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cells with 1,1%dioctadecyl-1 to 3,3,3/34etramethylindocar-
bocyanine perchlorate dye (Dil, Molecular Probes), 25 ul of
a 2-mg/ml solution of Dil in dimethyl sulfoxide (Wako,
Japan) was added to the BM-MNCs from 6 of the rabbits
[8,9]. Thereafter, those 12 rabbits plus 6 in a saline group
were subjected to the 30-min ischemia and reperfusion
protocol, and after 5 h of reperfusion, the autologous BM-
MNCs, with or without Dil, or 2 ml of saline (6 rabbits
in each group) were injected via an ear vein. Seven days
post-MI, the rabbits were sacrificed under anesthesia, and
the hearts were immediately excised and placed in iced
PBS (less than 4 °C) and cut transversely at the center of
the infarcted anterior LV wall. The upper half was
subsequently used for electron microscopy and laser-
scanning confocal microscopy, and the lower half was
used for Western blot analysis.

Immediately after sacrifice (within | min), myocardial
tissue from the upper infarcted anterior LV wall (AW-MI)
and non-infarcted posterior LV wall (PW-NMI) of each
heart was cut into 1-mm cubes, fixed in 2.5% glutaralde-
hyde in 0.1 mol/L phosphate buffer (pH 7.4) at 4 °C for 4 h,
and post-fixed in 1% buffered osmium tetroxide for 2 h. The
samples were then dehydrated through a graded ethanol
series and embedded in epoxy resin. One serial thin section
(80 nm) was conventionally double-stained with uranylace-
tate for 10 min and lead citrate for 4 min and used for an
electron microscopic (H-800, Hitachi) detection of ultra-
structure. Another thin section stained with lead citrate for 1
min was used for the detection of Dil particles at
magnifications greater than 20,000x.

In addition, other tissue samples obtained from the
upper AW-MI and PW-NMI (three samples each, approx-
imately 3 x 3 x2 mm) were embedded in OCT compound
(Miles Scientific), snap-frozen in liquid nitrogen and cut
into G-um-thick sections using a cryostat for immunohis-
tochemical analysis. Immunofluorescence microscopy was
carried out using mouse anti-troponin 1 mAb (1:5000;
CHEMICON), mouse anti-human endothelial cell CD3]
mAb, and mouse anti-human o-smooth muscle actin
mAb. Nuclei were stained with Hoechst 33342, The
tissues were observed using a laser-scanning confocal
microscope (LSM510 NLO, ZEISS, Tokyo), which
enabled simultaneous analysis of the relationship between
three different fluorescence and phase contrast images.
Morphometric analyses were performed by two persons
(Y.M. and M.A.) blinded to the conditions.

For Western blot analysis, tissues (approximately 200
mg) obtained from the center of the lower AW-MI and PW-
NMI were snap-frozen in liquid nitrogen immediately after
sacrifice. For the measurement of MMP-1, TGF- and SDF-
I, 50 mg of frozen tissue obtained from the hearts of sham,
saline and BM-MNC-treated rabbits were homogenized in
lysis buffer and centrifuged for 10 min at 10,000xg and 4
°C. MMP-1, TGF-p and SDF-1 were measured by Western
blot analysis using the same Abs described for Protocol L.
Signals were quantified by densitometry.

2.5. Protocol Il in vitro study

BM-MNCs and cultured adult cardiomyocytes [10] were
left untreated or pretreated with Dil for 30 min at 37 °C, after
which they were incubated for 7 days at 37 °C and processed
for electron microscopy (fixed in 2.5% glutaraldehyde in 0.1
mol/L phosphate buffer [pH 7.4] for 30 min, post-fixed in
1% buffered osmium tetroxide for 1 h, dehydrated through
graded ethanol and embedded in epoxy resin).

