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Inhibition of Pancreatic Stellate Cell Activation
by Halofuginone Prevents Pancreatic Xenograft
Tumor Development

Itai Spector, MSc,*} Hen Honig, DVM,* Norifumi Kawada, MD,} Arnon Nagler, MD,§
Olga Genin, MSc,* and Mark Pines, PhD*

Objectives: Most solid tumors consist of neoplastic and nonneoplastic
cells and extracellular matrix components. In the pancreas, activated
stellate cells (PSCs) are the source of the extracellular matrix proteins.
We evaluated the significance of PSC activation in tumor establishment
and development in mouse xenografts.

Methods: Xenografts were established by implanting human pancre-
atic cancer cells (MiaPaca-2) subcutaneously or orthotopically by in-
jecting them into the spleen. Fibrosis was induced by cerulein. Collagen
level was evaluated by Sirius red staining. Prolyl 4-hydroxylase B and
stellate cell activation—associated protein (Cygb/STAP) were determined
by immunohistochemistry.

Results: Halofuginone inhibited subcutaneous tumor development
implanted with Matrigel and reduced collagen and prolyl 4-hydroxylase
B levels. Few tumors, which developed slowly, were observed after
MiaPaca-2 implantation without Matrigel. Increase in tumor number and
rate of development were observed with addition of PSCs from control
pancreas, and further increase was observed when the PSCs were from
cerulein-treated mice. Preincubation of the PSCs with halofuginone
elicited Cygb/STAP level reduction and tumor growth inhibition. More
tumors developed orthotopically in cerulein-treated mice than in
controls; this was prevented by halofuginone.

Conclusions: Extracellular matrix production by activated PSCs is
essential for tumor establishment and growth. Thus, inhibition of PSC
activation is a viable means of reducing pancreatic tumor development.
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M ost solid tumors consist of a mixture of neoplastic and
nonneoplastic cells, together with extracellular matrix
(ECM) components. This cellular microenvironment dlrectly
modulates tissue architecture, cell morphology, and cell fate,!

and the ECM-stromal cell interaction contributes to the
neoplastic phenotype.> Conversion of fibroblasts into myofi-
broblasts, mediated by transforming grow‘th factor B (TGF-B) is
the most prominent stromal reaction in many epithelial
lesions.*” The myofibroblasts are assomated with the tumor
cells at all stages of cancer progression, 8 and in various malig-
nancies, tumor-dependent differentiation of fibroblasts toward
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myofibroblasts promotes further neoplastic progression.”™'> The
myofibroblasts synthesize large amounts of ECM components,
especially collagen type I, which promotes tumor cell survival,
reduces apoptosis, and serves as a signal for tumor cell in-
vasion.!3-16 In the pancreas, the pancreatic stellate cells (PSCs)
constitute the major source of the ECM proteins.'”~'° These cells
are usually quiescent, with a low proliferation rate; however, upon
activation, probably because of injury, they differentiate into
myofibroblast-like cells, proliferate, and migrate to sites of tissue
damage, where they synthesize ECM components to promote
tissue repair.?’ These activated PSCs play a major role in the
growth and development of pancreas adenocarcinoma, *2° and
the tumor cells, m rum stimulate PSC motility and attract them
toward the tumor.?® Similarly to chronic pancreatitis, adcnocarcx-
noma of the pancreas has a remarkable fibrotic component,?’” and
most examples exhibited fibroblast markers that were significantly
more pronounced in tumor-associated myoﬁbroblasts immediately
adjacent to the tumor than in surrounding ones.?® The TGF-8
pathway is one of the signaling systems that has been identified
as a major contributor to pancreatic cancer,”’ and a hallmark of
pancreatlc ductal adenocarcinoma is the presence of desmoplasia,
which is defined as proliferation of fibrotic tissue with altered
ECM, conducive to tumor growth and metastasis.>® The
desmoplasia is created by activated PSCs, which are stimulated
by the cancer cells and thereby influence tumor aggressiveness. 2
In liver and pancreas, the stellate cell activation—association
protein, also known as cytoglobin (Cygb/STAP) is a gene as-
sociated with collagen ?Inthems that is upregulated in activated
stellate cells by TGF-B.>" Although its specific role is yet to be
elucidated, a potentla.l role in the detoxification of reactive oxy-
gen spec1es in tumors and other pathological findings was
suggested. >

Previously, we demonstrated that halofuginone, an analog
of the plant alkaloid febrifugine, can inhibit hepatic and PSC
activation®° and the fibroblast-to-myofibroblast transition in
the tumor microenvironment.”’ Halofuginone inhibited Smad3
phosphorylation downstream of the TGF-B8 signaling path-
way,’s‘41 resultmg in reduction in collagen synthesm and ﬁbro51s
of various organs * and in tumors of diverse origins.> 745
In the present study, we evaluated the effect of halofuginone-
dependent inhibition of PSC activation on pancreatic tumor
establishment and development, in subcutaneous and orthotopic
xenografts mouse models.

MATERIALS AND METHODS

Materials

Fetal calf serum, Dulbecco’s modified Eagle medium, and
trypsin-EDTA solution (0.02%—0.25%) were obtained from Bio-
chemical Industries (Bet Haemek, Israel). Cerulein and colla-
genase IV were obtained from Sigma (St Louis, Mo), and Sirius
red F3B from BDH Laboratory Supplies (Poole, England).
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Matrigel, a basement membrane preparation extracted from the
Engelbreth-Holm-Swarm mouse sarcoma, a tumor rich in ECM
proteins, was obtained from Becton Dickinson (Bedford, Mass).
Halofuginone bromhydrate was obtained from Collgard Bio-
pharmaceuticals Ltd (Tel Aviv, Israel). Antibodies to Cygb/
STAP were prepared as previously described,’! and prolyl 4-
hydroxylase 8 (P4HB) monoclonal antibodies were from Acris
(Hiddenhausen, Germany). The proliferating cell nuclear
antigen staining kit was from Zymed Laboratories, Inc (South
San Francisco, Calif).

Cell Culture

Pancreatic stellate cells were prepared either from naive
mice or from mice treated with a single injection of cerulein
(50 pg/kg).*5* After 24 hours, the pancreas was excised, freed
from fat and lymph nodes, and digested with collagenase IV
(0.02%), and the resulting suspension of cells was centrifuged at
1200g for 5 minutes. The cells were washed and resuspended in
Dulbecco’s modified Eagle medium containing 10% fetal bovine
serum and antibiotics (penicillin, 100 U/mL; streptomycin,
100 mg/mL) and plated on 6-well plates with the same medium.
All cells were incubated at 37°C in a humidified atmosphere
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containing 5% CO,. Before implantation, cells were incubated
with 25 nM halofuginone for 48 hours.

Animals and Experimental Design

All animal experiments were carried out according to the
guidelines of the Volcani Center Institutional Committee for
Care and Use of Laboratory Animals. Nude (CD1 nu/nu) male
mice (Harlan Laboratories, Jerusalem, Israel) were housed in
cages (4 mice per cage) under conditions of constant photope-
riod (12-hour light/12-shour dark) with free access to food and
water. In the first experiment, xenografts (n = 10/group) were
established by implanting the human pancreatic cell line
MiaPaca-2 with Matrigel, at 7.5 x 10° cells per mouse,
subcutaneously (SC) on both flanks, using a 27-gauge needle.
Halofuginone was injected intraperitoneally (IP) at 10 g per
mouse, 3 times per week, starting 8 days after cell implantation.
In the second experiment, xenografts were established by
implanting 10° MiaPaca-2 cells, with no Matrigel, with or
without 5 x 10° PSCs derived from naive mice and from mice
treated with a single IP injection of cerulein (50 pg/kg) for 24
hours. During both experiments, tumor size was determined with a
caliper, according to the formula: length x width x depth x
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FIGURE 1. Effect of halofuginone on tumor progression. A, Pancreatic tumor cells were implanted SC on both flanks of CD1 nu/nu
mice (n = 10), and halofuginone (10 pg/mouse) was injected IP 3 times a week starting 8 days after cell implantation (arrow). Tumor
volume is expressed as the mean = SE. Note that halofuginone treatment caused a significant reduction in tumor growth (*) from day 22
(P < 0.05 according to Duncan multiple range test). Tumor weight (B) and P4HB (C) (immunohistochemistry) and collagen (Sirius red
staining) levels in the tumors on day 49 after cell implantation. Tumor weight of all tumors is expressed as the mean * SE. The level of
collagen was also quantified by image analysis, and the results were calculated as red (R) area divided by the total red + green (R + G) area
of at least 20 photos taken from different mice for each analysis and presented as arbitrary units of the mean + SE.
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0.5236, and is presented as mean + SE. In the orthotopic model,
pancreatic fibrosis was induced by repeated 6-hourly IP injections
of cerulein, at 50 pg/kg, twice weekly for 8 weeks,*®* and
halofuginone was injected IP at 7.5 pg per mouse 3 times per
week, starting at the same time as the cerulein. After § weeks,
when pancreatic fibrosis was established, a dose of 2 x 10°
MiaPaca-2 cells was injected directly into the spleen (n = 7), and
after an additional 39 days, the animals were killed, and the
pancreatic tissue was taken for assessment of tumor numbers by
means of proliferating cell nuclear antigen staining. No mortality
was observed in the control untreated mice or in those treated only
with halofuginone, whereas 2 and 3 mice died from the groups
treated with cerulein together with halofuginone and cerulein
alone, respectively.

