TUNEL assay. The expression of active caspase-3 and CAD was
evaluated in total liver lysates. Quantification was performed from the immunoblot analysis and expressed as fold induction (n=6). (d) Relative expression of hepatic TNFa,
IL-15, caspase-1and caspase-11 mRNA (normalized to 3684 mRNA). Data were expressed as fold induction (n=7). Data are expressed as mean + standard error of the mean.
Statistical significance from controls is denoted by *#P<0.05, **P<0.01, ****P<0.001

transferase dUTP nick-end labeling (TUNEL) assay. Also,
Figure 2a shows that LPS-treated ob/ob mice exhibited
marked increases in both active caspase-11 and -1, whereas
TUDCA strongly prevented activation. As reported,'® hepatic
steatosis was already associated with increased levels of
both active inflammatory caspases in the liver. We observed
that NLRP3 expression was induced upon LPS stimulation at
the protein and mRNA levels, whereas it was decreased with
TUDCA, as shown in Figures 2a and b, respectively.
Accordingly, hepatic activation of another specific inflamma-
some substrate, IL-18, was reduced at the mRNA level
(Figure 2b). Importantly, in agreement with increased
caspase-11 and -1 activation, the serum levels of systemic

mature IL-18 rose after LPS injury, whereas TUDCA
treatment completely abolished IL-18 secretion in these mice
(Figure 2c). TUDCA treatment also decreased the circulating
levels of global inflammatory markers such as TNFa, IFNy
(Figure 2c), MCP-1 and IL-6 (Supplementary Figure S1B) in
response to LPS. It should be acknowledged that the
circulating inflammatory markers could be derived from
adipose tissue in addition to the liver and contribute to
inflammatory responses.

Together, these data reveal that upon LPS treatment, ER-
dependent NLRP3 inflammasome and hepatocyte death
pathways were induced in the livers of ob/ob mice, whereas
TUDCA blocked both pathways. We next decided to
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Figure 2 TUDCA treatment prevented hepatic activation of the NLRP3 inflammasome in ob/ob mice challenged with LPS. (a) Analysis of whole-liver samples from PBS-,
TUDCA-, LPS- and [TUDCA+LPS]-treated mice. Immunoblot analysis of active caspase-11, active caspase-1 and NLRP3 protein levels are shown (n=4-6). (b) Real-time
quantitative PCR analysis was performed to compare relative hepatic levels of Nirp3 and IL-18 mRNAs. (c) Plasma cytokine levels were quantified for IL-1, TNFa and IFNy
(n="7-9). Statistical significance from controls is denoted by **P<0.05, **P<0.01, ***#pP <0,001

administer the TUDCA treatment with LPS for the duration of
the 6-h treatment. Importantly, we observed that a unique dose
of TUDCA was still capable of protecting the liver against LPS-
induced steatohepatitis foci formation and necrosis
(Supplementary Figure S2A), liver injury (Supplementary
Figure S2B) and apoptosis (Supplementary Figure S2C)
independently of the grade of steatosis (Supplementary
Figure S2A). TUDCA 6-h co-treatment decreased the activa-
tion of inflammatory caspases in the liver at the protein and
mRNA levels (Supplementary Figure S3A, top and bottom,
respectively). The increase in circulating levels of IL-13, TNFa
and IFNy in response to LPS was also limited by TUDCA
(Supplementary Figure S3B). Thus, the hepatoprotective and
anti-inflammatory properties of TUDCA against LPS are
independent of its ability to improve steatosis.

TUDCA reduces LPS-induced hepatic IRE1a and PERK
activation. During ER stress, IRE1a initiates an unconven-
tional splicing of the mRNA encoding an isoform of the XBP-1
protein (sXBP-1).> PERK phosphorylates elF2a, which
results in the translational induction of ATF4. ATF6 is
cleaved and its cytosolic domain translocates to the nucleus.
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We examined the hepatic status of sXBP-1, phospho-elF2aq,
ATF4 and total ATF6 in ob/ob mice. The levels of the sXBP-1
protein (Figure 3a) and target gene DnaJ9 (Supplementary
Figure S4a) increased significantly in LPS-treated mice,
whereas they were barely detected in [TUDCA+LPS]-treated
mice. In addition, the hepatic levels of phosphorylated elF2a
and ATF4 protein expression were slightly enhanced with
LPS, while TUDCA pretreatment protected from LPS-induced
elF2a activation (Figure 3a). Interestingly, 5 days of TUDCA
treatment reduced the basal state of phosphorylation of
elF2a. In contrast, total ATF6 expression remained
unchanged irrespective of LPS stimulation (Figure 3a). The
GRP78 protein was markedly increased in the livers of
TUDCA-treated ob/ob mice, whereas the CHOP protein was
barely detectable. TUDCA further increased the [GRP78/
CHOP] ratio, thereby promoting potential protection against
LPS stimulation (Figure 3b). Importantly, we found similar
results on an mRNA level when TUDCA and LPS were
administrated together for the duration of the 6-h treatment
(Supplementary Figure S3C).

As reported,® the basal levels of phospho-JNK were already
elevated in the steatotic liver as a consequence of IRE1a
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Figure 3 TUDCA inhibited the LPS-induced IRE1a and PERK hepatic activities by favoring anti-apoptotic signaling pathways in ob/ob mice. The expression of ER stress
(a and b) and apoptotic proteins, presented as Bcl-2 family pro-apoptotic/anti-apoptotic ratios (¢ and d), was compared by immunoblotting and quantified (n=6-9). Data are
expressed as mean + standard error of the mean. Statistical significance from controls is denoted by **P<0.05, ****P<0.01, ***#P<0.001

activation compared with lean control livers (Supplementary
Figures S5A—-C). Upon LPS challenge, the levels of phospho-
JNK rose further, whereas TUDCA treatment prevented
exaggerated JNK activation (Figure 3b). CHOP mediates its
pro-apoptotic effects by positively regulating pro-apoptotic
Puma and Bax proteins, while negatively regulating the
anti-apoptotic Bcl-2 protein.® Importantly, LPS stimulation
increased Puma and Bax protein expression (Figures 3c
and d). TUDCA blocked this upregulation and slightly
increased the levels of Bcl-X_ and Bcl-2 proteins. Thus,
TUDCA treatment inhibited the increase in Bax and Puma
protein levels, thereby promoting a protective Bcl-X, - and Bcl-
2-dependent mechanism against LPS-induced liver injury.
These data revealed that in livers from obese mice,
administration of LPS results in the activation of IRE1a and
PERK, as well as CHOP overexpression. This, in turn,
activates the NLRP3 inflammasome, initiating hepatocyte
apoptosis and, more specifically, pyroptosis. In contrast, the
LPS challenge is blocked by the ER stress inhibitor TUDCA.
In light of the data, we addressed whether feeding mice with a
methionine- and choline-deficient (MCD) diet, a nutritional
model of steatohepatitis, would induce a similar phenotype.

As expected, the MCD-fed mice developed a typical feature of
NASH: increased liver injury (Supplementary Figure S6A). All
these parameters correlated with an increased hepatic
priming of the NLRP3 inflammasome and ER stress markers,
specifically CHOP, in the MCD-fed mice (Supplementary
Figures S6B and C).

Tunicamycin treatment leads to hepatic apoptosis,
exacerbated NLRP3 inflammasome activation and over-
whelmed IRE1a and PERK activities. We questioned
whether ER stress activation with tunicamycin (TUNI), a
specific ER stress inducer, would lead to increased liver
injury and NLRP3 inflammasome activation in the livers of
obese mice. As shown in Figure 4a, the serum levels of AST
were significantly increased in TUNI-injected mice compared
with control animals, indicative of additional hepatocyte
death, and we observed a strong increase in the number of
steatohepatitis foci. Furthermore, these mice present a
marked increase in TUNEL-positive hepatocytes, activated
hepatic caspase-3, Puma a and active Bax in response to
TUNI (Figure 4b). These results clearly indicate that ER

Cell Death and Disease
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Figure 4 Challenge with tunicamycin in ob/ob mice increased apoptosis and activation of the NLRP3 inflammasome, and was associated with hepatic IRE1a
and PERK activities. Mice were injected with TUNI (2 ug/g) 6h before killing. (a) Serum AST (IU/l) levels were measured and the number of steatohepatitis
foci was determined (n=5). (b) The number of apoptotic hepatocytes was monitored by TUNEL staining. Immunoblotting of active caspase-3, Puma
and Bax was performed from whole-liver lysates. (¢) Immunoblot analysis of the protein levels of active caspase-11, caspase-1 and IL-153 are shown (n=5).
(d) Plasma levels of the cytokines IL-15, IL-6 and MCP-1 are represented (n=5). (e) The expression of ER stress proteins was compared in TUNI- and PBS-injected
mice (n=5). Data are expressed as mean =+ standard error of the mean. Statistical significance from controls is denoted by *P<0.05, **P<0.01

stress by TUNI led to liver injury associated with hepatocyte
apoptosis in ob/ob mice.

Regarding inflammasome activation, we found that TUNI
exacerbated hepatic caspase-11, caspase-1 and production
of IL-18 compared with control mice (Figure 4c). Importantly, in
agreement with increased caspase-11 and -1 activation, the
serum levels of systemic mature IL-18 increased after TUNI
injection (Figure 4d). TUNI treatment also increased the
circulating levels of the proinflammatory cytokines IL-6 and
MCP-1 (Figure 4d). The mRNA level of NIrp3 was also
specifically increased with TUNI (Supplementary Figure S4B).

Cell Death and Disease

Hence, the induction of ER stress by TUNI administration not
only triggered apoptosis, but also led to an increase in
hepatocyte pyroptosis in ob/ob mice.

We thus analyzed the activity of UPR effectors in response
to TUNIL. The level of sXBP-1, a target of IRE1a, was
significantly increased after TUNI treatment (Figure 4e).
Consequently, the mRNA levels of sXBP-1 and the target
gene DnaJ9 (Supplementary Figure S4B) were increased in
response to TUNI. Simultaneously, levels of hepatic phospho-
PERK increased in TUNI-challenged mice compared with
control mice. Accordingly, we detected a marked increase in



the protein (Figure 4e) and mRNA levels (Supplementary
Figure S4B) of ATF4. Finally, a strong upregulation in CHOP
protein expression, a downstream target of sXBP-1 and
ATF4,° was detected after TUNI challenge, alongside an
increase in phospho-JNK expression (Figure 4e). Accordingly,
TUNI increased the [CHOP/GRP78] ratio at the protein
(Figure 4e) and the mRNA levels (Supplementary Figure
S4B), thus favoring programmed hepatocyte death.

CHOP mediates ER-stress-induced pyroptosis and apop-
tosis in mouse primary hepatocytes. We evaluated cell
viability, pyroptosis and apoptosis in primary mouse hepato-
cytes treated with LPS or TUNI, or co-treated with TUNI and
LPS [TUNI+LPS], in the absence or presence of the ER
stress inhibitor TUDCA. Although LPS and TUDCA alone did
not alter hepatocyte viability (MTT test, Figure 5a) or positivity
for TUNEL staining (Figure 5b), primary hepatocytes dis-
played enhanced sensitivity to co-treatment with TUNI+LPS,
compared with TUNI alone, with a marked decrease in
viability and a higher percentage of TUNEL-positive hepato-
cytes (Figures 5a and b). Furthermore, hepatocyte death
induced by TUNI+LPS was partially suppressed by TUDCA.
We also confirmed these results in AML12 hepatocytes
(Supplementary Figure S7). We also tested whether Z-YVAD-
fmk, a caspase-1 and caspase-11 inhibitor, could block the
hepatocyte death induced by TUNI+LPS. The cell death
caused by TUNI+LPS was indeed attenuated by Z-YVAD-fmk
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(Supplementary Figure S7). These results suggest that loss
of viability was dependent on proinflammatory caspase-1 and
caspase-11 activities. We next monitored the protein levels of
proinflammatory caspases, IL-18 and CHOP by immunoblot-
ting. Expression of the CHOP protein was enhanced in TUNI-
treated hepatocytes, whereas it was barely detectable in
controls (Figure 5c¢). Strikingly, CHOP protein expression was
further increased in hepatocytes treated with TUNI+LPS.
Importantly, this pattern of CHOP activation mirrored the
increase in the active forms of caspase-11, caspase-1 and
IL-18. These effects were strongly inhibited by TUDCA
(Figure 5c). We hypothesized that CHOP could induce the
activation of inflammatory caspases, but not apoptotic
caspase-3. We then performed similar experiments in
primary hepatocytes by knocking-down Chop using siRNA.
As shown in Figure 5d, the knockdown of endogenous Chop
strongly prevented the accumulation of active caspase-11,
caspase-1 and their substrate IL-18 in response to TUNI or
TUNI+LPS, but not active caspase-3 (data not shown). This
result indicated that TUNI and LPS act synergistically to
induce CHOP-dependent inflammasome pyroptotic death.

