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ABSTRACT

Cyclooxygenase-2 (COX-2) is involved in different liver diseases but little is known about the significance of COX-
2 in the development and progression of non-alcoholic steatohepatitis (NASH). This study was designed to elu-
cidate the role of COX-2 expression in hepatocytes in the pathogenesis of steatohepatitis and hepatic fibrosis. In
the present work, hepatocyte-specific COX-2 transgenic mice (hCOX-2-Tg) and their wild-type (Wt) littermates
were either fed methionine-and-choline deficient (MCD) diet to establish an experimental non-alcoholic
steatohepatitis (NASH) model or injected with carbon tetrachloride (CCl4) to induce liver fibrosis. In our animal
model, hCOX-2-Tg mice fed MCD diet showed lower grades of steatosis, ballooning and inflammation than Wt
mice, in part by reduced recruitment and infiltration of hepatic macrophages, with a corresponding decrease
in serum levels of pro-inflammatory cytokines. Furthermore, hCOX-2-Tg mice showed a significant attenuation
of the MCD diet-induced increase in oxidative stress and hepatic apoptosis observed in Wt mice. Even more,
hCOX-2-Tg mice treated with CCl4 had significantly lower stages of fibrosis and less hepatic content of collagen,
hydroxyproline and pro-fibrogenic markers than Wt controls. Collectively, our data indicates that constitutive
hepatocyte COX-2 expression ameliorates NASH and liver fibrosis development in mice by reducing
inflammation, oxidative stress and apoptosis and by modulating activation of hepatic stellate cells, respectively,
suggesting a possible protective role for COX-2 induction in NASH/NAFLD progression.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

whereas COX-2 is induced by a variety of stimuli [1]. Adult hepatocytes
fail to induce COX-2 expression regardless of the pro-inflammatory fac-

Cyclooxygenase-1 (COX-1) and -2 catalyze the first step in prosta- tors used [2]. However, our group and others demonstrated that partial
noid biosynthesis. COX-1 is constitutively expressed in many tissues, hepatectomy (PH) induced COX-2 in hepatocytes and contributed to
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the progression of cell cycle during regeneration [3]. In addition, expres-
sion of COX-2 has been detected in several liver pathologies [4]. On the
other hand, hepatocyte-specific expression of COX-2 exerts an efficient
protection against acute liver injury by an antiapoptotic/antinecrotic
effect and by accelerated early hepatocyte proliferation [5].

Non-alcoholic fatty liver disease (NAFLD) encompasses from non-
alcoholic steatosis (NAS), a simple accumulation of fat in hepatocytes,
to non-alcoholic steatohepatitis (NASH), which is characterized by
lobular and portal inflammation, hepatocyte ballooning and variable
degrees of fibrosis [6]. NAFLD worldwide prevalence in general popula-
tion is estimated to be 20-30% in Western Countries and 5-18% in Asia
and is increasing over time [7]. The causes of progression from NAS to
NASH remain unclear, but lipotoxicity, oxidative stress, apoptosis and
an imbalance of pro- and anti-inflammatory cytokines are believed to
play key roles [8,9]. Activated Kupffer and hepatic stellate cells (HSC)
contribute to pro-inflammatory cytokines production during NASH,
particularly tumor necrosis factor (TNF-a) and interleukin 6 (IL-6)
[10]. NASH, in turn, can progress to fibrosis and the main cell type
responsible for extracellular matrix (ECM) deposition are activated
HSCs; moreover, hepatocytes are replaced by scar tissue composed pri-
marily of type I collagen produced by HSCs [11]. Induction of alpha-
smooth muscle actin (a-SMA) is the single most reliable marker of
HSC activation that secrete TGF-1 and respond to this cytokine increas-
ing type I collagen deposition [12]. Hepatic TGF-31 expression is in-
creased in animal models of liver fibrosis and in patients with chronic
liver diseases [13] and has been inversely correlated to prostaglandin
E, (PGE,) action over HSCs activation [14].

Regarding COX-2 and the impact of PGE, on the development of
NASH the data are controversial. Some studies indicate that PGs
favor the development of hepatic steatosis, NASH and ultimately fibro-
sis [15-17], whilst others provide evidence that PGE, suppresses
fibrogenesis and NASH progression since COX-2 inhibition potentiates
inflammation and experimental liver fibrosis [14,18,19]. Our previous
results indicate that constitutive expression of COX-2 in hepatocytes
protects against high fat diet-induced steatosis, inflammation, obesity
and insulin resistance [20]. These findings prompted us to screen the
role of hepatic-specific COX-2 expression in a murine model of NASH
and fibrosis induced by MCD and CCl,, respectively.

In the present study we have demonstrated that expression of COX-
2 in hepatocytes protects against NASH development by attenuating
steatosis and inflammation and by inhibiting apoptotic pathways.
Moreover, hepatocyte COX-2 expression was able to diminish the in-
duction of profibrogenic markers and reduce the progression of the
CCly-induced fibrotic process by restricting HSC activation and ECM
deposition. These data confirm that constitutive COX-2 expression has
a hepatoprotective role in NASH and liver fibrosis murine models.

2. Material and methods
2.1. Chemicals

Antibodies were from Santa Cruz Biotechnology (Dallas, TX, USA),
Sigma Aldrich (St. Louis, MO, USA), Cell Signaling (Danvers, MA, USA)
and Cayman Chemical (Ann Arbor, MI, USA). Reagents were from
Roche Diagnostics (Basel, Switzerland) or Sigma Chemical Co. Reagents
for electrophoresis were obtained from Bio-Rad (Hercules, CA, USA).
Tissue culture dishes were from Falcon (Becton Dickinson Labware,
Franklin Lakes, NJ, USA). Tissue culture media were from Gibco (Life
Technologies™, Carlsbad, CA, USA).