2.6. Statistical analysis

All values are presented as means*S.D. Differences
between the saline and BM-MNC groups were assessed by
two-way repeated-measures analysis of variance (ANOVA),
followed with a post hoc Tukey-Kramer’s test. Linear
regression techniques were used to evaluate the correlation
between pathological/echocardiographic parameters and the
expression of cytokines. Values of p <0.05 were considered
significant,

3. Results
3.1. Mortality

All rabbits in the saline and BM-MNC groups survived
until sacrificed 7 days, | month or 3 months post-ML

3.2. Echocardiography

LV anterior wall thickness 1 and 3 months after MI was
significantly greater in the BM-MNC group (2.2+0.2 and
2.3+0.2 mm, respectively) than the saline group (1.6£0.2
and 1.8+0.2 mm, respectively), but there was no significant
difference in posterior wall thickness between the two
groups at any time point as shown in Fig. la and b. In the
saline group, additionally, EFs were significantly lower and
EDD/BWs were significantly higher | month and 3 months
post-MI than before infarction (Fig. lc and d). These
adverse effects were significantly attenuated in the BM-
MNC group, indicating an improved LV function and
reduced remodeling (Fig. l¢ and d).

3.3. General histology

Seven days post-MI, the infarcted areas showed mostly
granulation with numerous myofibroblasts and small vessels
in both the saline and BM-MNC groups. In addition,
residual necrotic areas were observed in the centers of the
granulated tissues. The numbers of small arteries positive
for a-smooth muscle actin (a specific marker of smooth
muscle cells) and microvessels positive for CD31 (a specific
endothelial marker) were significantly larger in the BM-
MNC group than the saline group (Fig. 2a and b), as were
numbers of macrophages positive for RAM 11 (a specific
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marker of macrophages) and multinuclear giant cells (Fig.
2¢). On the other hand, the respective transverse diameters
of the cardiomyocytes in the AW-MI and PW-NMI were
similar in the saline and BM-MNC groups, though the size

of the cells was significantly greater in the AW-MI than the
PW-NMI in each group (Fig. 3a).

One and three months post-Ml, LV weight and LV wall
area were also similar between the BM-MNC and saline
groups (Fig. 3b and ¢), and the infarcted areas showed scar
tissue comprised of collagen and fatty tissue in both the
saline and BM-MNC groups. When the LV walls were
stained with HE and the collagen with Sirius red, however,
the old infarcts were found to be significantly smaller in the
BM-MNC group than in the saline group (Fig. 3d and e).
Conversely, the non-infarcted areas were significantly larger
in the BM-MNC group (Fig. 3f). In both groups, the
numbers of CD31-positive capillaries, a-smooth muscle
actin-positive small arteries, and RAM 11-positive macro-
phages were markedly smaller than the numbers seen 7 days
after infarction and were similar (Fig. 2a—c).

3.4. Electron microscopy

An extensive search using electron microscopy revealed
unfamiliar mononuclear cells in the AW-MI of BM-MNC
hearts 7 days post-MI. Differing from normal adult
cardiomyocytes with mature sarcomeres (Fig. 4a), these
cells were relatively large and electron-lucent, and their
cytoplasm lacked cross-striations, but was loosely or tightly
packed with myofilaments, the size of which suggested they
were thin filaments (Fig. 4bl). Although reminiscent of
myofibroblasts or smooth muscle cells, these cells had
several features that were specific to immature cardiomyo-
cytes: first, they were connected to one another by
intercalated discs, a specific structure of striated muscle
cells, including cardiomyocytes, and the intercalated discs
contained distinct desmosomes and gap junctions (Fig. 4b2,
¢2, e and f). In intercalated discs, we did not detect clear
fascia adherence; the absence is probably due to not-well-
developed myofilaments in the cytoplasm; and second, Z
disc-like structures were scattered among the myofilaments
(Fig. 4c, ¢l and d). There were small structures that
appeared like myofilaments tied up into bundles in the
vicinity of intermingling thick filaments, a configuration
similar to the developing Z discs observed in fetal hearts
[11]. Other, apparently more differentiated, cell types were
also found, which contained better developed, but still not
complete, Z discs (Fig. 4f). Such cells formed occasional
clusters (Fig. 4b and ¢). Taken together, these findings
suggest the presence of myocyte-like cells undergoing
differentiation in the AW-MI of BM-MNC hearts, though
their numbers were small: on average, the number of
observed myocyte-like cells was 4.6%3.9/heart in the BM-
MNC group and 0x0/heart in the saline group.

To determine whether these myocyte-like cells were
derived from bone marrow cells, we first examined cultured
BM-MNCs and isolated adult cardiomyocytes that had been
incubated with Dil. We detected no Dil in specimens
conventionally double-stained with uranyl acetate and lead
citrate for electron microscopic examination (Fig. 5a).
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surviving myocardial tissue areas within 1 mm of infarcted areas.