NASH patients show increased hepatic ER stress,
inflammasome priming and liver injury. In line with our
results, we hypothesized that progression from steatosis to
NASH could be associated with enhanced hepatic ER stress
and inflammasome activation in obese patients. This was
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Figure 5 TUDCA inhibited CHOP-induced apoptosis and activation of the inflammasome in response to LPS and tunicamycin co-treatment in primary mouse hepatocytes.
(a and b) Hepatocytes were pretreated for 48 h with 500 p.g/ml TUDCA followed by culture for 24 h in normal medium (c) or 100 ng/ml LPS, 1 zzg/ml TUNI or both (LPS+TUNI).
After treatment, the percentage of viable cells quantified by MTTassay (a) (relative to control) and TUNEL-positive hepatocytes (b) was quantified (n = 4-6). (¢ and d) Immunoblot
analysis of CHOP, active caspase-11, caspase-1, pro-IL-1/ and IL-15 protein levels assessed from hepatocytes pretreated either with TUDCA (c) or Chop siRNA (d) before
stimulation (n=23). Data are expressed as mean =+ standard error of the mean. Statistical significance from controls is denoted by **P<0.05, **P<0.01
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tested by evaluating the expression of ER stress markers
(Chop and Grp78) and inflammasome priming (caspase-4,
which shares 60% homology with murine caspase-11),
caspase-1 and IL-18 in 30 obese subjects (Supplementary
Table 1). The analysis of the mRNA levels showed a
significant increase in both the deleterious [Chop/Grp78]
ratio (54-fold increase), and inflammasome components
(caspase-4, caspase-1 and IL-1B) in NASH patients (n=9)
compared with patients without NAFLD (n=6) and with
steatosis (n=15, Figure 6a). These markers of ER stress and
the inflammasome also correlated with the NAFLD Activity
Score and liver injury, as evaluated by transaminase levels
(Supplementary Table 2). In addition, we also found a positive
correlation between the ER stress and level of inflammasome
transcripts (Supplementary Table 2). The [Chop/Grp78] ratio
correlated with the levels of caspase-4 (Rs=0.414,
P=0.029, n=28), caspase-1 (Rs=0.421, P=0.026, n=28)
and /L-18 (Rs=0.46, P=0.016, n=27) transcripts, which
also correlated with each other (Figure 6b). These results
indicate that ER stress and inflammasome platforms may
cooperate in the progression from steatosis to NASH.

Discussion

Steatosis is an extremely common disorder affecting nearly
30% of the US population, among which 25% develop NASH
with an inherent risk for progression to cirrhosis and
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hepatocarcinoma. Although the function of the NLRP3
inflammasome in myeloid immune cells has been well
characterized, increasing evidence shows that the NLRP3
inflammasome activation also occurs in non-myeloid cells,
namely hepatocytes,® in normal and pathogenic states.
Nevertheless, studies have not examined whether the ER
stress response stimulates hepatic NLRP3 inflammasome
activation and associated cell death in NASH. Our studies
suggest several potential mechanisms related to ER stress
and inflammasome activation that cooperate to induce NASH
development.

We first found that exaggerated ER stress obtained with
LPS or TUNI in the steatotic liver leads to a transient state of
NASH:-like disease and the presence of hepatocyte pyroptotic
cell death. Remarkably, in livers from ob/ob mice, challenge
with LPS resulted in a degree of steatohepatitis that closely
resembled human NASH, and two of the main pathological
features, steatohepatitis foci and hepatocyte apoptosis, were
also rapidly induced by the administration of TUNI to ob/ob
mice. In addition, we demonstrated in these animal models
that the ER stress effectors PERK and IRE1a converge on
CHOP activation, thus increasing the activity of the NLRP3
inflammasome (caspase-11, caspase-1, IL-18) and hepatic
apoptosis (TUNEL positivity, caspase-3, BH3-only proteins).
Second, a treatment with TUDCA dramatically reduces
NLRP3 inflammasome activation and improves the NASH-
pathological features in these models. Indeed, we have shown



that TUDCA, administered as a protective 5-day pretreatment
or as a potential 6-h treatment in ob/ob LPS-injected mice,
exhibits anti-inflammatory and hepatoprotective properties.
Third, CHORP is a critical signaling node that links ER stress-
induced cell death and inflammasome activation in hepato-
cytes. The level of CHOP activation was robust after LPS and
TUNI co-treatment, which correlated with increased cell death
and activation of caspase-11 and caspase-1. Genetic silen-
cing of Chop strongly reduced the activation of caspase-11, -1
and IL-18 production, suggesting that Chop modulates
caspase-11 and caspase-1 activation at the transcriptional
level in hepatocytes. We also observed that TUDCA protected
hepatocytes from LPS- and TUNI-induced inflammasome
activation and cell death, thus phenocopying the effects
observed in mice with TUDCA treatment. Importantly, we
reported a significant increase in gene expression of Chop in
the livers of NASH patients, which correlated with priming of
the inflammasome markers caspase-1, caspase-4 and IL-18.
These markers significantly correlated with liver injury
(transaminases) and inflammation (presence of inflammatory
foci and NAS score) suggesting that the cross-talk between
ER stress and inflammasome is an important mediator in the
pathophysiology of NASH.

Sustained inflammasome activation can trigger apoptosis
and pyroptosis, resulting in DNA damage with positivity for
TUNEL staining. We found an increase in TUNEL-positive
hepatocytes in both livers from LPS- and TUNI-injected mice,
which correlated with increased production of active caspase-1,
caspase-11, IL-18 and of caspase-3, PERK and IRE1a
activities. These results suggest that LPS and TUNI induce
ER-dependent pyroptosis and apoptosis in the livers of ob/ob
mice, whereas Z-YVAD-fmk and TUDCA blocked both
pathways.

Our current data demonstrate for the first time a connection
between ER stress activation and the presence of pyroptotic
cell death in hepatocytes with a hyperactivated NLRP3
inflammasome. Importantly, we confirmed our results in a
frequently used nutritional model of steatohepatitis by feeding
mice with the MCD diet.

The role of CHOP in NAFLD remains unclear, as evidence
demonstrated that MCD-diet-induced steatohepatitis was
reduced in Chop knockout mice and that inflammation was
exacerbated in macrophages from Chop-deficient mice'®
arguing for a cell autonomous effect of the Chop deficiency.
Our results support a deleterious role of CHOP, driving both
ER stress-induced hepatocyte death through the activation of
BH3-only proteins®' and the NLRP3 inflammasome activation
in our experimental models. Herein, we demonstrated that
CHOP expression correlated with Puma and Bax induction.
These results are consistent with the concept that the
induction of Puma is necessary for ER stress-induced
apoptosis and can be linked to direct Bax activation, initiating
mitochondrial dysfunction as a downstream consequence of
ER stress.>? These results are in accordance with the high
hepatic expression levels of Puma and Bax found in patients
with NASH contributing to hepatocyte lipoapoptosis.®® Inter-
estingly under stress conditions, Bax and Bak can activate
IRE1a.3* They could act as retro-positive controls amplifying
ER stress apoptosis, inflammasome activation and down-
stream mitochondrial dysfunction in NASH models.
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Transcriptionally, CHOP expression is regulated by ATF4,
sXBP-1 and cATF6.%° Therefore, the increase in CHOP
expression observed in the steatotic livers of mice treated
with LPS and TUNI could be a reflection of both PERK and
IRE1a/sXBP1 activation, as ATF6 remained unchanged. The
increase in phospho-JNK observed in these mice could also
reflect IRE1a/TRAF2/ASK1 activation.® Interestingly, JNK is
speculated to  promote  CHOP  activity through
phosphorylation,>® thereby potentially reinforcing the PERK
pathway and the IRE1a/sXBP-1-dependent pathway that
increases CHOP production, inflammasome activation and
hepatocyte death.

Such a connection between ER stress and inflammasome
pathways has been recently suggested through the
thioredoxin-interacting protein (TXNIP) which associates
PERK and IRE1a with the NLRP3 inflammasome, thus
activating B-cell death and contributing to diabetes.®®%” We
did not observe any variation of TXNIP protein expression in
our experimental conditions suggesting that TXNIP does not
seem to be a target of hepatic IRE1a and PERK, at least in our
models (Supplementary Figure S8). Hyperactivated IRE1a or
irremediable ER stress would also spontaneously generate
ROS.%® We found that the level of ROS production was slightly
increased after LPS and TUNI co-treatment (Supplementary
Figure S8). As ROS enhance the activation of NLRP3
inflammasome, they may further amplify effects of the
IRE1a-PERK-CHOP axes to increase pyroptosis in our
experimental conditions. Future studies seeking to character-
ize the tight link between ER stress and NLRP3 pathways and
its contribution to liver inflammation and cell death are worth
considering.

As other inflammasome pathways have been described,*®
our results support a model in which the severity of the
ER stress response could activate these pathways, in
hepatocytes and nonparenchymal cells, resulting in the
induction of proinflammatory signaling, hepatocyte pyroptotic
death and fibrosis in various liver pathologies, such as NASH,
ASH and HCC. For example, AIM2 could be an attractive
candidate as it senses damage-associated molecular pat-
terns, such as cytoplasmic and mitochondrial DNA, which are
increased in NASH patients.® AIM2 could form an NLRP3-
independent inflammasome with Pycard and caspase-1,
contributing to the pathological features of these liver
diseases.

A therapeutic strategy that aims to target these common
processes might be effective; TUDCA could provide such
a strategy. In our animal models, it is possible that TUDCA
decreases the amount of inflammatory mediators produced
by activating inflammatory macrophages and the inflamma-
tory microenvironment. Studies have reported that TUDCA
decreases the amount of TNFa produced by inflammatory
macrophages in a model of HCC.** TUDCA could
also decrease the expression of TLR4, the receptor of LPS.
In the liver, TLR4 is expressed in both hepatocytes
and immune cells such as macrophages. TLR4 specifically
activates IRE1a to increase cytokine production (IL-6
and TNFa) in macrophages.*' Such a mechanism could
also occur in hepatocytes contributing to amplify the
inflammatory responses provoked by an LPS challenge
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Figure 7 ER stress activates NLRP3 inflammasome and hepatocyte death in liver disorders. Endotoxinemia (LPS), a pathological condition found in chronic liver diseases,
overwhelms hepatic IRE1a and PERK activities, leading to the overexpression of CHOP, which regulates the expression of caspase-1, caspase-11 and Puma, and triggers
hepatocyte pyroptosis and apoptosis. TUDCA increased the [GRP78/CHOP] ratio, promoting protection against ER-dependent NLRP3 inflammasome and cell death pathways.
Using TUDCA, either alone or combined with hepatoprotective and anti-inflammatory interventions, could be a valid therapeutic strategy for the treatment of liver disorders

(Figure 7). Further studies are needed to fully answer this
question.

In summary, we have demonstrated that ER stress leads to
NLRP3 inflammasome activation, thus resulting in severe liver
inflammation and hepatocyte pyroptotic death, and contribut-
ing as a novel mechanism of ER-mediated liver damage
(Figure 7). In this way, blocking ER-dependent NLRP3
inflammasome and cell death pathways, with TUDCA
alone, or combined with other hepatoprotective and anti-
inflammatory interventions, may represent a valid therapeutic
strategy for the treatment of liver disorders.
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Materials and Methods

Animal care, mouse model and treatments. All the animal procedures
were conducted in compliance with protocols approved by local ethical government
authorities. Male, ob/ob mice (C57BL/6J-ob/ob), at 6 weeks of age were purchased
from Janvier Laboratories (Saint-Berthevin, France). Experiments were started
2 weeks after the arrival of the mice in our animal facility. Four different treatment
protocols were administered: (1) TUDCA was injected intraperitoneally (250 ng/g
twice a day, total 500 ng/g/day) for 5 days. Control mice received the same volume
of vehicle (PBS). Mice were subjected to a single LPS injection (2 1g/g) 6 h before
being killed. (2) TUDCA and LPS were co-injected intraperitoneally at the above-
mentioned concentrations for the duration of the 6-h treatment. Other mice were
either injected with PBS, TUDCA or LPS 6h before being killed, at the



concentrations stated previously. (3) Mice were intraperitoneally injected with
tunicamycin (2 ug/g) or vehicle control (PBS) 6 h before being killed. All the mice
were fed a normal chow diet (A04, Safe Diet, Augy, France). (4) Wild-type C57BL/6
male mice (16-18 weeks of age), from Janvier were fed a methionine- and choline-
deficient diet (MCD, ref 960439) or control diet (ND) (ref 960440, MP BIO) for
2 weeks. Water was available ad libitum.

Biochemical analysis and cytokine measurement. Serum levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were
determined using a standardized UV test after activation with pyridoxal-phosphate
(Roche-Hitachi analyzer, ASTPM, ALTPM, Cobas, Meylan, France). The BD
Cytometric Bead Array (CBA) Mouse Inflammation Kit was used to quantitatively
measure cytokines by flow cytometry as described previously.*?

Histological evaluation. Liver tissue specimens were fixed in 10% buffered
formalin, embedded in paraffin, sectioned (5 m thick), stained with hematoxylin—
eosin, and then analyzed blindly by a liver pathologist.

TUNEL assay. Liver tissue specimens were embedded in paraffin and
sectioned at 5 um for processing by the TUNEL method using a commercial kit,
using DAB peroxidase substrate (Roche Molecular Biochemicals, Meylan, France)
and counterstained with methyl green. Specimens were evaluated by microscopy at
high power magnification (x100) in a blinded manner. A total of 30 random fields
were counted for each TUNEL-stained tissue sample. TUNEL assays on primary
hepatocytes were performed following exactly the same procedure as we previously
described.*34

In vitro assay for viability. Cell viability was determined by a colorimetric
assay based on the ability of viable cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-
dipheny! tetrazolium bromide (MTT) as described,“**® generating a dark blue
formazan product. Dissolved MTT was added to each well of the plate and the plate
was incubated at 37 °C for 1 h. The absorbance at 550 nm was measured using a
microplate spectrophotometer system (ELX800, Bio-TEK Instruments, Colmar,
France). Results are presented as a percentage of the control values.

