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Summary Injury of endothelial cells (EC) has been
postulated as the initial trigger of the progression of
atherosclerosis in patients with diabetes mellitus. We
previously reported that decrease in a novel endothe-
lium-specific growth factor, hepatocyte growth factor
(HGF), by high d-glucose might be a trigger of endo-
thelial injury. However, the physiological role of the
local vascular HGF system has not yet been clarified.
To investigate the role of HGF in endothelial injury,
we initially examined the effects of HGF on endothe-
lial injury induced by serum deprivation. Decrease in
EC number by serum deprivation was significantly
attenuated by addition of HGF as well as recombi-
nant basic fibroblast growth factor, whereas vascular
endothelial growth factor showed no effect. Apoptot-
ic changes in EC induced by serum deprivation were
also significantly attenuated by addition of HGF
(p < 0.01). Given the protective action of HGF, we
next studied the physiological role of local HGF pro-
duction in endothelial regulation. We focused on the
protective actions of prostaglandin (PG) I2, PGE
and a phosphodiesterase type 3 inhibitor (cilostazol)
on endothelial injury by high glucose, since these
agents are widely used in the treatment of peripheral
arterial disease which is frequently observed in dia-
betic patients. Treatment of human aortic EC with
PGE1, PGE2, and a PGI2 analogue (beraprost sodi-
um) as well as cilostazol stimulated EC growth.
HGF concentration in conditioned medium from EC

treated with PGE1, PGE2 or PGI2 analogue as well
as cilostazol was significantly higher than that with
vehicle (p < 0.01). Interestingly, treatment with PGI2
analogue or cilostazol attenuated high d-glucose-in-
duced EC death, which was abolished by neutralizing
anti-HGF antibody. Moreover, decreased local HGF
production by high d-glucose was also significantly
attenuated by PGI2 analogue or cilostazol. Finally,
we tested the effects of PGE, PGI2 analogue and cil-
ostazol on local HGF production in human aortic vas-
cular smooth muscle cells (VSMC). Although high d-
glucose treatment resulted in a significant increase in
VSMC number, PGI2 analogue and/or cilostazol
treatment had no effects on VSMC growth. However,
the decrease in local HGF production by high d-glu-
cose was significantly attenuated by addition of PGI2
analogue or cilostazol.
Overall, this study demonstrated that treatment with
PGE, PGI2 analogue or cilostazol prevented aortic
EC death induced by high d-glucose, probably
through the activation of local HGF production. In-
creased local vascular HGF production by prosta-
glandins and cilostazol may prevent endothelial inju-
ry, potentially resulting in the improvement of pe-
ripheral arterial disease. [Diabetologia (1997) 40:
1053–1061]

Keywords Diabetes mellitus, atherosclerosis, vascular
HGF system, vascular remodelling, apoptosis.

Received: 17 February 1997 and in revised form: 7 May 1997

Corresponding author: T. Ogihara, M. D., Ph.D., Department
of Geriatric Medicine, Osaka University Medical School, 2–2
Yamada-oka, Suita 565, Japan

Abbreviations: WST-1, 4-[4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazdio]-1, 3-benzene disulfonate; VEGF, vascular en-
dothelial growth factor; HGF, hepatocyte growth factor;
VSMC, vascular smooth muscle cells; PG, prostaglandins;
PDE, phosphodiesterase; FGF, fibroblast growth factor; MTT,
3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide.



