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Therapeutic angiogenesis has received much attention for its potential benefits in ischemic vascular disor-

ders. Recently, the clinical application of hepatocyte growth factor (HGF) for therapeutic angiogenesis has

become well known. Statins have also been reported to promote angiogenesis and ameliorate ischemic con-

ditions. In the present study, we examined the effects of fluvastatin on HGF-induced angiogenesis using a

human umbilical vein endothelial cell (HUVEC)/normal human dermal fibroblast (NHDF) co-culture system.

The HGF-induced angiogenesis was augmented by fluvastatin at low dose, but it was decreased at high

dose. Although fluvastatin increased vascular endothelial growth factor expression in NHDFs, it was

observed only at a high dose. Low-dose fluvastatin decreased the HGF-induced p38 mitogen-activated pro-

tein kinase (MAPK) phosphorylation (Thr-180/Tyr-182) and HUVEC apoptosis in the presence of HGF.

SB203580, a p38 MAPK inhibitor, ameliorated anisomycin (a p38 MAPK activator)-induced angiogenesis sup-

pression in the presence of HGF. Moreover, the augmentation of the HGF-induced angiogenesis by fluva-

statin was abrogated by the p38 MAPK inhibitors, SB203580, SB202190, and FR167653. High-dose

fluvastatin decreased Akt phosphorylation (Ser-473) and HUVEC proliferation, and it increased p27kip1 in

HUVECs. Interestingly, fluvastatin decreased the mRNA expression of integrins and tissue inhibitor of met-

alloproteinases (TIMPs) in HUVECs. Our data therefore indicate that the stimulatory effects of low-dose flu-

vastatin on the HGF-induced angiogenesis are mediated by its inhibitory effects on p38 MAPK

phosphorylation induced by HGF, which may result in the suppression of EC apoptosis. High-dose fluva-

statin inhibits Akt phosphorylation and HUVEC proliferation, and it increases p27kip1, which may result in its

inhibitory effects on angiogenesis. In addition, integrins and TIMPs are candidates for angiogenesis regu-

lation by fluvastatin. (Hypertens Res 2008; 31: 2085–2096)
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Introduction

Angiogenesis has opposite effects, depending on disease con-
ditions (1). In ischemic vascular disorders such as peripheral
artery disease and ischemic heart disease, therapeutic angio-
genesis provides beneficial effects and is recognized as useful
for the treatment of such disorders (2). Recently, hepatocyte
growth factor (HGF), which is well recognized to augment
angiogenesis (3), has been employed in clinical applications
for therapeutic angiogenesis (4). 3-Hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors (statins) have
been reported to promote angiogenesis and ameliorate
ischemic conditions (5, 6). Statins may therefore be a poten-
tial adjuvant for HGF in terms of therapeutic angiogenesis.
However, their effects on the HGF-induced angiogenesis
remain unclear.

In the present study, we examined the effects of fluvastatin
on HGF-induced angiogenesis using a human umbilical vein
endothelial cell (EC) (HUVEC)/normal human dermal fibro-
blast (NHDF) co-culture system (7, 8). Fluvastatin at low
dose, but not at high dose, augmented the HGF-induced
angiogenesis. Our data also indicated that the stimulatory
effects of low-dose fluvastatin on the HGF-induced angio-
genesis were mediated by the suppression of the p38 mitogen-
activated protein kinase (MAPK) pathway.

Methods

Reagents

Human recombinant HGF was purchased from BD Bio-
sciences (Bedford, USA). Fluvastatin was provided by
Novartis Pharma (Tokyo, Japan). FR167653 was provided by
Astellas Pharma (Tokyo, Japan). SB202474, SB203580, and
SB202190 were purchased from Calbiochem (San Diego,
USA). Polyclonal anti-phospho p38 MAPK (Thr-180/Tyr-
182) and anti-p38 MAPK, anti-phospho Akt (Ser-473), and
anti-Akt antibodies were purchased from Cell Signaling
Technology (Danvers, USA). LY294002 and anisomycin
were purchased from Sigma-Aldrich (St. Louis, USA).

