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Abstract. Inflammatory bowel disease (IBD) severely affects 
the quality of life of patients. At present, there is no clinical 
solution for this condition; therefore, there is a need for inno-
vative therapies for IBD. Hepatocyte growth factor (HGF) 
exerts various biological activities in various organs. However, 
a clinically applicable and effective HGF-based therapy for 
IBD has yet to be developed. In this study, we examined the 
therapeutic effect of injecting an adenoviral vector encoding 
the human HGF gene (Ad.HGF) into the hindlimbs of mice 
with dextran sodium sulfate (DSS)-induced colitis. Plasma 
levels of circulating human HGF (hHGF) were measured in 
injected mice. The results showed that weight loss and colon 
shortening were significantly lower in Ad.HGF-infected mice 
as compared to control (Ad.LacZ-infected) colitic mice. 
Additionally, inflammation and crypt scores were significantly 
reduced in the entire length of the colon, particularly in the 
distal section. This therapeutic effect was associated with 
increased cell proliferation and an antiapoptotic effect, as well 
as a reduction in the number of CD4+ cells and a decreased 
CD4/CD8 ratio. The levels of inflammatory, as well as Th1 
and Th2 cytokines were higher in Ad.HGF-infected mice 

as compared to the control colitic mice. Thus, systemically 
circulating hHGF protein, produced by an adenovirally 
transduced hHGF gene introduced at distal sites in the limbs, 
significantly ameliorated DSS-induced colitis by promoting 
cell proliferation (i.e., regeneration), preventing apoptosis, 
and immunomodulation. Owing to its clinical feasibility and 
potent therapeutic effects, this method may be developed into 
a clinical therapy for treating IBD.

Introduction

The breakdown of normal mucosal immunity causes the 
development of inflammatory bowel disease (IBD), which can 
be classified as Crohn's disease (CD) and ulcerative colitis 
(UC) (1). IBD is a chronically relapsing and remitting condition 
of unknown origin that exhibits various features of immuno-
logical inflammation and affects at least 1 in 1,000 people in 
western countries. IBD is characterized by inflammation in 
the intestine, and is associated with diarrhea, occult blood, 
abdominal pain, weight loss, anemia and leukocytosis. IBD 
primarily affects young adults, and the disease initially mani-
fests in childhood in 15-25% of cases. Therefore, IBD patients 
often develop severe symptoms that decrease their quality of 
life (2). Consequently, there is a need for innovative therapies 
for IBD.

Current treatments for IBD focus on suppressing inflamma-
tion or modulating the immune response using corticosteroids, 
mercaptopurines, 5-ASA, or monoclonal antibodies against 
inflammatory cytokines, e.g., the anti-tumor necrosis factor 
(TNF)-α antibody infliximab (3). However, despite the wide 
variety of pharmacologic options for patients with IBD, consis-
tent cures and prolonged remissions have yet to be achieved.

Hepatocyte growth factor (HGF) was originally identi-
fied (4-7) and cloned (8,9) as a potent mitogen for hepatocytes, 
but has since been established as a multifunctional cytokine 
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that exhibits mitogenic, motogenic, morphologic, angio-
genic, antiapoptotic and organotrophic effects in a variety of 
tissues (10). HGF is upregulated in inflamed colonic mucosal 
tissue in patients with CD or UC (11-13), and plasma HGF levels 
are elevated in animal models of acute colitis (14). In vitro, 
HGF modulates intestinal epithelial cell proliferation and 
migration (15), thereby enhancing epithelial cell restitution, 
which is the initial step of gastrointestinal wound healing. In 
addition, administration of recombinant human HGF (hHGF) 
protein reduces the severity of colitis and accelerates colonic 
mucosal repair in models of TNBS-induced and DSS-induced 
colitis (16-19), as well as in HLA-B27 transgenic rats with 
colitis (20). Mukoyama et al (21) showed that the intrarectal 
administration of an adenoviral  (Ad) vector carrying the 
HGF gene prevented TNBS-induced colitis. Additionally, 
Hanawa et al (22) demonstrated the attenuation of mouse DSS 
colitis by naked gene transfer of rat HGF into the liver, and 
Kanbe et al (23) reported the amelioration of mucosal damage 
in DSS colitis by the intrarectal administration of the naked 
HGF gene. In their study, Kanayama et al (24) demonstrated 
the promotion of colonic epithelial regeneration by HGF gene 
transfer through electroporation. Findings by those authors 
suggest that HGF is potentially an important new treatment 
modality for promoting the repair of intestinal mucosa in 
patients with IBD.

