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Fig. 8. BM-MNC treatment significantly down-regulated TGF- and MMP-1 expression 7 days and 1 month post-MI, and up-regulated SDF-1 expression 7
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4.5. Clinical implications

The clinical implications of the present findings are
related to the fact that (1) our model of ischemia-
reperfusion corresponds more closely to standard strategies
for the treatment of human acute MI than earlier models
utilizing permanent occlusion; and that (2) intravenous
injection of autologous BM-MNCs is less invasive than
direct or intracoronary injection and removes some ethical
and technical barriers, such as donor—recipient mismatch
and demand-supply imbalance.

In the present study, injected bone marrow cells were
aspirated before infarction. However, Dimmeler’s group
reported that bone marrow mononuclear cells derived from
patients with ischemic heart disease showed impaired
colony-forming capacity and migratory response to SDF-1
and VEGF. As bone marrow cells after the onset of
infarction are available in the clinical setting, our findings
based on the bone marrow cells obtained before infarction
have limitations.

5. Conclusion

Intravenous transplantation of BM-MNCs leads to the
development of BM-MNC-derived myocyte-like cells and
regulates the expression of repair-related cytokines that
facilitate repair in the post-MI heart.
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Abstract

Background: Effect of hepatocyte growth factor (HGF)
has scarcely been determined on diabetic nephropathy.
Methods: Adenovirus encoding human HGF gene or
LacZ gene (as the control) was injected into the hindlimb
muscles of the C57BL/KsJ-db/db (db/db) mice at the age
of 12 weeks, a model of génetic diabetes. Diabetic ne-
phropathy was then evaluated at the age of 24 weeks.
Results: The urine volume and albumin excretion pro-
gressively decreased in the control, whereas they re-
mained unchanged in the HGF-treated group during the
12-week follow-up. The HGF gene therapy did not affect
glucose metabolism. However, it resulted in a better re-
nal function as evaluated by creatinine clearance (Ccr)
than the control; Cer was progressively worsened in
controls (0.14 + 0.02 liters/day) whereas unchanged in
the HGF gene-treated group (0.38 * 0.09 liters/day, p <
0.05). Kidneys of the HGF gene-treated mice showed
glomeruli with greater area and cell population, smaller
glomerular sclerotic index, and less fibrosis in both
glomeruli and renal tubules, where apoptotic rate of glo-

merular endothelial cells and that of tubular epithelial
cells were significantly decreased. TGF-B1 expression
was significantly decreased in kidneys of the HGF gene-
treated group. Finally, the HGF treatment significantly
improved the long-term survival of db/db mice. Conclu-
sions: The HGF gene delivery thus appeared to slow
down the aggravation of diabetic nephropathy in db/db
mice by attenuating progression from the hyperfiltration
phase into the sclerotic phase through antiapoptotic and
antifibrotic actions. The present findings suggest that the
HGF gene delivery can be a novel therapeutic approach
against diabetic nephropathy.

Copyright © 2006 S. Karger AG, Basel

Introduction

Diabetic nephropathy is one of the most problematic
renal diseases because of the exponentially increasing
number of patients entering chronic dialysis programs
with renal failure resulting from diabetes, and the high
mortality rates of these patients receiving dialysis [1]. Di-
abetic nephropathy, in addition to many other glomerular
diseases, finally progresses into a hypocellular, sclerotic
phase. One of the most conspicuous pathologic changes
in glomeruli of this disorder is mesangial expansion ac-
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companied by mesangial matrix deposition that consists
of collagen and glycoproteins [2, 3]; such excessive depos-
its are, at least in part, associated with overexpression of
transforming growth factor-B (TGF-B) [4, 5]. In addition,
apoptosis was documented in tubular epithelial cells,
which may contribute to atrophy of tubular epithelium
and tubulointerstitial fibrosis in diabetic nephropathy [6,
7]. Moreover, we recently reported an increased apopto-
sis of renal glomerular cells of the Otsuka Long-Evans
Tokushima Fatty (OLETF) rat, an animal model of non-
insulin-dependent diabetes mellitus [8]. Thus, both space
occupation by mesangial matrix and cell loss via apopto-
sis could importantly account for glomerular sclerosis
with decreased capillaries in diabetic nephropathy.

Hepatocyte growth factor (HGF), originally identified
and cloned as a potent mitogen for hepatocytes [9, 10],
shows potent angiogenic and mitogenic activities in var-
ious cells, preferentially in most epithelial and endothe-
lial cells [11, 12]. In addition to this, antiapoptotic and
antifibrotic activities of HGF have recently been paid at-
tention; its antiapoptotic effect was accompanied by ac-
tivation of the phosphatidylinositol 3-kinase/Akt path-
way [13, 14], while its antifibrotic effect was reported to
work through the antagonistic action on TGF- [15]. The
therapeutic efficacy of HGF was actually confirmed on
renal fibrosis caused by chronic glomerulonephritis or by
urinary obstruction [16-18]. Recently, Mizuno et al. [19]
found beneficial effects of a long-term treatment with re-
combinant HGF upon streptozotocin-induced diabetic
nephropathy in mice. Moreover, Cruzado et al. [20] dem-
onstrated that HGF gene therapy not only prevents but
also reverts advanced diabetic nephropathy in the same
animal model. Except for these studies, however, effects
of HGF on diabetic nephropathy have scarcely been de-
termined and not confirmed in the other animal models.
In the present study, we examined the effects of HGF
gene therapy with adenovirus encoding the human HGF
gene on progression of diabetic nephropathy, glomerular
sclerosis in particular. We used the C57BL/KsJ-db/db
(db/db) mouse, a rodent model of genetic diabetes, which
exhibits renal pathology and dysfunction resembling
those observed in human diabetes [21-23].