Cell Culture

HUVECs and NHDFs were purchased from Kurabo (Osaka,
Japan). They were maintained in HuMedia-EB2 (Kurabo)
supplemented with 2% fetal bovine serum (FBS), 10 ng/mL
epithelial growth factor (EGF), 5 ng/mL fibroblast growth
factor (FGF)-2, 1 μg/mL hydrocortisone, 10 μg/mL heparin,
50 μg/mL gentamicin and 50 ng/mL amphotericin-B. NHDFs
were maintained in M-106S (Cascade Biologics, Portland,
USA) supplemented with 2% FBS, 10 ng/mL EGF, 3 ng/mL
FGF-2, 1 μg/mL hydrocortisone, 10 μg/mL heparin, 100 μg/
mL streptomycin and 100 μg/mL penicillin. These cells were
cultured in a humidified incubator under 5% CO2 at 37°C and

used between the 2nd and the 5th passages.

Angiogenesis

Angiogenesis assays were performed using the Angiogenesis
kit (Kurabo) (7, 8), according to the manufacturer’s instruc-
tions. Briefly, HUVECs and NHDFs were co-cultured in
media as monolayers in plastic 24-multiwell plates for 11 d.
HGF, fluvastatin, or other reagents were added to the media,
which were refreshed at days 1, 4, 7, and 9. After the incuba-
tion periods, tube structures were stained by anti-human
CD31 antibody and 3,3-diamino benzidine tetrahydrochloride
(DAB) substrate using a tubule staining kit (Kurabo) accord-
ing to the manufacturer’s instructions. We determined tube
formation quantitatively by the total length of the tube struc-
ture using the Angiogenesis Image Analyzer software
(Kurabo).

RNA Isolation and Real-Time PCR

When cells grown in 6-multiwell plates became 80% conflu-
ent, the media were changed to DMEM supplemented with
2% FBS. The cells were treated with or without fluvastatin for
24 h, and total RNA was extracted as previously described (9)
with the use of the RNeasy Plus Mini kit (QIAGEN, Hilden,
Germany). The extracted RNA was used for reverse tran-
scription (RT)-reaction by RNA PCR Kit (AMV), version 3.0
(Takara Bio, Ohtsu, Japan), using random 9-mer primers. RT
reaction was performed under the following conditions: 30°C,
10 min, 42°C, 30 min and 99°C, 5 min. For integrins and
GAPDH, the obtained templates (100 ng) were used for real-
time PCR reactions (95°C, 3 min for 1 cycle; 95°C, 15 s;
60°C, 10 s; 72°C, 20 s; for 40 cycles) with the use of iQ
SYBR green Supermix (Bio-Rad, Hercules, USA) by DNA
Engine thermal cycler attached with Chromo4 detector
(Bio-Rad). The following primer sequences were used: p27kip1

(forward: 5′-tttgacttgcatgaagagaagc-3′; reverse: 5′-agctgtctc
tgaaagggacatt-3′; PCR product: 84 bp), integrin α2 (forward:
5′-caagtgggattcagtgcaga-3′; reverse: 5′-gagcaccagcaacaaagt
ga-3′; PCR product: 232 bp), integrin α5 (forward: 5′-agcctc
agaaggaggaggac-3′; reverse: 5′-ggttaatggggtgattggtg-3′; PCR
product: 186 bp), integrin α6 (forward: 5′-tttatcggtctcggg
agttg-3′; reverse: 5′-tggccactgaatgttcaagg-3′; PCR product:
181 bp), integrin αV (forward: 5′-caccagcagtcagagatgga-3′;
reverse: 5′-acaactggcccaacatcttc-3′; PCR product: 224 bp),
integrin β1 (forward: 5′-cgatgccatcatgcaagt-3′; reverse: 5′-
acaccagcagccgtgtaac-3′; PCR product: 71 bp), integrin β3
(forward: 5′-gtgtgcctggtgctctgat-3′; reverse: 5′-agcagattctcc
ttcaggtca-3′; PCR product: 69 bp), GAPDH (forward: 5′-
ccatggagaaggctgggg-3′; reverse: 5′-caaagttgtcatggatgacc-3′;
PCR product: 195 bp). For other genes, real-time PCR was
performed with LightCycler FastStart DNA Master SYBR
Green I (Roche Diagnostics, Basel, Switzerland) and Light-
Cycler Primer Sets for vascular endothelial growth factor
(VEGF), matrix metalloproteinase (MMP)-2, tissue inhibitor
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of metalloproteinase (TIMP)-1, and TIMP-2 (Search LC,
Heidelberg, Germany).