In the majority of previous studies, HGF was provided in 
the form of recombinant hHGF protein. However, due to the 
rapid clearance of the HGF protein, large doses and frequent 
administration of recombinant hHGF were required. Naked 
gene transfer is a simple and easy method, but the efficiency of 
gene transduction is extremely low, possibly leading to insuffi-
cient clinical effectiveness in human patients. By contrast, the 
intrarectal administration of an Ad carrying the HGF gene is 
considered to be extremely stressful for patients. Therefore, in 
this study we injected an Ad carrying the hHGF gene in single 
rounds of injections into both hindlimbs of mice 1 day after 
administration of DSS. We then investigated the therapeutic 
effects and mechanisms of systemically circulating HGF 
protein, produced by a gene introduced into the limbs, in the 
DSS-induced acute colitis model.

Materials and methods

Recombinant Ad. The Ad expressing hHGF under the tran-
scriptional control of the cytomegalovirus immediate-early 
enhancer and a modified chicken β-actin promoter (Ad.HGF) 
was generated as described previously  (25). The Ad.HGF 
and the control Ad expressing the LacZ gene (Ad.LacZ) were 
amplified in HEK‑293 cells, purified twice on CsCl gradients, 
and desalted as described previously (26-29).

Animal studies. Six- to 7-week-old female BALB/c mice 
weighing 17-20 g (Japan SLC, Inc., Hamamatsu, Japan) were 
housed in cages in a temperature-controlled environment 
under a 12-h light-dark cycle with free access to food and 
water. The animal studies were performed in accordance with 
the National Institutes of Health guidelines, as specified by the 
Animal Care Facility at Gifu University School of Medicine.

To induce dextran sodium sulfate (DSS) colitis, the mice 
were provided with distilled drinking water containing 5% (w/v) 

DSS (MW, 36,000-50,000; ICN Biomedicals Inc., Aurora, 
OH, USA) for 7 days. Subsequently, colitis was maintained by 
feeding the mice 1% DSS (30-32) in the drinking water.

One day after the administration of DSS, Ad.HGF was 
injected into both hindlimbs of each mouse for a total dose 
of 1x1011 particles/mouse (i.e., 5x1010 particles each into the 
left and right thigh muscles) (n=8). Ad.LacZ was injected in 
a similar manner into control mice (n=8). These groups were 
followed until day 15 (i.e., 8 days after the end of the 7-day 
period of 5% DSS administration). To evaluate the severity of 
colitis, body weight was examined on a daily basis. On day 15, 
all the mice were sacrificed by inhaled anesthetics, and colon 
samples were collected for examination. In other experiments, 
on day 5 of 5% DSS administration, 5-bromo-2'-deoxyuridine 
(BrdU, 100 mg/kg) was administered intraperitoneally to mice 
(n=8) infected with Ad.HGF or Ad.LacZ, and the animals 
were sacrificed by inhaled anesthetics 2 h later. These samples 
were used for analyses of HGF signal transduction, cell prolif-
eration, apoptosis, cytokines and lymphocyte surface markers. 
The concentration of exogenous hHGF in serum was analyzed 
using the same dose (i.e., 1x1011 particles/mouse) of Ad.LacZ 
or Ad.HGF in intact mice (n=16).

Enzyme-linked immunosorbent assay. The plasma concen-
tration of hHGF following adenoviral intramuscular gene 
transduction (IMGT) was measured in mice at each time 
point (n=4) using the Quantikine human HGF Immunoassay 
kit (R&D Systems,  Inc., Minneapolis, MN, USA). TNF-α, 
interleukin (IL)-1β, IL-6, interferon (IFN)-γ, IL-2, IL-4 and 
IL-5 levels in the colons of colitic mice were measured using 
commercially available enzyme-linked immunosorbent assay 
(ELISA) kits (BioSource International, Inc., Camarillo, CA, 
USA) according to the manufacturer's instructions.

