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Transplantation of Engineered Chimeric Liver With Autologous
Hepatocytes and Xenobiotic Scaffold
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Objective: Generation of human livers in pigs might improve the serious
shortage of grafts for human liver transplantation, and enable liver trans-
plantation without the need for deceased or living donors. We developed a
chimeric liver (CL) by repopulation of rat hepatocytes in a mouse and suc-
cessfully transplanted it into a rat recipient with vessel reconstruction. This
study was designed to investigate the feasibility of CL for supporting the
recipient after auxiliary liver grafting.

Methods: Hepatocytes from luciferase transgenic or luciferase/LacZ double-
transgenic rats were transplanted into 20- to 30-day-old urokinase-type
plasminogen activator/severe-combined immunodeficiency (uPA/SCID) mice
(n=40) to create CLs with rat-origin hepatocytes. After replacement of mouse
hepatocytes with those from rats, the CLs were transplanted into wild-type
Lewis (n = 30) and analbuminemia (n = 10) rats, followed by immunosup-
pression using tacrolimus (TAC) with/without cyclophosphamide (CPA) or
no immunosuppression. Organ viability was traced by in vivo bioimaging and
Doppler ultrasonography in the recipient rats for 4 to 6 months. Rat albu-
min production was also evaluated in the analbuminemia rats for 4 months.
In addition, histological analyses including Ki67 proliferation staining were
performed in some recipients.

Results: Both immunosuppressive protocols significantly improved graft sur-
vival and histological rejection of CLs as compared to the nonimmunosup-
pressed group. Although rat albumin production was maintained in the re-
cipients for 4 months after transplantation, ultrasonography revealed patent
circulation in the grafts for 6 months. Ki67 staining analysis also revealed
the regenerative potential of CLs after a hepatectomy of the host native liver,
whereas immune reactions still remained in the mouse-origin structures.
Conclusions: This is the first report showing that engineered CLs have po-
tential as alternative grafts to replace the use of grafts from human donors.
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iver transplantation is currently regarded as the most effective

treatment for end-stage liver diseases. Because the worldwide
graft shortage remains unresolved,’? engineered organs are antici-
pated as alternative grafts to fill the scarcity and ultimately replace
those from deceased and living donors. Although regenerative tech-
nology has already developed various kinds of regenerative cells and
tissues,>* they are still insufficient to cure patients with end-stage
liver diseases because of the absence of complicated functions and
limited volume. Therefore, a regenerative liver graft for use as an “or-
gan” is required. To achieve an appropriate 3-dimensional structure
and differentiation to specific tissues in a single organ, application of
native organs as scaffolds has been reported as a possible solution,>7
Recent advances in genetic manipulation of animals such as pigs have
produced transgenic animals with a lower risk of xenorejection.??
Thus, using their native organogenetic potentials, development of
engineered liver “organs” is expected.'® In such a protocol, human
hepatocytes are transplanted to a transgenic pig to replace its native
hepatocytes, resulting in development of a chimeric liver (CL) with
human parenchyma and swine nonparenchymal components, includ-
ing vessels, bile ducts, and other connecting tissues. However, it is
unclear whether such engineered CLs can be transplanted into recipi-
ents, or whether they can maintain their organ structures and functions
after transplantation. In this study, we developed a rodent model of
chimeric liver transplantation to investigate its feasibility (Fig. 1A).
We used mice and rats as substitutes for transgenic pigs and humans,
respectively, and created CLs in transgenic mice using hepatocytes
derived from transgenic rats. After chimeric liver transplantation into
rat recipients with vessel reconstruction, we examined the long-term
viability and functions of the transplanted CL grafts.

MATERIALS AND METHODS

Animals

All mice and rats were housed in a temperature-
controlled environment under a 12-hour light-dark cycle with free
access to water and standard rodent chow diet. Male and fe-
male albumin enhancer-/promoter-driven urokinase-type plasmino-
gen activator/severe-combined immunodeficiency (UPA/SCID) mice
(Phoenixbio Co, Ltd, Japan) (n = 40), which express and accumulate
urokinase-type plasminogen specifically in native hepatocytes, result-
ing in liver disease,!!*'? were used as the scaffolds for CL regenera-
tion. Male luciferase transgenic Lewis (Luc-LEW) (MHC haplotype;
RT1H (n = 2), and female luciferase and LacZ double-transgenic
Lewis (Luc/LacZ-LEW) (RT1!) rats™ (n = 1) were used as hepato-
cyte donors. Male wild-LEW rats (RT1") (Charles River Japan, Japan)
(n = 30) and male Nagase analbuminemia rats (RT1?)!° (Japan SLC,
Japan) (n = 10) were used as the recipients of chimeric liver transplan-
tation. All experiments in this study were performed in accordance
with the Jichi Medical University Guide for Laboratory Animals after
approval by the ethics committee of PhoenixBio Co, Ltd.