2.2. Animal experimentation

hCOX-2-Tg mice and their corresponding wild type (Wt) litter-
mates were generated by systematic mating of the heterozygous
B6D2-Tg (APOE-PTGS2/4)Upme expressing 55 copies of transgene
with B6D2F1/0laHsd Wt mice in our animal house for more than

seven generations. The hCOX-2-Tg animals were phenotypically similar
to their normal litter-mates and did not exhibit a detectable histological
change in the liver at 12-weeks of age. Integration of transgene was sys-
tematically checked by PCR analysis of genomic tail DNA. Transgenic
mice (hCOX-2-Tg) constitutively express human COX-2 in hepatocytes
under the control of the human ApoE promoter and its specific hepatic
control region (HCR), a unique regulatory domain that directs ApoE ex-
pression in the liver [21], lacking macrophage-specific regulatory re-
gions (ME.2 and ME.1) [22]. The animals were maintained in light/
dark (12 h light/12 h dark), temperature (22 °C) and humidity-
controlled rooms with free access to drinking water. Mice were fed
with regular chow diet (RCD; SAFE A04-10 Panlab, Barcelona) or methi-
onine choline-deficient diet (MCD; TD-90262 Harland-Tecklad,
Indianapolis, IN) for 2 and 4 weeks. Some of the Wt and hCOX-2-Tg
mice (n = 6) were fed with MCD diet for 4 weeks and then with RCD
diet for another 5 days as a diet recovery model (reverse protocol)
(R). To induce fibrosis, CCl4 (1:4 in olive oil) was intraperitoneally
(i.p.) administered to hCOX-2-Tg and Wt mice at a dose of 1.6 ml/kg
body weight twice-weekly. Control animals were i.p. injected with
olive oil. During MCD diet treatment, body weight and food intake
were examined every two days. 2 wk, 4 wk and 4 wk + R after MCD
diet or 9 wk after CCl, treatment, the animals were sacrificed and the
liver was snap-frozen in liquid nitrogen and stored at — 80 °C, collected
in a solution containing 30% sucrose in PBS or fixed in 10% buffered for-
malin. Plasma was obtained from the inferior cava vein.

All animal experimentation was controlled following the recom-
mendations of the Federation of European Laboratory Animal Science
Associations (FELASA) on health monitoring, and of the National Insti-
tutes of health guide for the care and use of laboratory animals (NIH
Publications No. 8023, revised 1978) whereas use of animals in experi-
mental procedures was approved by the Institutional Care Instructions
(Bioethical Commission from Spanish National Research Council,
Spain).

2.3. Histopathology assessment

Hematoxylin-Eosin (H&E) and Masson's trichrome-stained (MTC)
paraffin-embedded liver biopsy sections from studied mice were evalu-
ated by the same experienced liver pathologist (J.V-C) blinded to the
features of animal groups. The NAFLD activity score (NAS) and the
fibrosis stage was assessed using the NAFLD scoring system for mice
models validated by Liang et al. [23]. Briefly, steatosis was graded as
follows: grade 0, <5% of steatotic hepatocytes; grade 1, 5-33%; grade
2,>33-66%; and grade 3, >66%. Lobular inflammation was scored as
follows: 0, no foci; 1, 0.5-1 foci; 2, 1-2 foci; and 3, >2 foci. Ballooning
was classified as 0, none; 1, few balloon cells; and 2, many balloon cells.
In addition, fibrosis staging was defined as 0, none; 1, perisinusoidal
and/or pericentral; 2, incomplete central/central bridging fibrosis; 3,
complete central/central bridging fibrosis; and 4, definite cirrhosis. NAS
was calculated for each liver biopsy based on the sum of scores for
steatosis, inflammation and ballooning.

Quantitative analysis of collagen in Sirius Red-stained liver sections
was performed using imaging analysis software (Image] software
(http://imagej.nih.gov)). Briefly, paraffin sections of 20 um thickness
were stained in 0.1% Sirius red in saturated picric acid. The red-stained
area (um?) was measured in five consecutive fields (40x). Fibrotic
area percentage was calculated relative to the total area examined.

24. Isolation and culture of hepatocytes

Hepatocytes were isolated from non-fasting male Wt and hCOX-2-Tg
mice by perfusion through the inferior cava vein with Hank's bal-
anced salt solution (HBSS) (Gibco), 1 mM HEPES pH 7.4, 0.2 mM
EGTA and William's E medium (Sigma) with 0.8 mg/ml collagenase
type 1 (Worthington, Biochemical Corporation, USA) [2]. After filter-
ing through a cell strainer (100 um) and centrifugation at 70 g, 4 °C
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for 5 min, cells were resuspended in the following attachment cul-
tured medium: DMEM/F12, 20 mM HEPES pH 7.4, 0.05% NaHCOs,
5 mM glucose, 10% FBS (Sigma), 5 mg/ml BSA, 100 U/ml penicillin,
100 pg/ml streptomycin and 50 pg/ml gentamicin, and purified by
density gradient centrifugation using a isotonic solution of Percoll
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Cells were plated
in 6 multiwell dishes at a density of 500,000 cells/well in attachment
cultured medium with 10% FBS. Cell viability was checked by Trypan
blue exclusion. Cells were serum starved at 2% FBS for 4 h and further
treated with 2 ng/ml TGF-31, 5 uM PGE, or 5 uM DFU overnight.

2.5. Isolation of Kupffer cells

For Kupffer cells (KC) isolation, the supernatant from the first centri-
fugation of the hepatocyte isolation protocol was collected and centri-
fuged twice at 50 g for 5 min to discard the pellet with remaining
hepatocytes, as described previously [24]. Briefly, the latest supernatant
was centrifuged at 500 g for 5 min at 4 °C and the pellet containing the
KC was resuspended in the attachment culture medium. Cells were
mixed by inversion with 50% Percoll and centrifuged at 1059 g for
30 min without acceleration or brake at room temperature. Finally, KC
pellet was washed with PBS, centrifuged twice at 500 g for 10 min at
4 °C to wash out the residual Percoll solution and cells were resuspend-
ed directly in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) for further
mRNA analysis.