Endothelial cells are known to secrete various vaso-
active substances. Recently, it has been hypothesized
that endothelial cells may also modulate vascular
growth, because many anti-proliferative factors such
as nitric oxide and vascular natriuretic peptides are
secreted by endothelial cells [1–3]. Therefore, it is ap-
parent that dysfunction of endothelial cells may pro-
mote abnormal vascular growth such as in athero-
sclerosis and arteriosclerosis [4, 5]. Our previous
studies demonstrated that hepatocyte growth factor
(HGF) is a novel member of endothelium-specific
growth factors, whose mitogenic activity is the most
potent [6, 7]. Moreover, the presence of a local
HGF system (HGF and its receptor, c-met) in endo-
thelial cells and vascular smooth muscle cells
(VSMC) was also demonstrated in vitro as well as in
vivo [8]. Thus, it is important to know the physiologi-
cal role of HGF in endothelial regulation, as the loss
of anti-proliferative substances from endothelial cells
might be related to the development and progression
of atherosclerosis/arteriosclerosis in diabetes mellitus
(DM) and hypertension. In this study, we initially ex-
amined whether HGF has a protective role in endo-
thelial regulation using human cultured aortic endo-
thelial cells.

On the other hand, prostaglandin (PG) I2 and
PGE have been reported to have a cytoprotective ac-
tion on endothelial cells and to inhibit VSMC growth
[9–11]. PGI2 and PGE are well known to stimulate cy-
clic AMP (cAMP) which plays a pivotal role in the
regulation of glucose metabolism, platelet aggrega-
tion and VSMC relaxation. Cyclic AMP is synthe-
sized from ATP by adenylate cyclase, and converted
to 5’-AMP by phosphodiesterase (PDE) [12]. PGI2
and PGE directly activate adenylate cyclase, result-
ing in the accumulation of cAMP. One of the rate-
limiting steps in the cascade of the cAMP pathway is
PDE. Type 3 PDE, which is known as cAMP-PDE
and degrades cAMP and is inhibited by cGMP, main-
ly exists in platelets, VSMC, cardiac myocytes and ad-
ipose tissue [12]. Therefore, PDE3 inhibitors inhibit
platelet aggregation and VSMC relaxation through
the activation of cAMP [13–15]. Indeed, these agents,
which cause accumulation of cAMP, are widely used
for the treatment of peripheral arterial disease ob-
served in diabetes [16–18]. Diabetes is characterized
by the premature development of microvascular and
macrovascular disease [19–21], and hyperglycaemia
is an independent risk factor for the development of
cardiovascular disease [22]. Interestingly, high glu-
cose treatment caused endothelial cell death through
a decrease in local HGF production [23]. As addition
of recombinant HGF prevented the endothelial cell
death induced by high glucose [23], HGF seems to
play a pivotal role in the regulation of endothelial
cells. Therefore, in this study, we examined the effects
of PGE, a stable oral PGI2 analogue (beraprost sodi-
um) and a PDE3 inhibitor (cilostazol) on local HGF

production in vascular cells, to clarify the potential
role of HGF in endothelial injury induced by high d-
glucose.

Materials and methods

Cell culture. Human aortic endothelial cells (passage 5) and
human aortic VSMC (passage 5) were obtained from Clonetics
Corp. (San Diego, Calif., USA), and cultured in modified
MCDB131 medium supplemented with 5 % fetal calf serum,
100 IU/ml penicillin, 100 mg/ml streptomycin, 10 ng/ml epider-
mal growth factor, 2 ng/ml basic fibroblast growth factor
(FGF) and 1 mmol/l dexamethasone in the standard fashion
[24, 25]. Cells were incubated at 37 °C in a humidified atmo-
sphere of 95 % air-5 % CO2 with medium changes every
2 days. These cells showed the specific characteristics of endo-
thelial cells and VSMC, on immunohistochemical examination
and morphological observation. Briefly, human aortic endo-
thelial cells tested positive for factor VIII antigen and for up-
take of di-acetylated LDL. In contrast, human aortic VSMC
also tested positive for a-actin, and negative for expression of
factor VIII antigen. All the cells were used between passage
5–6.