Generation of CLs

Isolated hepatocytes were obtained from 10-week-old Luc-
LEW and Luc/LacZ LEW rats using a standard 2-step collagenase
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FIGURE 1. A, Experimental protocol
used for Chimeric liver transplantation.
B, Schema of engraftment of CL into
recipient rat.
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perfusion method.!® Collagenase (75 mg/body) (COLLAGENASE S-
1; Nitta-gelatin, Japan) was perfused through the portal vein, then 5.0
x 10° hepatocytes were transplanted into 20- to 30-day-old uPA/SCID
mice, as previously reported.'? These mice were kept for 3 months to
obtain CLs with satisfactory size (mean + SEM, 1.69 & 0.04 g) and
chimerism.

Harvesting of CLs

The CLs were harvested from uPA/SCID mice along with
the hepatic artery with the aortic cuff and infrahepatic inferior vena
cava. The portal vein trunk, common bile duct, and suprahepatic
inferior vena cava were ligated. After systemic injection of 300 U
of heparin sodium (Novo-Heparin; Mochida, Japan), the graft was
harvested and cryo-preserved in 0.9% saline. A 10-mm plastic tube
(22G SurfloR, IV catheter; Terumo, Japan) was inserted into the
gallbladder, and a plastic cuff (18G SurfloR) was installed onto the
end of the infrahepatic inferior vena cava.

Auxiliary Liver Transplantation of CLs

The CLs were engrafted in an auxiliary manner with vessel
reconstruction using a cuff technique, as we previously reported.!” In
brief, after a simple left nephrectomy, a plastic cuff (22G SurfloR)
was installed on the end of the recipient left renal artery. The graft
hepatic artery and infrahepatic inferior vena cava were anastomosed
to the recipient left renal artery and vein, respectively (see Video
and Figure, Supplemental Digital Contents 1 and 2, demonstrating
reperfusion of graft, available at http:/links.lww.com/SLA/A254 and
http://links.lww.com/SLA/A256, respectively). The graft gallbladder
was connected to the recipient jejunum (Fig. 1B) and the recipient
liver was left intact. There were no significant differences regarding
any of the parameters for the animals and surgical procedures (data
not shown). Recipient rats that died within 24 hours after chimeric
liver transplantation or showed no luminescent signals on day 1 were
excluded from postoperative analyses.

PostTransplant Treatment

Solid immunosuppressive protocols with tacrolimus (TAC) for
T cell-mediated rejection and cyclophosphamide (CPA) for antibody-
mediated rejection were used. The LEW rat recipients were treated
with one of the following protocols: daily tacrolimus [TAC (+)CPA
(=)] (m = 15), daily tacrolimus and cyclophosphamide pre-
treatment [TAC (+)CPA(+)] (n = 6), or no immunosuppres-
sion [TAC(—)CPA(—)] (n = 6). In the TAC(+)CPA(—) and
TAC(+)CPA(+) groups, tacrolimus (Prograf; Astellas, Japan) was
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injected intramuscularly into the recipient rats at a dose of 0.64 mg/kg
before and every day after transplantation. In TAC (+)CPA(+), can-
didate recipient rats were prepared with an intraperitoneal injection of
cyclophosphamide (Endoxan, Shionogi, Japan) at a dose of 60 mg/kg
10 days before transplantation (dose of cyclophosphamide modified
from previous report!'®). For Nagase analbuminemia rat recipients
(n = 8), tacrolimus was given every day intramuscularly at a dose of
0.32 mg/kg. The recipient rats were observed daily and those in very
poor condition were euthanized.

Evaluation of Luminescence From CLs

In vivo luciferase imaging of CLs was performed in both
uPA/SCID mice for 3 months after hepatocyte transplantation and
recipient rats throughout their survival after chimeric liver transplan-
tation using a noninvasive bioimaging system (IVIS, Xenogen, CA),
and the images were analyzed using a software package (Igor; Wave-
Metrics, OR, and IVIS Living Image; Xenogen). Before imaging,
D-luciferin (potassium salt; Biosynth, Switzerland) (30 mg/kg) was
injected into the peritoneal cavity of uPA/SCID mice or the penile
vein of recipient rats. Signal intensity was quantified as photon flux
in units of photons (s/cm?/steradian) in the region of interest.