Real-time quantitative PCR analysis. Total RNA was extracted from liver
tissue using an RNeasy Mini Kit (Qiagen, Courtaboeuf, France). The samples were
treated with Turbo DNA-free (Applied Biosystems, Courtaboeuf, France) or RNAse-
free DNAse kit (Qiagen) following the manufacturer’s protocols. The quality of the
isolated RNA was determined using the Agilent 2100 Bioanalyser with RNA 6000
Nano Kit (Agilent Technologies, Massy, France). Total RNA was reverse-transcribed
with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-
time quantitative PCR was performed using the ABI PRISM 7500/Step-One Fast
Real Time PCR System following the manufacturer’s protocols in C3M genomics
facilities. The TagMan gene expression assays were purchased from Applied
Biosystems (Supplementary Materials and Methods). Gene expression values were
normalized to the value of the housekeeping gene 36B4 (mice conditions) or RPLPO
(human conditions) and calculated on the basis of the comparative cycle threshold
Ct method (22DDCt) as we described previously.***6

Immunoblot analysis. Total liver protein was isolated from snap-frozen
tissues, homogenized in detergent-containing buffer, normalized for the protein
content (50 ug per sample), and analyzed by SDS-PAGE (8-15% gels)
immunoblotting as previously described for ER stress studies***® and for
inflammasome studies.”” Equal loading was assured by Ponceau S staining.
Western blot analyses were performed using the primary antibodies described in
Supplementary Materials and Methods. Antibody detection was accomplished using
horseradish peroxidase-conjugated secondary antibodies (Supplementary Materials
and Methods) and an enhanced chemiluminescence method (Amersham
Biosciences, Piscataway, NJ, USA). Immunoblots were scanned, and the signals
were quantified using ImageJ software.

Cellular models and treatments. Hepatocytes from mouse liver were
isolated by a two-step collagenase procedure, as we previously described.*®
Isolated cells were resuspended in Medium | (Williams' Medium E) supplemented
with 10% fetal bovine serum (PAA Laboratories, Villacoublay, France), 100 units/ml
penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, 0.02 Ul/ml insulin (Humulin,
Lilly, Fegersheim, France). Viability was evaluated by trypan blue exclusion (Sigma,
St. Louis, MO, USA). Hepatocytes were incubated for 4 h at 37 °C in a humidified
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atmosphere with 5% CO,. For culture, Medium | was renewed with Medium Il (a
fetal bovine serum-free Medium |, supplemented instead with 0.5% bovine serum
albumin). Hepatocytes were also pretreated with TUDCA (500 p.g/ml) for 48 h or
with Z-YVAD-fmk (25 M) for 1h in Medium II. Following these incubation times,
tunicamycin (TUNI; 1 pg/ml), LPS (100 ng/ml) or [TUNI+LPS] was gently added to
the culture for 24 h in Medium Il. AML12 hepatocytes (CRL-2254, ATCC) were
cultured in medium (DMEM, 4.5g/l glucose, 100 units/ml penicillin, 100 p.g/ml
streptomycin and 2 mM L-glutamine) supplemented with 10% fetal bovine serum
(PAA Laboratories), under 5% CO, at 37 °C. The conditions for stimulation were
the same.

siRNA transfection. Primary hepatocytes were transfected with chop (ddit3)
siRNA (MSS273951, Invitrogen, Carlsbad, CA, USA) or control siRNA (Invitrogen,
Low) at 30nM using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s instructions. After 48 h of transfection, the cells were then treated as
indicated above.

Human studies. Morbidly obese patients (n=230) were recruited through the
Department of Digestive Surgery and Liver Transplantation (Nice Hospital) where
they underwent bariatric surgery for their morbid obesity. Bariatric surgery was
indicated for these patients in accordance with the French guidelines. Exclusion
criteria were: presence of a hepatitis B or hepatitis C infection, excessive alcohol
consumption (> 20 g/day) or another cause of chronic liver disease, as previously
described.*® The characteristics of the study groups are given in Supplementary
Table 1. Before surgery, fasting blood samples were obtained and used to measure
ALT and AST aminotransaminases; glucose and insulin resistance were calculated
using the homeostatic model assessment (HOMA-IR) index. Surgical liver biopsies
were obtained during surgery and no ischemic preconditioning had been performed.
Histopathological analysis was performed according to the scoring system of Kleiner
et al* Four histopathological features were semi-quantitatively evaluated: grade of
steatosis (0, <5%; 1, 5-30%; 2, > 30-60%; 3, > 60%), lobular inflammation (0, no
inflammatory foci; 1, <2 inflammatory foci per x 200 field; 2, 24 inflammatory foci
per x 200 field; 3, >4 inflammatory foci per x 200 field), hepatocellular ballooning
(0, none; 1, few ballooned cells; 2, many cells/prominent ballooning) and stage of
fibrosis (from none =0, to cirrhosis = 4). All the subjects gave their informed written
consent to participate in this study in accordance with the French legislation
regarding Ethics and Human Research (Huriet-Serusclat law). The “Comité
Consultatif de Protection des Personnes dans la Recherche Biomédicale de Nice”
approved the study (07/04:2003, N°03.017).

Statistical analysis. Statistical significance of differential gene expression
between the two study groups was determined using the non-parametric Mann-
Whitney test with the ACt of each group. Correlations were analyzed using the
Spearman’s rank correlation test. Other data from mice and cells were statistically
analyzed by Student’s ttest or ANOVA and post hoc analysis for multiple group
comparison. Data are expressed as mean+ S.E.M. Statistical significance from
controls is denoted by *P<0.05, **P<0.01, **P<0.001. Following the same
pattern, # denotes statistical significance between specified groups.
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focusing on liver injury and hepatocyte apoptosis, are not well-established. We here
performed a longitudinal study with paired liver biopsies of nine morbidly obese women
(median BMI: 42 [38.7; 45.1] kg/m?) with NASH with a median follow-up of 55 [44; 75]
months after laparoscopic Roux-en-Y gastric bypass (LRYGB) surgery. LRYGB surgery
was associated with significant weight loss (median BMI loss —13.7 [—-16.4; —9.5]
kg/m?), improved hepatic steatosis in all patients (55.5% with total resolution), and
resolution of hepatic inflammation and hepatocyte ballooning in 100 and 88.8% of cases,
respectively. Alanine aminotransferase levels dropped to normal values while hepatic
activated cleaved caspase-3 levels strongly decreased after a median follow-up of 55
months. Hepatocyte apoptosis, as evaluated by serum caspase-generated keratin-18
fragment, improved within the first year following LRYGB and these improvements
persisted for at least 55 months. LRYGB in morbidly obese patients with NASH is
thus associated with a long-lasting beneficial impact on hepatic steatohepatitis and
hepatocyte death.

Keywords: liver, NASH, bariatric surgery, NAFLD, steatosis, obesity

INTRODUCTION

Obesity represents a major health burden, as it is associated with a growing number of
comorbidities (Must et al., 1999; Stevens et al., 2012). As the prevalence of obesity increases, so
does the prevalence of non-alcoholic fatty liver disease (NAFLD), which is now the leading cause
of chronic liver disease in the Western world (Younossi et al., 2011, 2016; Setiawan et al., 2016).
NAFLD includes a spectrum of liver abnormalities, ranging from simple steatosis to non-alcoholic
steatohepatitis (NASH) and to liver cirrhosis, eventually leading to hepatocellular carcinoma (Tran
and Gual, 2013; Yeh and Brunt, 2014). Regarding NASH, which is characterized by the presence
of liver inflammation and injury (hepatocyte ballooning and apoptosis), recent reports indicate
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that it is the second most common indication for liver
transplantation in the United States (Wong et al., 2015). To
counter the obesity epidemic, bariatric surgery has emerged as
the only therapeutic treatment that results in long-term weight
loss and improvement or resolution of most obesity-related
comorbidities (Mitka, 2012; Schauer et al., 2014). However,
evidence of the long-term efficacy of bariatric surgery against
NASH is not well-established. A recent report, including a cohort
of 109 morbidly obese patients with biopsy-proven NASH, has
shown that bariatric surgery induced the disappearance of NASH
in nearly 85% of patients and reduced the pathological features
of the disease after 12 months of follow-up (Lassailly et al.,
2015). Other results reported in the literature are more disparate
and focus on various liver complications (mainly steatosis and
fibrosis) with differing bariatric procedures and with a follow-
up never exceeding 24 months (Silverman et al., 1995; Clark
et al., 2005; Mattar et al, 2005; Mottin et al., 2005; Barker
et al., 2006; Csendes et al., 2006; de Almeida et al., 2006; Klein
et al., 2006; Furuya et al., 2007; Liu et al., 2007; Mathurin et al.,
2009; Chavez-Tapia et al,, 2010). In this study, we evaluated
the long-term effects (median follow-up biopsy at 55 months)
of laparoscopic Roux-en-Y gastric bypass (LRYGB) surgery on
hepatic NASH features and liver injury (mainly hepatocyte
apoptosis) in morbidly obese women with biopsy-proven NASH
at the time of the surgery.

MATERIALS AND METHODS
Study Design

Five hundred and sixty-eight consecutive severely and morbidly
obese patients, referred for bariatric surgery, were included
between December 2002 and December 2009. The study
protocol was performed according to the French legislation
regarding Ethics and Human Research and was approved by the
local Ethics Committee (Huriet-Serusclat law, DGS 2003/0395).
Written informed consent was obtained from all patients. All
patients met the 1992 NIH Consensus Conference guidelines for
gastrointestinal surgery for obesity. These patients underwent
bariatric surgery at the Department of Digestive Surgery and
Liver Transplantation of the University of Nice (France). All
patients had a preoperative work-up (repeated at 6 and 12
months after surgery) and underwent a wedge-liver biopsy at
the time of surgery. A second liver biopsy and a concomitant
diagnostic work-up were offered to patients who underwent a
LRYGB, and who initially presented with criteria for NASH (on
a liver biopsy) and completed a minimum follow-up period of
40 months after surgery. Between January 2002 and December
2009, of the 84 patients with a NAS > 5 on the wedge-liver biopsy
at the time of surgery, 33 had a follow-up of <36 months, 13
were lost to follow-up and 29 refused to reiterate the biopsy. The
comparison of clinical and biochemical parameters of the nine
NASH patients with a second liver biopsy (Table 1) compared
with those corresponding to the 75 NASH patients without a
second liver biopsy (Table 2) showed no significant differences
regarding BMI (P = 0.2473), fasting glucose level (P = 0.177),
fasting insulin level (P = 0.311), HOMA-IR (P = 0.5976),
prevalence of type 2 diabetes (44 vs. 42.6% respectively), ALT

TABLE 1 | Patients’ clinical and biochemical parameters at baseline and
after a > 40-month follow-up period (patients with paired liver biopsies).

T0 T>40 P
Number 9 9 ns
Time after surgery 55 (44, 75)
(months) (median, Q1; Q3)
BMI (kg/m?) (median, Q1;  42.0 (38.7; 45.1) 27.1(24.3;31.8) 0.042
Q3)
A BMI (Kg/mQ) (median, —13.7 (=16.4; —9.5)
Q1; Q3)
Fasting glucose (mmol/l) 7.3 (6.3;9.0) 4.7 (3.8; 5.5) 0.031
(median, Q1; Q3)
Fasting insulin (mUI/l) 24.7 (18.0; 33.0) 11.8(6.5; 19.2) 0.032
(median, Q1; QY)
HOMA-IR (median, Q1; 7.4 (3.5;10.8) 1.9(1.3;3.5) 0.008
Q3)
Diabetes (%) 4 (44) 0(0) ns
Metabolic syndrome (%) 7(77) 2 (22) ns
CRP (mg/dl) (median, Q1; 7.7 (5.7, 9.6) 0.6 (0.4; 2.4) 0.004

Q3)

TO, baseline; T > 40, after a > 40-month follow-up period. BMI, Body-mass index; A BMI,
Excess BMl loss; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; CRR,
C-reactive protein; ns, not significant; p, the Mann-Whitney test or Fisher’s exact test.

level (P = 0.4038) and CRP level (P = 0.1828). Overall, nine
women met all the criteria and accepted the second biopsy. In
addition, data from blood samples obtained from five morbidly
obese patients, included in the same prospective ongoing study
and who had no sign of NAFLD on liver histology (aged 37 +
10 years; BMI 44 + 3 kg/m?), from seven patients with biopsy-
proven severe hepatic steatosis (aged 34 + 8 years; BMI 46 + 8
kg/m?), and from seven patients with biopsy-proven NASH (aged
40 =+ 8 years; BMI 41 4 3 kg/m?) were used in this study.

Population Characteristics

All patients were negative for hepatitis B and C viral markers,
auto-antibodies indicative of autoimmune hepatitis, and had
self-reported negligible alcohol consumption (<20 g/day in
women and <30 g/day in men). Alcohol abuse was also
excluded by interviewing the patients’ relatives. Patients with a
history of inflammatory disease (including rheumatoid arthritis,
systemic lupus erythematosus, and inflammatory bowel disease),
current infections, recent history of cancer (<5 years), and
severe pulmonary or cardiac disease were not enrolled in the
study. The patients’ characteristics are described in Table 1.
Before surgery and during the follow-up (6, 12 months
and the last follow-up visit before the second liver biopsy),
fasting blood samples were obtained and analyzed for alanine
aminotransferase (ALT), glucose and insulin, triglycerides, high-
density lipoprotein (HDL)-cholesterol, C-reactive protein, and
caspase-generated keratin (K18 fragment). Metabolic syndrome
was defined according to the modified International Diabetes
Federation (IDF) criteria of three or more of the following:
(i) central obesity defined by an increased waist circumference
(>80cm), (ii) triglycerides >1.7 mmol/L or treatment for
hyper-triglyceridemia; (iii) HDL-cholesterol <1.29 mmol/L; (iv)
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TABLE 2 | Patients’ clinical and biochemical parameters at baseline and after a 12-month follow-up period (patients without a second liver biopsy).