Immunoprecipitation and c-Met receptor phosphoryla-
tion assay. The phosphorylation and activation of the c-Met 
receptor in colon tissues were detected by immunoprecipita-
tion, as described previously (33,34). In brief, 1 g of colon tissue 
was homogenized in 4 ml of lysis buffer [1% Triton X-100, 
150 mM NaCl, 50 mM Tris-HCl (pH 7.6), 10% glycerol, 1 mM 
vanadate, and 1 mM phenylmethylsulfonyl fluoride] with a 
protease-inhibitor cocktail (Sigma-Aldrich, Tokyo, Japan). 
Following centrifugation, the supernatant was incubated with 
0.5  µg/ml anti-mouse c-Met antibody (sc-162; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) for 4 h, and then sequen-
tially incubated with 5 µl of protein G-Sepharose beads for 3 h. 
After washing, proteins bound to the beads were dissolved in 
sample buffer and subjected to SDS-PAGE. Phosphorylated 
c-Met was immunoblotted using the anti-phosphotyrosine anti-
body PY20 (Transduction Laboratories, Lexington, KY, USA).

Histopathological analysis. After each mouse was sacrificed, 
the intestine was dissected from the anus to the cecum and 
rinsed with physiological saline. The colon length was 
measured, and the colon sample was divided into three 
sections (cecum, proximal colon and distal colon), with the 
cecum being separated first, and then the remaining part of the 
colon being divided into two equal segments (proximal colon 
and distal colon). The cecum, proximal colon and distal colon 
were opened longitudinally, and the proximal and distal colon 
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were equally divided longitudinally and transversely. Thus, the 
cecum was divided into two sections, and the proximal and 
distal colon were divided into four sections. The colon tissues 
were fixed in 10% formalin and embedded in paraffin, and 
4-µm sections were cut and stained with hematoxylin and eosin 
(H&E) to determine the inflammation and crypt scores (35). 
Briefly, the sections were graded on a scale of 0-3 to indicate 
the severity of inflammation: 0, none; 1, mucosa; 2, mucosa 
and submucosa; and 3, transverse, and on a scale of 0-4 to indi-
cate the severity of crypt damage: 0, none; 1, basal 1/3 damage; 
2, basal 2/3 damage; 3: loss of the entire crypt with the surface 
epithelium remaining intact; and 4, loss of the entire crypt and 
surface epithelium. The changes were also scored with regard 
to the extent of tissue involvement, measured as a percentage: 
i)  1-25%, ii) 26-50%, iii) 51-75%, and iv)  76-100%. Each 
section was then separately scored for each feature by taking 
the product of the severity score and the score for the extent of 
tissue involvement. Thus, the inflammation score ranged from 
0 to 12, and the crypt score ranged from 0 to 16. Apoptotic 
cells were detected using a light microscope (Olympus, Tokyo, 
Japan) and the terminal deoxynucleotidyltransferase‑mediated 
deoxyuridine triphosphate biotin nick end‑labeling (TUNEL) 
assay (ApopTag kit; Intergen Co., Purchase, NY, USA), as 
described previously (25,33,36). To detect proliferating cells, 
BrdU incorporation was measured using a staining kit (Zymed 
Laboratories, Inc., South San Francisco, CA, USA) according 
to the manufacturer's instructions.

Endothelial cells, CD4+ T  lymphocytes, and CD8+ 
T lymphocytes were detected in situ using an anti-vWF antibody 
(Dako Cytomation Co., Ltd., Kyoto, Japan), anti-CD4 antibody 
and anti-CD8 antibody (both from Zymed Laboratories, Inc.), 
respectively, as described previously (25,36).

Statistical analysis. Values provided are the means ± SEM 
values. The significance of differences was evaluated using 
the Student's t-test.