Materials and Methods

Animals

All procedures were in accordance with institutional guidelines
for animal research, Female 8-week-old diabetic C57BL/KsJ-db/db
(db/db) mice were purchased from Clea Japan (Tokyo, Japan).
Mice were designated db/db by the vendor on the basis of the ap-

HGF Gene Therapy to Diabetic
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pearance of obesity, which is usually detectable at about 5 weeks of
age. As the non-diabetic control mice, CS7TBL/KsJ-db/+m (db/+m)
mice with the same sex and age were used (Clea Japan). Animals
were weighed on receipt and weekly thereafter, and were provided
food and water ad libitum.

Recombinant Adenoviral Vectors

Adenoviral vector plasmid pAd-HGF, which comprises cyto-
megalovirus immediate early enhancer, a modified chicken B-actin
promoter and human HGF cDNA (Ad.CAG-HGF) was construct-
ed by the in vitro ligation method (from Dr. Mark A. Kay, Stanford
University School of Medicine) as described previously [24]. Con-
trol Ad-LacZ was prepared as described previously [25].

Ad.CAG-HGF (1 x 10° plaque-forming units [pful/mouse) was
injected into the hindlimb muscles of the 12-week-o0ld db/db mice
(n = 8) and db/+m mice (n = 6). As the control, an adenovirus en-
coding the LacZ gene (Ad.CAG-LacZ) was similarly injected to the
other 8 db/db and 6 db/+m mice. Mice were followed-up for 12
weeks. They were killed by cervical dislocation and examined at
the age of 24 weeks.

Urine and Blood Examination

Twenty-four-hour urine collections were periodically obtained
in each animal after placement in a metabolic cage by washing the
collection apparatus with 10 ml of distilled water with a spray bot-
tle. Approximately 50-100 pl blood was obtained from the tail
veins. ’

Glucose, albumin, creatinine, blood urea nitrogen (BUN), and
HbAlc in biood and/or urine were measured by the standardized
methods.

Measurement of Human HGF Level in the Plasma
The plasma concentration of human HGF was measured using
an ELISA kit (Bethyl Laboratories, Montgomery, Tex., USA).

Histological Examination

The kidney was fixed in 10% phosphate-buffered formalin solu-
tion, and embedded in paraffin. Sections of 4 pm thickness were
cut and stained with hematoxylin and eosin, PAS, and Sirius red
F3BA (0.1% solution in saturated aqueous picric acid) (Aldrich
Chemicals, Milwaukee, Wisc., USA) [26]. The glomerular size was
measured as the whole capillary tuft area using a computed image
analyzer (LUZEX F, Nireco Co., Kyoto, Japan) for 50 glomeruli
on each slide under light microscopy. The cell number in each glo-
merulus (n = 50) was calculated using preparations stained with
hematoxylin and eosin. Glomerular sclerotic index was calculated
as the percent of the PAS-positive area in the glomerular area in
preparations stained with PAS [27].

Immunohistochemistry

On the 4-pm-thick sections, proliferating cell nuclear antigen
(PCNA) and Flk-1 were immunohistochemically stained using
ABC Elite kits (Vector, Burlingame, Calif., USA). The primary an-
tibodies used were anti-PCNA antibody (clone PC10, Dako Japan,
Kyoto, Japan) at a dilution of 1:100 and anti-Flk-1 antibody (clone
A-3, Santa Cruz, Calif., USA) at 1:100. Pretreatment by microwave
irradiation in 10 mM citrate buffer (pH 6.0) at 400 W for 5 min
twice was performed to retrieve the antigenicities. Diaminobenzi-
dine tetrahydrochloride (DAB) or VIP substrate (Vector) was the
chromogen. Mouse intestine was used as the positive control tissue
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sections. Unanimity on the positive immunohistochemical stain-
ings was acquired for all sections between the two observers who
were unaware of which group the sections belonged.

In situ Nick End Labeling (TUNEL)

TUNEL was performed in deparaffinized 4-pm-thick sections
with an ApopTag kit (Intergene, Purchase, N.Y., USA) according
to the supplier’s instructions. DAB was the chromogen. Sections
were then counterstained with hematoxylin.

Double Immunohistochemistry

Sections were stained first with anti-PCNA antibody or TUNEL
as described above. Then the sections were stained with the second
primary antibody against Flk-1 and visualized with VIP sub-
strate.

Electron Microscopy

Tissue samples of the kidney were cut into 1-mm cubes and
fixed for 4 h at 4°C in 2.5% glutaraldehyde in 0.1 mol/i phosphate
buffer. They were postfixed in 1% buffered osmium tetroxide, de-
hydrated through graded ethanols, and embedded in Epon. Thin
sections (80 nm) were cut with a diamond knife, collected on 300-
mesh copper or nickel grids, and double stained with uranyl acetate
and lead citrate before examination using an electron microscope
(H-700, Hitachi, Tokyo, Japan). Ten photographs were taken in
each glomerulus with a magnification of x 3,000 and printed. Five
points of glomerular basement membrane picked up in each pho-
tograph and the thickness was measured. 100-150 measurements
were averaged on 2-3 glomeruli per specimen.