However, when specimens were stained for only a short
time with lead citrate alone, Dil was detected as 5-nm
particles that accumulated within the cells and were
scattered in the cytoplasm, mitochondria and lysosomes
(Fig. 5b—d). These particles were not observed in cells that
were not incubated with Dil. When Dil-labeled BM-MNC
and control hearts were examined using the same method,
Dil particles were detected in a total of 20 myocyte-like
cells in the BM-MNC hearts (Fig. Se~f} and were also
occasionally found in pericytes present in the infarcted area

(Fig. 5g and h). In addition, there was no evidence of Dil
particles in BM-MNC and saline hearts not labeled with Dil.

3.5. Confocal microscopy

Within tissue sections obtained from the AW-MI of Dil-
labeled BM-MNC hearts 7 days after MI, 0.14+0.13% of
troponin I-positive (green) cells were also Dil-positive (red),
and these cells formed a cluster (Fig. 6b). In addition,
0.050.04% of the cells positive for a-smooth muscle actin



¥ Misao et al / Cardiovasc

a

Transverse diameter of

cardiomyocytes-3 mo ( Lim
3K

wlar Research 69 (2006) 476-490 481

- Posterior LY wall without infarction

Border zone between the infarct and non-infaret
in anterior LY wall with infarction

Saline
b LV Weight / Body Weight (g/ kg) C LV Wall Area ( mm?)
g/kg

2 2
mm-

200

. 150

100

50

0 0

1 month 3 months

d Old infarct area / LV wall area X 100 (%)

1 month 3 months

€  Sirius red-positive area / LV wall area X 100 (%)

25 re———3 rm—) 8 r 1 =~ 1
20 6
15 4
10
5 2
0 0 . . e e .
I month 3 months 1 month 3 months
f Non-infarct area / LV wall area X100 (%)
o Rd
100
90
80 N
70 Saline (n=15)
0 { L. E BMT(n=15)
1 month 3 months meandSD *ap < 008

Fig. 3. BM-MNC treatment reduces infarct size and increases non-infarcted area. Shown are LV weight, LV wall area, cardiomyocyte size, non-

infarcted area

and old infarct areas. The border zone was defined as in the legend to Fig. 2.

and 0.3+0.3% of cells positive for CD31 were also positive
for Dil.

3.6. TGF-p, MMP-1 and SDF-1

Immunohistochemical analysis showed TGF-p to be
expressed in endothelial cells, smooth muscle cells and
myofibroblasts (Fig. 7 and Supplementary data 1). In the
saline groups, the level of expression within the infarcted
areas was highest 7 days and 1 month post-MI (2.2£0.3 and
2.4%0.3, respectively) but had declined by 3 months
(1.6+0.8) (Fig. 8a). There was significantly less expression
of TGF-R in the infarcted areas of BM-MNC hearts 7 days
and 1 month post-infarction (1.1+0.4 and 1.2+0.8, respec-
tively), but by 3 months, the level of expression in the BM-

MNC group (1.4+0.7) was similar to that in the saline group
(1.6£0.8).

MMP-1 was expressed in cardiomyocytes located at the
border between the infarcted area and salvaged myocardial
tissues (Fig. 7). In the saline group, the level of MMP-1
expression was highest 7 days and 1 month post-MI
(2.620.4 and 2.4%0.6, respectively), but dropped signifi-
cantly by 3 months (1.4%0.8) (Fig. 8b). As was seen with
TGF-p, there was significantly less expression of MMP-1 in
the BM-MNC group 7 days and 1 month post-MI (1.1£0.5
and 1.3£0.8, respectively).