Preparation of Sections and
Immunohistochemistry

At the end of the experiments, pancreatic tissue or tumors
were collected and fixed overnight in 4% paraformaldehyde in
phosphate-buffered saline at 4°C. Serial 5-um sections were
prepared and embedded in Paraplast (Shandan, Runcorn, United
Kingdom)*” and were stained with Sirius red for collagen. Col-
lagen levels were quantified by image analysis with the ImagePro
software (Media Cybernetics, Silver Spring, Md).** At least 20
photographs of tissue sections from different mice were taken
for each analysis, and the results were calculated as red (R) area

divided by the total red + green (R + G) area and presented as
arbitrary units of the mean + SE. Immunohistochemistry was
performed with anti-Cygb/STAP and anti-P4HB antibodies at
dilutions of 1:500 and 1:25, respectively. Peroxidase activity was
revealed by using 3,3"-diaminobenzidine as chromogen.

Western Blot

Thirty-microgram samples of protein lysates were electro-
phoresed on 10% sodium dodecyl sulfate-polyacrylamide gel
and transferred onto a nitrocellulose membrane. Nonspecific
binding sites were blocked with 5% low-fat milk, and the
membranes were incubated overnight with the appropriate
Cygb/STAP (1:1000) antibodies.

RESULTS

Effect of Halofuginone on Tumor Growth

All MiaPaca-2 pancreatic tumor cells, when implanted SC
with Matrigel rich in ECM proteins, resulted in tumors that
reached a mean volume of 742 mm® and weight of 0.85 g on day
49 after cell implantation (Figs. 1A, B). Halofuginone admin-
istered 8 days after cell implantation did not affect the number of
tumors formed but inhibited tumor development to an extent that
was statistically significant as early as day 22; by day 49 after
implantation, the tumor mean volume and weight were 371 mm®
and 0.39 g, respectively. The tumors that developed in the
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FIGURE 2. Pancreatic stellate cell activation and tumor growth. Upper panel, Cygb/STAP levels in (A) PSCs derived from pancreas of
untreated mice, (B) PSCs derived from pancreas of untreated mice that were treated in vitro with halofuginone (25 nM, 48 hours),

(C) PSCs derived from pancreas of cerulein-treated mice, and (D) PSCs derived from pancreas of cerulein-treated mice treated in vitro
with halofuginone. Cygb/STAP levels as determined by immunohistochemistry. Lower panel, MiaPaca-2 tumor cells were implanted SC
without Matrigel, alone, or with PSCs derived from untreated or cerulein-treated mice that had been pretreated with halofuginone before
implantation (n = 8/group). Tumor volume was recorded periodically, and the results are expressed as the mean + SE.
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untreated mice contained high levels of collagen, organized in
fibrils that encircled clusters of cancer cells and formed fibrous
septae, and high levels of P4HB, a major collagen cross-linking
enzyme that is used as a marker for activated fibroblasts
(Fig. 1C). Almost no collagen or P4HB was observed in the
halofuginone-treated tumors.

Activation of PSCs and Tumor Establishment
and Growth

Pancreatic stellate cells were isolated from the pancreas of
untreated and cerulein-treated mice and were incubated in vitro
with or without 25 nM halofuginone for 48 hours. Low levels of
Cygb/STAP were observed in cells isolated from the pancreas of
untreated naive mice and were not affected by halofuginone
(Fig. 2A). The cells isolated from the cerulein-treated mice
exhibited a high level of Cygb/STAP, which was reduced by
halofuginone to levels resembling those of the cells derived from
the untreated mice. MiaPaca-2 tumor cells, when implanted SC
alone without Matrigel, produced very few tumors (2/10 = 20%)),
and these developed slowly, were not detected until 27 days after
implantation, and reached a mean volume of 48.4 mm? after 49
days (Fig. 2B). When implanted with PSCs derived from the
pancreas of untreated mice, MiaPaca-2 tumor cells produced
more tumors (16/20 = 80%), and these developed more rapidly,
were detected on day 21 after implantation, and reached a mean
volume of 270.2 mm® at the end of the experiment. Similar
results were obtained when the pancreatic tumor cells were
implanted with fibroblasts isolated from mouse peritoneum (data
not shown). Pretreatment of the PSCs with halofuginone
reduced the number of tumors formed (8/20 = 40%) without
affecting the progress of the remaining tumors or their final

volume. When the tumor cells were implanted together with
PSCs derived from cerulein-treated mice that exhibited high
levels of Cygb/STAP, almost the maximum number of tumors
was achieved (19/20 = 95%). The tumors were detected as early
as day 3 after implantation and reached a mean volume of
630.5 mm®. Reductions in both tumor number (16/20 = 80%)
and final tumor volume (to 396 mm>) were observed when the
cells derived from cerulein-treated mice were preincubated with
halofuginone. At the end of the experiment—49 days after
implantation—the tumors resulting from MiaPaca-2 cells
implanted alone contained few cells that expressed Cygb/
STAP (Fig. 3A). An increase in the numbers of cells expressing
Cygb/STAP was observed in tumors derived from MiaPaca-2
cells implanted with PSCs from pancreas (Fig. 3B) or from
peritoneum (Fig. 3C) of control untreated mice, and further
increase was observed in tumors derived from MiaPaca-2 cells
implanted together with cells from cerulein-treated mice
(Fig. 3D). Preincubation of the PSCs with halofuginone caused
reduction in the numbers of Cygb/STAP-expressing cells
among those derived from either cerulein-untreated or cerulein-
treated mice (Figs. 3E, F).

Fibrotic Pancreas, Tumor Establishment,
and Development

Fibrosis in pancreas after cerulein treatment was evaluated
by measuring collagen and Cygb/STAP levels. Cerulein
treatment resulted in a major increase in the levels of pancreas
collagen that surrounds the acinar cells (Fig. 4A) and of Cygb/
STAP synthesized by activated PSCs (Figs. 4B, C). Halofugi-
none had no effect on the collagen content or Cygb/STAP levels
in the untreated mice, but in the cerulein-treated mice, it reduced

FIGURE 3. Evaluation of Cygb/STAP—expressing cells in tumors. MiaPaca-2 tumor cells were implanted SC without Matrigel, alone, or
with PSCs derived from untreated or cerulein-treated mice that had been pretreated with halofuginone before implantation (n = 8/group).
At the end of the experiment (49 days after implantation), the tumors were taken forimmunohistochemistry and stained with Cygb/STAP
antibodies. MiaPaca-2 alone (A), MiaPaca-2 together with PSCs from untreated mice (B), MiaPaca-2 together with fibroblast from

peritoneum of untreated mice (C), MiaPaca-2 together with PSCs from cerulein-treated mice (D), MiaPaca-2 together with PSCs from
untreated mice pretreated in vitro with halofuginone (E), and MiaPaca-2 together with PSCs from cerulein-treated mice pretreated in vitro

with halofuginone (F).
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FIGURE 4. Effect of halofuginone on cerulein-dependent pancreatic fibrosis. Pancreatic fibrosis was induced by repeated 6-hourly

IP injections of cerulein (50 ng/kg) twice weekly, with or without halofuginone (7.5 p.g/mouse) that was injected IP 3 times a week
starting at the same time as cerulein. After 8 weeks, pancreas tissue was taken (n = 8/group) for (A) collagen determination (Sirius red
staining and image analysis); for image analysis, at least 20 photos were taken from different mice. According to Duncan multiple range
test, the yellow column is significantly higher (P < 0.05) compared with all other columns. B, Evaluation of Cygb/STAP by Western blotting

after equal protein loading.

both to levels that did not differ from those in the control un-
treated mice.

Injection of MiaPaca-2 tumor cells into the spleen resulted
in very few tumors in the pancreas of the untreated mice,
regardless of halofuginone treatment (Fig. 5), but when the
tumor cells were injected into the spleen of the mice with
cerulein-dependent pancreatic fibrosis, the number of tumors
increased. Inhibition of the cerulein-dependent fibrosis by
halofuginone resulted in reduction in the formation of pancreatic
tumors to numbers that did not differ from those observed in the
untreated mice.