Western Blotting for TGF-S1

Fifty micrograms of protein from fresh kidney homogenates in
sample buffer (0.4 mol/l Tris-HCI, pH 6.8, 10% glycerol, 2% SDS,
0.02% bromophenol blue, and 2.5% 2-mercaptoethanol) was load-
ed per lane on 12 or 16% polyacrylamide gels and electrophoresed.
Proteins were transferred, and the membranes were incubated with
primary antibody using a 1:1,000 dilution of anti-TGF-B1 antibody
(Promega, Madison, Wisc., USA). Alpha-tubulin was the loading
control. The membranes were incubated with a 1:2,000 dilution of
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
immunoglobulin (Amersham, UK). Immunoblots were developed
by enhanced chemiluminescence system (ECL; Amersham Biosci-
ences, Piscataway, N.J., USA) and exposed to imaging film (X-X-
OMAT; Kodak, Rochester, N.Y., USA). The signals were quanti-
fied by densitometry.

Survival Study

For the survival study, female 12-week-old db/db mice were in-
jected intramuscularly with Ad.CAG-HGF (1 x 10° pfu/mouse)
(n = 15) or LacZ gene (1 X 10° pfu/mouse) (n = 15) and followed
for 25 weeks.

Statistical Analysis

Values were expressed as the means + SEM. Statistical com-
parisons were performed by Student’s t test. Survival data were
analyzed by the Kaplan-Meier method. p < 0.05 was considered
significant.

p94 Nephron Physiol 2006;102:p92-p102

r . db/db
O db/+m

Fig. 1. Time course of human HGF levels in plasma of db/db and
db/+m mice after HGF gene delivery. n = 3-6 at each time point
in each group. In plasma of mice treated with LacZ gene, no HGF
was detectable.

Results

Plasma Levels of Human HGF

As shown in figure 1, plasma human HGF was detect-
able after the HGF gene delivery in db/db and db/+m
mice, whereas no human HGF was detected in the LacZ-
treated mice. The plasma levels of human HGF in the
db/+m mice after the HGF gene delivery were similar to
those in the db/db mice (fig. 1). Effective bioactivity of
human HGF on mice was confirmed in a previous study
[28].

Renal Function

The blood glucose and HbAlc levels in db/+m and
db/db mice were not significantly different between the
LacZ- and HGF-treated groups at the age of 24 weeks
(table 1), indicating no significant effect of the HGF gene
delivery on glucose metabolism in these mice.

Figure 2 shows data of urine and blood chemistry on
renal function in the LacZ- and HGF-treated db/+m and
db/db mice before (at the age of 12 weeks) and at 12 weeks
after the treatment (at the age of 24 weeks). As shown
here, the db/db mice display far greater urine volume,

Kagawa et al.



Fig. 2. Parameters of renal function in db/
db and db/+m mice before and after LacZ-
or HGF-gene therapy. * p < 0.05 compared
with the pretreatment value. * p <0.05 com-
pared with the corresponding value of the
LacZ group. “

Table 1. Blood glucose and HbA 1¢ values at the post-treatment with
LacZ or HGF gene in db/+m and db/db mice

n 6 6 3 8

Blood glucose, mg/dl 20111 21138 836+33 80126
HbAlc, % 2.8+0.11 2.9+0.06 13.7£02 12.9+0.3

HGF Gene Therapy to Diabetic
Nephropathy

greater urine albumin amount and concentration, small-
er concentrations of serum creatinine and BUN, and
greater creatinine clearance (Ccr), compared with the
db/+m mice.

Although the HGF gene delivery did not affect any
functional parameters of the db/+m mice, the renal func-
tion was significantly affected by the treatment in the
db/db mice. Urine volume per day was greater in the
HGF-treated db/db mice than in the LacZ-treated ones.
Although urine albumin concentration was similar be-
tween the groups at the post-treatment, urine albumin
amount was greater in the HGF-treated group; this is

Nephron Physiol 2006;102:p92-p102 - p95




Fig. 3. Parameters of renal pathology in db/
db and db/+m mice after LacZ or HGF gene
treatment. * p < 0.05.

probably attributed in part to the greater amount of urine
volume in that group. Serum albumin concentration was
similar between the groups. Neither serum creatinine nor
BUN level was significantly different between the groups
at the age of 24 weeks, but the Ccr was significantly great-
er in the HGF-treated group; this value was worsened in
the LacZ-treated group at the age of 24 weeks than at the
age of 12 weeks, whereas in the HGF-treated group the
value showed no significant change during the interval.
These findings suggested that the glomerular hyperfiltra-

p96 Nephron Physiol 2006;102:p92~p102

tion phase progressed into the sclerotic phase of nephrop-
athy during the treated period for 12 weeks, in the control
(LacZ-treated) db/db mice, while the progression was de-
celerated in the HGF-treated db/db mice.

Renal Pathology

Figure 3 shows quantitative data on renal pathology
of the 24-week-old db/+m and db/db mice at the post-
treatment with LacZ or HGF gene. The data were not
different between treatments in the db/+m mice, where-

Kagawa et al.