Expression of SDF-1 was observed in endothelial cells,
vascular smooth muscle cells, myofibroblasts and intersti-
tial fibrous tissues within the infarcts 7 days post-MI. (Fig.
7 and Supplementary data 1) The level of SDF-1
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Fig. 4. Ultrastructure of myocyte-like cells in the infarcted anterior LV wall of the BM-MNC group 7 days post-ML (a) Nommal adult cardiomyocyte showing
characteristic siriations and mature sarcomeres. (b) Relatively large and electron-lucent immature cells; (b1 and b2) highly magnified images of the boxed
portions in panel (b). Note the thin filaments filling the cytoplasm (b1), and that the cells were perpendicularly connected to one another by well-developed
intercalated discs (ID}) (b2). Small triple arrowheads indicate gap junctions (b2). (¢) Z disk-like structures in myocyte-like cells. (c1 and ¢2) Highly magnified
photographs of the boxed portions of panel {c); the cells contain Z disc-like structures (arrows) scattered in the cytoplasm (c1). An arrowhead indicates
desmosome-containing intercalated discs (¢2). (d and e) Myocyte-like cells; High magnification of Z disc-like structures (d) and desmosomes within an
intercalated disc (e). (f) More developed Z discs (double arrows) connected to one another by intercalated discs (ID). Black and white arrowheads indicate,
respectively, desmosomes and gap junction in ID.
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expression was significantly higher in the BM-MNC group
(2.6+0.3) than in the saline group (0.8%0.3) (Fig. 8c). No
expression was detected in either group 1 and 3 months
post-ML

As shown in Fig. 9, Western blot analysis 7 days post-
M showed that the enhanced expression of TGF-B in the
LV anterior wall with infarction and the LV posterior wall
in the saline group was significantly down-regulated in the
BM-MNC group. Pro-MMP-1 expression was enhanced in
the LV anterior wall of the saline group and the
enhancement was significantly inhibited in the BM-MNC
group. The enhanced expression of SDF-1 in the LV
anterior wall 24 h after Ml disappeared 7 days later in the
saline group. In the BM-MNC group, however, SDF-1 was
markedly expressed in both the LV anterior and posterior
walls 7 days post-ML

3.7. Correlation between cytokine expression, LV function
and remodeling, and old infarct size

One month after infarction, levels of TGF-p and MMP-1
were negatively and significantly correlated with AWT/PWT
ratios and EFs. They were also positively and significantly
correlated with EDD and old infarct size (Fig. 8a and b).

4. Discussion

4.1. Injected BM-MNC-derived myocyte-like cells and
pericvtes—limitation of electron microscopic analysis

Our electron microscopic analysis suggests that very
immature (fetal) as well as relatively mature mononuclear
cardiomyocytes formed clusters in the infarcted area of
the anterior LV myocardium in the hearts of rabbits
receiving BM-MNCs following acute ML These cells
differed from cardiomyocytes fused with stem cells which
retain the fine ultrastructure and cross-striations of mature
cardiomyoeytes and are multinuclear [6,12-14]. Each of
the myocyte-like cells was positive for Dil particles (a
marker of injected BM-MNCs), and Dil particles were
observed in pericytes, as well. This finding is consistent
with the idea that intravenously injected BM-MNCs are
able to transdifferentiate into both myocyte-like cells and
pericytes. As BM-MNCs include both hematopoietic and
mesenchymal stem cells, it is unclear from which of these
cell types the BM-MNC-derived myocyte-like cells are
derived.

However, a limitation of electron microscopic analysis is
that only very small areas of the tissue samples are actually
observed. For that reason, we were unable to precisely
determine the total numbers of BM-MNC-derived cells
present in infarcted hearts. For the same reason, we cannot
rule out the possible existence of cardiomyocytes fused with
BM-MNCs. Conversely, negative electron microscopic
findings do not imply that the cells are absent.

In the present study, our confocal light microscopic
analysis of Dil fluorescence as well as electron micro-
scopic analysis indicated that the incidence of BM-MNC-
derived cardiomyocytes was very low in post-MI hearts.
However, recent observations reported from several
laboratories indicate that following i.v. injection [15],
only a very small percentage of cells are actually retained
in the heart. Thus, the very small percentage of the
regenerated cells is not surprising. However, this obser-
vation does not prove that a higher degree of myocyte
regeneration cannot be achieved following intramyocardial
or intracoronary injection of bone marrow cells. Nor can
this observation be extrapolated to imply that bone
marrow cell therapy leads to minimal regeneration of
cardiomyocytes.

4.2. Up-regulation of SDF-1

Up-regulation of SDF-1 expression was seen in myocar-
dial tissues in the BM-MNC group 7 days post-MI. Given
that SDE-1 is able to recruit circulating bone marrow-
derived cells into targeted tissues [16—18], this up-regula-
tion may be related to the appearance of BM-MNC-derived
cardiac cells.