Results

Intramuscular injection of Ad.HGF produces circulating 
plasma hHGF, leading to c-Met activation in the colonic 

mucosa. DSS-induced colitis was induced in 6- to 7-week‑old 
female BALB/c mice. One day after DSS administration, 
Ad.HGF was administered in a single procedure involving 
injections into both hindlimbs (total dose, 1x1011  parti-
cles/mouse; as mentioned in Materials and methods). In the 
hHGF-overexpressing mice, the plasma levels of hHGF were 
1,140±101, 634±341 and 33.9±15.8 pg/ml at 2, 4 and 6 days 
after injection, respectively. No hHGF was detected in the 
Ad.LacZ-treated mice at any time point, demonstrating that 
this method accurately detected only hHGF protein expressed 
from the hHGF transgene, without a cross-reaction resulting in 
detection of the endogenous mouse HGF protein. These results 
indicate that hHGF expression was effectively induced by the 
intramuscular injection of Ad.HGF, leading to the presence of 
hHGF in the plasma of the mice.

The biological effects of HGF are mediated by its receptor 
c-Met, which is capable of activating multiple intracellular 
transducers and signaling pathways. Therefore, we exam-
ined c-Met tyrosine phosphorylation in the colonic mucosal 
epithelium by western blotting (Fig. 1). Phosphorylated c-Met 
was detected at low or moderate levels in the injured colonic 
mucosa of mice treated with Ad.LacZ, presumably as a result 
of a DSS-induced increase in endogenous HGF in response to 
colonic mucosal injury (14). By contrast, the injured colonic 
mucosa of mice treated with Ad.HGF exhibited high levels of 
c-Met tyrosine phosphorylation.

Adenoviral hHGF IMGT prevents weight loss in DSS-induced 
colitis mice. DSS-induced colitis is characterized by bloody 
stools and severe weight loss  (30). In mice treated with 
Ad.LacZ, we observed persistent liquid stool and waste with 
subsequent severe weight loss. By contrast, colitic mice that 
received a single round of injections of Ad.HGF exhibited 

Figure 1. Tyrosine phosphorylation of c-Met in the colon epithelium. Colonic 
mucosal tissue of dextran sodium sulfate (DSS)-treated mice injected with 
Ad.LacZ (n=4) or Ad.HGF (n=4) was solubilized in lysis buffer. Lysates were 
immunoprecipitated with anti-c-Met antibody and blotted with (A) anti-
phosphotyrosine antibody or (B) anti-c-Met antibody. Each lane represents 
the colonic tissue lysate of individual animals. Adenoviral human hepatocyte 
growth factor (hHGF) intramuscular gene transduction (IMGT) led to the 
strong stimulation of c-Met phosphorylation in colonic mucosal tissue.

Figure 2. Adenoviral human hepatocyte growth factor (hHGF) intramuscular 
gene transduction (IMGT) ameliorated weight loss. Mice were given distilled 
drinking water containing 5% dextran sodium sulfate (DSS) for 7 days and 
1% DSS for 8 days, ad libitum. One day after DSS administration, Ad.HGF 
(closed circles; n=8) was injected into both hindlimb muscles of 8 mice. As a 
control, Ad.LacZ (open circles; n=8) was injected into both hindlimb muscles 
of another group of 8 mice. Ad.HGF injection significantly prevented weight 
loss in colitic mice. *P<0.05.
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significant reductions in liquid stool and gross bleeding from 
the rectum (data not shown). Fig. 2 shows the mean weight 
change, and that the body weights of Ad.HGF-treated mice 
were significantly higher than those of the Ad.LacZ-treated 
mice. In the Ad.LacZ-treated control mice, weight loss 
occurred 6-7 days after the initiation of DSS administration. 
Ad.HGF treatment significantly prevented this weight loss.

Adenoviral hHGF IMGT reduces colitis-induced intestinal 
shortening and pathological scores. Shortening of the colon 
correlates well with histologic changes, and colon length 
is therefore frequently used as a morphologic parameter to 
indicate the degree of inflammation (35). The colon lengths of 
mice treated with Ad.LacZ and Ad.HGF were 72.0±10.6 and 
82.0±4.7 mm, respectively (Fig. 3A). In contrast to the colons in 
the Ad.HGF-treated group, the colons in the Ad.LacZ‑treated 
group were short and severely inflamed, with evident hemor-
rhages (Fig. 3B).