Counting of cell number. An index of cell proliferation was de-
termined using the WST-cell counting kit which is similar to
MTT assay (Wako, Osaka, Japan) [23, 26–28]. Tetrazolium salt
has been used to develop a quantitative colorimetric assay for
cell growth. The assay detects living, but not dead cells, and
the signal generated is dependent on the degree of activation
of the cells. For this purpose, 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT) is widely used [29]. In
this study, we used an alternative to MTT, sulfonated tetrazoli-
um salt, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazo-
lio]-1, 3-benzene disulfonate (WST-1), since this compound
produces a highly water-soluble formazan dye, which makes
the assay procedure easier to perform [28]. Briefly, 16.3 mg
WST-1 and 0.2 mmol/l 1-methoxy-5-methyl-phenazinium
methylsulfate were dissolved in 20 mmol/l HEPES buffer (pH
7.4). Then, 10 ml of the reaction solution was immediately add-
ed to 100 ml culture medium per well and the cells were then in-
cubated for an additional 2 h. The plate was read on a Bio-Rad
Model 3550 Microplate reader, using a test wavelength of 450
nm, and a reference wavelength of 650 nm. We confirmed
that serum-stimulated increase in cell number is associated
with increased absorbance at 450 nm (data not shown).

Treatment by serum deprivation. In the preparation of experi-
ments for determination of cell death, endothelial cells were
grown to confluence. After reaching confluence, the medium
was changed to fresh defined serum-free medium containing
HGF, basic FGF, vascular endothelial cell growth factor
(VEGF), or vehicle. Defined serum-free medium was supple-
mented with insulin (5 × 10–7 mol/l), transferrin (5 mg/ml),
and ascorbate (0.2 mmol/l), as previously described [30].
The cells were then incubated. Every 2 days, the medium was
changed to fresh defined serum-free medium containing
HGF, basic FGF, VEGF, or vehicle. On days 2 and 4, an index
of cell proliferation was determined, as described above.

Apoptotic cells induced by serum deprivation were also
counted at 4 days. Hoechst 33 342 (Sigma, St. Louis, Mo.,
USA) was used to observe nuclear morphology by fluores-
cence microscopy under ultraviolet light. It was prepared ex-
temporaneously in distilled water at 1 mg/ml and added to the
culture medium at a final concentration of 10 mg/ml [31, 32].
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After 2 h of incubation at 37 °C, cells were washed twice in
phosphate buffered saline and resuspended at a concentration
of 106 cells/ml in phosphate buffered saline containing 1 % (w/
v) paraformaldehyde. Cell deposits of approximately 40 000
cells were applied to glass slides. After staining with Hoechst
33342, the morphological features of cell nuclei were observed
with an epifluorescence microscope. For each sample, 300 cells
were examined. The number of apoptotic cells was counted un-
der microscopy (magnification, × 100) in a blinded manner.
The total number of apoptotic cells in each section was sum-
med and expressed as a percentage of total cell number. At
least ten individual sections were evaluated per slide. Samples
were coded so that the analysis was performed without knowl-
edge of which treatment each cells had received. The repro-
ducibility of the results was assessed. Intraobserver variability
was determined from triplicate measurements performed by
one observer for all sections. The mean ± SD difference among
measurements made by the same observer was 2.4 ± 0.3 %. In-
terobserver variability was determined from measurements of
ten randomly selected sections performed by a second observ-
er in addition to the first observer. The difference between
measurements made by the two observers was 3.4 ± 0.5 %.
These observers were blinded to other data concerning the
cells, as well as to the results of the other observer.

Treatment with prostaglandins and cilostazol. Endothelial cells
and VSMC were seeded onto uncoated 96-well tissue culture
plates (Corning, N. Y., USA). In the preparation of experi-
ments for determination of cell count, the cells were grown to
sub-confluence. After cells reached 80 % confluence, the me-
dium was changed to fresh defined serum-free medium for
VSMC or endothelial cells, containing PGE, PGI2, cilostazol
or vehicle, both with and without high glucose (5 to 25 mmol/
l). The cells were then incubated overnight. On day 1, the me-
dium was again changed to fresh medium with normal or high
d-glucose. On day 4, an index of cell proliferation was deter-
mined using a WST-cell counting kit, as described above.