DISCUSSION

When implanted with Matrigel, which contains a great
excess of ECM components, all the malignant cells were able to
produce tumors (Fig. 1). At this stage, halofuginone had no
effect on the number of tumors formed, as was observed in other
xenografts.***” With time, as the Matrigel is dissolved by the
tissue, tumor growth and development depend on the endoge-
nous ECM produced by myofibroblasts, as indicated by the high
levels of collagen and its cross-linking enzyme (Fig. 1C). These
myofibroblasts may originate from mouse-skin-resident fibro-
blasts, or they may derive from a circulating fibroblast popu-
lation, from the vascular bed, or from hemopoietic progenitor or
stromal cells from the bone marrow.>®*' In addition, epithelial
cells of various tissues are an important source of myofibro-
blasts, and this transdifferentiation is a specialized version of the

1012 | www.pancreasjournal.com

epithelial-mesenchymal transition, a process in which epithelial
cells can acquire characteristics of mesench: cells. 32754 Tt
is important to note that, during fibrogenesis®> and in the tumor
microenviromnent,56 the myofibroblasts constitute heteroge-
neous populations of cells, probably derived from diverse
origins, that express different sets of genes and that may have
differing functions. The collagen observed in subcutaneous
tumors implanted without any addition of fibroblasts is probably
originated, at least in part, by mouse stroma cells. This is based
on the following: (a) implantation of tumor cells to mice
expressing green fluorescent protein revealed stroma mouse
cells migrating into the tumor, and (b) using mouse-specific
collagen type I antibodies, we could detect mouse collagen
within the human tumor (data not shown). The differentiation of
the stroma fibroblasts to myofibroblasts of various tumors and
the activation of the PSCs in pancreatic cancer are probably
induced by the tumors themselves.>**?* By inhibiting fibroblast
activation, halofuginone caused almost complete elimination of
collagen synthesis and of the level of its major cross-linking
enzyme within the tumors together with an inhibition of tumor
growth and development. In the pancreatic cancer (Fig. 1), as
well in other xenografts, such as prostate cancer, Wilms tumor,
and renal cell carcinoma,”***7 halofuginone had major effects
on tumor growth. However, no complete arrest of the tumor
growth was observed; rather, there was a significant delay in its
progress. Because of its unique mode of action—that is,
targeting the fibroblast-to-myofibroblast transition via inhibition
of Smad3 phosphorylation—halofuginone synergizes with the
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FIGURE 5. Pancreatic fibrosis and tumor establishment. Pancreatic fibrosis was induced by repeated 6-hourly IP injections of cerulein
(50 pg/kg) twice weekly with or without halofuginone (7.5 pg/mouse) that was injected IP 3 times a week starting at the same time as
cerulein. After 8 weeks, when pancreatic fibrosis was established, MiaPaca-2 cells (2 x 10° cells) were injected directly into the spleen
(n = 7), and after an additional 39 days, the animals were killed, and the pancreas tissue was taken for assessment of (A) tumor collagen
levels by Sirius Red staining and (B) tumor numbers. According to Duncan multiple range test, the yellow column is significantly

higher (P < 0.05) compared with all other columns.

chemotherapy that affects the tumor cells, resulting in major
reductions in tumor growth.>’

In agreement with findings of other studies,?® in the present
study pancreatic tumor cells implanted SC alone without ECM
produced few tumors, and these progressed slowly, whereas
addition of PSCs to the implanted tumor cells resulted in more
tumors, which progressed much faster (Fig. 2). The number of
tumors produced and their rate of development did not depend
solely on the presence of the PSCs, but also on their state of
activation. Tumor cells that were implanted together with acti-
vated PSCs originated from cerulein-treated fibrotic pancreas
that exhibited high levels of Cygb/STAP (Fig. 2A) and of
transgelin (SMA22a)*® resulted in larger numbers of tumors,
which grew to larger volumes, than those that were implanted
with PSCs from normal mice. Transforming growth factor {,
probably secreted by the inflammatory cells, stimulates PSC

activation and induces transcription of ECM proteins, mainly via

phosphorylation of the Smad3.””*® By inhibiting Smad3
phosphorylation, halofuginone inhibits activation of stromal
fibroblasts and of hepatic and PSCs.3**¢*7#! Monitoring of
Cygb/STAP levels (Fig. 2A) showed that inhibition of PSC
activation by halofuginone before implantation with the tumor
cells resulted in reductions in both the number of tumors

© 2010 Lippincott Williams & Wilkins

developed and their growth rate. Suppression of Smad3
expression in activated PSCs led also to the loss of membrane-
anchored MMP inhibitor (RECK) protein expression, which
suggests that TGF- signaling in activated PSCs may promote
ECM accumulation, not only by increasing ECM production but
also via a mechanism that preserves the protease inhibitory
activity.”®> RECK expression is also under the control of
pancreatitis-associated protein.®® It is interesting to note that
halofuginone increased the synthesis of PAP-1 by the acinar
cells, which could further reduce PSC activation and pancreas
fibrosis.® Tumors implanted with activated PSCs maintained
high levels of Cygb/STAP—positive cells even 49 days after
implantation (Fig. 3), which again suggests the presence of
activated PSCs of various origins. Upon activation, the PSCs,
in addition to ECM remodeling, have the ability to produce
a wide variety of cytokines, chemokines, and growth factors
such as interleukin (IL) 1B, IL-6, tumor necrosis factor o, IL-8,
monocyte chemoattractant protein 1, TGF-B1, and platelet-
derived growth factor BB, all of which contribute to perpetu-
ation of PSC activation, recruitment of inflammatory cells to the
inflamed pancreas, and to tumor development.

Cygb/STAP is probably involved in cellular oxygen
homeostasis and serves as an O, reservoir under hypoxic
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conditions. The hypoxia that occurs in fibrotic pancreas and
in pancreatic tumors increases ECM production and synthesis
of vascular endothelial growth factor by PSCs.®! Cygb/STAP
expression is upre éulated under hypoxia, by hypoxia-inducible
factor 1 (HIF-1).°* Hypoxia-inducible factor 1 expression is
correlated with the fibrotic focus in ductal adenocarcinoma, and
the abcrrant ECM production is essential for tumor anglo en-
esis.®? The inhibition of angiogenesis by halofuginone*®*7%
may suggest the involvement, at least in part, of HIF-
I-dependent Cygb/STAP overexpression in angiogenesis and
tumor development.

The accumulation of ECM in cases of chronic pancreatitis
and pancreatic cancer not only accompanies both diseases but
also is directly involved in tthr progress and has a significant
impact on patient survival.%® After spleen injection of tumor
cells, more tumors were developed in the fibrotic pancreas than
in the control (Fig. 5). Inhibition of fibroblast activation, as
indicated by the presence of fewer Cygb/STAP-expressing
cells, and reduction of collagen content to control levels by
halofuginone (Fig. 4) resulted in reduction in the number of
tumors formed (Fig. 5). Halofuginone did not affect collagen
synthesis or Cygb/STAP levels in the control mice. This finding
confirms our previous observations that, in most animal models
of fibrosis, regardless of the tissue, halofuginone had a minimal
effect on collagen content in the control, nonfibrotic animals,
whereas it exhibited a profound inhibitory effect in the TGF-
B—dependent fibrotic organs.*' These results suggest a different
regulation of the housekeeping genes and usually low level of
collagen synthesis in normal tissue on the one hand and an
aggressive and a rapid process during tissue fibrosis on the
other hand.

Recently, halofuginone was found to activate a cytoprotec-
tive signaling pathway—the amino acid starvation response—
that is, a potent and selective regulator of inflammatory T-cell
differentiation.®® When amino acids are limiting, a protective
starvation response program is initiated in which translation of
most RNAs into proteins is blocked, and the expression of a
selective set of protective genes is induced. This response in-
volves activation of GCN2 (general control nonderepressible 2)
and PERK (pancreatic endoplasmic reticulum elF2¢«) kinases,
which inactivate the eukaryotic translation initiation factor 2a.
Consequently, translation of most RNAs is turned off. How-
ever, these conditions favor the translation of RNA encoding
ATF4 (activating transcription factor 4), which induces expres-
sion of specific protective genes. 67-70 Whether amino acid
starvation response is part of, or required for, PSC activation
remains to be elucidated.

