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Nonalcoholic steatohepatitis (NASH) is a hepatic manifestation of metabolic syndrome.
Although the prostaglandin (PG) I, receptor IP is expressed broadly in the liver, the role of
PGI,-IP signaling in the development of NASH remains to be determined. Here, we
investigated the role of the PGI,-IP system in. the development of steatohepatitis using mice
lacking the PGI, receptor IP (IP-KO mice) and a specific IP agonist beraprost. IP-KO and
wild-type (WT) mice were fed a methionine- and choline-deficient diet (MCDD) for 2, 5,
or 10 wk. Beraprost was administrated orally to mice every day during the experimental
periods. The effect of beraprost on the expression of chemokine and inflammatory
cytokines was examined also in cultured Kupffer cells. WT mice fed MCDD developed
steatohepatitis at 10 wk. Interestingly, IP-KO mice had earlier development of
steatohepatitis at 5 wk with augmented histological derangements, accompanied by
increased hepatic monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor
(TNF)-o. contents.  After 10 wk of MCDD, IP-KO mice had greater hepatic iron
deposition with prominent oxidative stress, resulting in hepatocyte damage. In WT mice,
beraprost improved histological and biochemical parameters of steatohepatitis,
accompanied by reduced hepatic contents of MCP-1 and TNF-c..  Accordingly, beraprost
suppressed the lipopolysaccharide stimulated Mcp-1 and Tnf-o mRNA expression in
cultured Kupffer cells prepared from WT mice. PGI,-IP signaling plays a crucial role in
the development and progression of steatohepatitis by modulating the inflammatory
response leading to augmented oxidative stress. We suggest that the PGI,-IP system is an

attractive therapeutic target for NASH treatment.
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Nonalcoholic fatty liver disease (NAFLD) is a manifestation of metabolic syndrome in the
liver (1-3). NAFLD can be divided into two categories, benign simple steatosis and
nonalboholic steatohepatitis (NASH). NASH is associated with increased risks for
cirrhosis and hepatocellular carcinoma. With growing number of NASH patients, NASH
has become a global public health issue. Although the pathogenic mechanism of NASH
has remained poorly understood, the most widely accepted idea explaining the pathogenesis
of NASH is the “two hits” hypothesis (4). The first hit is fatty liver, which is frequently
associated with obesity, type 2 diabetes mellitus and hyperlipidemia. Major candidates for
the second hit are augmented oxidative stress and cytokine production (5). The “multiple
parallel hits” hypothesis, a hypothesis that steatohepatitis develops in parallel to steatosis,
has also been proposed based on recent studies (6). However, the precise pathogenic
mechanisms by which steatosis is transformed to steatohepatitis remain to be clarified, and
there are few established therapeutic strategies for NASH (5, 7).

Cyclooxygenase (COX)-2, the inducible isozyme for prostanoid biosynthesis, is
expressed highly in the liver of NASH patients (8). Up-regulation of hepatic COX-2
expression was also observed in murine NASH models (9-11). In methionine- and
choline-deficient diet (MCDD)-induced NASH, hepatic expression level of COX-2 was
10-fold higher than that in control mice, and selective COX-2 inhibitors ameliorated the
severity of steatohepatitis, suggesting a proinflammatory role of COX-2 in the NASH
pathogenesis (9). However, little attention has been paid to the association between each

prostanoid and NASH, and which type(s) of prostanoids participates in the pathogenesis of
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NASH remains to be clarified.

Prostaglandin (PG) I is synthesized by PGI synthase (PGIS) following
COX-catalyzed generation of PGH,, and it plays various roles in the body via its specific
receptor IP (12).  Historically, PGI; has been known to play a role in maintenance of the
cardiovascular system, in which PGI, works as a potent vasodilator and as an anti-platelet
agent (13, 14).  Accordingly, IP agonists have been widely used as therapeutic agents for
pulmonary arterial hypertension (15) and preventive agents against thrombotic diseases.

In addition, novel roles of PGI; in the cardiovascular system have been clarified; PG,
protects the heart from ischemia-reperfusion injury (16), suppresses the development of
cardiac hypertrophy (17), and works as a mediator of renin secretion in renovascular
hypertension (18). In the liver, PGI; modulates sinusoidal microcirculation by regulating
contraction of hepatic stellate cells (HSCs) (19). However, IP is expressed broadly on the
cells constituting the liver including hepatocytes, sinusoidal endothelial cells, Kupffer cells
and HSCs (20-22), all of which are also able to produce PGI, (23-27). In addition,
increasing attention has been paid to the anti-inflammatory roles of PGI; in the
development of inflammatory diseases of several organs including the liver (28).
Beraprost, an IP agonist, decreased liver tissue damage in a mouse model of
concanavalin-A-induced hepatitis (29), and iloprost, another IP agonist, protected mice
from galactosamine-lipopolysaccharide (LPS)-induced fulminant hepatitis (30). However,
the role of the PGI,-IP system in the development of NASH remains to be elucidated.