To validate this finding, we evaluated the effect of Ad.HGF 
on DSS-induced colonic mucosal injury in mice by histo-
logical analysis at day 15. In the cecum and proximal part of 
the colon (i.e., towards the end of the cecum), the inflamma-
tion and crypt scores appeared to be decreased by Ad.HGF 
administration although this difference was not statistically 
significant (Figs. 4A and B, 5A and B). By contrast, treatment 
with Ad.HGF significantly decreased the inflammation and 
crypt scores in the distal part (i.e., towards the anus) and in the 
colon overall (Figs. 4C and D, 5C and D).

Kinetics of inflammation in colitic mice. To elucidate the 
mechanism underlying the therapeutic effect of hHGF, we 
studied the expression of TNF-α and IL-1β in the colon and 
evaluated the inflammation and crypt scores at days 4, 7, 10 and 
14 of the experimental colitis model (Fig. 6). The expression 
of TNF-α and IL-1β peaked as early as day 4 (Fig. 6A and B). 
The inflammation and crypt scores peaked as early as day 7 
(Fig. 6C and D). Given that the plasma concentration of hHGF 
protein peaked on day 2 and decreased thereafter, colon tissue  
were sampled and hHGF functions were analyzed on day 5.

Adenoviral hHGF IMGT suppresses apoptosis and enhances 
regeneration of the colonic epithelium. In DSS-induced 

colitis, loss of colonic mucosal epithelial cells is closely 
associated with apoptosis  (37,38). To evaluate the role of 
Ad.HGF in preventing apoptosis in colonic epithelial cells, 
we performed the TUNEL assay to detect apoptotic cells 
(Fig.  7A). Ad.HGF-treated colitic mice had significantly 
(2.1‑fold) fewer TUNEL-positive cells per high-power field 
(HPF) than Ad.LacZ-treated colitic mice.

To determine whether Ad.HGF-injection stimulated the 
proliferation of colonic epithelial cells, we measured the DNA 
labeling index in the colonic mucosal epithelium. As shown 
in Fig. 7B, the average number of BrdU-positive cells in the 
colonic mucosal epithelium was significantly (1.8-fold) higher 
in Ad.HGF-treated as compared to Ad.LacZ-treated mice, 
suggesting that hHGF stimulates proliferation in the colonic 
epithelial cells of colitic mice. These results suggested that 
adenoviral hHGF IMGT promoted survival and regeneration 
of the colonic mucosal epithelium in mice with DSS-induced 
colitis. HGF is known to promote angiogenesis (10). Therefore, 
we hypothesized that the angiogenic effect of HGF may 
contribute to the repair of the damaged colonic epithelium. 
However, when we analyzed angiogenesis in the distal part of 
the colon by anti-vWF immunohistochemistry, the number of 
blood vessels in the colon did not differ significantly between 
Ad.HGF-treated mice and controls, although a few more vessels 
appeared to be present in Ad.HGF-treated animals (Fig. 7C).

Effects of adenoviral hHGF IMGT on immunoreactive cells 
and inflammatory cytokines in DSS-induced colitis. To deter-
mine whether IMGT of hHGF affected the immune system 
of DSS-treated mice, we directly detected immune cells in 
the colon. Adenoviral hHGF IMGT decreased the number of 
CD4+ T cells and the CD4/CD8 ratio, but not the number of 
CD8+ T cells (Fig. 8).

The inflammatory cytokine cascade plays an important 
role in the pathogenesis of DSS-induced colitis. Therefore, we 
analyzed the cytokine profile of the entire colon by ELISA. 
In general, we observed upregulation of pro-inflammatory 
cytokines (TNF-α, IL-1β and IL-6) in the colitic mice (39,40). 
The expression levels of TNF-α, IL-1β and IL-6 were further 
increased by hHGF IMGT (Fig. 9).