Measurement of VEGF Concentration

When NHDFs grown in 6-multiwell plates became 80% con-
fluent, the media were changed to 1 mL/well of 2% FBS–con-
taining DMEM either with or without fluvastatin. The cells
were thereafter incubated for 24 h. VEGF concentrations of
media were measured by enzyme-linked immunosorbent

assay (ELISA) with the Biotrak Vascular Endothelial Growth
Factor Human ELISA System (GE Healthcare, Buckingham-
shire, UK). The assay range of VEGF was 31.3 to 2,000 pg/
mL. The VEGF concentrations of 2% FBS–containing media
without cells were below the lower limit of detection. All
experiments were performed in duplicate for each sample.

Protein Extraction and Western Blotting

When HUVECs grown in 6-multiwell plates became 80%

Fig. 1. Effects of fluvastatin on angiogenesis in an HUVEC/NHDF co-culture system. A: Microphotographs of angiogenesis.
The cells were incubated in either the absence (a) or presence (b, c, d) of HGF at 30 ng/mL, without (a, b) or with fluvastatin at
(c) 3 or (d) 100 nmol/L for 11 d. B: Graph of quantified tube length, percent of control. †p<0.01 vs. control. *p<0.05,
***p<0.001 vs. HGF alone. Fluva, fluvastatin.
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confluent, the media were changed to DMEM supplemented
with 2% FBS. The cells were treated with or without fluva-
statin for 24 h. HUVECs were rinsed twice with PBS. Total
cellular extracts were prepared and denatured as previously
described (10, 11). The protein samples were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto
PVDF membranes (Bio-Rad). The membranes were blocked
with 5% nonfat dry milk for 1 h at room temperature and then
probed with primary antibodies and horseradish peroxidase–
conjugated secondary antibodies (GE Healthcare). The mem-
branes were visualized with ECL-plus (GE Healthcare) and
LAS-1000 (Fujifilm, Tokyo, Japan).

Measurement of Caspase-3 Activity

When HUVECs grown in 6-multiwell plates became 80%
confluent, cells were washed once with PBS, and media were
changed to DMEM supplemented with 0.5% FBS and HGF
(30 ng/mL). The cells were treated with or without fluvastatin
for 24 h. A caspase-3 activity assay was performed with an
APOCYTO Caspase-3 Colorimetric Assay Kit (Medical Bio-
logical Laboratories, Nagoya, Japan), according to the manu-
facturer’s instructions.