ELISA for Serum Rat Albumin Levels

Blood samples were obtained from uPA/SCID mice for 3
months after hepatocyte transplantation and Nagase analbuminemia
rat recipients for 4 months after chimeric liver transplantation. To
examine hepatic functions specific to CLs in our model with an intact
recipient liver, we measured serum rat albumin using a Rat Albumin
ELISA KIT (AKRAL-120, Shibayagi, Japan).

Histological Analyses

Tissue samples were fixed in 10% formalin for hematoxylin-
eosin staining, and 10-pm thick sections were used. For X-gal and
immunohistochemical staining, 4%-paraformaldehyde-fixed frozen
samples were sliced into 4-pum thick sections. X-gal analyses were
performed as previously reported.'* Immunohistochemical analyses
of the CL grafts were performed before and 2 days after the host left
lobectomy with anti-Ki67 rabbit polyclonal antibody (RB-1510-P,
Thermo Fisher Scientific, CA). Fifteen random views of each sample
were obtained and Ki67-positive hepatocytes were separately counted
in areas (mm?) with viable hepatocytes using image software (Scion
Image; Scion, MD).
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Ultrasonographic Analyses

Blood flow velocities were measured using an ultrasound sys-
tem (Prosound SSD-a:5; ALOKA, Japan). Velocity was quantified in
unit of cm/second.

Statistical Analyses

We performed statistical analyses using StatView5.0 (SAS,
NC). We used the analysis of variance test and Holm-Sidak as a post
hoc test. Data are presented as the mean + SEM, with values of P <
0.05 considered to be statistically significant.

RESULTS

Development of CL Grafts in Mice

On the basis of the repopulation of transplanted rat hepatocytes
in uPA/SCID mice, the spreading of positive areas was observed us-
ing in vivo bioluminescent imaging (Fig. 2A). Luminescent fluxes
increased rapidly and reached a plateau for approximately 3 months
after hepatocyte transplantation (Fig. 2B). Moreover, serum rat al-
bumin concentration on day 30 was significantly higher than that on
day 5, then remained until day 85 (Fig. 2C). Luminescent fluxes and
albumin concentrations were strongly correlated (Spearman correla-
tion coefficient » = 0.86, P < 0.0001), suggesting that luminescence
reflected CL function. The appearance was that of a normal mouse
liver (Fig. 2D). Although hematoxylin-eosin staining showed normal
histological structures, X-gal staining revealed that the mouse hepatic
parenchyma was nearly entirely replaced by LacZ-positive rat hepa-
tocytes, except for the other hepatic components, such as the vessels
and bile ducts in Glisson capsules (Fig. 2E).

Graft Viability After Auxiliary Transplantation
In the TAC(—)CPA(—) group, luminescence vanished rapidly
until day 5 after Chimeric liver transplantation, whereas it was stably

maintained for 4 weeks in both TAC(+)CPA(—) and TAC(+)CPA
(+). There was no significant difference between those 2 groups
(Fig.3A).

Histological Analyses of Transplanted CL Grafts
Hematoxylin-eosin staining showed massive necrosis and de-
struction of the arrangement of the hepatic lobules in TAC(—)CPA(—)
on day 5 (Fig. 3B). In contrast, TAC(4)CPA(—) on day 7 showed
maintenance of those, even with massive cellular infiltration from
the Glisson capsules to the central areas (Fig. 3C). Furthermore, in
TAC(+)CPA(+), the hepatic structures were maintained with fewer
rejection changes (Fig. 3D). Even on day 14, the TAC(+)CPA(+)
protocol protected the CL from severe xenobiotic rejection, with only
moderate cellular infiltration in the Glisson capsules (Fig. 3E).

Long-Term Patency of Reconstructed Vessel
Circulations

Doppler ultrasonography showed the flow patterns of the ar-
terial inflow and venous outflow in the transplanted CLs on days 14
and 188 in the TAC(+)CPA(—) group. Peak velocities on day 14 were
34.2 (artery) and 9.9 (vein) cm/s, whereas those on day 188 were 12.5
and 3.4 cm/s, respectively (See Figure, Supplemental Digital Content
3, available at http://links.lww.com/SLA/A257).