TO TO T12 p
Number 75 30 30
Gender (F/M) 57/18 23/7
BMI (kg/m?) (median, Q1; Q3) 43.7 (40.2; 47.2) 455 (41.0; 48.6) 28.8 (25.5; 32.3) <0.001
A BMI (kg/m2) (median, Q1; Q3) —15.1(—=19.9; —-13.4)
Fasting glucose (mmol/l) (median, Q1; Q3) 5.5(5.1;7.4) 5.8(5.1;9.7) 4.7(4.1;5.2) <0.001
Fasting insulin (mUl/l) (median, Q1; Q3) 28.0 (18.0; 44.0) 27.0(17.2; 39.5) 6.8 (4.9; 12.0) <0.001
HOMA-IR (median, Q1; Q3) 7.8(4.8;12.4) 7.6(5.8;11.3) 1.3(1.0; 2.1) <0.001
Diabetes (%) 32 (42.6) 18(60) 4(13.3) <0.001
Metabolic syndrome (%) 36 (48) 21 (70) 9 (30) 0.002
CRP (mg/dl) (median, Q1; Q3) 9.0 (6.0; 14.5) 9.0 (6.8; 14.5) 29(1.1;4.1) <0.001
ALT (IU/L) (median, Q1; Q3) 50.5 (36.0; 72.5) 53.5 (35.7; 69.5) 24.0 (18.0; 32.0) <0.001
NAS (grade) (median, Q1; Q3) 5.0 (5.0; 5.0) 5.0 (5.0; 5.0)

TO, baseline; T12, 12-month follow-up. BMI, Body-mass index; A BMI, Excess BMI loss; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; CRF, C-reactive protein; ns,

not significant; p, the Mann-Whitney test or Fisher’s exact test.

systolic blood pressure >130 mmHg or diastolic blood pressure
>85 mmHg or treatment for hypertension, and (v) fasting plasma
glucose >5.6 mmol/L or previously diagnosed type-2 diabetes
mellitus (Alberti et al., 2006). Type-2 diabetes was defined
by two measurements of elevated fasting plasma glucose >7
mmol/L. Insulin resistance was evaluated using the homeostatic
model assessment (HOMA-IR) index (Wallace et al., 2004). Nine
patients (only women) with biopsy-proven NASH had liver
biopsies repeated at a median follow-up of 55 [44; 75] months
after surgery. The first liver biopsy was a wedge biopsy obtained at
the beginning of the LRYGB, with no ischemic preconditioning.
The second was a needle-biopsy of the liver, obtained using the
percutaneous approach. The quality of the biopsies of the nine
included patients was sufficient for interpretation and the length
of each liver biopsy was over 15 mm. It is however important to
underline the fact that potential limitations of comparing wedge
to needle biopsies exist. Biopsies were stained with hematoxylin—
eosin-saffron and sirius red. Liver biopsies were reviewed by two
liver pathologists who were blinded to the clinical and biological
characteristics of the patients. Histopathological analyses were
performed according to the scoring system of Kleiner et al.
(2005). Four histopathological features were semi-quantitatively
evaluated: grade of steatosis (0, <5%; 1, 5-33.3%; 2, >33.3-
66.6%; 3, >66.6%), lobular inflammation (0, no inflammatory
foci; 1, <2 inflammatory foci per 200x field; 2, 2-4 inflammatory
foci per 200x field; 3, >4 inflammatory foci per 200x field),
hepatocellular ballooning (0, none; 1, few balloon cells; 2, many
cells/prominent ballooning), and liver bridging fibrosis (classified
into seven stages according to the NASH Clinical Research
Network Scoring System Definition FO, no fibrosis; Fla, mild
zone 3 sinusoidal fibrosis; F1b, moderated zone 3 sinusoidal
fibrosis; Flc, peri-portal sinusoidal fibrosis; F2, zone 3 sinusoidal
fibrosis and peri-portal sinusoidal fibrosis; F3, bridging fibrosis;
and F4, cirrhosis). The NAFLD activity score (NAS) is defined
as the unweighted sum of scores for steatosis (0-3), lobular
inflammation (0-3), and ballooning (0-2), thus ranging from 0
to 8 (Kleiner et al., 2005).

Circulating Levels of Transaminases and
K18 Fragment

Plasma alanine aminotransferase (ALT) levels were determined
using an in vitro test with pyridoxal phosphate activation
on a Roche/Hitachi cobas ¢ system (ALTPM, cobas, Meylan,
France). Keratin 18 (K18) is cleaved by the caspases during
apoptosis, generating soluble protein fragments. The M30
Apoptosense® ELISA assay specifically measures apoptosis (the
caspase-generated K18 fragment, K18-Asp396). All samples were
analyzed in duplicate following the manufacturer’s instructions.
The within assay (WA% CV) variation was <10% and between
assay (BA% CV) variation was <10% for samples >100 U/L.
The minimum detectable concentration was 25 U/L. Keratins
are released into the circulation as protein complexes. These
complexes are remarkably stable during sample collection and
long-term storage. Furthermore, plasma/serum samples can be
exposed to repetitive freeze—thaw cycles without loss of activity
(Olofsson et al., 2007).

IHC Analysis

Immunostaining for cleaved caspase-3 (Asp175) was performed
using rabbit plolyclonal antibodies against amino-terminal
residues adjacent to (Aspl75) in human caspase 3. Sections
measuring 2 pwm were cut from each paraffin block and were
put to dry at 37°C during 12 h. After deparaffinization and
rehydration, all sections were pretreated at pH 6 with Flex
TRS Low (PTLink DAKO, Glostrup, Denmark) during 20 min.
Endogenous peroxidase was blocked in 1% hydrogen peroxide
for 5 min (DAKO, Glostrup, Denmark) at room temperature.
After rinsing with phosphate buffered saline, the sections were
incubated with cleaved caspase-3 (Aspl75) antibody (#9661,
Cell Signaling) for 20 min at room temperature. Then sections
were incubated with an appropriate secondary antibody from
the Envision flex/HRP kit (Dako, Glostrup, Denmark) for 20
min, at room temperature. Next, slides were incubated in PBS,
for 20 min, at room temperature, and then peroxidase activity
was detected by diaminobenzidinetetrahydrochloride for 8 min

Frontiers in Physiology | www.frontiersin.org

August 2016 | Volume 7 | Article 344


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Schneck et al.

Long-Term Remission of NASH after RYGB

and used for visualization and haematoxylin (Dako, Glostrup,
Denmark) during 6 min for nuclear counterstaining.

Statistical Analyses

The statistical significances between the two study groups
were determined using the non-parametric Mann-Whitney test
and Fischer’s test. A P < 0.05 was considered statistically
significant. Quantitative variables are presented as their medians
(interquartile ranges).

RESULTS

The aim of this study was to investigate the potentially long-
lasting beneficial effects of LRYGB on obesity-related liver
complications. To this end, 84 morbidly patients with biopsy-
proven NASH diagnosed at time of bariatric surgery (LRYGB)
were studied. Of these, nine women with a median age of 51 [35;
59] years at the time of LRYGB had a second liver biopsy after
>40 months of follow-up (Table 1).

LRYGB Improves the Metabolic Syndrome,
Type-2 Diabetes, and Systemic

Inflammation

We first evaluated the effects of LRYGB on weight loss, the
metabolic syndrome, type-2 diabetes and systemic inflammation
in our NASH patients with paired-liver biopsies. All patients lost
more than 50% of excess BMI and had a median loss of —13.7
[—16.4; —9.5] kg/m? BMI points (Table 1). Insulin resistance,
as evaluated by the HOMA-IR, fasting insulin and glycaemia
were strongly improved after LRYGB, as shown in Table 1. Four
patients with type-2 diabetes before surgery were in remission
at the time of the follow-up. The metabolic syndrome was
diagnosed in seven patients at the time of the initial surgery
and persisted in only two patients by the end of the follow-
up. Chronic low-grade inflammation, as evaluated by C-reactive
protein, was also improved after LRYGB in all patients (Table 1).
The beneficial effect of LRYGB on the metabolic syndrome and
systemic inflammation could already occur 1 year after bariatric
surgery as previously reported (Mathurin et al., 2006; Anty et al.,
2008; Bertola et al., 2009). In line with this, the analysis of the
clinical and biochemical parameters at baseline and at 12 months
after LRYGB of 30 out of our 75 patients without second liver
biopsy also showed a significant improvement of fasting insulin,
glycaemia, HOMA-IR, metabolic syndrome, diabetes, and CRP
(Table 2).

LRYGB Improves Hepatic Steatosis,
Inflammation, and NAFLD Activity Score
(NAS) in All Patients, and Improves Hepatic
Fibrosis in a Large Majority

We then evaluated the effects of LRYGB on obesity-related
liver complications. Liver steatosis was evaluated as severe (S3,
>66.6% of hepatocytes) in all patients at the time of surgery.
On the second biopsy, steatosis was improved in all patients:
i.e., full correction in five patients (55.5%) and grade 1 (44.4
%) in four patients (Figures 1A, 2A). The correction of hepatic

FIGURE 1 | Liver histology analysis of two representative patients (P1
and P2) at baseline and >40-months after LRYGB. (A) Liver steatosis was
improved (HES staining, x40). (B) Ballooned hepatocytes and hepatic
inflammation, both present at baseline, were no longer present on the second
liver biopsy (HES staining, x40). (C) P1 had bridging fibrosis (F = 3), P2 had
zone three sinusoidal fibrosis and peri-portal sinusoidal fibrosis (F = 2). The
second liver biopsy showed a significant improvement in fibrosis (F = 0) in
both patients (Sirius red straining, x40). TO, baseline; T > 40, after a
>40-month follow-up period.

steatosis was associated with a more important loss of weight as
evaluated by percentage of initial body weight (39 £ 6 vs. 24 £
3%, P = 0.02). Hepatic inflammation, present in all patients at the
time of the surgery, was no longer present on the second biopsy
in any patient (Figures 1B, 2B). Ballooned hepatocytes, another
hallmark of NASH and a marker of liver-cell degeneration, were
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cirrhosis. (N) = number of patients.

FIGURE 2 | LRYGB in NASH patients improves hepatic steatosis and inflammation in all patients, and improves hepatic fibrosis in the large majority
after a median follow-up of 55 months. Nine morbidly obese patients with biopsy-proven NASH underwent LRYGB and had a second liver biopsy at a median
follow-up period of 55 [44; 75] months after surgery. From the paired liver biopsies, steatosis (A), inflammatory foci (B), hepatocellular ballooning (C), and fibrosis (E)
were evaluated. (D) The NAFLD activity score (NAS) was evaluated as described in Section Materials and Methods. Fibrosis was semi-quantitatively evaluated as
follows: 0, none; 1, perisinusoidal or periportal mild (1A); 2, moderate (1B); 3, portal/periportal (1C); 4, perisinusoidal and portal/periportal; 5, bridging fibrosis; 6,

found in all liver biopsies at the time of surgery, but were no
longer present in the second liver biopsy in eight patients (88.8%;
Figures 1B, 2C). Only one patient still had ballooned hepatocytes
on the liver biopsy in spite of significant weight loss, improved
metabolic syndrome, insulin resistance (HOMA-IR: from 5.4 to
2.3), hepatic steatosis (from S3 to S1) and hepatic inflammation
(Figure 2C). As a consequence, the NAS, which was elevated in
all patients at the time of surgery (eight patients with NAS =
5, and one with NAS = 6), dropped considerably in all patients
by 2-6 full points (Figure 2D). The stage of fibrosis was more
heterogeneous at the time of surgery, with only one patient
showing advanced fibrosis (F = 3), three patients with moderate
fibrosis (F = 2), four patients with mild fibrosis (1 with F = 1B, 3
with F = 1A) and one patient with no fibrosis (F = 0). The second
liver biopsy showed a significant improvement in fibrosis (F = 0)
in seven patients and a slight progression of liver fibrosis in one
patient (from FO to F1A; Figures 1C, 2E). One patient without
fibrosis at the time of the surgery showed no signs of fibrosis on

the second biopsy. LRYGB was associated with corrected hepatic
steatosis and inflammation in all patients, and improvement of
fibrosis in 88.8% of patients.