Terminal Deoxynucleotidyl Transferase–Medi-
ated dUTP Nick End–Labeling Staining

When HUVECs grown in 24-multiwell plates became 80%

Fig. 2. Effects of fluvastatin on VEGF expression. A: VEGF mRNA expression either in NHDFs (filled bars) or in HUVECs
(open bars) determined by real-time PCR analyses. NHDFs or HUVECs were cultured and incubated in 2% FBS–containing
DMEM with or without fluvastatin at indicated concentrations for 24 h. Data are shown as percent of NHDFs in the absence of
fluvastatin, VEGF mRNA levels normalized by GAPDH mRNA levels. **p<0.01 vs. control. B: VEGF concentrations in NHDFs
mono-cultured media determined by ELISA. Data are shown as pg/mL. *p<0.05, ***p<0.001 vs. control.
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tion. HUVECs were incubated in 2% FBS–containing DMEM without (lanes 1 and 2) or with (lanes 3–5) varying concentrations
of fluvastatin for 24 h. The cells were exposed to 30 ng/mL HGF (for 10 min, lanes 2–5). Aliquots of cell lysates (25 μg each)
were used for Western immunoblot analyses using antibodies raised against either phospholylated-p38 MAPK at Thr-180/Tyr-
182 (dilution 1:500, upper) or p38 MAPK (1:1,000, lower). Data are shown as densitometric units of each phosphorylated pro-
tein normalized with each total p38 MAPK. ‡p<0.001, vs. lane 1. *p<0.05, **p<0.01 vs. lane 2. B: Effects of anisomycin on
angiogenesis. Cells incubated in the presence of HGF (30 ng/mL) were treated without or with anisomycin (1 μmol/L) in the
presence or absence of SB203580 (10 μmol/L). C: Caspase-3 activity in HUVECs. Cells incubated with DMEM supplemented
with 0.5% FBS and HGF (30 ng/mL) were treated with or without fluvastatin for 24 h. *p<0.05, **p<0.01 vs. without fluva-
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**p<0.01, ***p<0.001 vs. without fluvastatin. E: Effects of p38 MAPK inhibitors on angiogenesis. The cells were incubated in
the presence of HGF (30 ng/mL) without (open bars) or with (filled bars) fluvastatin at 3 nmol/L for 11 d and were co-adminis-
tered with the indicated compounds (0.1% DMSO, 10 μmol/L SB202474, 10 μmol/L SB203580, 10 μmol/L SB202190, 10 μmol/
L FR167653). Data are shown as percentage of fluva(−) group tube length. *p<0.05 vs. fluva(−). Fluva, fluvastatin; p-, phos-
phorylated-.
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confluent, the media were changed to DMEM supplemented
with 0.5% FBS and HGF (30 ng/mL). The cells were treated
with or without fluvastatin for 24 h. Terminal deoxynucleoti-
dyl transferase–mediated dUTP nick end–labeling (TUNEL)
staining was performed with the In Situ Cell Death Detection
Kit (Roche Diagnostics), according to the manufacturer’s
instructions. Color reactions were developed with DAB per-
oxidase. TUNEL-positive cells per total cells counted were
determined. At least 200 cells were counted.

Cell Proliferation Assay by 5-Bromo-2′-Deoxy-
Uridine Incorporation

Cell proliferation was determined by 5-bromo-2′-deoxy-uri-
dine (BrdU) incorporation. HUVECs were seeded in 24-mul-
tiwell plates. After incubation with maintenance media for 24
h, the media were changed to DMEM supplemented with 1%
FBS and HGF (30 ng/mL). The cells were treated with or
without fluvastatin for 24, 48, or 72 h. For the last 12 h of the
incubation periods, BrdU was added to the media, and BrdU
incorporation was measured using the Cell Proliferation
ELISA, BrdU colorimetric kit (Roche Diagnostics), accord-
ing to the manufacturer’s instructions.

Statistical Analysis

Data are presented as mean±SEM. Statistical comparisons
were performed using ANOVA followed by Fisher’s LSD
post hoc test. p<0.05 was considered significant.

Results

Fluvastatin Regulates the HGF-Induced Angio-
genesis in HUVEC/NHDF Co-Culture System

To determine the effects of fluvastatin on the HGF-induced
angiogenesis, we performed an angiogenesis assay using a
HUVEC/NHDF co-culture system. As shown in Fig. 1A,
HGF increased angiogenesis (b), and the HGF-induced angio-
genesis was augmented by low-dose fluvastatin (c) but sup-
pressed by high-dose fluvastatin (d). Figure 1B shows the
tube lengths in the HUVEC/NHDF co-culture system. HGF
significantly increased the tube lengths (202.5±8.4% of con-
trol). Fluvastatin significantly augmented the HGF-induced
angiogenesis at 1 and 10 nmol/L (264±20.1% and
275.7±7.2% of control, respectively) but suppressed it at 100
nmol/L (66.6±1.9% of control). These data indicate that low-
dose, but not high-dose, fluvastatin augmented the HGF-
induced angiogenesis.

High-Dose Fluvastatin Increases VEGF Expres-
sion in NHDFs

Next, the regulation of VEGF expression in NHDFs was

examined. As shown in Fig. 2A, fluvastatin increased VEGF
mRNA expression above 100 nmol/L in NHDFs (filled bars),
but not in HUVECs (open bars). Fluvastatin also induced
VEGF secretion from NHDFs above 100 nmol/L (Fig. 2B).
These data indicate that high-dose, but not low-dose, fluva-
statin increased NHDF VEGF mRNA expression/secretion.