LacZ HGF LacZ HGF

Fig. 4. Light microphotographs of renal glomeruli or tubules of db/db mice treated with LacZ (A, C,E, G, I, K, M,
0, Q, S) or with HGF (B, D,F, H,J, L, N,P,R,T). A, B Hematoxylin-eosin stain. C, D PAS stain. E-H Syrius red
stain. I, J Immunostain for Flk-1. K-N Immunostain for PCNA. O-R TUNEL stain. 8 TUNEL combined with
Flk-1 immunostain. T Double immunostain for PCNA and Flk-1. Arrows indicate immunopositive cells. Original
magnifications: X400 in S and T; X200 in the other panels.
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: u
Fig. 5. Electron microphotographs of glo- 55150‘ T
merular lesions observed in 24-week-old § 8
db/db mice. Glomerular basement mem- SE100-]
brane in the LacZtreated (A) and HGF- 5 2
treated db/db mouse (B). € Comparison of g8
thickness of glomerular basement mem- 2 § 50
brane between the LacZ- and HGF-treated e
mice. D Apoptosis of a glomerular capillary 0
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as in the db/db mice, the gene therapy significantly af-
fected the renal pathological parameters. The HGF-
treated db/db mice showed significantly greater glomeru-
lar area and glomerular cell number than the
LacZ-treated db/db mice (fig. 3, 4). Hypocellular, scle-
rotic lesions compatible with diabetic glomerulosclerosis
were observed in glomeruli of the both groups under a
light microscope, but its extent appeared smaller in the
HGF-treated group. The glomerular sclerotic index cal-
culated as the percent area of PAS-positive area in the
glomerulus was reciprocally smaller in the HGF-treated
mice. In addition, the percent area of fibrosis assessed by
Sirius red stain was smaller in both glomerular and tu-
bular areas.

Ultrastructural morphometry revealed that the thick-
ness of the glomerular basement membrane was similar
between the LacZ- (173 + 4 nm) and HGF-treated (168
* 4 nm) db/db mice, which were greater than those of
db/+m mice (fig. 4).

Proliferation and Apoptosis

To seek the mechanisms for the increased glomerular
cell population by the HGF treatment in the db/db mice,
we next investigated proliferating activity and apoptosis
of kidneys of the db/db mice. PCNA-positive cells were
observed in glomeruli and tubules of both LacZ- and
HGF-treated mice (fig. 4). The incidence of the PCNA-
positive cells in glomeruli and that in tubules of the HGF-
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treated mice were similar between the groups (fig. 5).
TUNEL positivity was noted in glomerular and tubular
cells in both groups although in low incidences (fig. 4),
and electron microscopy demonstrated apoptotic cells
(fig. 6). The HGF treatment resulted in a significant re-
duction in the incidence of TUNEL-positive cells in both
glomeruli and tubules, compared with the LacZ treat-
ment (fig. 5).

According to double immunohistochemistry for Flk-1
with PCNA or TUNEL (fig. 4), the HGF gene therapy
resulted in no significant change in the proliferation of
glomerular endothelial cells and tubular epithelial cells,
although a significant decrease in their apoptosis was not-
ed (fig. 5).

Expression of TGF-f31

Consistent with the previous report [29], expression of
TGF-B1 in the kidney was greater in the db/db mice than
in the db/+m mice (data not shown). It was found that
expression of TGF-B1 in the kidney was significantly re-
duced in the HGF-treated db/db mice, compared with the
LacZ-treated ones (fig. 7).

Survival Study

Finally, we examined the effect of HGF gene therapy
on the survival of db/db mice. Thirteen of 15 db/dp mice
(87%) treated with HGF gene survived over the subse-
quent 25 weeks, whereas only 7 of 15 db/db mice (47%)
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Fig. 6. Quantitative morphometry of PCNA- (A-C) or TUNEL-positive (D-F) cells in renal
of db/db mice treated with LacZ or HGF gene. Percent PCNA-positive cells in renal glomerul
ruli (D) and in tubules (F). Percent PCNA-positive (B) or percent TU-
d in double immunochistochemical preparations.

(C). Percent TUNEL-positive cells in glome

NEL-positive (E) glomerular endothelial cells assesse

Fig. 7. Western blot for TGF-B1 in kidneys
(A), and its densitometric analysis (B). Y-
axis indicates arbitrary unit of densities.
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Fig. 8. Survival curve for the HGF- and LacZ-treated db/db mice.
The mice were treated with HGF gene (n = 15) or LacZ gene (n =
15) at the age of 12 weeks and followed for 25 weeks. There was a
significant difference (p = 0.0282) in the survival rate between the
groups. :

treated with the LacZ gene survived within the interval.
Comparison of survival curves by the Kaplan and Meier
method showed a significant difference between the
HGF- and LacZ-treated groups (log-rank 4814, p =
0.0282) (fig. 8).

Discussion

In general, diabetic nephropathy progresses from the
glomerular hyperfiltration stage into the glomerular scle-
rotic stage with reduced glomerular filtration [30-32]. The
diabetic db/db mice displayed far greater urine volume
and Cer than the nondiabetic db/+m mice, suggesting that
the db/db mice at the beginning of the experiment were
already suffering from the glomerular hyperfiltration stage
of diabetic nephropathy. The db/db mice treated with the
LacZ gene in the present study showed this progression
into the glomerular sclerotic stage during the observation
period, i.e. progressive reduction in urine volume and Cer.
However, the present study revealed that the HGF gene
therapy markedly prevented this progression. Pathologi-
cally, the HGF gene therapy resulted in a significant pre-
vention of formation of glomerular sclerotic lesions and
of glomerular and tubular fibrosis that was marked in the
LacZ-treated db/db mice. The glomerular cell population
of the HGF-treated mice was also significantly greater
than that of the LacZ-treated mice. Overall, it is apparent
that the HGF gene therapy slowed down the progressive
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deterioration in functional and pathological aspects of di-
abetic nephropathy in the db/db mice. More importantly,
this therapy improved survival of these mice. It was ap-
parent that the beneficial effect of HGF on diabetic ne-
phropathy was irrelevant to glucose metabolism since lev-
els of blood glucose and HbA1c were similar between the
HGF-untreated and -treated db/db mice. The present
study also confirmed that such effects of the HGF gene
therapy were not observed in nondiabetic db/+m mice.