In conclusion, the activated PSCs seem to be the key
elements in the cross-talk between the parenchymal cells and
the desmoplastic stroma. The ECM produced by these cells
is involved both in the establishment of the malignant cells
within the tissue and in the development of the tumor. These
results suggest that targeting the PSC activation might become
a promising therapeutic approach for which there is a great
unmet need.
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Abstract: Infection with hepatitis C virus (HCV) is a global health problem that affects approximately 170 million people
worldwide. The current standard therapy with peginterferon alpha plus ribavirin for 48 weeks results in a sustained vi-
rologic response in less than 50% of patients with chronic hepatitis C genotype 1—the most prevalent type of HCV in
North America and Europe. Development of new antiviral medicines has been hampered by the lack of an effective cell
culture system and small-animal model. Herein we review recent progress in the development of new treatments under in-
vestigation in clinical trials, including specifically targeted antiviral therapy for HCV such as NS3/4A protease and NS5B

polymerase inhibitors.
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INTRODUCTION

Hepatitis C virus (HCV), a member of the family
Flaviviridae, infects approximately 170 million people
worldwide and is an important health care problem [1]. Per-
sistent infection with HCV often progresses to chronic hepa-
titis, liver cirrhosis, and possibly hepatocellular carcinoma
over the course of several decades. The current standard
therapy with peginterferon alpha and ribavirin for 48 weeks
results in a sustained virologic response (SVR), defined as
undetectable HCV RNA levels 24 weeks after the end of
therapy, in less than 50% of patients with chronic hepatitis C
genotype 1—the most prevalent type of HCV in North
America and Europe [2, 3]. No effective alternative treat-
ment is currently available for non-responders.

Until recently, development of new antiviral medicines
has been hampered by the lack of an effective cell culture
system and small-animal model. In 1999, Lohmann et al.
reported selection of the first functional subgenomic repli-
cons in cell culture [4]. In 2005, Wakita et al. showed that
the full-length JFH-1 genome, a genotype 2a HCV isolate
obtained from a patient in Japan with fulminant hepatitis,
produces infectious particles in cell culture [S]. On the other
hand, a chimeric mouse model for human liver diseases has
been established by transplanting normal human hepatocytes
into severe combined immunodeficiency mice carrying a
plasminogen activator transgene [6]. These experimental
systems provide important tools for evaluating potential an-
tiviral compounds.

As shown in Fig. (1), the HCV genome consists of a 9.6-
kb uncapped linear single-stranded RNA with positive polar-
ity [7]. It contains 5’ and 3’ untranslated regions including
control elements required for translation and replication. The
untranslated regions flank an uninterrupted open reading
frame encoding a single polyprotein of 3,010 amino acids,
which is processed into structural (C, E1, E2, and p7) and
nonstructural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
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subunits. The HCV NS3/4A serine protease or NS5B RNA-
dependent RNA polymerase is essential for viral replication
and can be specific targets of new antiviral agents. In fact,
these agents have shown a potent antiviral effect, but mono-
therapy has been complicated by rapid virologic break-
through due to the selection of drug-resistant mutants [8,9].
The efficacy of most specifically targeted antiviral therapies
for HCV (STAT-C) is therefore focused on a combination of
peginterferon alpha and ribavirin. In vitro resistance profiles
for point mutations within the HCV NS3 protease and NS5B
polymerase are shown in Fig. (2). Drug-resistant mutations
limit subsequent treatment options because of cross-
resistance.

We herein review recent progress in the development of
new treatments under investigation in clinical trials, includ-
ing STAT-C agents such as NS3/4A protease and NS5B po-
lymerase inhibitors.

INTERFERON FORMULATION

Interferon alpha is a key drug for the treatment of chronic
HCYV infection. It initiates the Janus kinase/signal transducer
and activates the transcription signaling cascade, which leads
to the transcriptional induction of interferon-stimulated genes
and subsequently establishes a non-specific antiviral state
within the cell [10]. The attachment of a polyethyleneglycol
moiety to interferon alpha produces a biologically active
molecule with a long half-life and favorable pharmacokinet-
ics. Peginterferon alpha is administered weekly as a current
standard of care in combination with ribavirin [2, 3].

Albinterferon alpha-2b is a novel 85.7-kDa recombinant
polypeptide consisting of interferon alpha-2b that is geneti-
cally fused to human serum albumin. The albumin-fusion
platform takes advantage of the long half-life of human al-
bumin to provide a new treatment approach that allows a
reduction in the dosing frequency of interferon alpha [11].
The Phase Ila study examined the use of two subcutaneous
injections of albinterferon alpha-2b 14 days apart, at doses
ranging from 200 to 1,200 ug, and showed that the median
terminal half-life extended to 141 h, that is longer than half-
life of peginterferon alpha (approximately 40-80 h) [12].
Albinterferon alpha-2b was well tolerated at doses up to
1,200 pg, and the mean reduction in HCV RNA at week 4 in

© 2009 Bentham Science Publishers Ltd.
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Fig. (2). In vitro resistance profiles for point mutations within the HCV NS3 protease (A) and NS5B polymerase (B). The list does not

contain all identified variants.

those given the higher doses of 900 or 1,200 ug was 3.2 logo
IU/mL. In the Phase IIb study, previously untreated (naive)
patients with genotype 1 chronic hepatitis C were randomly
assigned to a 48-week treatment with 180 ng peginterferon
alpha-2a once per week, 900 or 1,200 pg albinterferon alpha-
2b once every 2 weeks, or 1,200 pg albinterferon alpha-2b
once every 4 weeks plus weight-based ribavirin [13]. The
rates of SVR by intention-to-treat analysis ranged from 51%
to 59% in the 3 albinterferon groups treated at 2- or 4-week
intervals compared with 58% in the weekly peginterferon
group (P = 0.64 for overall test).

RIBAVIRIN DERIVATIVE

Ribavirin is a synthetic guanosine nucleoside analogue
that inhibits the replication of various RNA and DNA vi-
ruses. Although the exact mechanisms by which ribavirin

could act in HCV infection remains uncertain, some mecha-
nisms have been proposed, including immunomodulation
promoting T helper cell type 1 over type 2 phenotype,
inosine monophosphate dehydrogenase inhibition leading to
GTP depletion, direct inhibition of HCV RNA polymerase,
and mutagenesis resulting in reduced virion infectivity [10].
Monotherapy with ribavirin was associated with improve-
ments in aminotransferase levels in at least half of the pa-
tients with chronic hepatitis C, but not with a significant de-
crease in serum HCV RNA levels. However, the addition of
ribavirin to interferon results in a substantially higher rate of
SVR than does interferon alone [14, 15].

Hemolytic anemia is the most common reason for reduc-
ing the dose and discontinuing ribavirin, which can lower the
efficacy of treatment [16]. Administration of erythropoietin
can improve anemia caused by ribavirin, but is associated



Emerging Antiviral Drugs for Hepatitis C Virus

with additional costs, inconvenience, and potential side ef-
fects. Taribavirin (Viramidine), a liver-targeted prodrug of
ribavirin, is associated with a lower incidence of anemia
[17]. In the Phase II randomized study of taribavirin versus
ribavirin combined with peginterferon alpha-2a in treatment-
naive patients with chronic hepatitis C, the rate of SVR did
not differ significantly between the taribavirin (23%, 37%
and 29% at 800, 1200, and 1600 mg) and ribavirin (44% at
1000 and 1200 mg) groups. Fewer patients receiving tari-
bavirin (4%) than ribavirin (27%) had severe anemia (hemo-
globin <10 g/dL).

NS3/4A SERINE PROTEASE INHIBITORS

BILN-2061

BILN-2061 was the first NS3/4A protease inhibitor to be
examined. Administration of 200 mg BILN-2061 twice daily
for 2 days resulted in an impressive effect that corresponds
to a reduction in plasma HCV RNA levels of 2 to 3 logo or
greater for all treated patients with genotype 1 infection [18].
However, development was halted because of cardiac toxic-
ity in laboratory animals.

Telaprevir (VX-950)

Telaprevir is an inhibitor specific to the HCV NS3/4A
serine protease. In a Phase I randomized trial of 750 mg tela-
previr 3 times daily with and without peginterferon alpha-2a
in previously untreated patients with genotype 1 hepatitis C,
the median change in HCV RNA from baseline to day 15
was —1.09 logy, in the placebo group, —3.99 logy, in the tela-
previr group, and —5.49 logy, in the telaprevir and peginter-
feron alpha-2a group [19].

In Phase Il randomized clinical trials known as the
PROVE 1 and 2 Studies, conducted in patients with chronic
HCV genotype 1 infection who had not been treated previ-
ously, the triple-therapy group that received telaprevir (1250
mg on day 1 and 750 mg every 8 hours thereafter), peginter-
feron alpha-2a, and ribavirin for 12 weeks followed by
peginterferon alpha-2a and ribavirin for 12 more weeks (total
24 weeks) had significantly higher rates of SVR (61-69%)
than did the standard-therapy group that received peginter-
feron alpha-2a and ribavirin for 48 weeks (41-46%) [20, 21].
However, viral breakthrough occurred in 7% of patients who
received telaprevir. The rate of discontinuation because of
adverse events, including pruritus, rash, and anemia, was
higher in the groups who received telaprevir.