LRYGB Improves Hepatic Injury and

Hepatocyte Apoptosis in All Patients

NASH is also characterized by the substantial death of
hepatocytes (Feldstein and Gores, 2005; Tran and Gual, 2013).
Hepatocyte apoptosis plays an important role in the progression
and the severity of obesity-related liver complications. We thus
investigated the long-term effect of LRYGB on hepatocyte injury.
ALT serum levels reached normal-range values in all patients
by the last follow-up (ALT: 38 [29; 74] to 24 [20; 26] UI/L;
Figure 3A). The serum levels of caspase-generated keratin 18
fragment (K18 fragment) were used to evaluate hepatocyte
apoptosis. An average decrease of 35% in serum K18 fragment
levels were found in 88.8% of patients after a median follow-up
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FIGURE 3 | LRYGB improves liver injury and hepatocyte apoptosis in NASH patients after a median follow-up of 55 months. Serum levels of (A) alanine
aminotransferase (ALT) and (B) a marker of hepatocyte apoptosis [caspase-generated keratin 18 fragment (K18 fragment)] and (D) hepatic levels of cleaved caspase
3 were evaluated at baseline and at the median follow-up of 55 [44; 75] months after LRYGB in NASH patients. The levels of K18 fragment were also evaluated (C) at
6 months and at 1 year after a LRYGB and, (E) at baseline (TO) and 1 year (T12) after LRYGB in three additional groups of patients without NAFLD (n = 5), severe
steatosis (n = 7), or NASH (n = 7). Results are expressed as the median [25th, 75th percentiles] (A,C,E).
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of 55 [44; 75] months after LRYGB (Figure 3B). One patient who
already had low serum K18 fragment levels at the time of the
LRYGB showed no significant changes (Figure 3B). Interestingly
in the initially NASH patients, the K18 fragment levels reached
those usually found in patients without hepatic complications
just 1 year after LRYGB (Anty et al, 2010; Lavallard et al,
2011; Figure 3C). We then determined the hepatic caspase 3
activity, as evaluated by the cleaved caspase 3 (Aspl75) levels
in the paired liver biopsies with a median follow-up of 55
[44; 75] months after LRYGB. As shown in Figure 3D, the
percentage of cleaved caspase 3 positive hepatocytes strongly
decreased (—40% average decrease) in all patients at the time of
follow-up. We also evaluated the K18 fragment levels in three
additional groups of morbidly obese patients without any signs
of NAFLD (n = 5), severe steatosis (n = 7), or severe steatosis
associated with NASH (n = 7): assessed from a liver biopsy at
baseline and at 1 year after LRYGB. While the K18 fragment
levels showed no significant difference in patients with hepatic
steatosis, they were increased in patients with NASH compared
with patients without NASH at the time of surgery (Figure 3E).
At 1 year after LRYGB, the levels of the K18 fragment had
strongly decreased in all NASH patients (Figure 3E). Altogether,
these data indicate that LRYGB had a beneficial effect on
hepatocyte apoptosis by 1 year post-surgery, and that this was
maintained for the median follow-up period of 55 [44; 75]
months.

DISCUSSION

While there is strong evidence for the beneficial effects of the
LRYGB on excess weight and resolution or reduction of type 2-
diabetes (with remission in 63.5% of cases; Ribaric et al., 2014),
its long term impact on liver histology in NASH patients needs to
be better characterized. Most studies with paired liver biopsies
reported a mean interval between LRYGB and a second liver
biopsy of 19 + 4 (range: 12-25) months (Silverman et al., 1995;
Clark et al., 2005; Mattar et al., 2005; Mottin et al., 2005; Barker
et al., 2006; Csendes et al., 2006; Klein et al., 2006; Furuya et al.,
2007; Liu et al., 2007; Lassailly et al., 2013).

In this study, a second biopsy was performed on previously
morbidly obese patients with liver biopsy-proven severe steatosis
and NASH after a median interval of 55 [44; 75] months
after LRYGB. As reported herein and previously, 1 year after
surgery (Anty et al, 2008; Bertola et al., 2009; Ribaric et al.,
2014; Table 2), insulin resistance, the metabolic syndrome and
systemic inflammation had all improved. These positive effects
are thus maintained after a median follow-up period of 55
[44; 75] months. A beneficial impact of LRYGB on hepatic
steatosis was also observed in all of our patients, from total
resolution (in 55.6% of cases) to striking improvement (S3 to
S1: 44.4%). As previously reported, LRYGB already improved
hepatic steatosis, evaluated by paired liver biopsies, at a median
follow up of 18 [12; 23] months after LRYGB (Silverman et al.,
1995; Clark et al., 2005; Mattar et al., 2005; Mottin et al., 2005;
Barker et al., 2006; Klein et al., 2006; Furuya et al., 2007; Liu
et al., 2007). Furthermore, the improvement of hepatic steatosis

is not specific to a LRYGB procedure. A recent meta-analysis
compiled results from different bariatric procedures, including
LRYGB, gastric banding, sleeve gastrectomy, duodenal switch,
and biliopancreatic diversion and reported an improvement of
hepatic steatosis in 90% of cases (Chavez-Tapia et al., 2010).
Therefore, our study demonstrates that the beneficial impact of
LRYGB on insulin resistance, systemic inflammation, and hepatic
steatosis obtained 1 year after surgery is maintained for at least 40
months (median 55 [44; 75]).

Regarding the hepatic inflammation and fibrosis, some studies
with paired liver biopsies reported an improvement in the
histopathological criteria for NASH in the short term (mean
follow-up of 21.35 + 4.5 months; Clark et al., 2005; Barker et al.,
2006; de Almeida et al., 2006) and fibrosis (Clark et al., 2005;
Mattar et al., 2005; Barker et al., 2006; Furuya et al., 2007) after
LRYGB surgery. In our study, a median follow-up period of 55
months after LRYGB exhibited beneficial effects on inflammatory
foci, ballooning and fibrosis. Our NASH patients showed 100%
improvement in inflammatory foci and 88.8% improvement in
ballooned hepatocytes after LRYGB surgery. As a consequence,
the NAS decreased in 100% of cases. Despite the heterogeneous
nature of the degree of hepatic fibrosis in our patients at the
time of LRYGB surgery, hepatic fibrosis improved in 88.8% of
cases. One patient showed a slight increase in fibrosis (from F0
to F1A). No explanation could be found concerning the patient
with no resolution of hepatocyte ballooning. Indeed, this patient
lost significant weight and had decreased metabolic syndrome
features, decreased insulin resistance (HOMA-IR: from 5.4
to 2.3) and improved ALT levels. Other liver complications
were also reduced, including hepatic steatosis (from S3 to S1),
inflammation and fibrosis (from F2 to F0). A recent report has
shown that the disappearance of NASH in nearly 85% of cases
and decreased pathological features of NAFLD already occur 1
year after the bariatric surgery in a cohort of 109 morbidly obese
patients with biopsy-proven NASH (Lassailly et al., 2015). The
beneficial effect of bariatric surgery (mainly LRYGB procedure)
on NASH could thus rapidly occur in the first year and be
maintained up to 40 months after the surgery.

We next found that hepatocyte apoptosis, as evaluated by the
serum K18 fragment had already improved 1 year after LRYGB
and remained low until the last follow-up (at 55 [44; 75] months).
This was also confirmed by a strong decrease in hepatic caspase
3 activity, as evaluated by the levels of hepatocyte cleaved caspase
3 for at least 40 months after LRYGB surgery. In our patients,
this serum hepatocyte apoptotic marker increased approximately
four-fold in patients with NASH, which is in accordance with
previous reports on overweight, obese and severely obese patients
(Wieckowska et al., 2006; Anty et al., 2008; Younossi et al., 2008;
Feldstein et al., 2009; Tamimi et al., 2011; Joka et al., 2012; Shen
et al., 2012), and correlates with NAS (r = 0.549, P < 0.001, n
= 41). However, it has been recently reported that K18 fragment
level could be inadequate as a screening test for staging NASH
according to its limited sensitivity (Cusi et al., 2014). In concert,
these data suggest that this non-invasive marker combined with
other clinical/laboratory parameters may be helpful to monitor
the evolution of NASH after bariatric surgery. Wai-Sun Wong
et al. recently reported that the levels of the serum K18 fragment
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reflected disease activity in a prospective longitudinal study on
overweight/obese patients undergoing paired liver biopsies with
a follow-up time of 3 years (Wong et al., 2010).

The improvement in hepatocyte death and reduction of
inflammation after LRYGB surgery could prevent the progression
of hepatic complications. Indeed, apoptotic hepatocytes are
engulfed by Kupffer cells, which results in activation and
inflammation. The activation of stellate cells by apoptotic bodies
or by TGFp from activated Kupffer cells then leads to liver fibrosis
(Malhiand Gores, 2008). Furthermore, a pan-caspase inhibitor or
an overexpression of the anti-apoptotic Bcl2 protein was shown
to reduce fibrosis in an animal model of NAFLD and fibrosis,
respectively (Mitchell et al., 2009; Witek et al., 2009).

Although, the main weakness of the present study lies in
the small size of the sample and the gender bias (only females
were included), the exhaustive preoperative and postoperative
work-up and the paired liver biopsies allowed for a complete
characterization of our patients with NASH. We were thus
able to demonstrate that the LRYGB surgery results in
the concomitant remission of systemic inflammation, insulin
resistance and NASH features (steatosis, inflammation, and
hepatocellular ballooning) in all patients at a median follow-up
of 55 months. We also found a rapid decrease in hepatocyte
apoptosis, as evaluated by serum levels of K18 fragment.
These results should be confirmed in additional studies with
a larger sample size and a longer follow-up (>6 years) to
better understand the molecular mechanisms that are involved
in the remission of obesity-related liver complications after
LRYGB surgery, as well as after other bariatric procedures
to determine if they could share these beneficial effects.
Because pharmacological therapy has only marginal and perhaps
clinically irrelevant effects on NASH and fibrosis (Ratziu,
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CD44 is a key player in non-alcoholic steatohepatitis
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Background & Aims: Cluster of differentiation (CD)44 regulates
adipose tissue inflammation in obesity and hepatic leukocyte
recruitment in a lithogenic context. However, its role in hepatic
inflammation in a mouse model of steatohepatitis and its rele-
vance in humans have not yet been investigated. We aimed to
evaluated the contribution of CD44 to non-alcoholic steatohep-
atitis (NASH) development and liver injury in mouse models
and in patients at various stages of non-alcoholic fatty liver dis-
ease (NAFLD) progression.

Methods: The role of CD44 was evaluated in CD44~/~ mice and
after injections of an oCD44 antibody in wild-type mice chal-
lenged with a methionine- and choline-deficient diet (MCDD).
In obese patients, hepatic CD44 (n = 30 and 5 NASH patients with
a second liver biopsy after bariatric surgery) and serum sCD44
(n = 64) were evaluated.

Results: Liver inflammation (including inflammatory foci num-
ber, macrophage and neutrophil infiltration and CCL2/CCR2
levels), liver injury and fibrosis strongly decreased in CD44~/~
mice compared to wild-type mice on MCDD. CD44 deficiency
enhanced the M2 polarization and strongly decreased the activa-
tion of macrophages by lipopolysaccharide (LPS), hepatocyte
damage-associated molecular patterns (DAMPs) and saturated
fatty acids. Neutralization of CD44 in mice with steatohepatitis
strongly decreased the macrophage infiltration and chemokine
ligand (CCL)2 expression with a partial correction of liver inflam-
mation and injury. In obese patients, hepatic CD44 was strongly
upregulated in NASH patients (p = 0.0008) and correlated with
NAFLD activity score (NAS) (p=0.001), ballooning (p = 0.003),
alanine transaminase (p =0.005) and hepatic CCL2 (p <0.001)
and macrophage marker CD68 (p <0.001) expression. Correction
of NASH was associated with a strong decrease in liver CD44"
cells. Finally, the soluble form of CD44 increased with severe
steatosis (p = 0.0005) and NASH (p = 0.007).
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Conclusion: Human and experimental data suggest that CD44 is
a marker and key player of hepatic inflammation and its targeting
partially corrects NASH.

Lay summary: Human and experimental data suggest that CD44,
a cellular protein mainly expressed in immune cells, is a marker
and key player of non-alcoholic steatohepatitis (NASH). Indeed,
CD44 enhances the non-alcoholic fatty liver (NAFL) (hepatic
steatosis) to NASH progression by regulating hepatic macrophage
polarization (pro-inflammatory phenotype) and infiltration
(macrophage motility and the MCP1/CCL2/CCR2 system). Target-
ing CD44 partially corrects NASH, making it a potential therapeu-
tic strategy.

© 2017 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Global prevalence of non-alcoholic fatty liver diseases (NAFLD)
ranges from 22% to 28%.! The spectrum of these hepatic
abnormalities extends from isolated steatosis to steatohepatitis
(non-alcoholic steatohepatitis, NASH) and steatofibrosis leading
to cirrhosis and hepatocellular carcinoma. NAFLD is one of the
main causes of cirrhosis and increases the risk of liver-related
death and hepatocellular carcinoma. Despite this major public
health concern, treatment of NAFLD is still elusive (apart from
lifestyle changes) as there is lack of efficacious pharmacological
treatment. Whereas the molecular mechanisms responsible for
the progression from a “safe” state to NASH are still unclear,
hepatic inflammation is a key factor involved in the progression
of NAFLD. Recent findings suggest that cluster of differentiation
(CD)44 could play an important role in the development and
progression of NAFLD, by regulating adipose tissue and liver
inflammation.?>

CD44 is expressed on many cell types that contribute to
inflammation, such as leukocytes, neutrophils and macrophages.
It has been recently reported in an animal model of obesity that
CD44 plays an important role in adipose tissue inflammation by
promoting macrophage recruitment, which in turn enhances
insulin resistance and hepatic steatosis.>®> Neutralization of
CD44 by specific antibodies reduces fasting blood glucose levels,
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weight gain, liver steatosis and insulin resistance in a dietary
mouse model of obesity.* CD44 also promotes hepatic inflamma-
tory cell recruitment during fatty liver formation in a lithogenic
diet-fed mouse model.” In line with these data, human adipose
tissue CD44 is associated with localized inflammation and sys-
temic insulin resistance;® weight loss in obese patients is associ-
ated with a strong decrease in the gene expression of CD44 and
the macrophage marker CD68 in subcutaneous adipose tissue.”
Since osteopontin (OPN), E-selectin and hyaluronic acid (HA)
are the main ligands of CD44 and are involved in liver dis-
ease,>”'2 we can presume that the activation of the CD44 path-
way could be involved in NAFLD progression. As previously
reported in human NAFLD, hepatic osteopontin and E-selectin
are strongly upregulated with fibrosis and NASH, respectively.®°
Upon injury, local HA production increases and is fragmented,
generating low-molecular weight HA (LMW-HA) that functions
as a pro-inflammatory danger-associated molecular pattern and
cleared via CD44-mediated endocytosis.'’ The interaction of
CD44 and HA is the dominant mechanism for neutrophil seques-
tration in inflamed liver sinusoids.'®> HA is also a biomarker for
severe fibrosis and cirrhosis in various liver diseases including
NAFLD and alcoholic liver disease (ALD).'“~'® The possible contri-
bution of the CD44 pathway to the evolution from simple steato-
sis to NASH and fibrosis has not been fully investigated so far. We
therefore evaluated the contribution of CD44 in NASH develop-
ment and liver injury in experimental mouse models and in a
cohort of patients at various stages of NAFLD progression.