The glomerular cell population, endothelial cell popu-
lation in particular, was significantly greater in the HGF
gene-treated db/db mice. According to immunohisto-
chemistry for Flk-1 combined with TUNEL assay, the
HGF gene therapy suppressed glomerular endothelial cell
and tubular epithelial cell apoptosis in db/db mice. Thus,
the present study demonstrated an anti-apoptotic effect
of HGF on those cells. In particular, preservation of the
glomerular endothelial cell population by such mecha-
nism might have greatly contributed to the functional
maintenance of glomerular'ﬁltration, because the endo-
thelial cells secure the area for glomerular filtration. Al-
though the thickness of the glomerular basement mem-
brane was also an important regulator of glomerular fil-
tration, the ultrastructural morphometry of the present
study did not confirm this contribution.

Previous studies reported an anti-fibrotic effect of
HGF in the renal tubulointerstitium of animals with
chronic renal diseases including experimentally induced
diabetic nephropathy [17-20]. Consistent with these find-
ings, the present HGF gene therapy resulted in suppres-
sion of fibrosis not only in the glomerulus but also in the
tubulointerstitium of the db/db mice. Moreover, similar
to the capillary endothelial cells, tubular epithelial cells
showed decreased apoptosis. Thus, HGF exerted benefi-
cial effects by affecting both glomerular and tubulointer-
stitial lesions of diabetic nephropathy. The HGF gene
therapy resulted in a smaller glomerular sclerotic index
and a more reduced fibrotic area in glomeruli of diabetic
nephropathy, compared with the LacZ gene treatment.
Thus, the HGF gene therapy alleviated the progression to
glomerular obsolescence in diabetic nephropathy through
areduction in the mesangial matrix and fibrosis and also
through maintenance of the glomerular cell component,
endothelial cells in particular. An opposite effect of HGF
against TGF-f was reported previously [15, 33, 34]. In
the present study, the Western blot analysis actually dem-
onstrated greatly attenuated expression of TGF-81 in the
HGF-treated kidneys of @b/db mice. Since TGF-B, in ad-
dition to platelet-derived growth factor (PDGF), acceler-
ates transformation of mesangial cells into myofibroblasts
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that potentially produce collagen fibers [35, 36], such an
anti-TGF-B effect of HGF may be important for attenu-
ation of glomerulosclerosis in diabetic nephropathy. Al-
ternatively, as Mizuno et al. [17] previously suggested, an
endothelial protective effect of HGF may play an impor-
tant role for the prevention of glomerulosclerosis.

Mizuno et al. [19] recently reported beneficial effect of
injection of recombinant human HGF on streptozotocin-
induced diabetic nephropathy in mice. Although our
findings were mostly consistent with theirs, there are
some discrepancies in some aspects. They found that
HGF treatment reduced glomerular area and suppressed
glomerular hyperfiltration, which were opposite to our
findings. It may be most likely that the discrepancy was
caused by the difference of animal models with different
stage and progression of diabetic nephropathy; our mod-
¢l might be at the later stage than that of Mizuno et al. as
it was already at the hyperfiltration stage at the beginning
of the experiments. Laping et al. [37] reported that dia-
betic nephropathy in db/db mice was aggravated by an
HGF supplement. However, the dose of HGF used in the
study seemed to be too low to attain and sustain physio-
logical HGF level as Mizuno et al. [19] pointed out. In
our study, the plasma HGF levels were considered suffi-
ciently high because the level was greater at any time
point measured than that produced by the plasmid DNA
injection in another study [38], which effectively prevent-
ed progression of liver cirrhosis in an animal model. The
way in which the very low dose of HGF has different ef-
fects awaits results from additional studies.
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Local overexpression of HB-EGF exacerbates
remodeling following myocardial infarction
by activating noncardiomyocytes
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Heparin-binding

Insulin-like growth factor (IGF), hepatocyte growth factor (HGF), and heparin-binding epidermal growth factor-
like growth factor (HB-EGF) are cardiogenic and cardiohypertrophic growth factors. Although the therapeutic
effects of IGF and HGF have been well demonstrated in injured hearts, it is uncertain whether natural
upregulation of HB-EGF after myocardial infarction (Ml) plays a beneficial or pathological role in the process of
remodeling. To answer this question, we conducted adenoviral HB-EGF gene transduction in in vitro and in vivo
injured heart models, allowing us to highlight and explore the HB-EGF-induced phenotypes. Overexpressed
HB-EGF had no cytoprotective or additive death-inducible effect on Fas-induced apoptosis or oxidative
stress injury in primary cultured mouse cardiomyocytes, although it significantly induced hypertrophy of
cardiomyocytes and proliferation of cardiac fibroblasts. Locally overexpressed HB-EGF in the Ml border area in
rabbit hearts did not improve cardiac function or exhibit an angiogenic eifect, and instead exacerbated
remodeling at the subacute and chronic stages post-Ml. Namely, it elevated the levels of apoptosis, fibrosis, and
the accumulation of myofibroblasts and macrophages in the Mi area, in addition to inducing left ventricular
hypertrophy. Thus, upregulated HB-EGF plays a pathophysiological role in injured hearts in contrast to the
therapeutic roles of IGF and HGF. These results imply that regulation of HB-EGF may be a therapeutic target for
treating cardiac hypertrophy and fibrosis.