MCDD is widely used to induce the development of steatohepatitis in a rodent model



of NASH. Since choline is essential for hepatic secretion of very low-density lipoprotein
(31), its deficiency impairs hepatic lipoprotein secretion and induces hepatic steatosis.
Choline deficiency also changes the composition of the mitochondrial membrane, resulting
in mitochondrial dysfunction and facilitating the development of steatohepatitis. In
addition, choline and methionine are required for the production of S-adenosylmethionine,
a universal donor of methyl groups that protects the liver from oxidative stress induced by
elevation of hepatic glutathione levels. Accordingly, S-adenosylmethionine prevents
hepatic damage in alcoholic liver disease and CCly-induced hepatitis (32). These
mechanisms participate to induce the development and progression of steatohepatitis in
mice fed MCDD. In this study, we attempted to clarify the role of the PGI,-IP system in
the development of NASH using an MCDD-induced NASH model and mice lacking IP

(IP-KO mice).



Materials and Methods
Animals

The generation of IP-KO mice was reported (33). IP-KO and WT control mice have
the genetic background of C57BL/6 mice. All experiments were performed using 8- to
10-week-old male mice, which were maintained under a controlled condition (22°C room
temperature, 50-60% humidity, 12-hour light/dark cycles).  All of the animal studies were

approved by the Asahikawa Medical University Committee on Animal Research.

Diet-induced NASH model

Mice were fed MCDD (Oriental Yeast Company, Tokyo, Japan) or normal diet (ND;
Oriental Yeast Company). At the end of the experiments, blood glucose level was
determined using a glucose meter (Medisafe Mini GR-102; TERUMO, Tokyo, Japan).
Then mice were anesthetized with diethyl ether, and blood was collected by cardiac
puncture for biochemical analyses in the non-fasted state. The liver was excised and fixed
in 4% phosphate-buffered paraformaldehyde for histological and immunohistochemical
examinations. A part of the liver was snap-frozen in liquid nitrogen and stored at -80°C
for later analyses of triglycerides (TG), thiobarbituric acid-reactive species (TBARS), and
cytokines, monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor
(TNF)-a..

When examining the in vivo effect of beraprost (Toray Industries, Inc., Tokyo, Japan)

(34), it was dissolved in saline and administered to mice by oral gavage once a day at a



dose of 1.0 mg/kg.

Histological and immunohistochemical examinations

NAFLD activity score was used for evaluation of histological change of the liver
induced by MCDD feeding (35), which score was determined using hematoxylin and eosin
(HE)-stained sections (4 um in thickness) by two blinded investigators.  Briefly, steatosis
ranged from 0 to 3 (0: <5%, 1: 5-33%, 2: 33-66%, 3: >66% of parenchymal involvement),
inflammatory foci ranged from 0 to 3 (0: none, 1: <2, 2: 2-4, 3: >4 foci per 200 x field),
and hepatocyte degeneration ranged from 0 to 2 (0: none, 1: 1 or 2, 2: >2 cells showing
ballooning degeneration per 200 x field). NAFLD activity score represents the sum of
these three scores.  We assumed that steatohepatitis comparable to NASH has developed
when the NAFLD activity score exceeds 5 according to a previous human study on NASH
(35). To assess fat accumulation, frozen liver sections were stained with Oil Red O (Muto
Pure Chemicals, Tokyo, Japan). Tissue sections were also stained with Berlin-blue to
evaluate hepatic iron accumulation.

For immunohistochemical examinations of inflammatory cell infiltration and
oxidative stress, deparaffinized sections were incubated with their respective primary
antibodies: anti-F4/80 antibody (T-2008; BMA Biochemicals AG, Augst, Switzerland) (36)
and anti-4-hydroxy-2-nonenal (4-HNE) antibody (ab46545; Abcam, Cambridge, UK) (37),
followed by incubation with peroxidase-conjugated secondary antibodies: anti-rat IgG

antibody (Histofine Simple Stain RAT MAX PO, Nichirei, Tokyo, Japan) for anti-F4/80
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antibody and anti-rabbit IgG antibody (Histofine Simple Stain RABBIT, MAX PO
Nichirei) for anti-4-HNE antibody. The positive signals were visualized with DAB

(Histofine Simple Stain DAB, Nichirei).

Biochemical analyses

Serum concentrations of AST, ALT, TG, total cholesterol (T-chol) and ferritin were
measured by an automatic analyzer (7180; Hitachi High-Technologies Corporation, Tokyo,
Japan). For measurement of hepatic iron contents, lyophilized liver tissues were treated
with nitric acid and perchloric acid, and iron contents were determined by atomic
absorption spectrophotometry (Z-8200; Hitachi High-Technologies Corporation) (38). For
measurement of hepatic lipid contents, a piece of the liver (100 mg) was homogenized in
1.5 mL of CHCI:/MeOH (2:1).  After sequential centrifugation procedures, the organic
phase containing the lipid was separated and stored at -80°C until use. =~ At the time of
measurement, the sample (200 pL) was mixed with 40 pL of TritonX-100/CHCI; (1:1), and
CHCI; was evaporated.  The resulting Triton film was dissolved in 200 pL of distilled
water, and the lipid concentration was determined using an automatic analyzer (7180;
Hitachi High-Technologies Corporation).  Lipid peroxidation in the liver was examined by

measuring TBARS using a TBARS Assay Kit (Cayman Chemical, Ann Arbor, MI).

Real-Time PCR

Real-time PCR was performed as described (39). In short, isolated total RNA was
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reverse-transcribed using SuperScript VILO (Invitrogen, Carlsbad, CA). Real-time PCR
was performed using TagMan primers and probes (Applied Biosystems, Foster City, CA)
for Cox-1 (Mm 00477214), Cox-2 (Mm 00478374), Ip (Mm 00801939), Pgis (Mm

00447271), 18s rRNA (Mm 03928990), Mcp-1 (Mm00441242), and Tnf-oc (Mm 00443258).