Long-Term Maintenance of Secretion of Rat
Albumin in Nagase Analbuminemia Rats

Although serum rat albumin concentrations in Nagase anal-
buminemia rat recipients were undetectable before Chimeric liver
transplantation, the transplanted CLs produced albumin on day 5
and then maintained production for 4 months, with maintenance of
luminescence under the TAC(4-)CPA(—) protocol (Fig. 4A).
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appearance of CL before engraftment.
Scale bar = 10 mm. E, hematoxylin-
eosin and X-gal staining of intact CLs.
The results shown are representative of
5 separate analyses. Scale bars = 200
pm.
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Self-Regenerative Capacity of Transplanted CL

Ki67 immunohistochemical analyses revealed that Ki67-
positive cells were significantly increased in the CLs and in the rem-
nant native livers at 2 days after the left lobectomy in the recipients,
as compared with those sampled before the hepatectomy (Fig. 4B-F),
suggesting the proliferative potential of the transplanted CLs.

DISCUSSION

The chronic shortage of liver grafts has led to extended criteria
for grafts from both deceased!®?* and living donors,?!' along with
ethical issues related to organ trafficking and transplant tourism.?
Although alternative therapies, such as hepatocyte transplantation,”
transplantation from non—heart beating donors,** bioartificial liver,?®
and xenotransplantation,?®?” have been intensively investigated to
address this situation, none has been found practical because of low
stability, low availability, and high antigenicity.

Regenerative approaches have recently been applied to de-
velop engineered organs by focusing on native organs as scaffolds.
An approach usmg a decellularized organ matrix enabled regenera-
tion of syngeneic cells in an animal model,>:® though cell repopu-
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lation efficiency was still low in ex vivo conditions. Another study
injected blastocysts with xenogeneic pluripotent stem cells to pro-
duce a chimeric pancreas in a rodent model.” However, ubiquitous
chimerism in scaffold animals has led to ethical concerns about the
formation of chimeric brains and genitalia. Thus, effective and organ-
specific engineering is required.

We have developed a strategy to create engineered chimeric
“organ” livers with autologous or allogeneic human hepatocytes
and other nonparenchymal components from xenogeneic scaffolds
in transgenic pigs. This method enables utilization of patent hepa-
tocytes and allogeneic donor cells, and the organogenetic potential
in living animals contributes to rapid and timely production of CLs.
Moreover, pretreatment with drugs or gene induction in the donor
animal may be useful before transplantation.

In this study, we successfully created a rodent model to gener-
atc organ-specific engineered CLs, followed by their transplantation.
CLs were created in uPA/SCID mice, whose native hepatocytes are
injured through accumulation of urokinase-type plasminogen and
provide a favorable niche for effective repopulation of transplanted
hepatocytes from rats?® and humans,!! with a replacement rate greater
than 90%.'2 Using hepatocytes derived from transgenic rats with
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luciferase or LacZ genes, we found that transplanted hepatocytes
in mice spread promptly and stably maintained their viability. Rat
albumin production and histological analyses also indicated stable
functions and structures of the CLs. These results demonstrated the
advantages of CLs with effective productivity and maintenance. Be-
cause the CLs were one-eighth smaller than the rat native livers, we
transplanted in an auxiliary manner without a hepatectomy or re-
moval of the recipient liver. In addition, we removed the recipient’s
left kidney to utilize the left renal artery and vein as afferent and
efferent vessels, respectively. We considered that a left nephrectomy
would not have a large impact on our aim to investigate chimeric
liver transplantation feasibility, whereas it might have an influence
on recipient’s survival. Moreover, though clinical liver transplanta-
tion and most rat liver transplantation models reconstruct portal vein
circulation, we left it unanastomosed, as we previously reported in a
rat auxiliary liver transplantation model,'” in which the transplanted
livers maintained their histological structure.

This analysis revealed severe rejection toward xenogeneic com-
ponents, resulting in disappearance of luminescence in CLs without
immunosuppression. Because humoral rejection was suspected in
xenorejection toward the vascular endothelium,?® we used cyclophos-
phamide to suppress antibody production in addition to tacrolimus.'$
Our results showed improvement in graft survival in the immuno-
suppressed groups. TAC(+)CPA(+) showed higher luminescence as
compared with TAC(+4-)CPA(—), though there was no statistical dif-
ference between them. On the other hand, histological results showed
the superiority of TAC(4+)CPA(+). We speculated that these findings
indicated antibody-mediated rejection even in Chimeric liver trans-
plantation and that appropriate combination therapies might improve
graft survival. Although we previously hypothesized that syngeneic
parenchyma might function to protect against rejection toward xeno-
components,® the reaction to mouse-origin tissues remained with-
out obvious evidence of attenuation. Further studies to investigate
the effects of hepatocytes and specific targets of rejection are re-
quired, including those that focus on other aspects such as genetic
expressions.>!