2.6. Isolation and culture of hepatic stellate cells (HSC)

The isolation of HSCs from mice livers was performed as described
[25] and can be divided into: In situ pronase (0.4 mg/ml) in perfusion so-
lution/collagenase (0.8 mg/ml, increasing 1.5-fold after CCl, treatment)
in William's E medium of mouse liver; subsequent in vitro digestion;
and density gradient-based separation of HSCs from other hepatic cell
populations. Briefly, after the in situ digestion, the liver was carefully
removed and minced under sterile conditions. The minced liver was
further digested in vitro with pre-warmed pronase (0.4 mg/ml)/collage-
nase (0.8 mg/ml)/DNase I (0.1 mg/ml)/HEPES (10 mM) in HBSS pH 7.3
solution. Then, the liver cell suspension was filtered through a 100 pm
cell strainer to eliminate undigested tissue remnants and centrifuged
at 600 g for 10 min at 4 °C. The pellet of non-parenchymal cells was
resuspended in GBSS (Sigma) and purified by density gradient centrifu-
gation using 14% Nycodenz (Sigma). HSC cells were collected from the
diffuse white interfase layer and centrifuged in PBS/0.3% BSA at 600 g
for 5 min at 4 °C. Cells were resuspended directly in TRIzol reagent
(Invitrogen) for further mRNA analysis or were plated in 12 multiwell
dishes (Corning, New York, USA) with DMEM, 20% FBS and 100 U/ml
penicillin, 100 pg/ml streptomycin and 50 pug/ml gentamicin. Cells
were cultured by 0, 1 and 3 days.

2.7. Isolation of hepatic non-parenchymal cells (NPCs) for flow cytometry
analysis

Hepatic non-parenchymal cells were isolated as described previ-
ously [26]. Briefly, liver tissue was excised in HBSS ™~ at RT, mashed
through a cell strainer (100 pm), centrifuged at 500 g for 5 min at RT
and the cell pellet resuspended in 36% Percoll-HBSS solution. After
centrifugation at 800 g for 20 min without brake, erythrocyte lysis
was performed for 10 min at RT in 139 mM NH,4Cl, 19 mM Tris-HCl
pH 7.2 solution, washed the pellet twice, and resuspended in 100 pl
of PBS.

2.8. Flow cytometry
NPC cells (0.3-0.5 x 10° cells/test) were incubated for 20 min at RT

in the dark with the following antibodies (5 pg/ml): CD11b-Macl-
PECy7 (rat IgG2bk, anti-mouse eBioscience, San Diego CA, USA),

CD45-FITC (rat IgG, Beckman), F4/80-PE (ratlgG2ak, eBioscience),
Ly6C-FITC (rat IgMk, anti-mouse, Pharmingen, San José, CA, USA) and
CCR2-APC (ratlgG2B, R&DSystems, Minneapolis, MN, USA) or their cor-
responding isotype controls. After three washes, Perfect-Count micro-
spheres (Cytognos, Salamanca, Spain) were added to quantify the
exact number of cells. Flow cytometry analysis was performed using
Cytomics FC500 with the CXP program. In Supplementary Fig. 1 is
shown the efficiency of isolation of immune cell population in RCD
and MCD groups.

2.9. Hepatic stellate cell lines cultures

The LX-2 cell line, a spontaneously immortalized human hepatic
stellate cell, was purchased from (Millipore, Billerica, MA, SCC064)
and recently authenticated using Promega's StemElite™ ID System in
the Genomics Core facility of the IIB. LX-2 cells were maintained in
EmbryoMAX medium (Millipore, Billerica, MA, USA) supplemented
with glutamine and 2% foetal bovine serum (Sigma). Cells were main-
tained in Dulbecco's culture medium (Gibco), supplemented with 5%
FBS, in a humidified atmosphere with 5% CO-. For the activation exper-
iments, cells (4 x 10°/well) were seeded into six-well culture plates
starving, treated with 5 uM PGE; overnight and then treated whit
2 ng/ml TGF-31 for 6 h.

2.10. Determination of metabolites, cytokines and hormones

PGE, was determined in liver tissue by specific immunoassay
(Arbor Assays, Ann Arbor, MI, USA). Blood glucose levels were mea-
sured with an Accu-Check Glucometer (Roche). Serum ALT activity
was determined using Reflotron strips (Roche Diagnostics, Barcelona,
Spain), accordingly with the manufacturer's instructions. Triglycerides,
cholesterol and HDL were determined in plasma by enzymatic
methods with specific kits from BioSystems (Wako Chemicals
GmbH, Neuss, Germany). Plasma cytokine levels were assessed by
Luminex analysis (Luminex 100IS Multiparametric Analyzer). To
quantify collagen, hepatic hydroxyproline content was assayed
according to the manufacturer's instructions by a hydroxyproline
kit (Hydroxyproline Assay Kit, Sigma). Caspase-3 and 8 activities
were determined by Caspase-3/8 Fluorogenic Substrate (BD
Pharmingen). The protease activity is represented by fluorescence
arbitrary units. Protein levels were determined using the Bradford
reagent (Bio-Rad) [27].