ELISA

The hepatic contents of MCP-1 and TNF-a were determined using ELISA kits for
mouse MCP-1 and TNF-a, respectively (Quantikine ELISA kits; R & D Systems,
Minneapolis, MN). To evaluate PGI; production by cultured Kupffer cells and
hepatocytes, the contents of 6-keto PGF;a., a stable metabolite of PGI, in the conditioned

medium was measured using an EIA kit (Cayman Chemical).

Assays using primary cultured Kupffer cells and hepatocytes

The liver was perfused through a canula inserted into the inferior vena cava with
Ca’'- and Mg*'-free HBSS (CMF-HBSS), followed by perfusion with HBSS containing
collagenase II (0.1%) for 30 min at 37°C.  Then the liver was dispersed, and the cell
suspension was filtered through a nylon mesh (pore size of 100 pm). After hepatocytes
had been sedimented and collected by centrifugation at 40 x g for 1 min at 4°C, the
supernatant containing nonparenchymal cells was further centrifuged at 550 x g for 4 min.
The pellet of nonparenchymal cells was suspended in CMF-HBSS containing bovine serum

albumin (0.1%), and Kupffer cells were separated by centrifugation using density gradient
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medium (OptiPrep; Axis-Shield, Oslo, Norway). For examination of mRNA expression of
cytokines, MCP-1 and TNF-a, the cells (2.0 x 10%) were seeded in RPMI1640 containing
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin using 35 mm culture dish.
After 15 min of the seeding procedure, attached Kupffer cells were further cultured in
RPMI1640 containing 10% FBS for 15 h.  After 4 h of serum starvation, the medium was
replaced by RPMI1640 containing indomethacin (10 pmol/L), and the cells were stimulated
with LPS (25 ng/mL) for 5 h. Beraprost was added 30 min before the addition of LPS.
Total RNA of cultured Kupffer cells or hepatocytes was extracted with a QITAGEN
QIAshredder and RNeasy MINI kit (QIAGEN, Hilden, Germany).

For measurement of PGI, production, Kupffer cells (5 x 10°) were seeded in
RPMI1640 containing 10% FBS using a 24-well culture plate. After 24 h of culture,
Kupffer cells were washed two times with serum-free RPMI1640 containing 0.1% bovine
serum albumin.  After 4 h of serum starvation, the cells were stimulated with LPS (25
ng/mL) for 24 h. Hepatocytes (4.5 x 10°) were seeded in Williams® E medium containing
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin using a 35 mm primaria
culture dish (Corning Co., Corning, NY). After 4 h of the seeding procedure, unattached
cells were removed by washing, and attached hepatocytes were further cultured in Williams®
E medium containing 10% FBS for 24 h.  After 24 h of culture, hepatocytes were washed
two times with serum-free Williams” E medium containing 0.1% bovine serum albumin
and stimulated with LPS (25 ng/mL) for 24 h. Then the conditioned medium was

collected, frozen, and stored at -80°C until use.
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RT-PCR

Total RNA of cultured Kupffer cells was extracted with QIAGEN QIAshredder and
RNeasy MINI kit (QIAGEN). One pg RNA was reverse-transcribed using SuperScript
VILO (Invitrogen). The Ip mRNA expression in Kupffer cells was determined by PCR

using Gene Taq (Nippon Gene, Toyama, Japan) as reported (17).

Statistical Analysis

All values are expressed as means £+ SEM.  For comparison of two groups, Student’s
or Welch’s t-test was performed after carrying out the F-test for equal variance.
Comparison of more than two groups was performed with one-way or two-way ANOVA
followed by Dunnett’s multiple comparison test or Sidak’s post test, respectively. A P

value < .05 was considered statistically significant.



Results
MCDD induces up-regulation of hepatic expression of Cox-2, Pgis and Ip mRNAs in WT
mice

The expression level of Cox-2 mRNA was increased significantly after 10 wk of
MCDD, while the expression level of mRNA for Cox-1, the constitutively expressed
isoform of COXs, did not change significantly (Figure 1A). The expression level of Pgis
mRNA was also increased significantly after 10 wk of MCDD (Figure 1B). The
expression level of Jp mRNA was increased after 2 wk of MCDD and reached a
significantly high level after 10 wk of MCDD (Figure 1C). These results indicate that
PGL-IP signaling is reinforced during MCDD feeding and that the PGI,-IP system might

participate in the development of NASH.

Development of steatohepatitis induced by MCDD is facilitated in IP-KO mice
To determine whether the PGI,-IP system participates in the development of

steatohepatitis, we fed WT and IP-KO mice with MCDD and examined histological change
of the liver. ~ After 5 wk of MCDD, the livers of WT mice showed mild steatosis (Figure
2A) with an NAFLD activity score of 3.4 + 0.6 (Figure 2B).  The livers of WT mice fed
MCDD for 10 wk, however, showed histological characteristics of steatohepatitis including
increased steatosis, inflammatory cell infiltration and hepatocyte degeneration (Figure 2A
and C) with an NAFLD activity score of 6.3 + 0.3 (Figure 2B), indicating the development