Laboratory Investigation advance online publication, 25 April 2005; doi:10.1038/labinvest.3700282
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epidermal growth factor-like  domain by a specific metalloproteinase, resulting in

growth factor (HB-EGF), a member of the EGF-
family of growth factors, is synthesized as a type I
transmembrane protein (proHB-EGF).! Membrane-
bound proHB-EGF is cleaved at its juxtamembrane
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shedding of soluble HB-EGF.2 Whereas soluble HB-
EGF is a potent mitogen for a number of cell types,
including vascular smooth muscle cells, fibroblasts,
keratinocytes, and hepatocytes,>® the activity of
proHB-EGF may be mitogenic or growth inhibitory
depending on cell type.®

HB-EGF has been implicated in a number of
physiological and pathological processes. HB-EGF
may play a role in the development of atherosclero-
sis resulting from smooth muscle cell hyper-
plasia,*”®* pulmonary hypertension, and onco-
genic transformation.®!® In contrast, HB-EGF is
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therapeutic for the skin,”** kidney,'*** liver, and
small intestine.®>51® HB-EGF is markedly upregu-
lated during the acute phase of injury and plays an
essential role in epithelial cell repair, proliferation
and regeneration in these organs.>?1%2%% Further
direct evidence of therapeutic benefit was provided
by studies of administration of recombinant HB-EGF
in animal ischemic disease models.*® Thus, HB-EGF
plays a number of physiological roles, and its effects
are diverse and even opposing in nature depending
on the tissues examined.

It has been observed that HB-EGF-null mice
develop severe heart failure associated with dilated
ventricular chambers, diminished cardiac function,
and grossly enlarged cardiac valves,’®*? indicating
that HB-EGF is an essential cardiogenic factor. HB-
EGF is found in the adult heart under normal
physiological conditions,” and the HB-EGF and/or
EGF receptor (EGFR) families are further upregu-
lated under pathological conditions such as cardiac
hypertrophy** or myocardial infarction (MI}.**?*?
Together with the recent finding that shedding of
proHB-EGF results in cardiac hypertrophy,* it has
recently been suggested that HB-EGF-induced car-
diomyocyte hypertrophy plays a central role in
hypertensive heart disease.”*** However, several
previous studies demonstrated that gverexpression
of hepatocyte growth factor (HGF) and insulin-like
growth factor (IGF), which are also cardiogenic
growth factors, significantly induced cardiac hyper-
trophy but had potent therapeutic rather than
pathologic effects in injured hearts, including those
damaged by MI.%*-° This led us to question whether
HB-EGF might also possess therapeutic activity in
the injured heart. Intriguingly, were HB-EGF to
prove pathogenic, it could be the result of a
secondary biological effect of this molecule separate
from its promotion of hypertrophy. Thus, we
endeavored to settle the questions raised by these
conflicting reports in the most direct way possible,
through targeted overexpression of HB-EGF in heart
lesions.

One obvious approach by which to overexpress a
target gene and explore the resulting effects would
be to use transgenic mouse (TgM) technology,
currently one of the most powerful approaches to
elucidate directly the physiological and pathologi-
cal roles of a gene of interest. In the present study,
we opted instead to use an adenoviral gene
transduction strategy, which allowed us to answer
the same biological question while at the same time
enabling a first assessment of the use of HB-EGF in
gene therapy. Additionally, the use of an adenoviral
vector allowed for greater spatial and temporal
control of HB-EGF expression compared with the
TgM approach, as persistent overexpression of the
transgene (from the embryonic stage and before the
onset of a disorder) may have produced data
artefacts. Previous studies demonstrated that the
expression of HB-EGF and EGFR family mRNAs was
significantly increased around MI lesions.?** In this
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context, adenoviral HB-EGF gene transduction
around the MI area following onset of MI may serve
to highlight the effect of HB-EGF on both cardiomy-
cytes and noncardiomyocytes following MI, offering
a means to elucidate the role of this intriguing
molecule in the development of heart disease.

Materials and methods
Recombinant Adenoviral Vectors

Replication-defective recombinant adenoviral vec-
tors (Ads), Ad.HB-EGF and Ad.LacZ, which express
HB-EGF or LacZ gene under the transcriptional
control of a Rous sarcoma virus long-terminal
repeat, were constructed as described pre-
viously.2#%** All Ads were amplified in 293 cells,
purified twice on CsCl gradients, and desalted.?”*>%

Injury Models in Primary Cultured Cardiomyocytes
and Cardiac Fibroblasts

Cardiomyocytes and cardiac fibroblasts were iso-
lated from 1-day-old neonatal Balb/c mice as
previously reported.®* The cardiomyoctes were
incubated in Dulbecco’s modified Eagle’s medium
(D-MEM, Sigma Chemical Co., St Louis, MO, USA)
containing 5% fetal bovine serum (Sigma Chemical
Co.) at 37°C for 24 h, and subsequently infected with
Ads at various multiplicities of infection (MO1),
followed by incubation in serum-free D-MEM for
48h. In injury models of apoptosis and oxidative
stress, cells were incubated with either 1pug/ml
agonistic anti-Fas antibody®* (Jo2, Beckton-Dickin-
sion Biosciences, San Jose, CA, USA) with 0.05 ugl
ml actinomycin D (Sigma Chemical Co.) for 24 h, or
with 100 M H,0, (Wako Pure Chemical Industry,
Osaka, Japan) for 1h as previously described.®***
Cell viability was determined by WST-8 assay
(Dojindo, Kumamoto, Japan) in accordance with
the manufacturer’s protocol 24 h after the induction
of cell death.