Low-Dose Fluvastatin Decreases p38 MAPK
Phosphorylation and HUVEC Apoptosis

To explore the mechanisms of stimulatory effects of low-dose
fluvastatin on the HGF-induced angiogenesis, we focused on
p38 MAPK because of its anti-angiogenic properties (12). As
shown in Fig. 3A, HGF induced p38 MAPK phosphorylation
in HUVECs (lane 2). The HGF-induced p38 MAPK phospho-
rylation was suppressed by fluvastatin at 10–100 nmol/L
(lanes 3 and 4 showed 42.8±3.9% and 47.9±13.7% of HGF
alone, respectively), but not at 1 μmol/L (lane 5). Next, we
examined the effects of p38 MAPK on the HGF-induced
angiogenesis in the HUVEC/NHDF co-culture system. As
shown in Fig. 3B, anisomycin, an inducer of p38 MAPK,
strongly inhibited angiogenesis in the presence of HGF
(5.2±1.4% of control), and SB203580, an inhibitor of p38
MAPK, reduced the inhibitory effect of anisomycin
(49.1±4.1% of control), suggesting that p38 MAPK acts as an
angiogenesis suppressor in the system. Since p38 MAPK
induces apoptosis in ECs (13) and EC apoptosis inhibits
angiogenesis (14), we evaluated the effects of fluvastatin on
EC apoptosis by measurement of caspase-3 activity and
TUNEL staining. As shown in Fig. 3C, fluvastatin decreased
caspase-3 activity at 10–100 nmol/L, but not at above 1 μmol/
L. Moreover, the number of TUNEL-positive HUVECs was
decreased by fluvastatin at 10–100 nmol/L, while it increased
at 10 μmol/L (Fig. 3D). These data suggest that low-dose flu-
vastatin inhibited the p38 MAPK activity, which may have
resulted in a decrease in EC apoptosis.

Fluvastatin Does Not Increase Angiogenesis in
the Presence of p38 MAPK Inhibitors

Next, we examined whether fluvastatin can increase angio-
genesis in the presence of p38 MAPK inhibitors. As shown in
Fig. 3E, the tube length in the fluvastatin(+) group (closed
bars) was greater than that in the fluvastatin(−) group (open
bars) when treated with either the vehicle (128.1±7.2% of
fluvastatin(−) group) or an inactive compound, SB202474
(128.2±5.1% of fluvastatin(−) group). However, treatment
with p38 MAPK inhibitors SB203580, SB202190, or
FR167653 significantly lowered the tube length in the fluva-
statin(+) group compared with that in the fluvastatin(−) group
(83.2±2.8%, 77.4±5.1%, 72.9±4.4% of fluvastatin(−) group,
respectively). These data therefore suggest that p38 MAPK
was important for the increase in angiogenesis caused by flu-
vastatin.
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Fig. 4. Effects of fluvastatin on Akt phosphorylation/EC proliferation. A: Effects of fluvastatin on Akt phosphorylation. HUVECs
were incubated in 2% FBS–containing DMEM without (lanes 1 and 2) or with (lanes 3–5) varying concentrations of fluvastatin
for 24 h. The cells were exposed to 30 ng/mL HGF (for 24 h, lanes 2–5). Aliquots of cell lysates (10 μg each) were used for West-
ern immunoblot analyses using antibody raised against either phosphorylated-Akt at Ser-473 (dilution 1:1,000, upper) or Akt
(1:1,000, lower). Data are shown as densitometric units of each phosphorylated protein normalized with each total p38 MAPK.
†p<0.05, vs. lane 1. *p<0.05, ***p<0.001 vs. lane 2. B: Effects of LY294002 on angiogenesis. The cells were incubated with-
out or with HGF (30 ng/mL) in the presence or absence of LY294002 (10 μmol/L) for 11 d. †p<0.001, vs. lane 1. ***p<0.001
vs. HGF alone. C: Effects of fluvastatin on EC proliferation. Cell proliferation was determined by BrdU incorporation. HUVECs
incubated with DMEM supplemented with 1% FBS and HGF (30 ng/mL) were treated with or without fluvastatin (closed circle:
10 nmol/L; closed triangle: 100 nmol/L; closed box: 1 μmol/L) for indicated times. Data are shown as percent of the level with-
out fluvastatin. *p<0.05, **p<0.01, ***p<0.001 vs. without fluvastatin. Fluva, fluvastatin; p-, phosphorylated-.
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High-Dose Fluvastatin Suppresses Phosphoryla-
tion of Akt and HUVEC Proliferation