of steatohepatitis that is comparable with human NASH (35). It is noteworthy that the
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livers of IP-KO mice showed augmented histological derangements after 5 wk of MCDD
(Figure 2A) with an NAFLD activity score of 5.8 + 0.4 (Figure 2B), indicating an early
onset of steatohepatitis in IP-KO mice. The scores for all three parameters were
significantly higher in IP-KO mice fed MCDD for 5 wk than those in WT mice (Figure 2C).
However, there was no significant difference in the NAFLD activity score after 10 wk of
MCDD between IP-KO and WT mice, because the scores had almost reached the maximum
scores after 10 wk of MCDD in both genotypes, while apparent histological change of the
liver was much more drastic in IP-KO mice than in WT mice (Figure 2A). In addition to
the induction of steatohepatitis, MCDD feeding induced changes in nutritional and
metabolic conditions as reported previously (40). There were no significant differences
between these parameters in IP-KO and WT mice except for a slight difference in body
weight at the start of MCDD feeding (Table 1).

To further assess the degree of steatosis, Oil Red O staining was performed after 5
wk of MCDD. IP-KO mice showed striking fat deposition in hepatocytes compared with
that in WT mice (Figure 3A). Quantification of TG from liver lysates also demonstrated a
significant increase in TG contents in the livers of IP-KO mice than those in the livers of
WT mice (Figure 3B). Since Kupffer cells and blood-derived macrophages are thought to
play a central role in this model (41), we investigated the degree of infiltration of these cells
by counting F4/80-positive cells after 5 wk of MCDD. As expected, the number of
F4/80-positive cells (brown color) in the IP-KO liver was significantly higher than that in

the WT liver (Figure 3C and D). In addition to histopathological assessment, we
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measured serum transaminase levels for the evaluation of hepatocyte damage. The levels
of serum AST and ALT in IP-KO mice were significantly higher than those in WT mice
after 5 wk of MCDD (Figure 3E). These histological and biochemical findings clearly
indicate that the progression of steatohepatitis is accelerated in IP-KO mice during 5 wk of

MCDD.

Augmented iron deposition and oxidative stress in the liver of IP-KO mice

We next measured hepatic iron contents by atomic absorption spectrophotometry to
determine whether hepatic iron was associated with progression of MCDD-induced
steatohepatitis in IP-KO mice. Hepatic iron contents increased gradually during feeding
with MCDD in both WT and IP-KO mice (Figure 4A). Interestingly, hepatic iron contents
were significantly higher in IP-KO mice than in WT mice after 10 wk of MCDD (Figure
4A), suggesting the involvement of hepatic iron in the progression of steatohepatitis. In
accordance with the levels of hepatic iron contents, serum ferritin levels increased
gradually during feeding with MCDD in both WT and IP-KO mice, and the level was
significantly higher in IP-KO mice than in WT mice after 10 wk of MCDD (Figure 4B).
To determine the localization of iron deposition in the liver, hepatic iron was stained with
Berlin blue after 10 wk of MCDD. Reflecting the levels of hepatic iron contents, the blue
staining was clearly stronger in the livers of IP-KO mice than in the livers of WT mice, and
the signal was localized mainly in the cytoplasm of hepatocytes (Figure 4C and D).

Although iron was localized mainly in hepatocytes, immunohistochemical staining with
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anti-F4/80 antibody showed iron accumulation also in some F4/80-positive cells (Figure
4D).

To explore the mechanism of the increased progression of steatohepatitis in IP-KO
mice, we examined whether hepatic iron overload results in increased oxidative stress.
We performed immunohistochemical staining of 4-HNE, a representative lipid peroxide
product, in the liver. The 4-HNE staining (brown color) was much stronger in the livers of
IP-KO mice than in the livers of WT mice after 10 wk of MCDD (Figure 4E). In addition,
the hepatic level of TBARS, a marker of lipid peroxidation, was significantly higher in
[P-KO mice than in WT mice after 10 wk of MCDD (Figure 4F), suggesting that hepatic
iron overload led to augmented oxidative stress in IP-KO mice. These results indicate that
increased oxidative stress contributes to the progression of steatohepatitis in IP-KO mice,

especially at a later phase (10 wk of MCDD feeding).

Increased production of MCP-1 and TNF-q in the liver of IP-KO mice fed MCDD

We next examined whether chemokines and cytokines, which are considered to be
the second hits for the development of steatohepatitis, participate in the progression of
steatohepatitis in IP-KO mice. In WT mice, the hepatic contents of monocyte
chemoattractant protein-1 (MCP-1), a representative chemokine for the recruitment of
macrophages, were increased after 2 wk of MCDD and reached a significantly higher level
after 5 wk of MCDD (Figure 4G). In IP-KO mice, the hepatic contents of MCP-1

increased gradually and reached a significantly higher level after 10 wk of MCDD, which
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level was significantly higher than that in WT mice (Figure 4G). In WT mice, the hepatic
contents of TNF-a., a representative cytokine responsible for the development of NASH
(42), were increased significantly after 2 wk of MCDD and remained at similar levels
thereafter (Figure 4H). In IP-KO mice, the hepatic contents of TNF-o. were increased
significantly after 5 wk of MCDD, and the level was significantly higher than that in WT
mice (Figure 4H). These results suggest that increased MCP-1 and TNF-o. production in

the liver participates in the progression of steatohepatitis in IP-KO mice.