The interim analysis of the Phase II clinical trial
PROVES3, conducted in patients with HCV genotype 1 infec-
tion who previously failed treatment with peginterferon al-
pha and ribavirin, showed that the rates of SVR in the triple-
therapy group (telaprevir, peginterferon alpha-2a, and ri-
bavirin for 12 weeks followed by peginterferon alpha-2a and
ribavirin for 12 more weeks for a total of 24 weeks) was
51% compared with 14% in the standard-therapy group
(peginterferon alpha-2a and ribavirin for 48 weeks) [22].

Boceprevir (SCH 503034)

Boceprevir is another oral HCV NS3/4A protease inhibi-
tor. In the Phase I study, boceprevir plus peginterferon alpha-
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2b was well tolerated in patients with HCV genotype 1 infec-
tion who were previously nonresponders to peginterferon
alpha-2b with or without ribavirin [23]. Mean maximum
logio changes in HCV RNA were —2.88 by treatment with
peginterferon alpha-2b plus 400 mg boceprevir 3 times daily
for 2 weeks compared with —1.08 to —1.26 by treatment with
peginterferon alpha-2b alone for 2 weeks.

In the Phase II clinical trial known as HCV SPRINT-1,
the triple-therapy group that received peginterferon alpha-2b
and ribavirin for 4 weeks (lead-in) followed by the addition
of 400 mg boceprevir 3 times daily to the combination for 24
or 44 weeks (total 28 or 48 weeks) had significantly higher
rates of SVR (56-75%) than did the 48-week standard-
therapy group (38%), which consisted of treatment-naive
patients with chronic HCV genotype 1 infection [24]. Of
interest, introduction of a 4-week lead-in with the standard
therapy before the addition of boceprevir reduced the inci-
dence of viral breakthrough. The incidence of rash-related
adverse events was similar with the boceprevir-containing
regimens and the control. Treatment discontinuations due to
adverse events, including anemia, nausea, and headache,
were 9-19% in the boceprevir arms compared with 8% in the
control arm.

TMC435 (TMC435350-C201)

Interim results from the Phase II clinical trial OPERA-1
showed that 75 or 200 mg of the protease inhibitor TMC435
once daily, in combination with peginterferon alpha-2a and
ribavirin, decreased HCV RNA levels to below the lower
limit of quantification (<25 TU/mL) on day 28 in all treat-
ment-naive patients with HCV genotype 1 who were as-
signed to the triple-therapy arms [25]. The trial is ongoing
for treatment-experienced patients.

R72271TMN-191

In the Phase I multiple ascending dose study, the protease
inhibitor R7227/ITMN-191 reduced HCV RNA in a dose
dependent manner through day 14 [26]. Treatment with 200
mg of R7227/ITMN-191 3 times daily resulted in rapid and
sustained reductions in HCV RNA, with a median reduction
of 3.8 logo at day 14. The rate of treatment response was
lower in prior non-responders than in treatment-naive HCV
genotype 1 patients.

NUCLEOSIDE POLYMERASE INHIBITORS

R1626

R1626 is a prodrug of the nucleoside inhibitor of HCV
NSSB polymerase R1479. In the Phase II clinical trial in
HCV genotype l-infected treatment-naive patients, triple
therapy with peginterferon alpha-2a and ribavirin plus 1500
mg R1626 twice daily resulted in a rapid virologic response
(defined as an undetectable HCV RNA level at week 4) in
74% of patients compared with 5% of patients receiving
standard therapy with peginterferon alpha-2a and ribavirin
[27]. However, development was recently discontinued be-
cause of hematological toxicity issues and a high relapse rate
[28].
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R7128

R7128 is a prodrug of the nucleoside inhibitor of HCV
NS5B polymerase PSI-6130. The interim results of the Phase
I clinical trial showed that R7128 delivered a rapid virologic
response in 85-88% of treatment-naive patients with HCV
genotype 1 infection, compared with 10% with the standard
of care, when administered at doses of 1000 to 1500 mg
twice daily in combination with peginterferon alpha-2a and
ribavirin for 28 days [29]. The high rate of rapid virologic
response (>86%) was also reported in HCV genotype 2/3
non-responders [30].

NON-NUCLEOSIDE POLYMERASE INHIBITORS

Filibuvir (PF-00868554)

Filibuvir is a non-nucleoside inhibitor of HCV NS5B po-
lymerase. Interim 4-week results of the Phase I clinical trial
in treatment-naive patients with chronic hepatitis C geno-
types 1 showed that the addition of 200, 300, and 500 mg
Filibuvir twice daily for the first 4 weeks of peginterferon
alpha-2a and ribavirin treatment resulted in a rapid virologic
response in 60%, 75% and 63% of patients, respectively,
compared with 0% with peginterferon alpha-2a and ribavirin
[31].

GS-9190

GS-9190 is also a non-nucleoside HCV NS5B polym-
erase inhibitor. In the Phase I dose-escalation trial in treat-
ment-naive patients with chronic HCV genotypes 1, 40-240
mg GS-9190 was well tolerated, and reductions in individual
HCV RNA levels ranged from 0.19 to 2.54 logy, after single-
dose exposure [32]. In the multiple dose cohort, however, a
possible but not confirmed QT elongation was observed. The
trial to study the safety and effectiveness of GS-9190 in
combination with peginterferon alpha-2a and ribavirin is
ongoing.

ANAS598

In the Phase I multiple ascending dose trial in treatment-
naive patients with chronic HCV genotypes 1, a non-
nucleoside polymerase inhibitor ANA598 dosed 200 mg
twice daily for 3 days as monotherapy demonstrated potent
antiviral activity with median viral load decline of 2.4 log,
[33].

NS5A INHIBITOR

BMS790052

BMS790052 is a first-in-class and highly selective HCV
NSS5A inhibitor. The function of NS5A remains to be poorly
understood, but increasing evidence implicates NS5A in
multiple essential functions, including modifying the inter-
feron response, facilitating RNA replication, and assembling
the virus. In the Phase I ascending-dose study in treatment-
naive or experienced patients with genotype 1 chronic hepa-
titis C, mean decline in HCV RNA 24 hours after a single 1,
10 and 100 mg dose of BMS790052 was 1.8 log;o, 3.2 logo

Enomoto etal.

and 3.3 logo, respectively. Multiple dose trials are ongoing
[34].

HOST-TARGETED DRUGS

Nitazoxanide

Nitazoxanide is a member of the thiazolide class of anti-
parasitic drugs and is licensed in the United States for the
treatment of Cryptosporidium parvum and Giardia lamblia.
HCYV genotype 4 is the predominant type in the Middle East
and Africa, particularly Egypt, and is insensitive to inter-
feron therapy, as is genotype 1. In the Phase II trial con-
ducted in Egypt [35], SVR rates were significantly higher in
previously untreated patients with chronic hepatitis C geno-
type 4 infection given 500 mg nitazoxanide twice daily for
12 weeks followed by nitazoxanide plus peginterferon alpha-
2a and ribavirin for 36 weeks (total 48 weeks) than in those
treated with peginterferon alpha-2a and ribavirin for 48
weeks (79% compared with 50%; P = 0.023). Adverse
events were similar across treatment groups. Although the
exact mechanism of action remains unknown, in vitro nita-
zoxanide may result in the activation of the double-stranded
RNA-activated protein kinase—a key mediator of host cell
defenses [36].

Debio-025

Cyclosporin A inhibits the replication of HCV subge-
nomic replicons. This antiviral effect is not mediated by its
immunosuppressive action, but by blockade of intracellular
ligands of cyclosporin A, the cyclophilins [37]. Debio-025 is
an oral, non-immunosuppressive cyclophilin inhibitor de-
rived from cyclosporin A that has more potent anti-HCV
activity than does cyclosporin A in in vitro subgenomic rep-
licons and in in vivo chimeric mice models [38, 39]. The
Phase II trial [40] showed, in treatment-naive patients with
chronic hepatitis C genotypes 1 and 4, that 600 and 1,000 mg
Debio-025 per day in combination with peginterferon alpha-
2a induced continuous decays in viral load at week 4 that
reached —4.61 and —4.75 log;, respectively, compared with —
2.49 logyo by peginterferon alpha-2a alone. Headache, nau-
sea, fatigue, and hyperbilirubinemia were the most frequent
treatment-emergent adverse events, but no serious events
were reported.