We also examined the effect of hHGF IMGT on Th1 
(IFN-γ and IL-2) and Th2 (IL-4 and IL-5) cytokine expres-

Figure 3. Adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) reduced inflammation in the colon and prevented 
colon shortening in dextran sodium sulfate (DSS)-induced colitis. Colon lengths were measured from the colocecal junction to the anal verge on day 15 
(Ad.LacZ, n=8; Ad.HGF, n=8). (A) Ad.HGF treatment prevented shortening of the colon in mice with DSS-induced colitis. *P<0.05. Representative colon 
pictures from the Ad.LacZ- and Ad.HGF-injected groups are shown in (B). The scale bar indicates 1 cm.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  33:  1064-1074,  20141068

sion in the colons of colitic mice. IFN-γ, IL-2 and IL-4 were 
upregulated by hHGF treatment (Fig. 10).

Discussion

This study evaluated the therapeutic potential of the intra-
muscular injection of HGF-expressing Ad for treating IBD, 
using a mouse model of DSS-induced colitis. The therapeutic 
strategy of adenoviral HGF IMGT, in which hHGF protein 
was produced at distal sites (hindlimbs) and systemically 
delivered to the target organ (the injured colon epithelium), 
functioned well. Epithelial cell injury in DSS-induced colitis 
was potently prevented by this method, which is clinically 

feasible, less invasive, and does not suffer from the draw-
backs associated with the direct treatment of colitic tissues. 
Although previous studies (16-18) have shown that HGF 
exerts protective effects in bowel disease, the regimens tested 
involved high levels of recombinant HGF protein (>100 µg/kg) 
and repeated injections.

Recent advances in molecular techniques have provided 
several strategies for in vivo gene delivery, including naked 
plasmid DNA, liposomes encapsulating DNA, and viral 
vectors (41,42). For instance, Hanawa et al (22) reported that 
administration of the naked HGF gene into the liver attenu-
ated acute colitis in mice, and Kanbe et al (23) showed that 
intrarectal administration of a plasmid carrying the HGF gene 

Figure 4. Adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) decreased colon inflammation in dextran sodium 
sulfate (DSS)-induced colitis. (A) Cecum, (B) proximal, (C) distal, and (D) total colon samples from the anal ring were used for histological evaluation. 
Colonic tissues taken on day 15 were stained with hematoxylin and eosin (representative histopathological images are shown on the right) (original magnifica-
tion, x100). Histological scoring of the severity of inflammation was performed in a blind manner (graph on the left). Infiltration of inflammatory cells was 
significantly reduced in the adenoviral HGF treatment group. *P<0.05 and **P<0.01.
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ameliorated DSS‑induced colitis in mice. Kanayama et al (24) 
found that colonic epithelial regeneration is promoted by HGF 
gene transfer via electroporation. Oh et al (43) reported that 
HVJ liposomes encapsulating the hHGF gene ameliorated 
TNBS-induced colitis in mice, and that intrarectal admini
stration of an Ad carrying the HGF gene improved colonic 
damage in TNBS-induced colitis (21). However, each type of 
gene therapy system used thus far has some associated limita-
tions and concerns, particularly from the viewpoints of clinical 
applicability, feasibility and safety (41,42).

In this study, we assessed for the first time the therapeutic 
potential of a unique method of adenoviral hHGF IMGT for 
treating IBDs. In accordance with the results obtained in 
our previous studies of a mouse model of myocardial infarc-

tion (25,36), we successfully detected circulating hHGF in the 
plasma of colitic mice after adenoviral hHGF IMGT. In the 
colons of colitic mice that received adenoviral hHGF IMGT, 
the c-Met/HGF receptor was highly phosphorylated on tyro-
sine, demonstrating the functional efficacy of the adenoviral 
hHGF IMGT system. Furthermore, hHGF IMGT stimulated 
proliferation and inhibited apoptosis in the disrupted intestinal 
epithelial barrier. These results indicate that our hHGF IMGT 
system induces protection and regeneration in the colon, 
suggesting that it would be useful in clinical treatments for 
bowel diseases.