Measurement of HGF in conditioned medium. Human endo-
thelial cells and VSMC were seeded on 6-well plates (Corning)
at a density of 5 × 104 cells/cm2 and cultured for 48 h. After re-
placing the medium with fresh defined serum-free medium and
following culture for 48 h, the concentration of HGF in the me-
dium was determined by enzyme-immunoassay using anti-hu-
man HGF antibodies, as described previously [33]. Rabbit
anti-human HGF IgG was coated on a 96-well plate (Corning)
at 4 °C for 15. After blocking with 3 % bovine serum albumin
in phosphate-buffered saline phosphate buffered saline, condi-
tioned medium was added to each well, and the preparation
was incubated for 2 h at 25 °C. Wells were washed three times
with PBS containing 0.025 % Tween 20 (PBS-Tween), then bio-
tinylated rabbit anti-human HGF IgG was added and the prep-
aration was incubated for 2 h at 25 °C. After washing with PBS-
Tween, wells were incubated with horseradish peroxidase-con-
jugated streptoavidin-biotin complex in PBS-Tween. The en-
zyme reaction was initiated by adding substrate solution com-
posed of 2.5 mg/ml o-phenylenediamine, 100 mmol/l sodium
phosphate, 50 mmol/l citric acid, and 0.015 % H2O2. The en-
zyme reaction was halted by adding 1 mol/l H2SO4, and absor-
bance at 490 nm was measured. This ELISA specifically de-
tects human HGF, but not rat HGF [33].

Effect of neutralizing anti-HGF antibody. The effect of endoge-
nously produced HGF in human endothelial cells and VSMC
was examined by a neutralization procedure, using rabbit
anti-human HGF antibody [34]. For the antibody, the IgG frac-
tion (purified with protein A-agarose) was able to neutralize a

biological activity of 10 ng/ml HGF, at a concentration of
10 mg/ml. Normal rabbit serum IgG fraction (10 mg/ml) was
employed as a control.

Protocol: Group 1: Incubation of endothelial cells with anti-
HGF antibody (final 10 mg/ml) for 48 h; group 2: Incubation of
endothelial cells with normal IgG (final 10 mg/ml) for 48 h
group 3: Incubation of endothelial cells without normal IgG
or anti-HGF antibody for 48 h.

Materials. Human recombinant HGF was purified from the
culture medium of Chinese hamster ovary cells or C-127 cells,
and transfected with expression plasmid containing human
HGF cDNA [35, 36]. PGE1 and PGE2 were obtained from Sig-
ma. PGI2 analogue (beraprost sodium) was donated by Kaken
Pharmaceutical Company (Tokyo, Japan). Cilostazol was do-
nated by Otsuka Pharmaceutical Company (Osaka, Japan).

Statistical analysis. All values are expressed as mean ± SEM.
Analysis of variance with subsequent Bonferroni’s/Dunnet
test was employed to determine the significance of differences
in multiple comparisons. Values of p < 0.05 were considered
statistically significant.

Results

Effect of HGF on endothelial cell death induced by se-
rum deprivation. Initially, we examined the effect of
HGF treatment on cell death induced by serum de-
privation. Serum deprivation caused endothelial cell
death. Some cells started to become round and even-
tually detached from the plate and floated in the me-
dium 4 h after serum deprivation, leaving many holes
in the sheet of confluent cells. The floating cells could
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Fig. 1. Effect of exogenously added HGF and FGF on human
aortic endothelial cell number under serum deprivation. Val-
ues as percentage of cell survival compared to serum (10% fe-
tal calf serum) treatment. n = 8 per group. DSF = vehicle,
HGF = human recombinant HGF (10 ng/ml) added to endo-
thelial cells maintained in DSF, FGF = human recombinant
FGF (10 ng/ml) added to endothelial cells maintained in DSF,
HGF = human recombinant HGF (10 ng/ml) added to endo-
thelial cells maintained in DSF, HGF + FGF = human recom-
binant HGF (10 ng/ml) and human recombinant FGF (10 ng/
ml) added to endothelial cells maintained in DSF. **p < 0.01
vs serum (10% fetal calf serum) treatment; #p < 0.01 vs
HGF + FGF; + p < 0.01 vs HGF; $p < 0.01 vs FGF