CONCLUSIONS

Many novel antiviral agents for HCV are now under
clinical investigation. However, any single agent cannot lead
to sustained viral eradication. In particular, STAT-C agents
cause the rapid selection of drug-resistant mutants when used
alone. At present, combination therapy with peginterferon
alpha and ribavirin is necessary to reduce the incidence of
viral breakthrough and to raise the SVR rate. It is also impor-
tant to establish measures to overcome safety issues, because
the addition of some STAT-C agents to the current standard
of care is sometimes associated with a higher rate of treat-
ment discontinuation because of adverse events. In the fu-
ture, the safety and efficacy of combining multiple direct
antiviral agents from different classes should be established,
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as for highly active antiretroviral treatment of human immu-
nodeficiency virus infection. The Phase I trial INFORM-1 to
study the safety, efficacy and pharmacokinetics of combina-
tion of protease inhibitor R7227/ITMN-191 and nucleoside
polymerase inhibitor R7128 is currently underway [41].
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Reversibility of fibrosis, inflammation, and endoplasmic
reticulum stress in the liver of rats fed a
methionine-choline-deficient diet

Yong-ping Mu'?, Tomohiro Ogawa' and Norifumi Kawada'

Fatty liver disease has become a health problem related to metabolic syndrome worldwide, although its molecular
pathogenesis requires further study. It is also unclear whether advanced fibrosis of steatohepatitis will regress when diet
is controlled. The aim of this study was to investigate whether the resolution of fibrosis occurs in steatohepatitis induced
by a methionine-choline-deficient diet (MCDD). Manifestation of endoplasmic reticulum (ER) stress in this model was also
studied. Nonalcoholic steatohepatitis with advanced fibrosis was induced in rats by feeding them an MCDD for 10 weeks.
Instead of MCDD, a methionine-choline control diet (CD) was given for the last 2 weeks to the experimental group.
Fibrosis and inflammation were determined by tissue staining. Protein and gene expressions were determined by
immunoblotting and quantitative reverse transcription-PCR (RT-PCR), respectively. Expressions of caspase-7, caspase-12,
glucose-regulated protein 78 (GRP78), and protein disulfide isomerase were evaluated to clarify the presence of ER stress.
Changing the diet from MCDD to CD triggered the reduction of fat in hepatocytes, a decrease in inflammatory gene
expression and oxidative stress, and regression of fibrosis accompanied by the disappearance of activated stellate cells
and macrophages. Immunohistochemistry, immunoblotting, and RT-PCR analysis all indicated the occurrence of ER stress
in steatohepatitis, while it recovered immediately after changing the diet from MCCD to CD. The ratio of hepatocyte
proliferation/apoptotis increased significantly during the recovery stage. This simple experiment clearly shows that
changing the diet from MCDD to a normal diet (CD) triggers the resolution of hepatic inflammatory and fibrotic reactions

and hepatocyte apoptosis, suggesting that MCDD-induced steatohepatitis is also reversible. ER stress appears and
disappears in association with the generation and regression of steatohepatitis, respectively, with fibrosis.
Laboratory Investigation (2010) 90, 245-256; doi:10.1038/labinvest.2009.123; published online 30 November 2009

KEYWORDS: caspase; cytoglobin; hepatic stellate cells; hepatocytes; Kupffer cells; oxidative stress

Nonalcoholic fatty liver disease (NAFLD) is a relatively newly
defined hepatic sequela of obesity and type II diabetes mel-
litus,”™ and it is one of the most common causes of chronic
liver disease in many countries.* A number of studies have
identified a significant correlation between hepatic steatosis
and fibrosis.> NAFLD covers a progressive spectrum of
liver pathologies from simple steatosis to nonalcoholic stea-
tohepatitis (NASH), which is characterized by necroin-
flammation and fibrosis, and, subsequently, by cirrhosis.® It is
also speculated that NASH may progress to hepatocellular
carcinoma.” !

Although adipocytokines, cytokines, and free fatty acids
(FFAs) derived from peripheral and visceral fat tissues, which
are known as mediators of metabolic syndrome, are assumed

to contribute to the initiation of inflammatory reactions in
the liver, the link between the development of hepatic stea-
tosis and fibrosis is still poorly understood.'? Furthermore,
whether the regression of liver fibrosis caused by NASH
occurs after controlling diet has not been proven, but the
reversibility of liver fibrosis has been evidenced in patients
who have successfully achieved the eradication of hepatitis C
virus after interferon therapy.'>*

Over the past decade, it has become clear that obesity is
associated with the activation of cellular stress signaling and
inflammatory pathways.'>™'7 A key cell organelle in cellular
stress response is the endoplasmic reticulum (ER), a mem-
branous network that functions in the synthesis and
processing of secreted and membranous proteins. Certain
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pathological stress conditions disrupt ER homeostasis and
lead to the accumulation of unfolded or misfolded proteins
in the ER lumen, known as ER stress, resulting in the acti-
vation of signal transduction systems.'®2° ER stress is caused
by glucose or nutrient deprivation, viral infections, lipids,
increased synthesis of secretory proteins, and expression of
mutant or misfolded proteins, and has been recently im-
plicated in human diseases, such as Alzheimer’s disease,
Parkinson’s disease, diabetes mellitus, and liver disease.>'~>*

In this study, a rat steatohepatitis model induced by a
methionine—choline-deficient diet (MCDD) for 10 weeks was
used to obtain evidence for the resolution of fibrosis in fatty
liver after changing the diet to a methionine—choline control
diet (CD). The manifestation of ER stress was also studied.
The results of this study clearly indicated that a dietary
change from MCDD to CD immediately initiates tissue
remodeling, which is associated with the cessation of cellular
apoptosis and ER stress.

MATERIALS AND METHODS

Materials

Mouse monoclonal antibody against ¢-smooth muscle actin
(«-SMA, Clone 1A4) and mouse monoclonal antibody
against 5-bromo-2-deoxyuridine (BrdU, Clone 1BU33,
1:1000) were obtained from Sigma Chemical (St Louis, MO,
USA). Rat monoclonal antibody against caspase-12 and goat
polyclonal antibodies against glucose-regulated protein 78
(GRP78) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Rabbit polyclonal antibodies against
caspase-7, rabbit polyclonal antibodies against cleaved cas-
pase-7 (Aspl198), and rabbit polyclonal antibodies against
protein disulfide isomerase (PDI) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Mouse mono-
clonal antibody against CD68 (Clone, KP1) was purchased
from Dako Denmark A/S (Glostrup, Denmark). Mouse
monoclonal antibody against heme oxygenase-1 (HO-I,
Hsp32) was obtained from Assay Designs (Ann Arbor, MI,
USA). Mouse monoclonal antibody against 4-hydroxy-2-
nonenal (4-HNE) was purchased from the Japan Institute for
the Control of Aging (Shizuoka, Japan). Mouse monoclonal
antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was obtained from Chemicon International
(Temecula, CA, USA). Rabbit anti-cytoglobin antibodies
were produced in our laboratory as described previously.>®
Horseradish peroxidase (HRP)-conjugated polyclonal rabbit
anti-goat immunoglobulins, HRP-conjugated polyclonal
rabbit anti-mouse immunoglobulins, HRP-conjugated poly-
clonal rabbit anti-rat immunoglobulins, and HRP-con-
jugated polyclonal swine anti-rabbit immunoglobulins were
obtained from Dako Denmark A/S. Hybond-ECL
nitrocellulose membranes and ECL detection reagent were
obtained from Amersham Pharmacia Biotech (Buck-
inghamshire, UK). All other reagents were purchased from
Sigma Chemical or Wako Pure Chemical.
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Animals and Experimental Protocol

Pathogen-free male Wistar rats (7-8 weeks of age) were
obtained from SLC (Shizuoka, Japan). Animals were housed
at a constant temperature and supplied with laboratory chow
and water ad libitum. The experimental protocol was
approved by the Animal Research Committee of Osaka City
University (Guide for Animal Experiments, Osaka City
University).

The rats were fed a CD (group C, n=>5) or MCDD (group
M, n=15) for 10 weeks. The contents of MCDD and CD are
listed in Supplementary Table 1. A recovery model (group R,
n=>5) was produced by administering MCDD for 8 weeks
and thereafter CD for 2 weeks. During the experimental
period, individual body weights were recorded twice per
week (see Supplementary Table 2).

Sample Harvesting

At the end of the tenth week, rats were killed under ether
anesthesia, and the portal vein was cannulated using an 18-G
Teflon catheter. Blood samples were collected from the in-
ferior vena cava, centrifuged at 3000 r.p.m. for 30 min at 4°C,
and the obtained sera were kept at —70°C until further use
for serum chemistry tests. The liver of each animal was
perfused with 100 ml of phosphate-buffered saline (pH 7.0)
to remove blood and then washed with ice-cold saline, dried
using filter paper, and weighed in a wet state. A portion of the
liver was fixed with 4% paraformaldehyde, embedded in
paraffin, and frozen. Another portion of the liver was snap-
frozen in liquid nitrogen and stored at —70°C until use for
reverse transcription-PCR (RT-PCR) and immunoblots.