4.3. Mechanisms of improved LV function and reduced
infarct size

A reduction in infarcted area via the formation of less
scar tissue could only be supported by an increase in size of
the preexisting myocytes and/or the formation of new
myocyte, since the total LV area and weight were similar.
In the present study, this reduction was equivalent to
approximately 10% of the LV area. First, it is clear that
the number of regenerated cardiomyocytes within infarcted
areas was too small to explain the 10% increase in non-
scarred areas. Second, the increase in LV area approximately
10% corresponds to the increase of approximately 3% in the
transverse size of cardiomyocytes. Although a significant
difference in the transverse size of cardiomyocytes was not
observed between the BM-MNC and saline groups in the
present study, there is no reliable method of detecting
precisely the minimum increase in the transverse size of
cardiomyocytes at present. Therefore, the increase in non-
scarred areas would be considered to be due to a minimum
hypertrophy of preexisting myocytes rather than the
regeneration of cardiomyocytes. Further investigation is
warranted.

Because the mediators contributing to cardiac devel-
opment and remodeling are expressed only transiently and
may thus be absent from healed and/or newly formed
cardiac tissue [19], we assessed their levels at several
points post-MI, with the aim of evaluating the causal
relationship between changes in cytokine levels and LV
function. Expression of TGF-p and MMP-1 is reportedly
up-regulated following MI [20-22]. Similarly, in the
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Fig. 6. Laser-scanning confocal microscopic findings. Red immunofluorescence is seen in a Dil-labeled BM-MNC (al) but not in a BM-MNC without Dil labeling
(a2). Note the characteristic punctate distribution of Dil in the cytoplasm. (b) Cluster formed by Tni- and Dil-positive BM-MNC-derived cardiomyocytes.

saline group, their expression was up-regulated 7 days
and 1 month post-MI. However, we found that this up-
regulation was significantly attenuated by administration
of BM-MNCs. That the improvement in LV function was
not seen in the BM-MNC group until | month post-MIl
means that the down-regulation of cytokines in the BM-
MNC group 7 days post-MI preceded the improved LV
function. Moreover, the reduction in TGF-p and MMP-1
levels seen 1 month after infarction correlated significant-
ly with the improvement in indicators of LV function
(EDD, EF and AWT/PWT ratios), which is consistent
with the earlier finding that inhibition of TGF-p or MMP
improves cardiac function in failing hearts [21,23,24]. We
therefore suggest that the down-regulation of TGF-f3 and
MMP-1 likely contributed to the improved LV function
seen in the BM-MNC-treated animals.

Finally, the old infarcts were smaller in the hearts from
rabbits administered BM-MNCs than in those from rabbits
administered saline, which is indicative of a reduction in the

amount of collagen present at the infarct site. This reduction
in infarct size is also consistent with the lower levels of
TGE-p expressed in BM-MNC hearts, given the ability of
TGF-p to induce collagen synthesis. Also, inhibition of
apoptosis by a paracrine effect of BMT would be a possible
mechanism for the beneficial effect, because the presence
has been reported [25].

4.4. Transient increases in vessel densify

Generally, vascular regeneration during the chronic
stage of MI is enhanced by the injection of BM-MNCs
[26]. In the present study, however, the increase in
vascular density seen at the subacute stage (7 days post-
MI) in the BM-MNC group disappeared during the chronic
stage (3 months post-MI). This likely reflects the fact that
we used a model of ischemia—reperfusion, which produced
moderate infarctions, and differed from the models used in
most earlier studies, which involved permanent occlusion