For proliferation assays, cardiac fibroblasts were
incubated in D-MEM supplemented with 5% fetal
bovine serum, and were used following three or four
passages. The purity of these cultures was >95%
cardiac fibroblasts as confirmed by vimentin-posi-
tive, desmin-negative and a-smooth muscle. actin-
negative stainings as previously described.*® WST-8
assay was performed at 24, 48 and 72h after
infection with Ads or addition of recombinant
human HB-EGF (R&D Systems Inc., Minneapolis,
MN, USA).

Immunocytochemistry and Analysis of Primary
Cultured Cardiomyocytes

At 24h following adenoviral infection at MOI 30,
primary cultured cardiomyocytes were fixed in 4%
paraformaldehyde, permeabilized with  0.05%



Triton-X and stained with primary goat anti-human
HB-EGF antibody (R&D Systems Inc.), secondary
donkey anti-goat IgG Alexa 488 antibody (Molecular
Probes, Inc., Eugene, OR, USA), rhodamine phalloi-
din (Molecular Probes, Inc.) and Hoechst 33342
(Molecular Probes, Inc.). Digital images captured
using a laser-confocal microscope system (LSM510,
Carl Zeiss, Oberkochen, Germany) were employed
for morphometric and quantitative analyses using
Adobe Photoshop 7.0 software (Adobe Systems Inc.,
San Jose, CA, USA).

Animal Studies

Male Japanese white rabbits weighing 2-2.5kg
underwent a 30-min occlusion of the left coronary
artery, followed by reperfusion, in order to generate
MI as previously described.?” Ad.HB-EGF or control
Ad.LacZ (1x10" viral particles) (each group,
n=16) was directly injected into the border area
between the risk and the intact areas at the time of
reperfusion. Echocardiograms were recorded just
before and 2 or 4 weeks after generation of MI. The
rabbits were killed either 2 or 4 weeks later (each,
n=28) and the hearts were collected, weighed, and
then processed to obtain histological sections. In the
sham control group (n=4), the chests of the rabbits
were opened and closed under anesthesia without
occlusion of the coronary artery or adenoviral
injection, and echocardiograms and histological
analyses were performed 2 or 4 weeks later. All
animal studies were performed in accordance with
the guidelines of the National Institute of Health as
dictated by the Animal Care Facility at the Gifu
University School of Medicine.

Adenoviral Gene Transduction Efficiencies
and X-Gal Staining

The efficiency of in vitro and in vivo adenoviral gene
transduction was analyzed by Ad.LacZ infection
and X-gal staining, as previously described.?-30

Pathological Examination in Animal Experiments

The estimation of the risk and MI areas has been
described previously.*” Briefly, the coronary branch
in the excised heart was reoccluded and 4% Evans
blue dye (Sigma Chemical Co.) was injected via the
aorta to determine the risk area. The LV was
sectioned into seven slices parallel to the atrio-
ventricular ring. Each slice was incubated in 1%
solution of triphenyl tetrazolium chloride (TTC) to
visualize the infarct area.

For histological analysis, the heart was fixed in
10% formalin and embedded in paraffin, and 4-um
sections were stained with hematoxylin and eosin
(H-E) or Masson’s trichrome for regular or fibrotic
estimation, respectively. The sizes of individual
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cardiomyocytes were measured using the LUZEX F
system (Nireco, Kyoto, Japan). Apoptotic cells were
detected under light microscopy by terminal de-
oxynucleotidyl transferase-mediated deoxyuridine
triphosphate biotin nick end labeling (TUNEL) assay
(ApopTag kit, Intergen Co., Purchase, NY, USA)
in accordance with the manufacturer’s protocol.
The immunohistochemical staining for proliferating
cells, «-smooth muscle actin (SMA-positive
cells), rabbit macrophages and vascular endothelial
cells were carried out with anti-Ki-67 (MIB-1, Dako),
anti-SMA (1A4, Dako), anti-RAM11 (Dako) and
anti-CD31 (JC/70A, Dako) antibody, respectively,
as described previously.*” For fluorescent immuno-
histochemistry and TUNEL assay, 6-um frozen
sections were fixed in 4% paraformaldehyde
and stained using a fluorescein-FragEl, DNA frag-
mentation detection kit (Oncogene Research
Products, San Diego, CA, USA) together with
individual antibodies, according to the manufac-
turer’s instructions.

Statistical Analysis

Data are represented as means + standard error of the
mean. Statistical significance was determined using
Student’s t-test. One-way ANOVA was used in
multiple comparisons. P<0.05 was considered to
be statistically significant. All statistical analysis
was performed with StatView software (SAS Insti-
tute Inc., Cary, NC, USA).