Serum Chemistries

Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglycerides (TGs), and FFAs were
measured at Special Reference Laboratories (Osaka, Japan).

Histochemical and Immunohistochemical Analyses of
the Rat Liver

Paraformaldehyde-fixed specimens were cut into 5-pum-thick
sections and stained for 1h with 0.1% (w/v) Sirius Red
(Direct Red 80; Aldrich, Milwaukee, WI, USA), Oil red O, or
hematoxylin and eosin (H&E). Immunohistochemistry was
performed according to the methods described elsewhere.?
Briefly, sections were deparaffinized, washed, and pre-
incubated in blocking solution, followed by incubation with
anti-4-HNE (15 ug/ml), HO-1 (1:50), CD68 (1:100), a-SMA
(1:100), cytoglobin (1:400), or caspase-12 (1:100) antibodies.
Sections were then incubated with HRP-conjugated second-
ary antibodies (1:1000), washed, covered with DAB, and
counterstained with hematoxylin. Some of the im-
munostainings were performed at the Biopathology Institute
(Oita, Japan). The red area on Oil red O staining was
image analyzed by LuminaVision (Mitani Corporation,
Tokyo, Japan).
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TdT-Mediated dUTP Nick-End Labeling Assays

For the detection of apoptotic cells, paraffin-embedded sec-
tions were stained with the TdT-Mediated dUTP Nick-End
Labeling (TUNEL) technique using an In Situ Apoptosis
Detection kit (Takara Shuzo, Ohtsu, Japan) according to the
manufacturer’s instructions. For semi-quantitative analysis,
the number of TUNEL-positive cells was counted in five
randomly selected fields by viewing each slide at a magnifi-
cation of x 400, and the average number in each group was
calculated, as described previously.”’

BrdU Assay for Hepatocyte Proliferation

For the detection of hepatocyte proliferation, rats were i.p.
injected with BrdU (100 ug/kg) 2 h before being killed. In situ
detection of the incorporation of BrdU into the nuclei was
conducted immunohistochemically.”® For semi-quantitative
analysis, as for TUNEL, the number of BrdU-positive cells
was counted in five randomly selected fields by viewing each
slide at a magnification of x 200, and the average number in
each group was calculated.

Quantitative RT-PCR

mRNA expressions of tumor necrosis factor-alpha (TNF-u),
transforming growth factor-beta 1 (TGF-f1), a-SMA, col-
lagen 1A2 (COL1A2), matrix metalloproteinases (MMPs)-2,
-9, and -13, tissue inhibitor of MMP-1 (TIMP-1), caspases-3,
-7, -9, and -12, GRP78, interleukin-6 (IL-6), BAX, BAK, Bcl-
xl, Bcl-2, and ERp57 were assessed by quantitative RT-PCR.
Total RNA was extracted from liver tissues using Isogen
(Nippon Gene, Tokyo, Japan).”” The expression of mRNA
was measured using TagMan One-Step RT-PCR Master Mix
Reagents (Applied Biosystems, Foster City, CA, USA) or
using the One-Step SYBR RT-PCR Kit (Perfect Real Time;
Takara Bio, Ohtsu, Japan), and Applied Biosystems Prism
7700 (Applied Biosystems) according to a previously re-
ported procedure.?” Primers and oligonucleotide probes were
designed using Primer Express (Sigma Chemical), and are
listed in Table 1. Each PCR amplification was performed on
five rats in both experimental and control groups. Individual
gene expression was normalized by GAPDH. The conditions
for the TagMan One-Step RT-PCR were as follows: 30 min at
48°C (stage 1, RT), 10 min at 95°C (stage 2, RT inactivation
and Ampli Taq Gold activation), and then 40 cycles of am-
plification for 15s at 95°C and 1 min at 60°C (stage 3, PCR).
The conditions for the One-Step SYBR RT-PCR (Perfect Real
Time) were as follows: an initial step of 15 min at 42°C, 2 min
at 95°C, and then 40 amplification cycles of denaturation at
95°C for 15s, and annealing and extension at 60°C for 1 min.

Immunoblot Analysis

Some protein levels were assessed by immunoblot analysis, as
described previously.”® The liver tissue was lysed by RIPA
buffer containing 50 mM Tris-HCl (pH 7.2), 150 mM NaCl,
1% NP-40, 0.1% SDS, 1mM EDTA, and 1 mM PMSF and
then homogenized in ice-cold water. After centrifugation for
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10 min at 4°C and 12 000 r.p.m., the protein concentration of
the obtained supernatant was determined using the Bio-Rad
Dc protein Assay Reagent (Bio-Rad, Hercules, CA, USA).
Protein was electrophoretically resolved in 10 or 12% SDS
polyacrylamide gel, and successively transferred to Hybond-
ECL nitrocellulose membranes. The membranes were
blocked by 5% non-fat dietary milk solution in Tris-buffered
saline (20mM Tris and 150 mM NaCl, pH 7.4) with 0.1%
Tween-20. They were then incubated overnight with primary
antibodies at 4°C and successively with secondary antibodies
at room temperature for 1h. The following dilutions of
primary antibodies were used: mouse monoclonal antibody
to -SMA, 1:1000; rabbit polyclonal antibodies to cytoglobin,
1:200; rat monoclonal antibody to caspase-12, 1:200; goat
polyclonal antibodies to GRP78, 1:200; rabbit polyclonal
antibodies to caspase-7, 1:1000; rabbit polyclonal antibodies
to cleaved caspase-7 (Asp198), 1:1000; rabbit polyclonal an-
tibodies against PDI, 1:200; mouse monoclonal antibody to
GAPDH, 1:30000. Immune complexes were visualized using
a SuperSignal West Pico Chemiluminescent Substrate (ECL,
Pierce, Rockford, IL, USA). Finally, band intensity was
determined by scanning video densitometry.

Statistical Analysis

All results are expressed as mean + s.d. Statistical analysis was
performed using Student’s r-test (P<0.05 was considered
significant).

RESULTS

Accumulation of Fat in the Liver and Recovery after
Dietary Change

As shown in Figure la and b, Oil red O staining clearly
indicated that the MCDD diet (group M) for 10 weeks in-
duced fat accumulation in the liver, especially in hepatocytes.
It was also recognized that fat accumulation immediately
decreased in group R (P<0.01), whose diet was changed
from MCDD to CD during the last 2 weeks. The serum level
of FFA was reduced in group M (183 * 31.6 pequiv./l) com-
pared with control group C (274 35.7 pequiv./l) and
recovery group R (267 £ 36.5 pequiv./l) (P<0.01). Similarly,
the serum level of TG was reduced in group M
(4.33%£1.21 mg/dl) compared with control group C
(23.5+4.95mg/dl) and group R (28.2+4.97mg/dl)
(P<0.01) (Figure lc and d, P<0.01). Changes in the body
weights of rats in each group are presented in Supplementary
Table 2.

Liver Histology and Kupffer Cell Activation

H&E staining showed that the livers in group C showed an
intact tissue structure, whereas those in group M showed the
apparent vacuolization of hepatocytes, focal necrosis, and
inflammatory cell accumulation in the parenchyma. These
pathological changes were clearly improved in group R
(Figure 2a). In accordance with this histological recovery,
serum levels of AST and ALT were reduced from 97.7 +13.5
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Table 1 Primer pairs and probes used for real-time PCR Table 1 Continued

Primer name Sequence Note Primer name Sequence Note

TNF-o TagMan Caspase-12 SYBR
Forward 5’-GCT CCC TCT CAT CAG TTC CAT G-3’ Green
Reverse 5'-TAC GGG CTT GTC ACT CGA GTT TTG-3/ Forward 5'-GGC AGA CAT ACT GGT ACT ATT TGG G-3'

Probe 5'-CCC AGA CCC TCA CAC TCA GAT CATCTT -3 Reverse 5'-GCT CAA CAC ACA TTC CTC ATC TGT-3'
Heme oxygenase-1 SYBR Caspase-9 SYBR
Green Green
Forward 5'-CGT GGC AGT GGG AAT TTA TG-3' Forward 5'-TGG ACA TTG GTT CTG GCA GAG-3'
Reverse 5'-AGG CTA CAT GAG ACA GAG TTC ACA-3' Reverse 5'-GTG TAT GCC ATA TCT GCA TGT CTC-3

TGF-B1 TagMan Caspase-7 SYBR
Forward §’-TGC TTC CGC ATC ACC GT-3’ Green
Reverse 5'-TAG TAG ACG ATG GGC AGT GGC-3' Forward 5'-TAC AAG ATC CCG GTG GAA GCT-3'

Probe 5'-CTG CGT GCC GCA GGC TTT GG-3' Reverse §-CTG GGT TCC TCC ACG AAT AAT AG-3'