Suppressive effects of beraprost, an IP agonist, on the progression of MCDD-induced
steatohepatitis

Because a lack of IP signaling facilitated the progression of MCDD-induced
steatohepatitis, we next examined whether stimulation of IP by beraprost would attenuate
the progression of steatohepatitis. In WT mice, beraprost significantly suppressed the
progression of steatohepatitis after 10 wk of MCDD: NAFLD activity scores in the control
and beraprost-treated groups were 6.3 + 0.3 and 3.8 + 0.6, respectively (Figure 5A and B).
In IP-KO mice, beraprost failed to suppress the progression of steatohepatitis (Figure 5A),
and there was no significant improvement in the NAFLD activity score (Figure 5B). The
suppressive effect of beraprost on inflammatory cell infiltration was remarkable, but there
was no significant effect on steatosis (Figure 5C).  Accordingly, beraprost significantly
suppressed F4/80-positive cell accumulation in the livers of WT mice after 10 wk of

MCDD (Figure 5D and E). In addition, beraprost drastically suppressed the elevation of
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serum AST and ALT levels in WT mice after 10 wk of MCDD, indicating that beraprost
effectively reduced hepatocyte damage (Figure SF). In IP-KO mice, beraprost again had
no effect on serum AST and ALT levels (Figure 5F), indicating an [P-dependent effect of
beraprost.

We further examined whether stimulation of the PGI,-IP system would reduce the
hepatic production of MCP-1 and TNF-a., the production of which was significantly
augmented in IP-KO mice. Beraprost significantly reduced the hepatic content of MCP-1
in WT mice after 5 and 10 wk of MCDD (Figure 5G). Beraprost also significantly
reduced the hepatic content of TNF-a in WT mice throughout the experimental periods
(Figure 5H). These results suggest that beraprost suppressed the development of

steatohepatitis at least by inhibiting the hepatic production of chemokine(s) and cytokine(s).

LPS stimulates PGI, production, and beraprost suppresses the LPS-induced expression
of mRNAs for Mcp-1 and Tnf-a in cultured Kupffer cells

Since the main cell types producing MCP-1 and TNF-c. in the liver are thought to be
Kupffer cells and blood-derived monocytes (41), we finally examined PGI; production in
primary cultured hepatocytes and Kupffer cells and the effect of beraprost on the expression
of Mcp-1 and Tnf-a mRNAs in cultured Kupffer cells. We first coﬁﬁrmed Ip mRNA
expression in primary cultured Kupffer cells prepared from WT mice (Figure 6A).

Since the level of LPS, a toll-like receptor 4 agonist, within the portal vein increases

in the MCDD-induced NASH model, leading to stimulation of hepatic cells and induction
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of hepatic cytokine production (43), we stimulated the cultured cells with LPS.  To clarify
which type(s) of hepatic cells produces PGI,, we measured the contents of 6-keto PGF ., a
stable PGI, metabolite, in the cultured media of hepatocytes and Kupffer cells after
stimulation with LPS (Figure 6B). Without the stimulation, the concentration of 6-keto
PGFjo in the medium of hepatocytes was not measurable, while that in the medium of
Kupffer cells was barely measurable and was 116 pg/mL. However, LPS drastically
elevated the content of 6-keto PGF o in the conditioned medium of Kupffer cells (11,113
pg/mL), while LPS induced only a small increase in the content of 6-keto PGF;o in the
conditioned medium of hepatocytes (81 pg/mL).  Although it is difficult to determine the
precise cell type(s) producing PGI; in the NASH model, these results suggest that Kupffer
cells at least can produce abundant PGI, after stimulation.

LPS remarkably up-regulated the expression levels of mRNAs for both Mcp-1 and
Tnf~a in cultured Kupffer cells isolated from the liver of WT mice (Figure 6C and E).
Beraprost significantly suppressed the LPS-induced up-regulation of mRNAs for both
Mep-1 and Tnf-a, whereas beraprost alone had no effect on the expression levels of these
mRNAs (Figure 6C and E).  In addition, these suppressive effects of beraprost
disappeared in Kupffer cells prepared from IP-KO mice (Figure 6D and F), indicating
IP-dependent effects of beraprost.  These results further suggest that the PGI,-IP system
suppresses the development of steatohepatitis by inhibiting the production of MCP-1 and

TNF-a by Kupffer cells.
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Discussion

In the present study, we attempted to clarify the role of the PGI,-IP system in the
development of steatohepatitis. The hepatic expression levels of Cox-2, Pgis and Ip
increased significantly in WT mice fed MCDD, indicating reinforcement of the PGI,-IP
system during MCDD feeding. IP-KO mice had earlier development of steatohepatitis
after 5 wk of MCDD with increased hepatic production of MCP-1 and TNF-a..  After 10
wk of MCDD, IP-KO mice had greater hepatic iron deposition with resultant prominent
oxidative stress, indicating further progression of steatohepatitis in IP-KO mice. In
contrast, beraprost significantly improved histological and biochemical parameters of
steatohepatitis in WT mice but not in IP-KO mice. In addition, beraprost significantly
reduced the hepatic production of MCP-1 and TNF-o in WT mice. Accordingly, beraprost
suppressed the LPS-stimulated Mcp-1 and Tnf-a mRNA expression in primary cultured
Kupffer cells prepared from WT mice. These results clearly indicate that PGI-IP
signaling plays a crucial role in the development and progression of steatohepatitis by
modulating the inflammatory response that leads to augmented oxidative stress.