In clinical liver transplantation, thrombotic events can result
in graft failure.>* Ultrasonography showed arterial and venous flow
in transplanted CLs even after 6 months, which indicated patency of
the anastomosed vessels. We also investigated rat albumin in Nagase
analbuminemia rat recipients and demonstrated stable production for
a long period. Although the liver possesses a variety of functions
and markers,>¢ albumin analysis showed functions specific to trans-
planted CLs in Nagase analbuminemia rats with intact livers, which
functioned normally except for albumin production. We regarded this
result to be preferable in regard to our aim to investigate the feasibil-
ity of Chimeric liver transplantation to show those functions in vivo.
Interestingly, we found stable luminescence in transplanted CLs of
Nagase analbuminemia rat recipients whose hepatocytes were allo-
geneic to those of other recipients (RT1' vs RT1?), suggesting the
possibility of a hepatocyte bank for use in producing CLs in clinical
settings. )

Ki67 analyses showed that hepatocytes in the transplanted CLs
maintained proliferation potential. Patients with end-stage liver dis-
ease are thought to manifest increasing serum hepatotropic growth
signals, such as hepatocyte growth factor.> It is expected that CLs
will have the potential to respond to such signals to maintain and
improve viability after transplantation.

Judging from recent technological achievements in transgenic
animals, and ethical issues related to primate usage and practical
issues of availability and body size, transgenic pigs represent a ma-
jor candidate for scaffold animals. Although transgenic pigs such
as alpha-1,3-galactosyltransferase gene knockout and human decay
accelerating factor transgenic pigs show reduced immunological re-
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sponses toward the host, complete rejection suppression remains dif-
ficult and development of appropriate immunosuppressive protocols
is important. Moreover, replacement of nonhepatocyte components,
especially vascular endothelium, in the CLs of scaffold pigs or devel-
opment of humanized pigs is expected. However, utilization of xeno-
geneic porcine scaffolds raise concerns about xenozoonosis such as
porcine endogenous retrovirus,>*3> though the practical possibility
of transmission remains uncertain and some reports have shown re-
sults without obvious infection.’® Nevertheless, cautious and longer
investigations are indispensable to secure patient safety.

Although further studies that compare conventional liver trans-
plantation models with this model and larger animal models are
needed, the realization of this bioengineering strategy with cell
sources and transgenic animals might ultimately lead to replacement
of human grafts and achievement of liver transplantation without hu-
man donors. These results should provide an important contribution
toward scaffold-focused engineering of livers and engineered organ
transplantation.

CONCLUSIONS

Engineered CLs were successfully transplanted and showed
maintenance of function and structure for a long period. Our results
suggest that such CLs have potential to be utilized as alternative
grafts.
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Abstract

Background and Aims Cytoglobin (Cygb) is the newest
globin family and is upregulated during hypoxia to maintain
the oxygen status. Herein, we investigated Cygb expression
in both acute and chronic gastric mucosal injuries.
Methods Acute gastric mucosal injuries in rats were
produced by oral administration of indomethacin, followed
by sacrifice at 1, 3, 6, 24, and 48 h. Gastric ulcer was
produced by acetic acid, followed by sacrifice on days 3,
7, 11, 18, and 25. Each protein expression of Cygb and
hypoxia-inducible factor (HIF)-1o was evaluated by wes-
tern blotting. We measured vascular endothelial growth
factor (VEGF) mRNA by RT-PCR and examined locali-
zation of Cygb by immunofluorescence.

Results In indomethacin-induced injury, Cygb protein
was significantly increased at 24 h. In ulcerated tissues,
HIF-1a protein was significantly increased on days 7 and 11
(1.83 £ 0.11 and 2.12 &£ 0.19 folds, respectively, p < 0.05
and 0.01), which corresponded to the early healing phase.