2.11. Measurement of intracellular redox state

The oxidation-sensitive fluorescent probes 2’,7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA) (Invitrogen, Carlsbad, CA, USA) was
used in vitro to analyze the intracellular redox status [28]. After treatment
and at the indicated times, cells were incubated with 5 uM H,DCFDA
(30 min, 37 °C), washed and lysed with a buffer containing: 25 mM
HEPES pH 7.5, 60 mM Nacl, 1.5 mM MgCl,, 0.2 mM EDTA and 0.1% Triton
X-100 (10 min, 4 °C) and transferred in duplicate into 96-well plate.
Fluorescence was measured in a Microplate Fluorescence Reader and
corrected by protein content. Lipid peroxidation (LPO) levels were
determined as indirect measurements of ROS production. The amount
of aldehyde products generated by LPO was quantified ex vivo in liver
tissue by the TBA reaction according to the method of Ohkawa et al.
[29]. Liver tissue (30 mg) were homogenized with 300 pl of 0.15 M KCl
and 50 pl of liver homogenate were incubated for 60 min at 95 °C with
0.3% TBA pH 3-3.5, 0.5% SDS and 7.5% acetic acid. The mixture was
centrifuged at 4000 g for 10 min. The amount of TBA reactants (TBARS)
was expressed in terms of MDA using 1,1,3,3-tetramethoxypropane as a
standard (nmol MDA/mg protein) [30]. Total (GSHt) and oxidized gluta-
thione (GSSG) were determined in total liver homogenates according to
the protocol described by Tietze [31] with slight modifications. Briefly,
intracellular GSH and GSSG contents were determined according to
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the glutathione reductase-DTNB recycling assay as described previously
[32]. Liver lysate was subsequently precipitated by adding 5-
sulfosalicylic acid (SSA) and removed by centrifugation. The resulting
supernatant was collected and assayed for total GSH and GSSG. To
determine GSSG level of the lysate, first, 2-vinylpyridine was added and
kept at 37 °C for 1 h to derive GSH.

2.12. RNA isolation

Total RNA of liver and cell samples was extracted by using TRIzol re-
agent. Total RNA (1 ng) was reverse transcribed using a Transcriptor
First Strand cDNA Synthesis Kit following the manufacturer's indica-
tions (Roche).

2.13. Quantitative real-time PCR analysis

qPCR was performed with a MyiQ Real-Time PCR System (Bio-
Rad) sequence detector using the SsoFast EvaGreen Polymerase
method (Bio-Rad) and d(N)6 random hexamer with the primers de-
scribed in Supplementary Table 1. Specific primers were purchased
from Invitrogen. PCR thermocycling parameters were 95 °C for 30 s,
40 cycles of 95 °C for 5 s, and 60 °C for 10 s. Each sample was run in
triplicate and was normalized to 36b4 RNA. The replicates were
then averaged, and fold induction was determined in a AACt based
fold-change calculations.

2.14. Western blot analysis

Extracts from tissue samples (50-100 mg) or cells (2-3 x 10°) were
obtained as previously described [21]. Nuclear and cytosolic extracts
were isolated from 100 mg of liver tissue with 0.3 M sucrose solution.
The homogenate was centrifuged at 1000 g at 4 °C for 10 min to separate
the cytosolic fraction (supernatant) and nuclear fraction (pellet). The
supernatant was centrifuged 3 times at 18,600 g at 4 °C for 20 min,
and collected in a new tube. The pellet was washed 4 times with
0.3 M sucrose solution, and centrifuged at 1000 g at 4 °C for 10 min.
After, the pellet was resuspended in RIPA and shaked at 4 °C for 1 h.
The nuclear extract was obtained through centrifugation at 8000 g at
4 °C for 15 min. Finally, the total protein was measured as previously
described [21].

For Western blot analysis, whole-cell extracts were boiled for 5 min
in Laemmli sample buffer, and equal amounts of protein (20-30 pg)
were separated by 10-15% SDS-polyacrylamide electrophoresis gel
(SDS-PAGE). The relative amounts of each protein were determined
with the polyclonal or monoclonal antibodies described in Supplemen-
tary Table II. After incubation with the corresponding anti-rabbit or anti-
mouse horseradish peroxidase conjugated secondary antibody, blots
were developed by the ECL protocol (GE Healthcare Life Sciences, Pitts-
burgh, PA, USA). Target protein band densities were normalized with
GAPDH. The blots were revealed, and different exposition times were
performed for each blot with a charged coupling device camera in a
luminescent image analyzer (LAS 500, GE) to ensure the linearity of
the band intensities. Densitometric analysis of the bands was carried
out using Image] software (http://imagej.nih.gov) and expressed in ar-
bitrary units.

2.15. Data analysis

Data are expressed as means + S.E. Statistical significance was
estimated using Student 2-tailed t-test to evaluate the differences
between treated and untreated mice within a single genotype and
between genotypes. Analysis was performed by using the statistical
software GraphPad Prism 5. A p < 0.05 was considered statistically
significant.

3. Results

3.1. Sustained liver COX-2 expression protects transgenic mice from
MCD-induced hepatic steatosis and liver damage

The majority of current NASH mouse models do not fully recapitu-
late the human condition, however, the MCD diet model is character-
ized by the rapid appearance of steatosis in 2-4 weeks, inflammation
and cell death, which represent the main features of steatohepatitis
and replicates NASH histological phenotype [33]. The MCD diet model
induces experimental NASH through the assessment of the inflammato-
ry pathway and this model was used to study this stage of the disease
[34]. We used our previously described transgenic mice (hCOX-2-Tg)
that constitutively express human COX-2 in hepatocytes under the con-
trol of the human ApoE promoter and its specific hepatic control region
(HCR). The expression of hCOX-2 is only achieved in the hepatocytes of
hCOX-2-Tg mice, and is comparable to the physiologic levels reached in
the regenerating liver after partial hepatectomy [3,5]. We found levels
of PGE; >3 fold higher in hCOX-2-Tg compared to Wt mice, even
when there is a clear tendency to increase PGE, hepatic levels in Wt
mice with the MCD diet (Fig. 1A-B). This increase is associated with
an induction of endogenous COX-2 expression (data not shown). After
2 and 4 weeks of MCD diet, both Wt and hCOX-2-Tg mice showed a
marked decrease in body weight (>30%), and this fact cannot be associ-
ated with food intake differences (data not shown). Although no signif-
icant differences were found in weight loss between hCOX-2-Tg and Wt
mice during the first 2 weeks, from the third week of treatment the de-
crease on body weight was significantly attenuated in hCOX-2-Tg
(Fig. 1C). Administration of MCD diet resulted in a marked elevation
of serum ALT, but it was significantly lower in hCOX-2-Tg mice
(Fig. 2D). Plasma biochemistry is shown in Supplementary Table III.