Fig. 5. Electron micrographs showing Dil particles within the ultrastructure. (a) Dil-labeled mononuclear bone marrow cell treated with a conventional electron
stain. Dil particles are undetectable, hidden by other cytoplasmic structures. (b1 and b2) Highly magnified micrographs of Dil-labeled, unstained mononuclear
bone marrow cells; accumulated DIl particles (arrows) can be.clearly seen. (c) Dil-labeled, unstained adult cardiomyocyte in culture; arrows indicate Dil
particles. {d) Highly magnified cytoplasm of a Dil-labeled adult cardiomyocyte in culture; Dil particles are indicated by arrows. {e) Conventionally stained
myocyte-like cells in the infarcted area 7 days post-MIL (¢) Highly magnified micrograph of the boxed portions of panel {e) showing the intercalated disc (ID).
{£) Serial section of the myocyte-like cells shown in panel (¢) stained for a short period with only lead citrate. (f) Highly magnified photograph of the boxed
portions of panel (e) showing abundant Dil particles ( arrows). (g) A conventionally stained capillary vessel in the infarcted area 7 days post-ML. (h) Highly
magnified photograph of a capillary vessel in a serial, unstained section of the vessel in panel (g). This portion roughly corresponds to the boxed area of panel
{g). Dil particles are seen in the pericyte (arrows). 1D, intercalated disc; RBC, red blood cell; Endo, endothelial cell; Peri; pericyte. Bars, 0.1 pm in panels (b1),
(b2) and (d); 1 pm in the other panels.
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TGF-8: Transfo rming—grbwth factor-8
MMP-1: Matrix metalloproteinase-1

SDF-1: Stromal cell-derived factor-1

Bar: S0um

Fig. 7. Immunohistochemical analysis of repair-related cytokines. Immunolabeling of TGF-p and SDF-1 is mainly seen in vascular endothelial cells within
infarcted tissues; MMP-1 is detected within cardiomyocytes in the border zone between surviving cardiomyocytes and the infarct. For the morphometric
analysis, the expression was assigned a grade of 0 (no expression), 1 (weak expression and focal distribution in <20% of targeted cells), 2 (moderate expression
in >20% of targeted cells), or 3 (marked expression and diffuse distribution in >20% of targeted cells) under a high-power field (400 ). Grades were assigned
to 20~30 high-power fields for each infarcted anterior LV wall. Asrow and arrowheads indicate TGF-g-positive endothelial cells and SDE-1-positive
endothelial cells and smooth muscle cells, respectively. Boxed-areas of panel A were highly magnified in panel B.

and produced large infarctions. In the permanent occlusion
model, ischemia within the risk areas continues even
during the chronic stage; consequently, neovascularization
in the form of collaterals is important. On the other hand,
in hearts that are reperfused after ischemia, increased

neovascularization may be beneficial for the absorption of
necrotic tissues and formation of granulation tissue at the
subacute stage, but its importance may be reduced at the
chronic stage, when the major histological feature is
scarring with few cells.
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Fig. 8. BM-MNC treatment significantly down-regulated TGF-f> and MMP-1 expression 7 days and 1 month post-MI, and up-regulated SDF-1 expression 7
days post-MI (al, bl and cl). Levels of TGF-p and MMP-1 were negatively correlated with AWT/PWT ratios and EFs and positively correlated with EDD/BW
ratios and infarct size 1 month post-MI {a2-5 and b2-5).
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regulated in the BM-MNC group. Note also that the expression of Pro-MMP-1 in the AW is up-regulated in the Saline, but down-regulated in the BM-MNC
group. Finally, note the marked up-regulation of SDF-1 expression in both AW and PW of the BM-MNC group.
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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-Ml 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 (Cer)
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-p (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-g [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-
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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 [pfu}/mouse) was
injected into the hindlimb muscles of the 12-week-old 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 & 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 blood 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 (Bethy! Laboratories, Montgomery, Tex., USA).

Histological Examination

The kidney was fixed in 10% phosphate-buffered formalin solu-
tion, and embedded in paraffin. Sections of 4 wm 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-pwm-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/l 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-p1

Fifty micrograms of protein from fresh kidney homogenates in
sample buffer (0.4 mol/l Tris-HCl, 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 usinga 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 intramusculasly 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.
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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 L c values at the post-treatment with
LacZ or HGF gene in db/+m and db/db mice

n 6 6 8 8

Blood glucose, mg/dl 201+11 2118 836+33 80126
HbAlc, % 2.8+0.11 2.9+0.06 13.7£0.2 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/
dband db/+mmice 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 Cer 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-
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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.



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,RT). 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. § TUNEL combined with
Flk-1 immunostain. T Double immunostain for PCNA and Flk-1. Arrows indicate immunopositive cells. Original

magnifications: X400 in § and T; X200 in the other panels.
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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 HGE-
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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-f1

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/db mice
(87%) treated with HGF gene survived over the subse-
quent 25 weeks, whereas only 7 of 15 db/db mice (47%)

Kagawa et al.