F. Tanaka - K. Tominaga (&<)) - M. Sogawa - H. Yamagami -
T. Tanigawa - M. Shiba - K. Watanabe - T. Watanabe -

Y. Fujiwara - T. Arakawa

Department of Gastroenterology, Graduate School of Medicine,
Osaka City University, 1-4-3 Asahimachi,

Abeno-ku, Osaka 545-8585, Japan

e-mail: tomy@med.osaka-cu.ac.jp

E. Sasaki
Department of Gastroenterology, Osaka City General Hospital,
Osaka, Japan

N. Kawada

Department of Hepatology, Graduate School of Medicine,
Osaka City University, Osaka, Japan

K. Yoshizato

PhoenixBio Co, Ltd, Hiroshima, Japan

Published online: 10 January 2013

In contrast, Cygb protein was significantly increased on
days 11 and 18 (1.87 £ 0.13 and 1.60 £ 0.06 folds,
respectively, p < 0.05), which demonstrated late phase.
Though these proteins peaked on day 11, VEGF mRNA was
gradually increased from day 11 to 18. Cygb was expressed
in fibroblasts and myofibroblasts in both acute and chronic
models. Cygb and HIF-1o were abundantly colocalized at
the ulcer margin before angiogenesis development. How-
ever, faint localization was observed with angiogenesis.
Conclusions Cygb may be involved in the healing pro-
cess of gastric mucosal injuries in the late phase without
angiogenesis.

Keywords Stomach ulcer - Hypoxia - Angiogenesis -
Mesenchyme - Fibroblast

Abbreviations

Cygb Cytoglobin

NO Nitric oxide

HRE Hypoxia response element

HIF Hypoxia-inducible factor

VEGF Vascular endothelial growth factor

RT-PCR Reverse transcription-polymerase chain

reaction

o-SMA  a-smooth muscle actin
vWF von Willebrand factor
Introduction

Cytoglobin (Cygb), a globin similar to myoglobin, was
discovered by the proteomics approach of rat hepatic
stellate cells in 2001 [1]. The expression of Cygb was
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detected in normal rat and human tissues such as brain,
heart, kidney, lung, liver, stomach, intestine, trachea, and
liver [2]. Immunohistochemistry and immunoelectron
microscopy revealed that Cygb was localized in fibroblast-
like cells in splanchnic organs, namely, the vitamin
A-storing cell lineage; however, Cygb was not localized in
epithelial cells, endothelial cells, muscle cells, blood cells,
macrophages, or dermal fibroblasts [3]. Cygb plays a
potential protective role against hypoxia. It functions as a
scavenger of nitric oxide (NO) or reactive oxygen species
and as an oxygen transporter and sensor [4-6]. Cygb
functions as an intracellular oxygen transporter because
this protein has 40 % amino acid sequence homology with
myoglobin [7]. Cygb may act as a protein supplying oxy-
gen to O,-requiring cellular reactions unrelated to mito-
chondrial respiration [6]. In addition, it exhibits
dioxygenase enzymatic activity and plays a role in fibrotic
organ disorder [3, 8].

Cygb expression is upregulated under hypoxic condi-
tions in vitro and in vivo [9, 10]. Upregulation of Cygb
mRNA upon exposure to a hypoxic condition is observed
in mouse and rat brain, skeletal muscle, liver, and heart.
Analysis of the human Cygb promoter region revealed the
presence of hypoxia response element (HRE) in the 5’ UTR
region of the CYGB gene, which suggested that it might
have an oxygen-dependent regulation. Several lines of
evidence suggested that Cygb was hypoxia-inducible [4,
10]. A previous study showed that the binding of hypoxia-
inducible factor-1 (HIF-1) protein to HRE motifs directly
induced the promotion of Cygb transcription under hypoxic
conditions in vitro [11].

Ischemia and tissue hypoxia induce vasodilatation and
angiogenesis to maintain blood flow. Many vasoactive
substances and angiogenic factors, such as vascular endo-
thelial growth factor (VEGF), are expressed in response to
hypoxia to induce angiogenesis. VEGF, an endothelial cell-
specific mitogen, is the most potent angiogenic growth
factor [12]. VEGF has been implicated in the angiogenic
response to gastric ulceration and ethanol-induced gastric
erosions [13, 14]. Hypoxia induces VEGF expression via
HIF-1 which is a transcription factor composed of two
subunits: HIF-1o. and HIF-1B [15, 16]. Under normoxic
conditions, the HIF-1f protein is relatively stable, whereas
the HIF-1o protein is continuously produced and rapidly
degraded. In contrast, hypoxia stabilizes the HIF-1a protein
leading to its accumulation within the cell and formation of
active HIF-1 complex [17]. HIF-1a is the key factor that
induces angiogenesis during the healing of gastric ulcer,
nonsteroidal  anti-inflammatory = drug-induced  gastric
mucosal lesion, and esophageal ulcer [18, 19]. In addition,
HIF-1 is recognized as the master regulator of the cellular
hypoxia responses [20]. A recent study demonstrated that
the expression of Cygb was altered in HIF knockout mice,
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supporting an important role for HIF in Cygb expression
[4, 11].