Patients and methods

Human studies

Morbidly obese patients

A total of 93 patients (30 patients for the gene expression, 64 patients for the
sCD44 and 5 patients for the follow-up) were recruited through the Department
of Digestive Surgery and Liver Transplantation (Nice hospital) where they under-

Table 1. Characteristics of the obese patients.

went bariatric surgery for their morbid obesity. Bariatric surgery was indicated
for these patients in accordance with French guidelines. Exclusion criteria were:
presence of a hepatitis B or hepatitis C infection, excessive alcohol consumption
(>20 g/d) or another cause of chronic liver disease as previously described.!”'°
The characteristics of the study groups for the gene expression are described in
Table 1. Before surgery, fasting blood samples were obtained and used to measure
alanine and aspartate transaminases (ALT and AST, respectively), glucose, insulin
and HbA1lc. Insulin resistance was calculated using the homeostatic model
assessment (HOMA-IR) index.”” Liver biopsies were obtained during surgery
and no ischemic preconditioning had been performed. A second liver biopsy
and a concomitant diagnostic work-up were offered to five patients who under-
went a laparoscopic Roux-en-Y gastric bypass (LRYGB), who initially displayed
biopsy-proven NASH and completed a minimum follow-up period of 30 months
after surgery. Hepatic histopathological analysis was performed according to
the scoring system of Kleiner et al.”' Four histopathological features were semi-
quantitatively evaluated: grade of steatosis (0, <5%; 1, 5%-30%; 2, >30%-60%;
3, >60%), lobular inflammation (0, no inflammatory foci; 1, <2 inflammatory foci
per 200x field; 2, 2-4 inflammatory foci per 200x field; 3, >4 inflammatory foci
per 200x field), hepatocellular ballooning (0, none; 1, few balloon cells; 2, many
cells/prominent ballooning), and stage of fibrosis (from 0, none to 4, cirrhosis).

Control participants

Liver tissue was obtained from five lean participants (5 women; age, 44 + 9 years;
BMI, 21 + 1.9 kg/m?) undergoing partial hepatectomy for benign tumours (neigh-
bour tissues from four adenoma and one focal nodular hyperplasia). Three partic-
ipants underwent a left lobectomy or a bisegmentectomy without ischemic
preconditioning and two patients underwent a right hepatectomy with a poten-
tial ischemic preconditioning (missing data). Liver samples did not display any
hepatic steatosis, inflammation or fibrosis. All participants gave their informed
written consent to participate in this study in accordance with French legislation
regarding Ethics and Human Research (Huriet-Serusclat law). The “Comité Con-
sultatif de Protection des Personnes dans la Recherche Biomédicale de Nice”
approved the study (07/04:2003, N° 03.017).

Animals and study design

19-week-old male wild-type (WT) and CD44-deficient (CD44 '~) (B6.Cg-
Cd44'™Mbe/] from Jackson Laboratory, Bar Harbor, ME, USA) C57BL/6 mice were
acclimated to our animal facilities under a 12/12 h light/dark cycle at a temper-
ature of 21 +2°C and were fed ad libitum either a methionine- and choline-
deficient diet (MCDD) or control diet (Ctr D) for 2, 4 or 7 weeks (diets from MP
Biomedicals (MCDD # 960439, Ctr diet # 960440) and Ssniff (MCDD # E15653-
94; Ctr diet # E15654-04)).

Without NAFLD Steatosis NASH

n 8 13 9
Age (years) 347+44 36.8+2.7 41.0+£3.3
BMI (kg/m?) 43.4+05 429+1.12 433+1.9
ALT (IU/L) 174+29 29224 104.8 +28.0*
AST (IU/L) 20.7+29 22.1+£1.0 60.2 £15.8™
Fasting insulin (mIU/L) 9.7+24 152+3.8 418102
Fasting glucose (mmol/L) 48+0.1 53102 8317
HOMA-IR 2005 37+1.0 144+39*
HbA1lc (%) 53+0.1 56+0.1 7.0£0.7#
NAFLD activity score (n) 0(8) 2(5)3(8) 5(9)

Grade of steatosis (n) 0(8) 2(6)3(7) 3(9)

Lobular inflammation (n) 0(8) 0(13) 1(09)

Hepatocellular ballooning (n) 0(8) 0(13) 1(9)
Hepatic gene expression (vs. lean)

TNFo. 1.80 £0.52 2.28+0.35 7.63+135+

IL1B 1.23+0.21 1.52+0.28 7.80£2.36

MCP1 1.26 +0.33 2.64 +0.64° 6.48+1.46 "

Without NAFLD: patients with normal liver histology; Steatosis: patients with steatosis; NASH: patients with severe steatosis and NASH. Data are expressed as mean + SEM

and compared using the non-parametric Mann Whitney test.
" p <0.05 compared with “Without NAFLD".
# p <0.05 compared with Steatosis.
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Anti-CD44 treatment

WT C57BL/6 male mice (19 weeks of age) were fed MCDD for 4 weeks. During the
last 6 days of MCDD, mice received daily intra-peritoneal injections of either puri-
fied rat anti-mouse CD44 mAb (n = 5; IM7, BD Pharmingen, catalog #553131; BD
Biosciences) or purified rat IgG2b, x isotype control (n = 6; A95-1, BD Pharmin-
gen, catalog #553986; BD Biosciences) (100 pg/mouse the first day then
50 pg/mouse). At the end of the treatment, the blood was collected and mice
were immediately sacrificed, after which the liver was removed. One part of
the liver was immediately frozen in liquid nitrogen and stored at —80 °C until
analysis. The second part was fixed in buffered formalin, paraffin-embedded,
sectioned, and stained with hematoxylin-eosin-saffron or Masson’s trichrome.
The last part as used for flow cytometric analysis. The guidelines of laboratory
animal care were followed, and the local ethical committee approved the animal
experiments (NCE/2013-108, APAFIS#5100-2015121110477413 v6).

Flow cytometric analysis

The cells were surface-stained with antibodies against mouse CD45 (clone 30-
F11), CD44 (clone IM7), F4/80 (clone BM8), CD11b (clone M1/70), CD11c (clone
HL3), Gr1 (clone RB6-8C5), CD206 (clone C068C2) or CD301 (clone ER-MP23) pur-
chased from BD Biosciences, eBioscience, Bio Rad ABD Serotec. Samples were
acquired using a fluorescence activated cell sorting (FACS) Canto II flow cytome-
ter, and the data were analyzed using the FACSDiva software version 8.0.1 (BD
Biosciences).

Real-time quantitative PCR analysis

Total liver RNA was extracted using the RNeasy Mini Kit (74104, Qiagen, Hilden,
Germany) and treated with Turbo DNA-free (AM 1907, Thermo Fisher Scientific
Inc.) following the manufacturer’s protocol. The quantity and quality of the
RNA were determined using the Agilent 2100 Bioanalyzer with RNA 6000 Nano
Kit (5067-1511, Agilent Technologies, Santa Clara, CA, USA). Total RNA (1 pg)
was reverse transcribed with a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific Inc.). Real-time quantitative PCR was performed in
duplicate for each sample using the StepOne Plus Real-Time PCR System (Thermo
Fisher Scientific Inc.) as previously described.'>?*? TagMan gene expression assays
were purchased from Thermo Fisher Scientific Inc. and listed in Supplementary
data. Gene expression was normalized to the housekeeping gene p2M (B2 micro
globuline, mouse) or RPLPO (Ribosomal Phosphoprotein Large PO, mouse and

human) and calculated based on the comparative cycle threshold Ct method
(2—AACt).

Immunohistochemistry

Sections measuring 2 pm were cut from each paraffin block and were put to dry
at 37 °C for 12 h. After deparaffinization and rehydration, all sections were pre-
treated at pH 6 with Flex Target Retrieval Solution (TRS) Low (PTLink DAKO,
Glostrup, Denmark) for 20 min. Endogenous peroxidase was blocked in 1% hydro-
gen peroxide for 5 min (DAKO, Glostrup, Denmark) at room temperature. After
rinsing with phosphate buffered saline, the sections were incubated with a ready
to use anti-CD44 (8E1, #5640, Cell signaling) antibody for 20 min at room tem-
perature. Then sections were incubated with an appropriate secondary antibody
from the Envision flex/HRP kit (Dako, Glostrup, Denmark) for 20 min, at room
temperature. Next, slides were incubated in phosphate buffered saline (PBS),
for 20 min, at room temperature, and then peroxidase activity was detected by
diaminobenzidinetetrahydrochloride for 8 min and used for visualization. Sides
were then counterstained with haematoxylin (Dako, Glostrup, Denmark) for
6 min.

Statistical analysis

Statistical significance of differential gene expression between two study groups
was determined using the nonparametric Mann-Whitney U test with the 2-2AC¢
of each group. Other data from mice and cell preparations were statistically
analyzed using the Mann-Whitney U test or the Student’s ¢ test. Data from cell
lines were statistically analyzed using the Student’s t test. Correlations were
analyzed using the Pearson’s correlation test. p <0.05 was considered as
significant.

For further details regarding the materials used, please refer to the Supple-
mentary material and the CTAT table
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Results
Upregulation of hepatic expression of CD44 with steatohepatitis

We first evaluated the hepatic level of CD44 in wild-type (WT)
mice with MCDD-induced steatohepatitis. The hepatic level of
the CD44 was strongly increased after 2 weeks of MCDD at the
protein (Fig. 1A) and mRNA (Fig. 1B) levels. Steatohepatitis was
thus associated with the hepatic upregulation of CD44
expression.

CD44 deficiency partially prevented liver injury, hepatic steatosis
and steatohepatitis induced by MCDD challenge

The role of CD44 in liver injury and steatohepatitis induced by
MCDD was then investigated using mice deficient for CD44. As
expected, MCDD challenge was associated with elevated aspar-
tate (AST) and ALT activity in WT mice (Fig. 1C). The CD44 /-
mice showed less liver damage as shown by the lower AST and
ALT levels. Furthermore, histological analyses displayed less hep-
atic steatosis and showed less accumulation of inflammatory foci
in the livers of MCDD-fed CD44~/~ mice compared with livers of
MCDD-fed WT mice (Fig. 1D, E). These results indicated that the
CD44 deficiency resulted in partial prevention of the liver injury,
steatosis and steatohepatitis induced by MCDD challenge.

CD44 deficiency strongly prevented the recruitment of monocytes
and neutrophils into the liver and liver inflammation induced by
MCDD challenge

Since CD44 can regulate the homing of immune cells,>>1%13:23
we investigated the composition of immune cells in the liver by
flow cytometric analysis. While MCDD challenge did not promote
the enrichment of T cells (CD4" and CD8" cells) in liver (data not
shown), MCDD challenge mediated a strong hepatic enrichment
in macrophages (F4/80" cells), pro-inflammatory M1 macro-
phages (F4/80* CD11c¢*) and monocytes/neutrophils (Gr1*)
(Fig. 1F). Interestingly, CD44 deficiency robustly prevented the
enrichment of monocyte/macrophages and M1 macrophages into
the liver (Fig. 1F). This later was associated with less hepatic
inflammation as evaluated by M1 markers including tumor
necrosis factor (TNF)o, interleukin (IL)18, inducible nitric oxide
synthase (iNOS), and monocyte chemotactic protein (MCP)1
(Fig. 1G). CD44 deficiency still prevented the more severe accu-
mulation of inflammatory foci (MCDD-fed CD44 '~ mice: 14 + 4
foci number/10 fields, n =7, vs. MCDD-fed WT mice: 34 + 3 foci
number/10 fields, n=6, p=0.010, data not shown) and non-
parenchymal hepatic cells (MCDD-fed CD44~/~ mice: 10 + 1 mil-
lion/liver, n=7, vs. MCDD-fed WT mice: 17 +1 million/liver,
n =6, p = 0.045, data not shown) after four weeks of MCDD chal-
lenge. CD44 deficiency strongly prevented the recruitment of
infiltrating monocytes (F4/80* CD11bMs" cells) vs. resident Kupf-
fer macrophages, (F4/80" CD11b" cells) (Fig. 2A, B) and infiltrat-
ing neutrophils (CD11b* Gr1Me" cells) (Fig. 2A, B) into the liver.
Importantly, CD44 deficiency was not associated with the deple-
tion of monocytes from the circulation (Fig. 2C), which would
have explained the decreased infiltrating monocytes into the
liver. In contrast, hepatic infiltrating neutrophils correlated with
blood neutrophil levels (Fig. 2C). Since CD44 deficiency strongly
altered the chemotaxis of peritoneal macrophages in response
to MCP1/CCL2%* and MCP1/CCL2 plays an important role in the
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Fig. 1. CD44 deficiency partially prevented liver injury, hepatic steatosis and steatohepatitis induced by MCDD challenge. Wild-type (WT; n = 31) and CD44 /- (n = 30)
mice fed a control diet (Ctr D) or MCDD for 2 weeks. Hepatic CD44 expression was evaluated in WT Ctr D and MCDD mice at the protein (A) (3 mice/group) and at the mRNA
levels (B) (4-8 mice/group). (C) The plasma levels of ALT and AST were evaluated (WT: 14-17 mice/group; CD44: 12-18 mice/group). (D) H&E staining of liver tissue
sections samples from WT and CD44 '~ after MCDD as indicated. Representative pictures are shown. (E) Quantification of hepatic steatosis and inflammatory foci. (F)
Hepatic non-parenchymal cells were stained for CD45, F4/80, CD11c and Gr1 and analyzed by flow cytometry (4-7 mice/group). (G) Hepatic mRNA expression levels of
TNFx, IL1g, iNOS and MCP1 were analyzed by real-time quantitative PCR (4-15 mice/group). Data are presented as relative mRNA levels normalized to f2M mRNA levels.
Data are expressed as means + SEM and statistically analyzed using the Mann-Whitney U test. *p <0.05, compared with WT Ctr D mice; *p <0.05, compared with CD44 "/
Ctr D.
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Fig. 2. CD44 deficiency partially prevented hepatic monocyte and neutrophil infiltration induced by MCDD challenge. Wild-type (WT; n=10) and CD44 /- (n=11)
mice fed a control diet (Ctr D) or MCDD for 4 weeks. (A) and (B) Hepatic non-parenchymal cells were stained for CD45, F4/80, CD11c and Gr1 and analyzed by flow
cytometry (4-7 mice/group). Percentage of Kupffer cells (F4/80* CD11b*), infiltrating macrophages (F4/80* CD11b"#") and neutrophils (CD11b* Gr1"€") are expressed as
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recruitment of macrophages into the liver,”* the unresponsive- CD44 silencing or deficiency strongly enhanced the M2 macrophage
ness of CD44-deficient macrophages to MCP1 and the lower polarization