Collagen 1A2 TagMan Caspase-3 SYBR
Forward 5’-AAG GGT CCT TCT GGA GAA CC-3’ Green
Reverse 5'-TCG AGA GCC AGG GAG ACC CA-3 Forward 5'-AGA AAT TCA AGG GAC GGG TC-3'

Probe 5'-CAG GGT CTT CTT GGT GCT CCC GGT AT-3 Reverse 5'-TGC GCG TAC AGT TTC AGC A-3

a-SMA TagMan GRP78 SYBR
Forward 5-GAG GAG CAT CCG ACC TTGC-3' Green
Reverse 5-TTT CTC CCG GTT GGC CTTA-3 Forward 5'-CCA TCA CCA ATG ACC AAA ACC-3
Probe 5-AAC GGA GGC GCC GCT GAA CC-3’ Reverse 5-GCG CTC TTT GAG CTT TTT GTC T-3/

MMP-2 TagMan ERp57 SYBR
Forward 5'-CCG AGG ACT ATG ACC GGG ATA A-3' Green
Reverse 5'-CTT GTT GCC CAG GAA AGT GAA G-3/ Forward 5'-TGAATGCTGAAGACAAGGACGTG-3’

Probe 5'-TCT GCC CCG AGA CCG CTA TGT CCA-3 Reverse 5'-CATTGGCTGTGGCATCCATC-3'
MMP-9 SYBR BAX SYBR
Green Green
Forward 5'-GAC AAT CCT TGC AAT GTG GAT G-3' Forward 5’-TAAAGTGCCCGAGCTGATCAGAACC-3
Reverse 5’-CCG ACC GTC CTT GAA GAA ATG-3’ Reverse 5'-CCTGGTCTTGGATCCAGACAAGCA-3'
MMP-13 SYBR BAK SYBR
Green Green
Forward 5'-TGA CCT GGG ATT TCC AAA AGA G-3 Forward 5'-GAGTTTGCGTAGAGACCCCATCCT-3’
Reverse 5'-TCT TCC CCG TGT CCT CAA A-3 Reverse 5'-CCACAAATTGGCCCAACAGAACCA-3'
TIMP-1 SYBR Bcl-xI SYBR
Green Green
Forward 5'-TCA GCC ATC CCT TGC AAA-3' Forward 5'-TGCGTGGAAAGCGTAGACAAGGA-3
Reverse 5'-GAG CCC ATG AGG ATC TGA TCT-3' Reverse 5'-AAGGCTCTAGGTGGTCATTCAGGT-3
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Table 1 Continued

Primer name Sequence Note
Bcl-2 SYBR
Green
Forward 5'-TCGCGACTTTGCAGAGATGTCC-3
Reverse 5'-ACCCCATCCCTGAAGAGTTCCT-3'
IL-6
Forward 5-TGT CTC GAG CCC ACC AGG-3’ TagMan
Reverse 5'-TGC GGA GAG AAA CTT CAT AGC TG-3/
Probe 5/-CGA AAG TCA ACT CCA TCT GCC CTT CAG G-
3
STAT3
Forward 5'-CAA TAC CAT TGA CCT GCC GAT-3' SYBR
Green
Reverse 5'-CCC CGT TAT TTC CAA ACT GC-3’
GAPDH TagMan
Forward 5'-AAG ATG GTG AAG GTC GGT GTG-3
Reverse 5’-GAA GGC AGC CCT GGT AACC-3
Probe 5'-CGG ATT TGG CCG TAT CGG ACGC-3’
GAPDH SYBR
Green
Forward 5/-AAT GCA TCC TGC ACC ACC AAC TGC-3/
Reverse 5’-GGA GGC CAT GTA GGC CATG AGG TC-3'

and 98.5+ 14.91U/ml in group M and from 51.2 £ 13.8 and
35.4+3.31U/ml in group R, respectively (P<0.01). Cells
positive for CD68, a marker of activated Kupffer cells, in-
creased in number (Figure 2b) in group M. The expression of
TNEF-a mRNA, which is known to be derived from activated
Kupffer cells in the liver, increased to 2.5-fold in group M
(Figure 2e, P<0.01) compared with group C, and returned
to the normal range in group R (P<0.01). These results
indicate that the change in diet from MCDD to CD reduced
inflammatory reactions, Kupffer cell activation, and AST/ALT
release from hepatocytes.

Oxidative Stress and its Recovery in Steatohepatitis

We used the immunostaining of 4-HNE to detect the pro-
duction of oxidative aldehyde by lipid peroxidation in the
liver. As shown in Figure 3a, the control liver of group C
exhibited negligible staining by anti-4-HNE antibodies. In
contrast, the liver in group M showed brown-colored hepa-
tocytes and stained cells also accumulated at necrotic foci
(magnified area). The number of 4-HNE-positive cells and
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the amount of granulomatous accumulation in cells,
presumably macrophages, were clearly reduced in group R.

These results were reproduced on immunostaining of
HO-1. As shown in Figure 3b, HO-1 expression is restricted
in hepatic sinusoids, presumably in Kupffer cells (magnified
area). However, in group M, HO-1-positive cells additionally
led to an aggregation of cells next to vacuolized hepatocytes
(magnified area). These reactions immediately disappeared
in group R. In accordance with these results, HO-1 mRNA
expression determined by RT-PCR was significantly aug-
mented in group M compared with group C (5.19+ 1.08 vs
3.13 £0.26, respectively, P<0.01) and returned to the normal
level in group R.

Taken together, it can be stated that the accumulation of
Oil red O-stained lipids, 4-HNE, and CD68- and HO-1-
positive macrophages by administering an MCDD diet gen-
erates oxidative stress and hepatocyte damage (increase in
AST and AILT levels), resulting in inflammatory gene ex-
pression, such as TNF-a. However, switching the diet from
MCDD to CD immediately triggers the inhibition of
inflammatory reactions.

Regression of Fibrosis and Hepatic Stellate Cell
Activation in Steatohepatitis

Sirius Red staining (Figure 4a) clearly revealed collagen de-
position with C-C and P-C bridges, near to cirrhosis, in the
fibrotic septum of group M, although collagen deposition
was observed only around veins in the intact liver (group C).
An immediate and marked recovery of this advanced fibrosis
was observed in group R, indicating that the change in diet
from MCDD to CD triggers the regression of fibrosis in the
liver within 2 weeks.

Immunohistochemistry of «-SMA and cytoglobin, markers
of activated stellate cells and liver myofibroblasts, showed
that hepatic fibrotic cell activation occurred in group M,
whereas the process ceased immediately in group R (Figure
4b and c¢). Immunoblot analyses confirmed these im-
munohistochemical observations (Figure 4d). Furthermore,
as shown in Figure 4e, RT-PCR analyses indicated that
mRNA expressions of all ®-SMA, TGF-f1, CollA2, TIMP-1,
MMP-2, and MMP-9 increased significantly in group M, and
thereafter returned to the original level in group R. Con-
versely, the expression of MMP-13 decreased significantly in
group M (0.98 £0.30 vs 3.39 £ 1.24, P<0.01) and recovered
significantly in group R (2.30 £ 1.11). Thus, the recovery of
fibrosis is evident at levels of histology, fibrotic protein,
and fibrotic gene expression after switching the diet from
MCDD to CD.

The Change of Hepatocyte Apoptosis and Proliferation
TUNEL staining showed that the number of apoptotic he-
patocytes slightly increased in group M compared with group
C (68.2115.9 vs 40.3£8.33 cells per field, respectively,
P<0.05), whereas it decreased significantly in group R
(48.0 £ 6.48 cells per field) (Figure 5a and c).
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Figure 1 Oil red O staining in the liver and the serum level of FFA and TG. (a) Oil red O staining ( x 200). Five sections per group were measured. Bar, 25 um.
(b) Percentage of Oil red O-stained area was determined using an image analyzer (LuminaVision). Group C, 0%; group M, 9.45% (P <0.01 compared with
group C); group R, 3.27% (P<0.01 compared with group M). (c) Serum level of FFA (uequiv./l). **P<0.01. (d) Serum level of TG (mg/dl). **P<0.01.
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Figure 2 Kupffer cell activation and inflammation. (a) H&E staining ( x 200). In group M, hepatocytes with fatty degeneration and inflammatory cell foci
(arrowheads) were distributed in the parenchyma, whereas their number decreased in group R. Bar, 25 um. (b) CD68 immunostaining (arrows) { x 200).
CD68, a macrophage marker and low-density lipoprotein binding site, was rare in group C, whereas CD68-positive cells increased in number in group M, and

decreased in group R. Bar, 25 um. (c and d) Serum levels of ALT and AST. (e) The relative TNF-x mRNA level measured by RT-PCR. The TNF-x mRNA level was
normalized by the GAPDH mRNA level.
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