be recovered with the medium, and neither attached
onto a new plate nor proliferated (data not shown).
Consistent with this morphological observation, cell
death rate after serum deprivation was significantly
increased in a time-dependent manner, as shown in
Figure 1. Addition of HGF (10 ng/ml) or FGF (10
ng/ml) resulted in partial attenuation of cell death
mediated by serum deprivation. Moreover, co-incu-
bation with HGF and bFGF completely abolished en-
dothelial cell death, similar to serum (10% fetal calf
serum) treatment. Moreover, addition of VEGF (10
ng/ml) to HGF and bFGF had no additive effect on
survival rate of endothelial cells (data not shown). Se-
rum deprivation resulted in a significant increase in
apoptotic endothelial cells assessed by morphology,
as shown in Figure 2a. Serum deprivation significant-
ly increased the apoptotic cells, which was abolished
by the addition of serum (p < 0.01). Importantly,

addition of recombinant HGF also prevented apopto-
sis of endothelial cells induced by serum deprivation
(Fig. 2b). These results were also confirmed by nucle-
ar staining using propidium iodide (data not shown).

Effect of PGE1, PGE2, PGI2 analogue and cilostazol
on human endothelial cells. Initially, we examined
the effect of prostaglandins on number of human en-
dothelial cells. Treatment of endothelial cells with
PGE1, or PGE2 as well as PGI2 analogue stimulated
an increase in the number of human aortic endotheli-
al cells (Fig. 3 a). DNA synthesis of endothelial cells
was also increased by PGI2 analogue (data not
shown). As mentioned earlier, HGF is a novel endo-
thelium-specific growth factor. Therefore, we studied
the role of local HGF production in prostaglandin-
treated endothelial cells. Treatment with PGE1, or
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Fig. 2. (A) Morphological changes in nuclei of endothelial
cells treated with serum deprivation. (B) Effect of exogenously
added HGF on apoptosis of human aortic endothelial cell in
serum deprivation. Values are percentage of apoptotic cells.
n = 8 per group. Serum = 10 % fetal calf serum added to endo-
thelial cells, DSF = vehicle added to endothelial cells main-
tained in DSF, HGF = human recombinant HGF (10 ng/ml)
added to endothelial cells maintained in DSF. **p < 0.01 vs se-
rum (10% fetal calf serum) treatment
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PGE2 as well as PGI2 analogue significantly stimulat-
ed local HGF production in human aortic endothelial
cells (Fig. 3b). Therefore, we hypothesized that PGE
and PGI2 analogue improved endothelial dysfunction
through stimulation of local HGF production. To test
this hypothesis, we studied the effect of prostaglan-
dins on endothelial cell death induced by high d-glu-
cose. As shown in Figure 4, treatment with high d-glu-
cose (25 mmol/l) resulted in a significant decrease in
endothelial cell number, whereas addition of PGI2
analogue attenuated endothelial cell death induced
by high d-glucose. Of importance, the prevention of
endothelial cell death by PGI2 analogue was signifi-
cantly abolished by addition of neutralizing anti-
HGF antibody. As previously reported, no significant
changes were observed in cell number of endothelial
cells treated with high mannitol or L-glucose [23].