levels of hepatic MCP1 expression in MCDD-fed CD44~/~ mice

(Fig. 1G) might be involved in the decreased number of hepatic In addition to the regulation of the MCP1-mediated macrophage
infiltrating monocytes. chemotaxis, CD44 could also control the properties and the
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activities of the macrophages. We then investigated its potential
role in the macrophage polarization. Whereas CD44 deficiency
did not alter the macrophage colony-stimulating factor (M-
CSF)-mediated macrophage differentiation of bone marrow
monocytes (Fig. 3A), it strongly enhanced the proportion of
M2 bone marrow derived macrophages (BMDM) (CD206" -
F4/80* CD11b" BMDM) in the basal condition and in response
to IL4 (Fig. 3B). In RAW 264.7 macrophages, CD44 silencing with
siRNA also led to a substantial increase in M2 macrophages
(CD301* cells), in the expression of CD301 and arginase 1
(Argl; at the mRNA level) and in the IL10 secretion in response
to IL4 (Fig. S1).

CD44 silencing or deficiency strongly limited pro-inflammatory
phenotypes of macrophages

On the contrary, CD44 deficiency in BMDM or CD44 silencing
in RAW 264.7 macrophages strongly decreased the expression
of pro-inflammatory cytokines such as IL6 and TNFx in
response to lipopolysaccharides (LPS) (Figs. 3C, 4A, respec-
tively). In addition to LPS, CD44 silencing in LPS-primed RAW
264.7 macrophages also strongly decreased the expression of
pro-inflammatory cytokines such as IL6, TNFx and IL1p in
response to damage-associated molecular patterns (DAMPs)
from damaged fatty primary hepatocytes (Fig. 4A). Supernatant
of primary fatty hepatocytes isolated from MCDD-fed mice
(2 weeks) and exposed to heat shock (increased lactate dehy-
drogenase (LDH) release, data not shown) also increased the
CD44 expression in LPS-primed RAW 264.7 macrophages
(Fig. 4A). Finally, CD44 silencing in RAW 264.7 macrophages
also decreased the expression of IL6 and TNFo in response to
saturated fatty acid palmitate (PA) (Fig. 4B). palmitic acid
(PA) stimulation further decreased the mRNA levels of M2
marker CD206, which was strongly overcome by the CD44
silencing (Fig. 4B). These results indicate that the deficiency
of CD44 modified the properties of macrophages with higher
susceptibility to M2 polarization and accordingly, lower pro-
inflammatory phenotypes upon activation.

Neutralization of CD44 corrected the hepatic inflammation,
macrophage recruitment and liver injury induced by MCDD
challenge

We then investigated if the neutralization of CD44 by a speci-
fic antibody could correct the liver complications induced by
MCDD. After 3 weeks of MCDD, mice received a daily intra-
peritoneal injection of either purified rat anti-CD44 mAb or
isotype control for six additional days of MCDD. The treatment
with anti-mouse CD44 mAb strongly depleted the hepatic
CD44 positive cells (Fig. 5A), strongly decreased the liver
injury as evaluated by the AST/ALT activity (Fig. 5B) and hep-
atic inflammation as evaluated by the presence of inflamma-
tory foci (Fig. 5C, D). The correction of hepatic inflammation
was also associated with less hepatic enrichment in macro-
phages (F4/80" cells), pro-inflammatory M1 macrophages
(F4/80" CD11c"), monocytes/neutrophils (Gr1*) (Fig. 5E) and a
strong decrease in liver and serum MCP1 levels (Fig. 5F). In
these experimental conditions, the correction of steatohepatitis
by CD44 neutralization was not associated with an improve-
ment of hepatic steatosis (Fig. 5C, D).
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Fig. 3. CD44 deficiency in bone marrow derived macrophages enhanced IL4-
mediated M2 polarization and decreased LPS-induced IL6 and TNFx expres-
sion. (A) Bone marrow derived macrophage differentiation of WT and CD44 /-
monocytes after M-CSF stimulation has been analyzed at indicated time by flow
cytometry and expressed as % of F4/80* CD11b" cells (n = 5). (B) WT and CD44~/~
bone marrow derived macrophages (BMDM) were incubated without or with IL4
(20 ng/ml) for 18-24 h, stained for CD45, F4/80, CD11b and CD206 and then
analyzed by flow cytometry. The percentages of CD206" cells among the F4/
80" CD11b" cells are expressed as means + SEM and statistically analyzed using
the Student’s t test (n = 4). (C) WT and CD44~/~ BMDMs were incubated with PBS
or LPS (100 ng/ml) for 6 h. The gene expressions of CD44, IL6 and TNFo were then
evaluated (n = 3). The mRNA levels were normalized to RPLPO mRNA levels and
expressed as fold stimulation (mean + SEM) vs. WT BMDM + PBS. Data were statisti-
cally analyzed using the Student’s t test. *p <0.05, compared with WT BMDM Ctr.
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(n=3). The gene expressions of CD44, TNFux, IL6, IL1B and CD206 were then evaluated. The mRNA levels were normalized to RPLPO mRNA levels and expressed as fold
stimulation (mean + SEM) vs. siCtr/conditioned medium of fatty hepatocyte/LPS (A) or siCtr BSA (B). Data were statistically analyzed using the Student’s ¢ test. *p <0.05,
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Fig. 5. Neutralization of CD44 corrected the hepatic inflammation, the macrophages recruitment and liver injury induced by MCDD challenge. After 3 weeks of
MCDD, the mice received a daily intra-peritoneal injection of either purified rat anti-mouse CD44 mAb (0.CD44) or purified rat IgG2b, k isotype control (algG) for six
additional days on MCDD diet (5-6 mice/group). (A and E) Hepatic non-parenchymal cells were stained for CD44, F4/80, CD11c and Gr1 and analyzed by flow cytometry. (B)
ALT and AST plasma levels were evaluated. (C) H&E staining of liver samples from «CD44- and algG-treated mice as indicated. Representative pictures are shown. (D)
Quantification of hepatic steatosis and inflammation (number of inflammatory foci). (F) Hepatic mRNA expression and plasma levels of MCP1 were analyzed by real-time
quantitative PCR and ELISA, respectively. Data are expressed as means + SEM and statistically analyzed using the Mann-Whitney U test.

CD44 deficiency strongly decreased the hepatic fibrosis induced by long-lasting MCDD challenge, WT and CD44 /- mice were then
MCDD challenged with MCDD for 7 weeks. In addition to reduced hep-

atic steatosis and inflammation (Fig. 6A), CD44 deficiency was
Hepatic injury and inflammation are key actors in the fibrogenic also associated with less fibrosis as evaluated by collagen staining
process. Since the development of hepatic fibrosis required a (Masson’s trichrome stain, Fig. 6B) and lower gene expression of
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Fig. 6. CD44 deficiency strongly decreased the hepatic fibrosis induced by
MCDD. WT and (D44 '~ mice were challenged with a Ctr D or MCDD for 7 weeks
(5-6 mice/group). (A) Quantification of hepatic steatosis and inflammation
(inflammatory foci) after H&E staining of liver samples. (B)(C) Hepatic fibrosis
was evaluated by (B) collagen staining (Masson’s trichrome) (representative
pictures are shown) and (C) gene expression of markers of fibrosis including TGFg,
TIMP1 and Col1A1. Data are presented as relative mRNA levels normalized to f2M
mRNA levels. Data are expressed as means + SEM and statistically analyzed using
the Mann-Whitney U test: *p <0.05, compared with WT Ctr D mice.

fibrosis markers like transforming growth factor (TGF)g, TIMP1
and Col1A1 (Fig. 6C). The partial prevention of hepatic fibrosis
induced by CD44 deficiency was again associated with reduced
liver injury, M1 macrophage enrichment as well as in MCP1
and CCR2 expression upon the long-term MCDD challenge
(Fig. S2). Interestingly, the CD44 deficiency already prevented
the upregulation of TGFB, TIMP1 and Col1A1 in the early stages
(in response to 2 weeks of MCDD) even before liver collagen
accumulation (Fig. 6C). By regulating hepatic inflammation and
liver injury, CD44 thus plays an important role in the progression
of NAFLD to more severe complication (NASH-related fibrosis).
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Hepatic CD44 correlated with NASH, hepatic MCP1 expression and
liver macrophage enrichment in obese patients

We then investigated the relevance of our findings in the context
of human NAFLD. We examined the relationship of hepatic CD44
expression to the progression of normal liver to hepatic steatosis
and then NASH in liver biopsies obtained from morbidly obese
patients undergoing bariatric surgery (Table 1). Patients were
classified into three groups: without NAFLD, with hepatic steato-
sis (steatosis) and with NASH (NASH). Hepatic expression of
CD44 was specifically upregulated in NASH patients at the mRNA
(Fig. 7A) and protein levels (Fig. 7B) and preferentially correlated
with the presence of NASH, hepatocyte ballooning and ALT activ-
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Fig. 7. Hepatic CD44 correlated with NASH, hepatic MCP1 expression and liver
macrophage infiltration in obese patients. Liver CD44 (A), CD68 (C) and CCR2
(E) mRNA expression levels were analyzed by real-time quantitative PCR in lean
patients (n =4), in morbidly obese patients without NAFLD (n = 8), with hepatic
steatosis (n = 13) and with NASH (n = 9). The gene expression was normalized to
the mRNA levels of RPLPO. Results are expressed relative to the expression level in
controls (means + SEM) and statistically analyzed using the Mann-Whitney U
test. *p <0.05, compared with lean; $p <0.05, compared with obese patients
without NAFLD. (B) aCD44 staining of liver tissue sections from morbidly obese
patients with severe hepatic steatosis (n=5) and with NASH (n = 5). Represen-
tative pictures are shown. Correlations between CD44 and CD68 (D) or CCR2 (F)
mRNA expression levels (fold vs. lean) were analyzed using the Pearson’s
correlation test.
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Table 2. Correlation between hepatic CD44 expression and liver features in obese patients.

Steatosis NASH

Ballooning

NAS ALT

Is p value N Is

p value N Is

p value N Is p value N Is p value N

Liver CD44 0.480 0.007 30 0.668 < 0.001 30

0.531

0.003 30 0.562 0.001 30 0.496 0.005 30

Spearman’s rank correlation test.

ity levels (Table 2). In line with our animal results, NASH was
associated with the recruitment of additional macrophages (vs.
resident Kupffer cells) as evaluated by the expression of CD68
(Fig. 7C) which strongly correlated with hepatic expression of
CD44 (Fig. 7D). Hepatic expression of MCP1 (Table 1) and CCR2
(Fig. 7E) strongly increased with NASH. The upregulation of
CD44 also correlated with markers of inflammation including
TNFo, IL18, MCP1 (Fig. S3) and CCR2 (Fig. 7F). MCP1, which could
play a key role in liver macrophage recruitment via CCR2, corre-
lated with the hepatic expression of CD68 (rs = 0.481, p = 0.007,
n = 30) (data not shown) and CCR2 (rs=0.808, p <0.001, n = 30)
(Fig. S3).

Correction of NASH was associated with less hepatic CD44 positive
cells in patients

We then investigated the potentially beneficial effect of bariatric
surgery (LRYGB) on NASH, CD44 expression and macrophages
enrichment in morbidly obese patients. Four women and one
man, with a median age of 38 [26; 62] years at the time of LRYGB
and with biopsy-proven NASH, had a second liver biopsy after
>30 months of follow-up. The median interval between the
LRYGB and the second liver biopsy was 45 [37; 81] months.
LRYGB was associated with significant weight loss (Fig. 8A) (med-
ian BMI loss: —12.8 [—18.6; —8.7] kg/m?), improvement of hep-
atic steatosis in all patients (total resolution for two patients)
(Fig. 8B), and resolution of hepatic inflammation and hepatocyte
ballooning in 100% of the cases (Fig. 8B). The intensity of the hep-
atic CD44 labeling, in addition to the number of CD44 positive
cells, strongly decreased after surgery (Fig. 8C). This was associ-
ated with a decrease in hepatic macrophages (data not shown).
The correction of NASH by bariatric surgery was thus associated
with an improvement of CD44-positive cells (mainly monocytes/
macrophages) in patients.