We showed that hepatic Cox-2 mRNA expression is up-regulated during MCDD
feeding (Figure 1A). This result suggests that COX-2-derived prostanoids are involved in
the pathogenesis of NASH. In addition to Cox-2 mRNA, the expression levels of Pgis and
Ip mRNAs increased significantly during MCDD feeding (Figure 1B and C).  Although
the hepatic expression levels of mRNAs for the Ep; and Ep, subtype receptors of PGEy, an

inflammatory mediator, also increased by 2.0 + 0.2 and 2.6 + 0.3 times, respectively (data
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not shown), the hepatic expression level of /p mRNA was further increased by 3.7 + 0.8
times after 5 wk of MCDD.  These results suggest that PGI,-IP signaling is reinforced
during MCDD feeding and that the PGI,-IP system plays a role in the development of
steatohepatitis.

Histological analysis using NAFLD activity score after 5 wk of MCDD revealed that
IP-KO mice had more severe liver inflammation comparable to steatohepatitis than that in
WT mice (Figure 2). In addition, TG contents and F4/80-positive cell numbers in the liver,
as well as serum transaminase levels, were significantly higher in IP-KO mice than in WT
mice after 5 wk of MCDD (Figure 3). These results clearly indicate that a lack of IP
signaling led to the facilitated development of steatohepatitis and suggest that endogenous
PGI; plays a suppressive role in the progression of steatohepatitis via IP.  In contrast,
when IP was activated pharmacologically by beraprost, the NAFLD activity score
comparable to steatohepatitis found in control mice decreased drastically (Figure 5B). In
addition, beraprost remarkably suppressed the increase in serum transaminase levels in an
IP-dependent manner (Figure 5F).  Thus, the present study using IP-KO mice and an IP
agonist has proved for the first time that the PGI,-IP system plays a suppressive role in the
development of steatohepatitis.

Infiltration of inflammatory cells into the liver plays a critical role in the initiation
and progression of NASH (41). In fact, depletion of Kupffer cells reduced the degree of
liver injury, steatosis, and monocyte infiltration in a murine NASH model (41). In this

study, inflammatory cell infiltration started after only 2 wk of MCDD in both WT and
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IP-KO mice (Figure 2C). Notably, the degree of inflammatory cell infiltration was
significantly greater in IP-KO mice than in WT mice after 5 wk of MCDD (Figures 2C and
3D). In contrast, beraprost significantly suppressed inflammatory cell infiltration into the
liver after 2 and 10 wk of MCDD (Figure SC-E). These results suggest that the
suppressive effect of PGI,-IP signaling on the development and progression of
steatohepatitis depends at least on the inhibition of inflammatory cell infiltration. Among
chemokines, MCP-1 promotes macrophage accumulation in the liver and plays an
important role in the development of NASH (44). Accordingly, MCP-1 is up-regulated in
the liver of NASH patients (45), and mice lacking the MCP-1 receptor C-C chemokine
receptor type 2 had reduced hepatic recruitment of macrophages in experimental
steatohepatitis (46). Being consistent with inflammatory cell infiltration, hepatic contents
of MCP-1 were increased after 5 wk of MCDD in both WT and IP-KO mice, and the
hepatic MCP-1 level was significantly higher in IP-KO mice than in WT mice after 10 wk
of MCDD (Figure 4G). In addition, beraprost significantly suppressed the increases in
hepatic MCP-1 contents after 5 and 10 wk of MCDD (Figure 5G). These results indicate
that the PGI,-IP system suppresses inflammatory cell infiltration into the liver by inhibiting
MCP-1 production.

The cytokine milieu in the liver also plays a critical role in the development and
progression of NASH, in which the proinflammatory cytokine TNF-a., as well as
interleukin-6, is a major player (6). In an MCDD-induced NASH model, the development

of steatohepatitis was suppressed in mice lacking both TNF-a receptors | and 2 (42), and
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targeted knockdown of TNF-a expression in myeloid cells suppressed the development of
NASH (41). In this study, the hepatic contents of TNF-o were significantly higher after 5
wk of MCDD in IP-KO mice than in WT mice (Figure 4H), and beraprost significantly
decreased the hepatic contents of TNF-o. in WT mice (Figure 5H), suggesting that the
PGI,-IP system suppresses the development and progression of steatohepatitis by
decreasing the hepatic TNF-a contents.

Kupffer cells are considered to be the major cell type to produce TNF-a. in the liver
(41), and they are both important sources of and responders to MCP-1 (44). 'We therefore
hypothesized that PGI; acts on IP expressed on Kupffer cells, exerting an anti-inflammatory
effect by inhibiting the production of both MCP-1 and TNF-a.  To test this hypothesis, we
first examined which type(s) of hepatic cells, Kupffer cells or hepatocytes, produces PGIy,
(Figure 6B) and we confirmed that Kupffer cells could produce abundant PGI, after LPS
stimulation. We next examined the effect of beraprost on LPS-stimulated expression of
mRNAs for Mcp-1 and Tnf-a in primary cultured Kupffer cells prepared from WT mice.
LPS was used as a stimulant for TLR4 to reproduce the condition found in the
MCDD-induced NASH model, in which the levels of TLR4 agonists in the portal vein were
increased (47).  Since little is known about whether murine Kupffer cells express IP, we
first confirmed the expression of /p in these cells (Figure 6A). LPS drastically increased
the expression levels of both Mcp-7 and 7nf-a mRNAs in Kupffer cells, and beraprost
significantly inhibited these increases in an IP-dependent manner (Figure 6C-F), indicating