To correlate the increase in ALT levels with the histological damage,
liver sections were stained with hematoxylin/eosin (H&E) and Masson's
trichromic (MTC) and then assessed by an experienced liver patholo-
gist. The MCD diet induced a marked steatosis in both Wt and hCOX-
2-Tg mice whereas the hepatic fat amount was significantly lower in
hCOX-2-Tg mice at 4 weeks (Fig. 2A-B). A significant decrease in the in-
flammation and ballooning (a characteristic form of hepatocellular inju-
ry in steatohepatitis) scores was observed at 4 weeks in hCOX-2-Tg
(Fig. 2C-D). No MTC staining was observed neither in Wt or hCOX-2-
Tg liver after MCD. Likewise, NAFLD activity score was significantly
lower in hCOX-2-Tg mice fed MCD diet during 4 weeks than in Wt
litter-mates. To note, MCD-hCOX-2-Tg mice recover faster to pre-
treatment situation after feeding a RCD diet. Body weight (Fig. 3A)
recovery was significantly higher in hCOX-2-Tg. Similar results were
obtained in plasma ALT levels (Fig. 3B) associated with a significantly
decrease in NAFLD activity score (Fig. 3C-D), showing not only that
constitutive hepatic COX-2 expression attenuated the damage under
MCD but also lead to a faster recuperation.

3.2. COX-2 expression reduced hepatic inflammation in a diet-induced
NASH model

In NASH dietary model, steatosis and elevated serum ALT levels are
followed by inflammation [35]. As is shown in Fig. 2C, MCD diet for
4 weeks induced moderate to severe lobular inflammation in Wt mice
liver, whilst it was mild to moderate in hCOX-2-Tg mice. Our previous
data [5,20] showed lower levels of inflammatory markers in hCOX-2-
Tg mice after liver injury. After 4 weeks of MCD diet, the plasmatic levels
of IL1-B, IL-6, TNF-oe and MCP-1 were increased by MCD especially in Wt
mice vs. hCOX-2-Tg counterparts (Fig. 4A). Chemokines play pivotal
roles in the recruitment of immune cells at sites of inflammation [36].
To gain insight into the process, we isolated non-parenchymal cells
(NPCs) from liver and analyzed the monocyte recruitment in mice fed
the MCD diet for 4 weeks. Similar number of CD45™ cells (leukocyte
common antigen) was detected in Wt and hCOX-2-Tg mice livers
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under RCD; but MCD diet produced a 5 fold increase in the number of
(D457 cells in the livers from Wt mice vs. a 3 fold increase in hCOX-2-
Tg mice (Fig. 4B and Supplementary Fig. 1). Analysis of the hepatic
recruited monocytes revealed that following MCD diet there was an
increased number of F4/80" CD11b™ cells (macrophages) in Wt livers
(Fig. 4C), whereas there were no significant increase in the hCOX-2-Tg
mice, showing an attenuated inflammatory response. As shown
in Fig. 4D, when we analyzed MCP-1-associated macrophage recruit-
ment by evaluating the CCR2 levels, the number of CCR2-expressing
cells was higher in MCD diet fed Wt mice. Also the number of cells
that express Ly6C (inflammatory monocytes), a marker for bone
marrow (BM)-derived circulating peripheral blood monocytes [37],
was significantly increased in the Wt-MCD livers, whereas this effect
was attenuated in hCOX-2-Tg mice (Fig. 4E). These results agree with
previous reports suggesting that infiltrated hepatic macrophages
express CCR2 inflammatory phenotypes in diet-induced NASH model
and HFD/obese mice [38,39]. Concordantly, in Fig. 4F and G we show
that hepatic COX-2 expression attenuates MCD-induced increase of pro-
inflammatory genes in total liver and specifically in isolated Kupffer
cells, respectively.

3.3. Constitutive hepatocyte COX-2 expression leads to decreased apoptosis
and oxidative stress

Previously, we reported that hepatocyte apoptosis was increased in
NASH [9], and clearly established the anti-apoptotic role of hepatic
COX-2 expression [21,40]. To further explore the protective effect of
COX-2 expression, caspases activities and some key apoptotic/
antiapoptotic protein levels were measured. As shown in Fig. 5A, both

caspase-3 and -8 activities increased only in MCD-Wt mice at 4 weeks.
Consistent with this, an important increase in the Bax/Bcl-x; ratio was
found only in MCD-Wt mice. Even more, the attenuation found in
hCOX-2-Tg mice livers could be explained in part by an increase in the
anti-apoptotic protein Mcl-1 (Fig. 5B). Steatohepatitis is associated
with the generation of reactive oxygen species and other oxidative
stress-related compounds. Lipid peroxidation (LPO) was determined
by the reaction of thiobarbituric acid (TBA) with malondialdehyde
(MDA). LPO increased by MCD diet in both genotypes, but in a lesser
extent in hCOX-2-Tg mice livers (Fig. 5C). The ratio of oxidized glutathi-
one/total gluthatione, evaluated as an intracellular redox status marker,
was significantly higher only in Wt mice after 4 weeks of MCD diet
(Fig. 5C). The products derived from lipid-peroxidation can mediate in-
flammatory recruitment by activating nuclear factor-xB (NF-kB). Also, it
is known that NF-kB is activated in MCD-diet-induced steatohepatitis
occurring in both hepatocytes and non-parenchymal cell fraction [17,
41]. To know whether NF-«B is involved in the regulation of inflamma-
tion in our model, nuclear p65 and cytosolic IkBa protein levels were
measured in Wt and hCOX-2-Tg liver after MCD. As shown in Fig. 5D,
an important increase in nuclear p65 and phosphorylated cytosolic
IkBa protein levels indicating a NF-B pathway activation, was found
in MCD-Wt mice whereas this activation was attenuated in MCD-
hCOX-2-Tg mice.