Serum levels of soluble CD44 increased with the severity of steatosis
and NAFLD

Since soluble CD44 (sCD44) is generated by the proteolytic cleav-
age of the ectodomain of CD44 from cell surfaces and serum

A B

BMI Steatosis Inflammation

ballooning
50 345 2 3
45
NE 40 % 2 2 (1
53 5 115
30 1 (3) 14(4)
25
20 0 2o 50 (5)
TO T 230 TO T 230 TO T 230 TO T 230

p = 0.0005 p = 0.0007

1000 1000 1000+

500+ 500 500

Serum sCD44 (ng/ml)

0 0
S1/82 83 InfO Inf1 NAS <5 NAS 25

Fig. 9. The serum level of soluble CD44 increased with the severity of steatosis
and NAFLD. (A) The serum sCD44 level was evaluated by ELISA in 64 obese
patients with different grades of hepatic steatosis without or with NASH. Results
are expressed with respect to (i) hepatic steatosis (severe [S3; n=21] vs. mild or
moderate hepatic steatosis (S1/S2; n = 43), to NASH vs. non-NASH (25 vs. 39) and
to the NAFLD activity score (NAS) (NAS >5 [n=17] vs. NAS <5 [n = 47]). Results
were expressed as the median (25th, 75th percentile) and statistically analyzed
using the Mann-Whitney U test.

sCD44 levels could be associated with insulin resistance and
hyperglycemia in patients,” we evaluated the relationship
between sCD44 and liver complications in human. sCD44 levels
were evaluated in 64 obese patients with different grades of hep-
atic steatosis without or with NASH. As shown in Fig. 9A, the
serum level of sCD44 was higher in patients with severe steatosis
(S3) (21 S3 vs. 43 with mild or moderate hepatic steatosis (S1/
S2)) and tended to be higher in patients diagnosed NASH vs.
non-NASH (25 NASH vs. 39 non-NASH). We then classified the
patients with respect to their NAFLD activity score (NAS) gener-
ated by Brunt et al.?® The serum sCD44 level was significantly
higher in patients with NAS >5 vs. patients with NAS <5 (17
vs. 47 with NAS <5). In line with these results, the hepatic
expression of ADAM10, a membrane-associated matrix metallo-
proteinases (MMPs) involved in the cleavage of the ectodomain
of CD44, was upregulated in obese patients with severe steatosis
compared to obese patients with moderate steatosis (Fig. S3C).
Hepatic CD44 and its soluble form could thus be related to the
development of hepatic inflammation in obese patients.

Hepatocellular C

aCD44 70

60 (1)
50 (2)
401 (1)

20 (1)

CD44" cells
(Mean/3 fields)

10 (5)

20x 20x 0
TO T 230 TO T 230

Fig. 8. Correction of NASH was associated with decreased hepatic CD44" cells in patients. Four women and a man, with a median age of 38 [26; 62] years at the time of
laparoscopic Roux-en-Y gastric bypass (LRYGB) and with biopsy-proven NASH, had a second liver biopsy after >30 months of follow-up (45 [37; 81] months). BMI (A),
hepatic steatosis, inflammation (NASH) and hepatocellular ballooning (B) were evaluated before and after LRYGB. (C) «CD44 staining of liver samples from morbidly obese
patients with NASH (n = 5) before and after LRYGB. Representative pictures and quantification of CD44-positive cells are shown.
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Discussion

We first described in this study that steatohepatitis was associ-
ated with the upregulation of hepatic CD44 in mice and obese
patients. While this upregulation of CD44 has also been reported
in steatotic livers in mouse models of NAFLD,>” hepatic CD44 is
more specifically increased in NASH patients. We then reported
that CD44 deficiency strongly prevented liver steatosis, inflam-
mation, injury and fibrosis in mice challenged with MCDD. This
could be independent of adipose tissue inflammation and sys-
temic insulin resistance since both events are not induced by
MCDD.?%?” Furthermore, the prevention of hepatic complications
by CD44 deficiency was associated with a strong decrease in hep-
atic infiltration of monocyte/macrophages and inflammation as
evaluated by the number of inflammatory foci and expression
of TNFa, IL1B and iNOS, respectively. The prevention of macro-
phage infiltration into the liver by CD44 deficiency was not
related to the decrease in circulating levels of monocytes.
Whereas it has been reported that CD44 can direct lymphocytes
to inflammatory sites,?® the deficiency of CD44 did not impact the
number of hepatic CD3*, CD4* and CDS8" cells in our mice (data
not shown). Since hepatic monocyte/macrophage infiltration
strongly contributes to the development of steatohepatitis,??°
CD44 deficiency could prevent the development of steatohepati-
tis by regulating the liver monocyte/macrophage infiltration.

This effect of CD44 deficiency on liver monocyte/macrophage
recruitment could be explained by several mechanisms. It has
been clearly established that the deficiency of CD44 in macro-
phages abrogated the chemotaxis induced by various chemoat-
tractants including MCP1/CCL2 and osteopontin.”* The decrease
in hepatic expression of chemoattractants could also prevent
the liver recruitment of monocytes/macrophages. We here
reported that liver MCP1/CCL2 expression was already increased
after 2 weeks of MCDD and the deficiency of CD44 strongly pre-
vented this upregulation. In mice, CD44 deficiency also prevented
the upregulation of hepatic CCR2 expression (CCL2 receptor) after
2 (data not shown) and 7 weeks (Fig. S2D) of MCDD. In contrast,
hepatic (data not shown) and serum levels of osteopontin
(Fig. S4) was later upregulated (after 4-7 weeks of MCDD) with
a partial decrease in CD44~/~ mice (Fig. S4). This could indicate
that osteopontin could be more related to hepatic fibrosis than
steatohepatitis, as previously reported.'>31-3°

The prevention of hepatic inflammation by the CD44 defi-
ciency was also associated with less hepatic neutrophil infiltra-
tion. While further investigations are required, we can suggest
that CD44 could regulate the neutrophil infiltration via E-
selectin based on recent reports.'®'? This ligand of CD44 was
upregulated in NASH livers in mice (Fig. S2) and patients® and
its hepatic expression decreased in MCDD-fed CD44~/~ mice vs.
MCDD-fed WT mice (Fig. S2).

We also showed that targeting CD44 with a specific antibody
(daily injection for 6 days) corrected the steatohepatitis and liver
injury in MCDD-fed mice. This was associated with a decrease in
hepatic monocyte/macrophage enrichment and in hepatic and cir-
culating levels of MCP1/CCL2. While the depletion of CD44-
positive cells did not correct hepatic steatosis in our mouse models,
it has been recently reported that targeting CD44 with the same
approach (anti-CD44 antibody) for 4 weeks corrected liver steatosis
in a high fat diet-fed mouse model. But the beneficial effects of this
long-term treatment (4 weeks in this study vs. 6 days in our trial)
results from a strong decrease in weight gain, visceral adipose tissue
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macrophages and MCP1/CCL2 expression, fasting blood glucose
levels, and improvement of insulin sensitivity compared to con-
trols.? This highlights that CD44 is also important in the recruitment
of macrophages into adipose tissue leading to adipose tissue inflam-
mation and insulin resistance as previously reported.” Adipose tis-
sue insulin resistance increases lipolysis and the release of free
fatty acids from adipocytes into the circulation, which in turn pro-
mote liver steatosis and NAFLD.>® This upregulation of adipose tis-
sue CD44 has also been reported in obese people.” Furthermore,
we have previously reported that the correction of adipose tissue
inflammation after bariatric surgery decreased the expression of
CD44 and macrophage marker CD68 in human adipose tissue.’

While different results on the role of the CCL2/CCR2 system
have been obtained in mice with different genetic back-
grounds,>”*® the contribution of this system has recently been
confirmed in mice challenged with a lithogenic diet through a
marked reduction in leukocyte recruitment in the absence of
CCL2 in mouse strains susceptible to fat accumulation.” In vivo,
macrophage tracking also indicated that in the absence of CCL2
or CCR2, accumulation of macrophages is reduced by 80% in the
liver and around 40% in adipose tissue.’* Furthermore, targeting
CCR2 by deficiency or using a CCR2 inhibitor (CCR2-selective che-
mokine receptor antagonist RS102895) prevented the recruitment
of macrophages into the liver, hepatic inflammation and fibrosis in
choline-deficient amino acid-defined diet-fed mice.?® The phar-
macological inhibition of MCP1/CCL2 also prevented hepatic
monocyte/macrophage infiltration, hepatic steatosis and inflam-
mation in MCDD-fed mice.>®

In addition to the regulation of the monocyte/macrophage
infiltration into the liver, we report here that the CD44 deficiency
modified the properties of macrophages with higher susceptibil-
ity to anti-inflammatory (M2) polarization and lower pro-
inflammatory phenotypes (M1) upon activation. The alteration
of the M1/M2 balance is an important mechanism in the initia-
tion of liver injury and NAFLD progression.**~*! The resulting
exacerbated release of M1 resident Kupffer cell-derived media-
tors (such as TNFa) contributes to the pathogenesis of several
liver lesions including hepatocyte steatosis and apoptosis, and
inflammatory cell recruitment.>94>4344 Interestingly, the CD44
deficiency in macrophages prevented the expression of pro-
inflammatory cytokines including TNFo and IL6 in response to
DAMPs from damaged fatty hepatocytes, saturated fatty acid
and pathogen-associated-molecular-pattern molecules such as
LPS. In our MCDD-fed mice, hepatocyte steatosis and injury and
LPS levels, as evaluated by the serum level of anti-LPS antibodies
(Ctr D-fed WT mice: 380 +58 ng/ml, n=8, MCDD-fed mice:
629 £51, n=15, p=0.006, upon 7 weeks of MCDD challenge,
data not shown), strongly increased with steatohepatitis. CD44
deficiency in resident Kupffer cells could prevent their activation
by increased levels of DAMPs, LPS and fatty acid. In turn, D44/~
Kupffer cells could secrete less pro-inflammatory cytokines
(TNFa, IL6) and chemokines such as MCP1, leading to the preven-
tion of hepatocyte glucido-lipid alteration and hepatic macro-
phage infiltration, respectively. Concerning hepatocyte
alteration, MCDD-fed CD44/~ mice displayed a lower hepatic
expression of markers of cellular stresses (endoplasmic stress:
CHOP/BIP, oxidative stress: sestrin-2 [Sesn2]) and lipogenesis
(Srebp1) and hepatokine (FGF21) compared with MCDD-fed WT
mice (Fig. S5). The prevention of freshly infiltrating hepatic
macrophages could consecutively reduce the progression of
chronic liver injury and fibrosis.
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We then reported a specific increase in hepatic CD44 expres-
sion with NASH in obese patients. Hepatic CD44 expression also
correlated with hepatic expression of the macrophage markers
CD68, MCP1/CCL2, TNFo. and IL1B8. CCR2 was also specifically
upregulated with NASH and strongly correlated with MCP1
(rs=0.808, p <0.001, n = 30). CD68 also correlated with the hep-
atic expression of MCP1 (rs = 0.481, p = 0.007, n = 30). Correction
of NASH after bariatric surgery-induced weight loss was associ-
ated with a strong decrease in CD44-positive cells in the liver.
While the recruitment of macrophages into the liver could be
mediated by several chemokines,*> MCP1/CCL2 is upregulated
in the serum and liver of patients with NASH.?*® Upregulation
of hepatic CD44 could thus be related to the recruitment of
macrophages but also to the activation level of recruited and
resident macrophages (Kupffer cells). Indeed, we here reported
that the deficiency of CD44 strongly decreased the expression of
TNFz and IL6 in activated macrophages. In accordance with this,
the circulating level of sCD44, which results from the prote-
olytic cleavage of CD44 by membrane-associated matrix metal-
loproteinases such as ADAM10, was significantly higher in
obese patients with NAS >5 vs. patients with NAS <5. Since
CD44 is also expressed in the adipose tissue, we cannot rule
out that its circulating levels could also be related to adipose
tissue inflammation and insulin resistance as recently
reported.” Although serum sCD44 and liver ADAMI0 levels
increased in our mouse model of steatohepatitis (Fig. S2) and
sCD44 concentration increased in patients with severe acute
or chronic liver disease from different etiologies (142 patients
including 14 with acute hepatitis; 45 with noncirrhotic chronic
liver disease, 34 with cirrhosis),*” sCD44 as biomarker to accu-
rately estimate NASH should be validated in a larger cohort of
patients.

In conclusion, CD44 plays an important role in the develop-
ment of NASH by regulating hepatic macrophage polarization
(pro-inflammatory phenotype) and infiltration (macrophage
motility and the MCP1/CCL2/CCR2 system). In mice, targeting
CD44 through deficiency or by depletion can prevent and correct
steatohepatitis, respectively. In patients, hepatic CD44 and serum
sCD44 increase with hepatic inflammation. By regulating the
macrophage infiltration in the adipose tissue, CD44 could also
enhance the development of adipose tissue inflammation and
hepatic steatosis. Since CD44 is also expressed in other immune
cells and in fibroblasts/stellate cells,*®*° studies focusing on the
role of CD44 in specific cells should provide more insight into
the pathogenesis of NASH/NAFLD.
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