Local HGF secretion of endothelial cells treated
with cilostazol was also examined, since cilostazol is
also used in the treatment of peripheral arterial dis-
ease. As shown in Figure 5a, treatment with cilostazol
significantly stimulated local HGF production in hu-
man aortic endothelial cells under basal conditions.
The stimulatory action of PGE, a PGI2 analogue and
cilostazol on local HGF production may be due to the
accumulation of cAMP, as treatment with forskolin
(30 mmmol/l) as well as 8-bromo cAMP (1 mmol/l)
stimulated local HGF production (vehicle;
1.54 ± 0.19, forskolin; 12.19 ± 0.60, 8-bromo cAMP;
12.54 ± 0.38, cilostazol; 5.2 ± 0.49 ng/106 cells, p < 0.01
vs vehicle). Of importance, cilostazol significantly at-
tenuated the decrease in local HGF production in-
duced by high-d-glucose, whereas high d-glucose

treatment resulted in a significant decrease in local
HGF production (Fig. 5 b). However, cilostazol treat-
ment failed to show attenuation of local HGF pro-
duction with high d-glucose treatment at 25 mmol/l.
Therefore, we also studied the effect of cilostazol on
growth of endothelial cells. Cilostazol stimulated
growth of endothelial cells under basal conditions
(Fig. 6a). Consistent with the previous report [23,
37], high d-glucose treatment induced endothelial
cell death. Cilostazol significantly attenuated the de-
crease in number of endothelial cells at a high d-glu-
cose concentration of 15 mmol/l, but not 25 mmol/l
(Fig. 6a), in parallel with stimulation of local HGF
production (Fig. 5b). Of importance, the prevention
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Fig. 4. Inhibition of endothelial cell death induced by high d-
glucose by addition of PGI2 analogue. n = 8 per group.
G5 = cells treated with 0.5 % FCS medium and d-glucose
(5 mmol/l), G25 = cells treated with 0.5 % FCS medium and
d-glucose (25 mmol/l), + IgG = cells treated with IgG con-
trol, + HGF-Ab = cells treated with anti-HGF anti-
body, + PGI = cells treated with 0.5 % FCS medium and PGI2
analogue (10–6 mol/l). Values are expressed as percentage of
G5 + IgG after adjusting for cell number. **p < 0.01 vs cells
treated with 0.5 % FCS medium and d-glucose (5 mmol/l)
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Fig. 5. (A) HGF concentration in medium of human aortic en-
dothelial cells treated with cilostazol and PGI2 analogue. n = 8
per group. DSF = cells treated with 0.5 % FCS medium,
CSZ = cells treated with 0.5 % FCS medium and cilostazol,
PGI analogue = cells treated with 0.5 % FCS medium and
PGI2 analogue. Values are HGF concentration adjusted for
cell number. **p < 0.01 vs cells treated with DSF. (B) Percent
change in local HGF production in medium of human aortic
endothelial cells treated with cilostazol under normal and
high d-glucose conditions. n = 8 per group. 5 = cells treated
with 0.5 % FCS medium and d-glucose (5 mmol/l), 15 = cells
treated with 0.5 % FCS medium and d-glucose (15 mmol/l),
25 = cells treated with 0.5 % FCS medium and d-glucose
(25 mmol/l), Vehicle = cells treated with vehicle, CSZ = cells
treated with cilostazol (10–6 mol/l). Values are expressed as
percent change in HGF concentration adjusted for cell num-
ber. **p < 0.01 vs cells treated with 5 mmol/l d-glucose,
##p < 0.01 vs cells treated with vehicle



of endothelial cell death by cilostazol was significant-
ly abolished by addition of neutralizing anti-HGF an-
tibody (Fig. 6b).

Effects of PGE1, PGE2, PGI2 analogue and PDE3 in-
hibitor on human VSMC. Since the presence of a lo-
cal HGF system has also been detected in human aor-
tic VSMC [8, 23], we next examined the effects of
prostaglandins and cilostazol on local HGF secretion
from human aortic VSMC. Similar to endothelial