The effects of HGF on carcinogenesis remain unclear. 
Some studies suggest that HGF may promote the growth and 
metastasis of some cancer types, probably via the stimulation 

Figure 5. Adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) prevented crypt destruction in dextran sodium sul-
fate (DSS)-induced colitis. (A) Cecum, (B) proximal, (C) distal, and (D) total colon samples from the anal ring were used for histological evaluation. Colonic 
tissues taken on day 15 were stained with hematoxylin and eosin (representative histopathological images are shown on the right; original magnification, 
x100). Histological scoring of the severity of crypt damage was performed in a blind manner (graph on the left). Crypt damage was significantly reduced in the 
adenoviral hHGF treatment group. *P<0.05.
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Figure 6. Expression of tumor necrosis factor (TNF)-α and interleukin (IL)-1β, and inflammation and crypt scores, in dextran sodium sulfate (DSS)-induced 
colitis. Twenty mice were given distilled drinking water containing 5% DSS for 7 days and 1% DSS for 7 days, ad libitum. Five mice were sacrificed at days 4, 7, 
10 and 14. Analyses were performed to determine (A) TNF-α and (B) IL-1β expression in the colon per gram of total colon tissue, (C) inflammation score, and 
(D) crypt score. TNF-α and IL-1β expression increased on days 4 and 10, the inflammation score peaked at day 7, and the crypt score peaked at days 7 and 10.

Figure 7. Adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) prevented apoptosis and stimulated intestinal epi-
thelial regeneration in dextran sodium sulfate (DSS)-induced colitis. Colon tissues were stained by immunohistochemistry (representative histopathological 
images are shown on the right) (original magnification, x100). The graphs indicate the average number of positive cells or vessels per high-power field (left 
column). (A) TUNEL staining of the distal colon from Ad.LacZ-treated and Ad.HGF-treated mice. The graph indicates the number of apoptotic cells detected 
in the epithelial crypts. A single round of Ad.HGF injection into both hindlimbs almost completely prevented apoptosis in the colon epithelium. (B) 5-Bromo-
2'-deoxyuridine (BrdU) staining of the distal colon from Ad.LacZ-treated and Ad.HGF-treated mice. In the Ad.HGF-treated mice, a significant increase in the 
amount of BrdU-incorporating cells was observed in the colon epithelium. (C) vWF staining of the distal colon from Ad.LacZ-treated and Ad.HGF-treated 
mice. No significant difference was observed in the number of vessels between the two groups. *P<0.05.
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of cancer cell growth and angiogenesis (44,45). By contrast, 
carcinogenesis or malignant phenotypes in other cancer types 
are potently inhibited by overexpressed HGF (33). The effects 
of HGF on IBDs are also unclear. In general, tumor devel-
opment may be caused by long-term exposure of cells to an 
abnormally overexpressed growth factor. In our therapeutic 
system, the duration of hHGF secretion after single rounds 
of intramuscular injection was relatively short; therefore, 
we consider the risk of cancer occurrence to be very low. 
In addition, a previous study demonstrated the efficacy of 
repeated administration of Ad into muscles, suggesting that 
this approach may yield sustained and elevated therapeutic 
efficiency: neutralizing antibodies against adenovirus should 
hinder only Ad circulating in the bloodstream, but not 
Ad administered into the muscle  (46). These findings are 
encouraging with regard to the potential safety and clinical 
applicability of this approach.

With regard to the therapeutic mechanism, previous 
studies have reported that administration of recombinant HGF 
protein (16) and vector encoding HGF gene (43) ameliorate 
TNBS-induced colitis and reduced inflammation, decreasing 

the levels of inflammatory cytokines such as TNF-α. In parti
cular, Oh et al (43) showed that administration of a plasmid 
carrying the HGF gene reduced the invasion of CD4+ cells and 
neutrophils and suppressed the expression of Th1 cytokines 
such as IL-12, IL-1β and IFN-γ in a TNBS-induced colitis 
model. Hanawa et al (22) showed that administration of an HGF 
gene-containing plasmid in the liver by intravenous injection 
suppressed the mRNA levels of IFN-γ, IL-18 and TNF-α, and 
increased the mRNA levels of anti-inflammatory cytokines 
such as IL-10. Jeschke et al (47) found that recombinant HGF 
reduced burn-related damage to the small intestine. The serum 
levels of TNF-α, IL-1β and IL-6 were higher in the HGF-treated 
group than in the control group. However, Jeschke et al (47) did 
not explain why the levels of these cytokines were increased 
by HGF. Our data indicate that the number of CD4+ cells 
decreased, but the levels of TNF-α, IL-1β and IL-6, as well 
as those of Th1 and Th2 cytokines such as IL-2, IFN-γ and 
IL-4, were elevated in the Ad.HGF‑treated group. We hypoth-
esize that the reasons for the differences between our findings 
and those of previous studies may involve differences among 
mouse strains, our use of intramuscular gene administration 