3.4. PGE, protects isolated primary hepatocytes against TGF-31-dependent
apoptosis and oxidative stress

It has been described that TGF-31 signaling in hepatocytes partici-
pates in steatohepatitis through regulation of cell death [42]. As



0. Motifio et al. / Biochimica et Biophysica Acta 1862 (2016) 1710-1723 1715

>

RCD

MCD 2wk

MCD 4wk

H&E 200x

H&E 400x

Steatosis (score)
o - N w
FT#H

2wk 4wk

MCD

D

T 157

o

2

— 1.01

[e)]

£

S 0.51 #

[e]

A I h

@ 00 2wk awk
mMCD

-2-Tg

% B

OO Wt
C B hCOX-2-Tg
0 4-
o
@
red #
2 2.
©
€
§ M
=
=0 2wk 4wk
MCD
E
©
g 87
@
> 6 #
2 4
o
©
a 2
|
-
‘zt 2wk 4wk
MCD

Fig. 2. COX-2 transgenic mice are protected against MCD-induced hepatic steatosis, inflammation and ballooning. (A) Representative images of hematoxylin/eosin (H&E) and Masson's
trichromic (MTC) stained liver paraffin-embedded sections from Wt and hCOX-2-Tg mice fed RCD or MCD for 2 and 4 weeks. (B) Quantification of steatosis (C) Inflammation
(D) Balloning and (E) NAFLD activity score. Data are expressed as means =+ S.E. (n = 5-6 per group). #p < 0.05 vs. Wt-MCD 4 wk.

shown in Fig. 6A-C, TGF-B1 induced caspase-3 activity and leads to in-
creased Bax/Bcl-x; ratio in isolated hepatocytes from Wt mice. Howev-
er, TGF-p1 did not induce apoptosis in hepatocytes from hCOX-2-Tg
mice. Furthermore, when Wt hepatocytes were co-treated with TGF-
31 and PGE,, apoptosis was decreased and, conversely, when hCOX-2-
Tg hepatocytes were treated with DFU, a COX-2 selective inhibitor;
there was an increase in caspase-3 activity and in the Bax/Bcl-x; ratio,
indicating the specificity of COX-2-dependent prostaglandins in the

modulation of TGF-B1-induced apoptosis. The oxidation-sensitive
fluorescent probe DCFH was used to analyse the intracellular redox sta-
tus. As shown in Fig. 6D, TGF-31 increased DCFH fluorescence only in
Wt hepatocytes. PGE, treatment reversed this effect and pretreatment
with DFU increased DCFH fluorescence in hCOX-2-Tg hepatocytes. In-
duction of mRNA levels of antioxidant genes such as Cat, cytosolic
Sod1, mitochondrial Sod 2 and Grs (Supplementary Table IV) seems to
mediate this effect in hCOX-2-Tg hepatocytes.
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3.5. Hepatocyte COX-2 expression attenuates pro-fibrogenic markers in a
CCl4-induced liver fibrosis model

To investigate the role of hepatocyte COX-2 expression on fibrosis,
we injected CCl, in Wt and hCOX-2-Tg mice twice a week for 9 weeks.
Liver sections were stained with H&E, MTC and Picro Sirius Red to
evaluate fibrosis stage and to quantify the size of the fibrotic area. We
found a delayed progression in fibrosis stage in hCOX-2-Tg mice
(Fig. 7 A-B). Itis known that TGF-{3 signaling in hepatocytes participates
in steatohepatitis and fibrosis through regulation of cell death via phos-
phorylation and translocation of SMAD2/3 [42]. As shown in Fig. 7C and
D, an important increase in phosphorylated SMAD2/3 was found in Wt
mice after CCl, whereas the signaling was attenuated in hCOX-2-Tg
mice. The reduced fibrosis seen in hCOX-2-Tg mice livers correlated
with both a lower collagen 1al expression and hepatic hydroxyproline
content (Fig. 7C and E). We next analyzed the activation of the pro-
fibrogenic markers, desmin, ®-SMA and vimentin and observed a
significant decrease in all of them in hCOX-2-Tg mice vs. the Wt mice
(Fig. 7C and F).

Concordantly, hepatic mRNA levels of desmin, a-SMA and Collal
were lower in hCOX-2-Tg livers after CCl, treatment (Supplementary
Fig. 2). Also, hCOX-2-Tg livers showed lesser CCly-induced levels of
PDGF-B and its receptor, known contributors to fibrogenesis [43]. In ad-
dition, COX-2 expression was able to induce mRNA expression of HGF, a
potent suppressor of liver fibrosis [44] (Supplementary Fig. 2). In sum-
mary, hepatic expression of COX-2 attenuated the induction of
fibrogenic markers in a CCl4-induced liver injury model.