cells, treatment with PGE1 and PGE2 as well as PGI2
analogue resulted in a significant increase in local
HGF secretion from VSMC in a dose-dependent
manner, as shown in Figure 7. Addition of PGI2 ana-
logue significantly attenuated the decrease in local
HGF production induced by high d-glucose treat-
ment. Cilostazol treatment also increased local HGF
production in human VSMC (Fig. 8). Of importance,
addition of cilostazol significantly attenuated the de-
crease in local HGF production induced by high d-
glucose treatment. Finally, the direct effect of PGI2
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PGE2 = cells treated with DSF and PGE2 (10–6 mol/l).
*p < 0.05, **p < 0.01 vs DSF. Values are HGF concentration
adjusted for cell number
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Fig. 8. Inhibition of decrease in local HGF concentration in-
duced by high d-glucose by addition of PGI2 analogue and cil-
ostazol. n = 8 per group. 5 = cells treated with DSF and d-glu-
cose (5 mmol/l), 15 = cells treated with DSF and d-glucose
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(10–6 mol/l). Values are HGF concentration adjusted for cell
number. **p < 0.01; + p < 0.05 vs cells treated with 0.5 % FCS
medium and d-glucose (5 mmol/l)



analogue and cilostazol on VSMC growth was exam-
ined under normal and high d-glucose treatment.
High d-glucose treatment stimulated VSMC growth.
Addition of PGI2 analogue as well as cilostazol failed
to alter VSMC growth with and without high d-glu-
cose treatment (Table 1).

Discussion

HGF is a mesenchyme-derived pleiotropic factor
which regulates cell growth, cell motility, and mor-
phogenesis of various types of cells and is thus consid-
ered a humoral mediator of epithelial-mesenchymal
interactions responsible for morphogenic tissue inter-
actions during embryonic development and organo-
genesis [38–40]. Moreover, we found that HGF ful-
fills the characteristics of an endothelium-specific
growth factor [6, 7]. Therefore, we hypothesized that
HGF may also have an important role in the regula-
tion of endothelial cells. Indeed, we have previously
reported that endothelial cell death induced by high
d-glucose is due to decreased local HGF production
in vascular cells through transforming growth factor-
b (TGF-b) activation [23]. This phenomenon should
be important, since dysfunction of endothelial cells
causing loss of multiple endothelium-derived sub-
stances (PGI2, nitric oxide, C-type natriurectic pep-
tide) would result in the progression of arteriosclerot-
ic vascular changes in diabetes [19–21].

Therefore, we initially examined the protective ac-
tion of HGF on endothelial cell injury induced by se-
rum deprivation, which is known as a mediator of
apoptosis in endothelial cells [41, 42]. Of interest,
HGF could abrogate the cell death of endothelial
cells mediated by serum deprivation, through the in-
hibition of apoptosis (Figs. 1 and 2). Although, cur-
rently, bFGF is only known to prevent apoptosis of
endothelial cells mediated by serum deprivation
[41], HGF also has the ability to prevent apoptosis of
human aortic endothelial cells induced by serum de-
privation. HGF should be classed as a new member of
the growth factors with anti-cell death actions in endo-
thelial cells through the inhibition of apoptosis. The
mechanisms by which HGF prevented endothelial

cell death mediated by these conditions in this study
are unclear. HGF is known to stimulate phosphat-
idylinositol-37-kinase (PI3 K), protein tyrosine phos-
phatase 2, phospholipase C-r, pp60c-src, grb2/hSos1,
the rho- and ras [43–48]. The activation of these sig-
nal transduction pathways suggests that HGF will
act to prevent cell death.