Figure 8. Effects of adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) on inflammatory cells in dextran sodium 
sulfate (DSS)-induced colitis. (A) CD4 immunostaining of the distal colon. (B) CD8 immunostaining of the distal colon. The two images on the right are 
representative of immunostaining of CD4+ and CD8+ (original magnification, x200), and the graphs on the left indicate the average number of positive cells per 
high-power field. (C) The graph indicates the CD4/CD8 ratio. The number of infiltrating CD4+ T cells and the CD4/CD8 ratio were decreased by adenoviral 
HGF IMGT. **P<0.001 and *P<0.05.
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mediated by an Ad, and our selection of the early phase of DSS 
colitis for analysis of inflammation and cytokine expression.

Futamatsu et al (48) reported that HGF suppressed T‑cell 
proliferation and IFN-γ production and increased IL-4 and 
IL-10 secretion from CD4+ T cells in vitro, and also reduced 
the severity of experimental autoimmune myocarditis in vivo 
by inducing Th2 cytokines and suppressing apoptosis of 
cardiomyocytes. Kuroiwa  et  al  (49) demonstrated that 

HGF gene delivery inhibited Th2 immune responses and 
ameliorated lupus nephritis, autoimmune sialadenitis, and 
cholangitis in chronic GVHD mice. Another study indicated 
that treatment with HGF potently suppressed dendritic cell 
functions such as antigen-presenting capacity, both in vitro 
and in vivo, thus downregulating antigen-induced Th1 and 
Th2 immune responses in a mouse model of allergic airway 
inflammation  (50). HGF has been suggested to suppress 

Figure 9. Effects of adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) on inflammatory cytokines in dextran 
sodium sulfate (DSS)-induced colitis. On day 5 of DSS administration, the expression of inflammatory cytokines was evaluated by enzyme-linked immuno-
sorbent assay (ELISA). The graphs indicate the level of each cytokine per gram of total colon tissue. The expression of inflammatory cytokines, (A) tumor 
necrosis factor (TNF)-α, (B) interleukin (IL)-1β, and (C) IL-6 increased after administration of adenoviral HGF IMGT. *P<0.05.

Figure 10. Effects of adenoviral human hepatocyte growth factor (hHGF) intramuscular gene transduction (IMGT) on Th1 and Th2 cytokines in dextran 
sodium sulfate (DSS)-induced colitis. The expression of the Th1 [(A) interleukin (IL)-2 and (B) interferon (IFN)-γ] and Th2 [(C) IL-4 and (D) IL-5] cytokines 
was determined by enzyme-linked immunosorbent assay (ELISA). The graphs indicate the expression of each cytokine per gram of total colon tissue. The 
expression of IL-2, IFN-γ and IL-4 increased after the administration of adenoviral HGF IMGT. *P<0.05 and **P<0.001.
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airway hyper-responsiveness, inflammation, remodeling, 
and eosinophil function in asthma (51). Okunishi et al (52) 
reported that HGF suppresses antigen-induced T‑cell 
priming by regulating the functions of dendritic cells through 
IL-10 downregulation in the antigen-sensitization phase. 
By contrast, they found that repeated treatment with HGF 
induced Th2 immune responses with the upregulation of 
IL-10 by DCs in the chronic inflammation phase of a mouse 
model of collagen-induced arthritis. Thus, it is clear that 
HGF induces various immune responses in different disease 
models. However, further analysis is required to clarify the 
effects of HGF on the immune system.

In conclusion, we have shown that a single round of intra-
muscular injections of adenoviral hHGF is sufficient to inhibit 
apoptosis and reconstitute the epithelium in a mouse model 
of DSS-induced colitis. Based on these results, this approach 
shows promise for clinical application in IBD.
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