3.6. Prostanoids derived from COX-2 inhibit hepatic stellate cell activation
both in vivo and in vitro

The reduced collagen deposition seen in hCOX-2-Tg mice livers after
CCl, treatment prompted us to investigate a possible different activation
of HSC cells in Wt and Tg mice in response to prostaglandins produced
by hepatocytes (Hep), since hCOX-2 expression was only detectable in
isolated Hep and not in HSC (Fig. 8A). mRNA expression level of
Collal and a-SMA in HSCs isolated from hCOX-2-Tg mice after
9 weeks of CCl, treatment showed lesser increase compared to Wt livers
(Fig. 8B), suggesting that the hepatocyte expression of COX-2 prevents
HSC activation in vivo. Then, we tested the specific role of PGE, on
HSC activation in vitro, and found that Col1al and o-SMA levels in cell
extracts from human HSC line (LX-2) induced by TGF-31 were reverted
by the pre-treatment with PGE,, pointing out its anti-fibrotic action
(Fig. 8C). Even more, to determine the possible signaling pathways
related with COX-2 and involved in a-SMA expression, LX-2 cells
were treated with pharmacological inhibitors of phosphatidylinositol-
3-kinase (PI3K) (LY294002), protein kinase C (PKC) (G66983), PKA
(4-cyano-3-methyl-isoquinoline, CMI), p38 mitogen-activated protein
kinase (BRIB796), mitogen activated protein kinase/extracellular
signal-regulated kinase (MEK/ERK) (PD98059), and NF-xB (BAY11-
7085), as well as antagonist of EP receptors. LX-2 cells express
mRNAs of the four EP receptors (data not shown). As shown in
Fig. 8D, most of the inhibitors reverse the decrease in a-SMA protein
levels produced by PGE,, implicating a complex process where PKC,
PKA, p38, MEK/ERK and NF-kB signaling pathways are involved.
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Moreover, the data suggest that PGE, exerts its effects through EP2 and
EP4 receptors (Fig. 8 E).

4. Discussion

The impact of PGE; on the development of NASH and hepatic fibrosis
is a matter of controversy. Some studies in animal models suggest that

COX-2-derived PGs favor the development of steatohepatitis and fibro-
sis in view of the beneficial effects after selective inhibitors (COXIBs)
treatment [15,16], whilst others describe the opposite and provide evi-
dence that PGE, suppresses fibrogenesis in HSC and the progression of
steatohepatitis [14,18,19]. Even more, Yu et al. by using liver COX-2
transgenic mice, but in a different genetic background than ours, report-
ed that COX-2 does not appear to mediate the development of liver
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fibrosis [45]. Our previous results indicate a protective role for COX-2 in
liver injury by several insults [5,21,40] and pointed out COX-2 as a key
player in the development of metabolic alterations [20,46]. It was re-
ported that in mice fed the MCD diet, hepatic expression of COX-2 oc-
curred paralleling the development of steatohepatitis [17]. To assess
this induction as a possible physiologic early protective response to
liver injury, we evaluated the role of sustained hepatic COX-2 expres-
sion in a murine model of dietary-induced steatohepatitis and hepatic
fibrosis, resembling two different stages of NAFLD progression.

The MCD diet hallmarks include a rapid appearance of steatosis, in-
flammation and cell death [47]. Under these conditions COX-2

attenuated elevation of serum ALT which correlated to lower scores of
key features of NASH on liver biopsies such as steatosis, inflammation
and hepatocyte injury. Indeed, steatosis was significantly lower in
hCOX-2-Tg mice, resembling the COX-2 anti-steatosis effect on a HFD
model [20]. We used MCD dietary model to induce NASH and, after
4 weeks of MCD diet, Wt mice showed moderate to severe lobular in-
flammation, whilst in hCOX-2-Tg mice this was mild to moderate.
Consistent with a previous report [5] constitutive hepatic expression
of COX-2 leads to lower plasmatic levels of pro-inflammatory cytokines
(ie. IL-1p and IL-6 and MCP-1) after MCD. MCP-1 is a potent
chemoattractant mediator, highly expressed in Kupffer cells, and its
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receptor, the C—C chemokine receptor type 2 (CCR2), is highly
expressed in hepatic recruited macrophages compared to resident he-
patic macrophages (KCs) [38,39]. Hepatic COX-2 derived PGE; could
modulate MCP-1 release, as it has proved to be the case in human pul-
monary fibroblasts [48]. Recent studies demonstrated that the recruited
macrophages predominantly express CCR2 and this inflammatory phe-
notype promoted liver steatosis and fibrosis [49,50]. Our data also dem-
onstrate a protective effect of continuously hepatic PGE, production on
the total number of hepatic leukocytes (CD45™). In this regard, as previ-
ously reported [38], we found a diet-induced rise in infiltrated hepatic
macrophages with inflammatory phenotypes (Ly6C*tCCR2™) in Wt
mice but, interestingly, hCOX-2-Tg livers presented an attenuated in-
flammatory response, including Kupffer cells, with lower levels of pro-
inflammatory markers leading to a diminished liver injury. In a recent
report, it was suggested a prominent role for hepatocyte caspase-3
activation in NASH-related apoptosis and fibrogenesis that was in part
mediated via CCR2-dependent infiltration of Ly6C"™ macrophages
[51]. In this regard, the role of COX-2 dependent PGs by modulating
caspase-3 activity is well documented [5,40,52]. Our in vivo data support
an attenuated inflammatory response, at least in part, by decreasing NF-
KB activation derived from MCD diet, an anti-apoptotic effect of COX-2
in the NASH model and an improved antioxidant response to oxidative
stress induced by MCD diet.

It is known that TGF- signaling in hepatocytes promotes
steatohepatitis via regulation of cell death and lipid metabolism. TGF-
p signaling in hepatocytes induces hepatic steatosis, cell damage, in-
flammatory cell infiltration and fibrosis through Smad activation and
ROS production, all conditions contributing to NASH [42]. In agreement

with previous data [53], our in vitro results by treating Wt and hCOX-2-
Tg hepatocytes with TGF-31 indicate that PGE, protects isolated hepa-
tocytes against TGF-B-dependent apoptosis and oxidative stress as
deduced by the important decrease of caspase-3 activation and ROS
production.