Results
Adenoviral Gene Transduction Efficiency In Vitro

The adenoviral constructs demonstrated high in-
fectivity in primary cultured mouse cardiomyocytes;
infection of cardiomyocytes with Ad.LacZ at MOls
of 10 and 30 resulted in approximately 80% and
over 90% successful gene transduction, respec-
tively, without morphological changes, cell damage
or death (Figure 1). Cardiac fibroblasts also demon-
strated high infectivity, although the accurate quan-
tification was difficult.

Effects of Adenoviral HB-EGF Gene Transduction on
Cardiomyocytes and Cardiac Fibroblasts In Vitro

To explore the direct effects of HB-EGF on cardio-
myocytes, we examined cell viability following
Ad.HB-EGF infection in two representative injury
models of primary cultured cardiomyocytes, Fas-
induced apoptosis®***®* and H,0, oxidative stress
injury®*®* (Figure 2a and b). Both types of stimulus
at the predetermined doses efficiently induced cell
death in approximately 80% of the cultured cells,
and adenoviral HB-EGF gene transduction did not
result in significant changes in viability in either of
these models at any MOI (Figure 2a and b). However,
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Figure 1 Efficiency of adenoviral gene transduction in primary
cultured mouse cardiomyocytes. X-gal staining after Ad.LacZ
infection at (a) MOI 0 (ie, no infection as a negative control) and
(b) MOI 10. (c) Graph showing adenoviral gene transduction
efficiency at various MOIs.
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Figure 2 Cell viability after adenoviral HB-EGF gene transduction
in two injury models of primary cultured cardiomyocytes.
Primary cultured cardiomyoccytes were infected with Ad.LacZ
(white bar) or Ad.HB-EGF (black bar), and were then exposed to
1 pg/ml anti-Fas antibody and 0.05 pg/ml actinomycin D for 24h
(a) or 100 xM H,0, for 11 (b); cell viability was evaluated by WST-
8 assay. ‘Intact’ indicates the control (untreated cells).

cardiomyocytes became significantly enlarged, and
their F-actin-containing myofibrils were drastically
condensed, enlarged and increased in number
following adenoviral HB-EGF gene transduction
(Figures 3 and 4).

Next, we explored whether HB-EGF exhibited
an inhibitory or stimulatory effect on the growth
of cardiac fibroblasts. Both the addition of recombi-
nant HB-EGF and adenoviral HB-EGF gene trans-
duction significantly accelerated the growth of
cardiac fibroblasts. (Figure 5). Thus, HB-EGF gene



Figure 3 Microscopic images of HB-EGF gene-transduced
cardiomyocytes. Confocal microscopic analysis demonstrated
apparent hypertrophic changes in individual cardiomyocytes
overexpressing HB-EGF after Ad.HB-EGF infection at MOI 30.
(a) Staining with goat anti-human HB-EGF antibody and
Alexa 488-labeled donkey anti-goat secondary antibody, (b)
staining using rhodamine phalloidin-labeled F-actin, (c) staining
using Hoechst 33342 (nuclei), and (d) merged image. Scale
bar =20 ym.
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Figure 4 Morphometric and quantitative analysis of HB-EGF
gene-transduced cardiomyocytes after Ad.LacZ (a) or Ad.HB-EGF
(b} infection at MOI 30. Hypertrophy as shown by condensation of
rhodamine phalloidin-labeled F-actin and enlargement of cell
area. Original magnification, x 100. (c) Graphic depiction of cell
area determined for 500 cardiomyocytes infected with Ad.HB-
EGF or Ad.LacZ. *P<0.001.

transduction and overexpression conferred a direct
hypertrophic effect on . cardiomyocytes and a
growth-stimulating effect on cardiac fibroblasts,
but did not have additive death-inducible or
cytoprotective effects on cardiomyacytes.
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Figure 5 Proliferation of cardiac fibroblasts overexpressing HB-

EGF. Cardiac fibroblasts (cell density; 1 x 10%/ml) were infected

with Ad.LacZ at MOI 30 (shaded bar) or Ad.HB-EGF at MOI 30

(black bar), or were exposed to 10 or 20ng/ml rHB-EGF for 24, 48,

and 72h; cell proliferation was evaluated by WST-8 assay at OD
450nm. *P<0.05.

Macroscopic Findings after Adenoviral HB-EGF Gene
Transduction in the Rabbit MI Model

Recent studies have demonstrated that HB-EGF and
EGFR family mRNAs were significantly upregulated
around MI lesions,?**? and it is for this reason that
we injected our adenovirus constructs specifically
into this region. X-gal staining after Ad.LacZ injec-
tion into this area showed that we were able to drive
gene transduction predominantly around the MI
(Figure 6a). A number of previous studies have
demonstrated retention of transgene expression for
at least 3 weeks following in vivo adenoviral gene
transduction into the heart.***° We have previously
described the pathological process in the rabbit MI
model in detail, including granulation consisting of
myofibroblasts, macrophages and neovasculation at
2 weeks (the subacute stage) and scar formation at 4
weeks (the chronic stage).®” Together, these results
suggested that the period of transgene expression
resulting from adenoviral gene transduction would
be sufficient for the purposes of this study. In this
context, we injected Ad.HB-EGF into the MI injury
border area, estimated the risk area and the MI area
by TTC and Evans blue dye after 2 weeks (as shown
in Figure 6b) and ultraechographically analyzed
cardiac function 2 and 4 weeks later. There was no
difference in risk area between the two groups
(Figure 6c). On the other hand, the ratio of MI area
to risk area was seemingly reduced to a small degree
by Ad.HB-EGF at 2 weeks post-injection due to
hypertrophic changes; however, this reduction was
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