Healing of gastric ulcers involves many vasoactive
substances and angiogenic factors, including endothelin,
NO, and VEGF [13]. These factors are known to be
induced by HIF-1a that was highly expressed during the
early phase of gastric ulcer healing [15]. However, the
pathophysiological role of Cygb in mucosal injury of
the stomach has remained to be elucidated. The aim of this
study was to investigate Cygb expression and its possible
involvement in the repair process of gastric mucosal inju-
ries in rat.

Materials and Methods
Animals

All experimental procedures were approved by the Animal
Care Committee of Osaka City University Graduate School
of Medicine. In this study, we used 8-week-old male
Wistar rats (purchased from Clea Japan, Osaka, Japan)
weighing about 200 g. The animals were given standard rat
chow diet (CE-2; Clea Japan) and water ad libitum.

Production of Acute Gastric Mucosal Injury

Rats were starved for 24 h before the experiment as fol-
lows; acute gastric injury was induced by oral adminis-
tration of indomethacin or HCI-EtOH according to the
method described in a previous report (N = 3) [21, 22].
Indomethacin was suspended in 0.5 % methyl cellulose
and administered at a dose of 20 mg/kg. Rats were
administered 0.15 N HCl in 60 % EtOH (0.5 mL/100 g).

Production of Experimental Gastric Ulcer

Experimental gastric ulcers were produced in rats accord-
ing to the method described in a previous report [23, 24]. In
brief, rats were fasted for 12 h and laparotomy was per-
formed under ether anesthesia. A round plastic mold
(6 mm in diameter) was placed tightly on the anterior
serosal surface of the antral-oxyntic border. Acetic acid
(100 %, 0.06 mL) was poured into the mold and allowed to
remain on the gastric wall for 60 s (N = 5-6). In control
rats, laparotomy was performed under ether anesthesia and
their abdomens were closed without the above treatment
(sham-operated rats, N = 5-6).

Experimental Protocol

In acute gastric injury models, rats were killed by cervical
dislocation at the following time after drug administration:
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1,3, 6,24, and 48 hin the indomethacin model, and 0.5, 2, 6,
and 24 h in the HCI-EtOH model. For histological study, rats
were killed at 48 h in the indomethacin model. Stomachs
were rapidly excised and opened along the greater curvature.
Tissues were rinsed in saline and the extent of gastric damage
was evaluated by calculating the total length of the macro-
scopically visible erosions. Gastric tissues were cut to a size
of 5 x 5 mm for western blotting and 5 x 10 mm for
immunofluorescence. These tissues were frozen in liquid
nitrogen and stored at —80 °C until the assay.

In the experimental gastric ulcer model, rats were killed
on days 3, 7, 11, 18, or 25 after gastric ulcer formation, and
the ulcerated gastric tissues (total gastric walls including
ulcerated area, weighing 100-120 mg) were rapidly
removed. As control tissues, intact gastric tissues (in the
same region as ulcerated tissues) were rapidly excised from
sham-operated rats. These tissues were rinsed in saline,
frozen in liquid nitrogen, and stored at —80 °C until pro-
tein assay was performed. For quantitative real-time
reverse transcription-polymerase chain reaction (RT-PCR),
rats were killed on days 11 and 18, and their stomachs were
removed and processed as described below. For histologi-
cal study, the rats were killed on day 11.

Western Blot Analysis

Expression of Cygb and HIF-1a proteins were examined by
western blotting. Gastric tissues were homogenized and
lysed on ice in buffer containing 0.5 % Nonident P-40,
40 mM Tris—HCl (pH 8.0), 120 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), and 10 pg of leupeptin per
milliliter. The protein content of the lysate was measured
with a modified bicinchoninic acid method (BCA) protein
assay reagent kit (Pierce, IL, USA). Proteins were denatured
with sodium dodecyl sulfate (SDS) sample buffer and sub-
jected to 10 % SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to a polyvinylidene difluoride
membrane. Membranes were blocked in TBS buffer [10 mM
Tris—HCl (pH 7.5), 100 mM Na(l, 0.1 % Tween-20] con-
taining 5 % bovine serum albumin (BSA), and then incu-
bated with the specific polyclonal antibody against Cygb
(diluted 1:1,000) or monoclonal antibody against HIF-1a
(1:500) overnight. The bound antigen—antibody complexes
were detected with anti-rabbit IgG-horseradish peroxidase
(HRP) by using enhanced chemiluminescence in accordance
with the manufacturer’s instructions (Amersham, IL, USA).
Relative expressions were represented as percentages of
sham-operated rats (controls).