Hepatic fibrosis is the wound-healing response of the liver entailing
major alterations in the composition and quantity of the extracellular
matrix (ECM). Hepatic stellate cells (HSC) are the key matrix-
producing cells in liver and play a central role in hepatic fibrogenesis. In-
terestingly enough, hepatocyte COX-2 expression delayed fibrosis pro-
gression through a decrease in SMAD signaling and significantly
decreased the fibrotic area in part by a lesser activation of HSC. These
observations are in agreement with previously reported antifibrotic
effects of COX-2-derived prostanoids [14,15,54]. Also, the beneficial ef-
fects of prostaglandins could be mediated by the induction of anti-
fibrotic (HGF) [44] and by down-regulation of pro-fibrotic (PGDFB fam-
ily members) factors [43]. In this regard, the lesser ECM deposition after
CCl, treatment found in hCOX-2-Tg livers coincided with diminished
HSC activation markers (i.e. -SMA). Indeed, hepatic COX-2 expression
prevents HSC activation in vivo. Moreover, in vitro treatment with PGE;
counteracts the activation observed in LX-2 human HSC line by TGFP1,
in agreement with previous reports [14,19]. Recently, it was described
that in the fibroblast to myofibroblast differentiation process elicited
by TGF-B1, PGE, was able to reverse the expression of 62% of up-
regulated and 50% of the down-regulated genes modulated by TGF-p1,
pointing out an anti-TGF-p1 action by PGE, [55]. Regarding the mecha-
nism by which PGE2 mediated the attenuation of matrix production by
HSC, there are various signaling pathways implicated as well as different
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Fig. 7. Hepatocyte COX-2 expression attenuate pro-fibrogenic markers in a chronic CCly-induced liver injury model. (A) Representative images of hematoxylin/eosin (H&E), Masson's
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(C) Representative Western blot and densitometric analysis of (D) phospho-SMAD2/3 and total SMAD2/3, (E) collagen 1a1 and hepatic hydroxyproline content, (F) desmin, o-SMA
and vimentin. Data are expressed as means 4 S.E. (n = 6-8 per group). *p < 0.05 vs. Wt-Oil; #p < 0.05 vs. Wt-CCls.

EP receptors. In agreement with previous data, PGE2 inhibits a-SMA As pro-inflammatory mediator, PGE; is involved in the pathogenesis
transcription through EP2/cAMP/PKA signaling in human lung fibro- of several diseases; since COX inhibitors seem to be effective in reducing
blasts [56]. Moreover, PGE2 exerts a suppressive effect on fibrogenesis some deleterious effects. Accordingly, different in vivo models of liver fi-
in pancreatic stellate cells via the cCAMP pathway and suggest a role of brosis [15,16] reported beneficial effects of COXIBs, such as celecoxib.
EP2 and EP4 receptors [57]. Our data suggest that PGE; exerts its effects Opposite to this, pro-fibrogenic properties of celecoxib have been re-
through EP2 and EP4 receptors in human LX-2 cells. ported, worsening the fibrotic process with more HSCs activation [18].
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Again, controversy exists since the in vitro effects of celecoxib appear to
be COX-2-independent [58]. Specifically, it has been demonstrated that
celecoxib induces apoptosis of human and rat-derived HSCs [16] but, in-
terestingly, other COXIBs, such as NS-398 or DFU had no effect on cell vi-
ability, being DFU a more selective inhibitor [59] and indicating that the
protective role of celecoxib in hepatic fibrosis is not associated with
COX-2 inhibition. In line with this, 0SU-03012, a non-cyclooxygenase-
inhibiting celecoxib derivative, promotes apoptosis and inhibits activa-
tion of LX-2 cells [60]. The deleterious effects of COX-2 inhibition on fi-
brosis progression were also reported in kidney [61] and lung [62]. The
antifibrotic role of PGE, on pulmonary fibrosis is achieved by inhibiting

fibroblast proliferation, synthesis of collagen and modulation of TGF-3-
induced transition of fibroblasts to myofibroblasts [63]. To note, PGE; in
lungs is normally present at much higher concentrations than in plasma,
resembling the levels of constitutive COX-2 expression reached in
hCOX-2-Tg animals. In line with this, it has been reported that PGE,
down-regulated the expression of fibrosis-inducing genes in human
fat explants from obese individuals as well as the fibrogenic response
of differentiated adipocytes to the fibrogenic actions of TGF-3 [64]. In
the presence of COX-2, the protective effect is afforded in at least two
ways: through the production of hepatoprotective prostaglandins [3]
promoting tissue regeneration [65] and by downregulation of pro-
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inflammatory cytokines which help tissue recovery by promoting
resolution of inflammation [66].

These results shed new insights into a possible physiological protec-
tive mechanism of COX-2 induction in the progression of the NAFLD
pathogenesis. This hypothesis is sustained in the fact that using hCOX-
2-Tg mice we confirmed that continuously derived hepatic PGE,
production plays a protective role against the development of NASH
and hepatic fibrosis. Thus, our data suggest that the use of stable PG
analogs or mimicking COX-2 signaling in the liver could represent a
good therapeutic option to ameliorate NAFLD progression.

4.1. Conclusions

In our transgenic mouse model, we corroborated that constitutive
hepatocyte COX-2 expression ameliorates NASH and liver fibrosis de-
velopment by reducing inflammation, oxidative stress and apoptosis
and by modulating activation of hepatic stellate cells, respectively.
This data suggest a possible protective role for COX-2 induction in
NASH/NAFLD progression.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2016.06.009.
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