that PGI, is able to act directly on Kupffer cells and inhibit production of the
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proinflammatory molecules MCP-1 and TNF-o..  Although an IP agonist suppressed
LPS-induced TNF-o expression in human monocytes (48), we clearly showed that Kupffer
cells indeed express Ip and that beraprost inhibits LPS-induced expression of not only
Tnf-a but also Mcp-1 in Kupffer cells. These results support our hypothesis that the
PGI,-IP system suppresses the production of TNF-a. both by reducing inflammatory cell
recruitment into the liver and by direct inhibitory action on Kupffer cells, indicating at least
partly the mechanism by which the PGI,-IP system suppresses the development and
progression of steatohepatitis.  Since TNF-a plays an important role not only in
inflammatory response but also in hepatic steatosis (6, 41), the increased TNF-a production
may also contribute to the enhanced hepatic steatosis found in IP-KO mice.

Hepatic iron deposition is one of the factors that promote the progression of NASH
through the induction of oxidative stress responses (49, 50). Hepatic iron deposition is
associated with histological severity of liver disease in NASH patients (51, 52), and
phlebotomy induces clinical improvement in NASH patients (53). Accordingly, serum
ferritin levels were significantly higher in NASH patients than in patients with simple
steatosis (54). In this study, IP-KO mice had higher hepatic iron contents (Figure 4A and
C) and serum ferritin levels (Figure 4B) than those in WT mice, suggesting that excess
hepatic iron accumulation augments oxidative stress through the Fenton reaction.
Accordingly, hepatic oxidative stress was significantly higher in IP-KKO mice than in WT
mice after 10 wk of MCDD (Figure 4F), suggesting that augmented oxidative stress in the

liver contributes to the progression of steatohepatitis in IP-IKKO mice. Although the
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mechanism leading to hepatic iron overload remains to be clarified, the hepatic expression
level of hepcidin, a key molecule for iron metabolism, was significantly lower in IP-KO
mice than in WT mice (data not shown), indicating a negative feedback response for the
greater hepatic iron deposition in IP-KO mice. Since an IP agonist protects cultured
hepatocytes from excess iron-induced apoptosis (55), PGI, might exert a direct protective
action on hepatocytes in steatohepatitis associated with hepatic iron overload.

In conclusion, we have clearly demonstrated that the PGI,-IP system plays a
suppressive role in the development and progression of steatohepatitis.  The suppressive
role was mediated, at least in part, through the inhibition of Kupffer cell-related
inflammatory responses, eventually leading to excess iron accumulation and augmented
oxidative stress in the liver. There has been no report indicating the involvement of
PGI,-IP signaling in hepatic protection in NASH patients. However, elevated expression
levels of COX-2 mRNA and protein in the liver of NASH patients (8, 56) suggest that
increased hepatic production of PGI, in NASH patients reinforces PGI,-IP signaling,
resulting in hepatic protection in NASH patients as shown in the present animal NASH
model. We propose that stimulation of PGI,-IP signaling presents a potent therapeutic

strategy for NASH.
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Figure legends

Figure 1. PGIL-IP signaling is reinforced during MCDD feeding. Expression levels
of Cox-1 and Cox-2 mRNAs (A), Pgis mRNA (B) and /p mRNA (C) in the liver of WT
mice during MCDD feeding. The amounts of amplification products of the respective
mRNAs were normalized to that of /85 rRNA, and the value at 0 wk of MCDD is presented

asl. n=6-11. "P<.05vs. 0wk

Figure 2. MCDD-induced steatohepatitis develops earlier in IP-KO mice than in WT
mice. (A) Representative HE-stained sections of the liver prepared from WT and IP-KO
mice fed MCDD for 0, 5 and 10 wk. Scale bars: 100 pm. (B and C) Histological
alterations of the liver during MCDD feeding were evaluated by use of NAFLD activity

score. n=7-14. "P<.05 vs. corresponding WT mice.

Figure 3. Facilitated development of steatohepatitis in IP-KO mice is accompanied
by augmented histological derangements and hepatocyte damage. (A) Representative
Oil Red O-stained cryosections of the liver prepared from WT and IP-KO mice at 5 wk of
ND or MCDD.  Scale bars: 100 um.  (B) Quantification of TG in the livers of WT and
IP-KO mice at 5 wk of ND or MCDD feeding. n=6-14. “P<.05vs. corresponding WT
mice. (C) Representative sections showing F4/80-positive cells (brown color) in the livers

prepared from WT and IP-KO mice at 5 wk of ND or MCDD.  Scale bars: 50 um. (D)
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Inflammatory cell accumulation in the livers of WT and IP-KO mice at 5 wk of ND or
MCDD was evaluated by counting the numbers of F4/80-positive cells. n=4-13. P

< .05 vs. corresponding WT mice. (E) Serum transaminase levels of WT and IP-KO mice

at5 wk of MCDD. WT: n=13. IP-KO:n=15. "P<.05vs. corresponding WT mice.