Quantitative Real-Time RT-PCR

We measured mRNA expression of HIF-lo. and VEGF
in the ulcerated gastric tissues by quantitative real-time

RT-PCR. Real-time RT-PCR analyses were performed by
using the previously described protocol [25]. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was used
as an internal standard with Tagman GAPDH control
reagents (PE Applied Biosystems). The mean value in the
sham-operated tissues (controls) was taken as 1.

Antibodies

Rabbit polyclonal IgG antibodies against rat Cygb were
produced by using a synthetic NH,-terminal polypeptide of
rat Cygb, namely, NH,-MEKVPGDMEIERRERNEE +
Cys-COOH, as an immunogen as described previously [1].
Other antibodies used for immunohistochemistry were as
follows: vimentin was detected with mouse monoclonal
antibody (Abcam, Tokyo, Japan), a-smooth muscle actin
(a-SMA) with mouse monoclonal antibody (Sigma-
Aldrich, MO, USA), cytokeratin with mouse monoclonal
antibody (Abcam), HIF-1o with mouse monoclonal anti-
body (Santa Cruz Biotechnology, CA, USA), and von
Willebrand factor (vWF) with mouse monoclonal antibody
(Santa Cruz). Cygb immunoreactivity was detected using
an Alexa Fluor 488-conjugated secondary antibody (Alexa
Fluor 488 donkey anti-rabbit, Molecular Probes Inc.,
OR, USA). Others were detected using an Alexa Fluor
594-conjugated secondary antibody (Alexa Fluor 594
donkey anti-mouse, Molecular Probes). Nuclei were
counterstained with DAPI (ProLong Gold antifade reagents
with DAPI, Molecular Probes).

Indirect Immunofluorescence

Excised and cut stomachs were embedded in Tissue-Tek®
OCT compound (Sakura Finetechnical Co., Ltd., Tokyo,
Japan) and then frozen in dry ice. Tissues were cut to 6-um
cryostat sections and mounted on silane-coated glass slides
and air dried. And then, the samples were fixed with acetone
for 7 min. The sections were incubated with 5 % donkey
serum in phosphate-buffered saline (PBS) for 60 min to
reduce nonspecific antibody binding and incubated with the
specific first antibodies overnight at4 °C. All antibodies were
diluted to 1:250 in Dako antibody diluent with background
reducing components (Dako, Tokyo, Japan). After washing
with PBS, the sections were incubated with secondary anti-
bodies for 60 min at room temperature. After washing with
PBS, sections were mounted using ProLong Gold antifade
reagents with DAPL Tissues were examined with a fluores-
cent microscope (Olympus BX50, Tokyo, Japan).

Statistical Analysis

Significant differences were assessed by one-way analysis
of variance (ANOVA) with Tukey—Kramer post hoc test.
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Results

Expression of Cygb in Acute Gastric Mucosal Injury
Model

In an indomethacin-induced acute injury model, expression
of the Cygb protein was increased at 6 h when the lesion
index was maximum, and it peaked at 24 h (1.87 £ 0.26
fold, p < 0.05 vs. control group; Fig. 1a, b). In the HCl-
EtOH model, maximal expression of Cygb protein was
observed from 6 to 24 h, while mucosal injury peaked at
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0.5 h after HCI-EtOH administration (Fig. Ic, d). These
results showed that the level of Cygb protein was increased
in the late phase of mucosal healing.

Localization of Cygb in Acute Gastric Mucosal Injury
Model

At 48 h after the production of indomethacin-induced acute
gastric mucosal injury, Cygb protein expression was still
high (Fig. 1b). At the same time, gastric mucosa was quite
recovered from erosion and the lesion index was low
(Fig. 1a). The mucosal layer was slightly edematous and
the structure of gland was distorted (Fig. le, first panel
from left). Cygb and vimentin were colocalized in the
cytoplasm of mesenchymal cells surrounding the glands
(second panel). Colocalization was observed in the
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