In this study, we next focused on the effects of
PGE, PGI2 analogue and cilostazol, which are well
known to improve peripheral arterial disease in pa-
tients with diabetes [16–18]. The present study dem-
onstrated that PGE and PGI2 analogue as well as cil-
ostazol treatment attenuated endothelial cell death
induced by high d-glucose. Our present study cannot
determine whether these agents inhibit apoptosis, re-
sulting in an increase in cell number, or whether these
agents may have no effect on apoptosis, but work pri-
marily as a mitogen. Although the overall change in
cell population may reflect a combination of the rate
of cell replication and the rate of cell death, it is im-
portant to increase the overall change induced by
these agents, to maintain endothelial function. More
importantly, the prevention of high d-glucose-in-
duced endothelial cell death by these drugs was abol-
ished by addition of neutralizing antibody against
HGF (Figs. 4 and 6b), suggesting that the protective
action of PGI2 and cilostazol on endothelial cell death
is in part due to the activation of local HGF produc-
tion. These results are consistent with our previous
data that addition of recombinant HGF protected en-
dothelial cells from death induced by high d-glucose
[23]. Given that high d-glucose initiates apoptosis of
endothelial cells [37], increased HGF production by
these agents might attenuate apoptosis of endothelial
cells. This increase in local HGF production by PGE,
PGI2 analogue and cilostazol may be due to increase
in cAMP. Since the promoter region of HGF gene
contains a cAMP responsive element [49], accumula-
tion of cAMP may stimulate local HGF production
probably through a cAMP responsive element. In-
deed, treatment with forskolin as well as an 8-bromo
cAMP analogue stimulated local HGF production.

Finally, we studied the effects of a PGI2 analogue
and cilostazol on local HGF production in VSMC.
Since multiple VSMC-derived substances have
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Table 1. Effects of cilostazol and PGI2 analogue on number of human aortic VSMC at various glucose concentrations

mmol/l Vehicle PGI Cilostazol PGI + cilostazol

5 0.406 ± 0.018 0.409 ± 0.020 0.437 ± 0.015 0.420 ± 0.025
15 0.463 ± 0.032a 0.441 ± 0.026a 0.450 ± 0.023a 0.455 ± 0.036a

25 0.532 ± 0.031a 0.509 ± 0.030a 0.500 ± 0.019a 0.525 ± 0.018a

Values are expressed as absorbance at OD 450 nm. n = 8 per
group. 5 mmol/l = cells treated with DSF and D-glucose
(5 mmol/l), 15 mmol/l = cells treated with DSF and D-glucose
(15 mmol/l), 25 mmol/l = cells treated with 0.5 % FCS me-
dium and D-glucose (25 mmol/l), PGI = cells treated with
DSF and PGI2 analogue (10−6 mol/l), cilostazol = cells treated

with DSF and cilostazol (10−6 mol/l), PGI + cilostazol = cells
treated with DSF, cilostazol (10−6 mol/l) and PGI2 analogue
(10−6 mol/l). a p < 0.01 vs cells treated with DSF and D-glu-
cose (5 mmol/l)
Values of VSMC number treated with vehicle was previously
published [23]



profound influences on the maintenance of endothe-
lium [4, 5], secretion of endothelial protectants from
VSMC is very important in the control of endothelial
function. As local HGF production in VSMC was de-
creased in association with the increased d-glucose
concentration [23], decrease in local HGF production
in VSMC by high d-glucose may affect endothelial
cell growth in a paracrine manner. Of importance, de-
creased local HGF production by high d-glucose was
significantly attenuated by PGI2 analogue and cil-
ostazol. As mentioned earlier, endothelial cells se-
creted anti-proliferative substances, resulting in the
inhibition of VSMC growth, while VSMC promoted
endothelial cell growth by production of local HGF.
Therefore, loss of local HGF secretion from endothe-
lial cells and VSMC by high d-glucose treatment may
promote endothelial dysfunction. Increased local
HGF production from VSMC by cilostazol and PGI2
analogue may improve endothelial dysfunction in-
duced by high d-glucose. Increased vascular HGF
production by these agents may contribute to the use-
fulness of PGI2 analogue and cilostazol in the treat-
ment of peripheral arterial disease such as arterio-
sclerosis obliterans, observed in diabetes, although
further studies are needed.

Overall, we demonstrated that treatment with
PGI2 analogue or cilostazol prevented aortic endo-
thelial cell death induced by high d-glucose, probably
through the activation of local HGF production. In-
creased local vascular HGF production by prosta-
glandins and cilostazol may prevent endothelial inju-
ry, potentially resulting in the improvement of pe-
ripheral arterial disease.
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