Figure 4. Augmented oxidative stress and increased MCP-1 and TNF-q. contents in
the livers of IP-KO mice after MCDD feeding. (A) Hepatic iron contents of WT and
IP-KO mice were measured by atomic absorption spectrophotometry at 0, 2, 5 and 10 wk of
MCDD. n=7-15. *P<.05vs.0wk. "P<.05vs.corresponding WT mice. (B)

e

Serum ferritin levels at 0, 2, 5 and 10 wk of MCDD. n=6-15. "P<.05vs.Owk. “P
< .05 vs. corresponding WT mice. (C) Representative Berlin blue-stained sections of the
livers prepared from WT and IP-KO mice fed ND or MCDD for 10 wk. The lower panels
show enlarged photomicrographs of the areas indicated by the boxes in the corresponding
middle panels. Scale bars: 200 pm (upper and middle panels) and 50 um (lower panels).
(D) Representative liver sections double-stained by Berlin blue and the anti-F4/80 antibody
system in IP-KO mice fed MCDD for 10 wk. Iron accumulation was detected mainly in
hepatocytes (arrows in the right panel) and in a few F4/80-positive cells (arrows in the left
panel). Scale bars: 25 um. (E) Representative sections stained by the anti-4-HNE
antibody system (brown color) of the livers prepared from WT and IP-KO mice fed ND or

MCDD for 10 wk. Scale bars: 100 um. (F) Hepatic contents of TBARS, a marker of

lipid peroxidation, were measured in WT and IP-KO mice at 0, 2, 5 and 10 wk of MCDD.
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n=6-10. “P<.05vs. corresponding WT mice. (G and H) Hepatic contents of MCP-1
(G) and TNF-a (H) in WT and IP-KO mice at 0, 2, 5 and 10 wk of MCDD. MCP-1: n=

6-19. TNF-a:n=6-15. "P<.05vs.0wk. P < .05 vs. corresponding WT mice.

Figure 5. Beraprost suppresses the development of steatohepatitis in WT mice fed
MCDD. (A) Representative HE-stained sections of the livers prepared from
beraprost-treated and untreated WT and IP-KO mice fed MCDD for 10 wk.  Scale bars:
100 um. (B and C) Effects of beraprost on NAFLD activity score in WT mice at 2, 5 and
10 wk of MCDD and in IP-KO mice at 10 wk of MCDD. WT mice: n=6-13. Control
IP-KO mice: n=12. Beraprost-treated IP-KO mice: n=5. “P<.05vs. corresponding
control. (D) Representative sections stained by the anti-F4/80 antibody system of the
livers prepared from beraprost-treated and untreated WT mice fed MCDD for 10 wk.
Scale bars: 100 um (upper panels) and 50 pm (lower panels).  (E) Effect of beraprost on
F4/80-positive cell accumulation in the liver of WT mice at 10 wk of MCDD. Control: n
=6. Beraprost: n=9. "P<.05vs.control. (F) Effects of beraprost on serum
transaminase levels in WT mice at 2, 5 and 10 wk of MCDD and in IP-KO mice at 10 wk
of MCDD. WT mice: n=6-14. Control IP-KO mice: n=13. Beraprost-treated IP-KO
mice: n=7. "P<.05vs. corresponding control. (G and H) Effects of beraprost on
hepatic contents of MCP-1 (G) and TNF-o (H) in WT mice at 2, 5 and 10 wk of MCDD.
MCP-1: n=5-12. TNF-o: n=5-11. "P<.05vs. corresponding control. BPS:

Beraprost.
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Figure 6. Beraprost suppresses the LPS-induced expression of mRNAs for Mcp-1
and 7Tnf-a in cultured Kupffer cells that express Ip and produce PGI,. (A) /p mRNA
expression in primary cultured Kupffer cells prepared from WT mice. (B) PGI,
production by primary cultured hepatocytes and Kupffer cells prepared from WT mice. n
=6-12. "P<.05vs. control. (C-F) Suppressive effects of beraprost on LPS-induced
Mecp-1 (C and D) and 7nf-o (E and F) mRNA expressions in cultured Kupffer cells
prepared from WT (C and E) and IP-KO (D and F) mice. n=3-7. *P < .05 vs. control.

LPS: lipopolysaccharide. BPS: Beraprost.
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Table 1. Changes in nutritional and metabolic conditions induced by MCDD

feeding
Time on diet 0wk 5 wk 10 wk
Genotype WT IP-KO WT MCD IP-KO MCD WT ND WT MCD IP-KOND___IP-KO MCD
BW (g) 220+04 246+ 0.7* 16.0+0.5 17.2°2 106 29610 147 £0.2 30.7 £ 0.7 14.4£ 06
LW (9) 1.31+0.04 137+0.12 0.56 +0.02 0.65 + 0.03 157+0.07 0552003 152+005 057+0.04
eWAT-W (mg) 250+ 21 228 +24 86+ 13 70+ 11 631 + 100 66+ 12 408 + 51 30+ 20
BS (g/dL) 173+ 9 160+ 9 97+5 97+4 147 +3 84+5 152+ 5 76+ 6
‘TG(g/dL) 50+ 11 40+7 202 19+ 3 98+8 141 65+ 12 16+ 4
T-chol (g/dL) 9510 74+ 10 40+3 2942 86+5 25+3 805 34+ 10

BW, body weight; LW, liver weight; eWAT-W, epididymal white adipose tissue weight;
BS, blood sugar; TG, triglyceride; T-chol, total cholesterol. BW, LW, eWAT-W and
BS: WT mice (n = 6-15), IP-KO mice (n = 7-17), respectively. TG and T-chol: WT
mice (1 = 3-13), IP-KO mice (1 = 4-15), respectively. *P < .05 vs. corresponding WT

mice.
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