Fluvastatin at 100 nmol/L decreased p38 MAPK phosphory-
lation and HUVEC apoptosis (Fig. 3), while it decreased the
HGF-induced angiogenesis in the HUVEC/NHDF system
(Fig. 1). Therefore, we focused on phosphoinositide 3-kinase
(PI3K)–Akt pathway (15) and HUVEC proliferation. HGF
increased Akt phosphorylation in HUVECs (Fig. 4A, lane 2).
However, the HGF-induced Akt phosphorylation was sup-
pressed by fluvastatin at 100 nmol/L and 1 μmol/L (lanes 4
and 5 showed 67.6±11.0% and 35.0±3.7% of HGF alone,
respectively). As shown in Fig. 4B, HGF increased angiogen-
esis (247.0±10.5% of control), and LY294002, an inhibitor
of PI3K, strongly suppressed the HGF-induced angiogenesis
(27.6±1.2% of control) in the HUVEC/NHDF system. To
determine HUVEC proliferation, we performed a BrdU incor-
poration assay. Fluvastatin decreased BrdU incorporation in
the HUVECs in a dose- and time-dependent manner (Fig.
4C). These data indicate that high-dose fluvastatin inhibits
Akt activity as well as EC proliferation.

High-Dose Fluvastatin Increases mRNA Expres-
sion of p27kip1

We then examined whether fluvastatin affects expression of
27kip1, a cyclin-dependent kinase inhibitor, in HUVECs. As
shown in Fig. 5, fluvastatin increased 27kip1 mRNA expres-
sion at 100 nmol/L (216.2±10.6% of control). However, flu-
vastatin at 10 nmol/L did not affect 27kip1 mRNA expression.

Fluvastatin Decreases mRNA Expression of Inte-
grins, TIMPs, and MMP-2

To explore candidates other than those in the p38 MAPK and
PI3K-Akt pathways that may be regulated by fluvastatin dur-
ing angiogenesis, we examined the mRNA expression of inte-
grins in HUVECs by real-time PCR (16). As shown in Fig. 6,
fluvastatin decreased the mRNA expression of integrin α2,
α5, αV, β1, and β3 at 10 nmol/L (75.2±5.3%, 63.8±1.8%,
66.8±6.2%, 60.8±3.1%, and 72.8±4.6% of control, respec-
tively) and also decreased that of integrin α2, α5, β1, and β3
at 100 nmol/L (83.4±5.3%, 76.3±4.4%, 71.0±7.8%, and
80.2±5.9% of control, respectively). Next, we examined the
mRNA expression of TIMPs (17) and MMPs (18) in
HUVECs and NHDFs by real-time PCR. As shown in Fig. 7,
fluvastatin decreased TIMP-1 and -2 mRNA expression at 10
nmol/L in HUVECs (55.7±5.0% and 57.2±5.6% of control,
respectively), but not at 100 nmol/L. Fluvastatin decreased
the mRNA expression of MMP-2 at 10 and 100 nmol/L in
HUVECs (69.2±2.4% and 72.3±8.9% of control, respec-
tively) as well as at 100 nmol/L in NHDFs (79.4±3.4% of
control). These data therefore raise the possibility that these
integrins, TIMPs, and MMP-2 may be involved in the fluva-
statin effect.

Discussion

Therapeutic angiogenesis using HGF has recently been
applied in the clinical treatment of ischemic vascular disor-
ders (2). In the present study, we first demonstrated that flu-
vastatin at low dose, but not at high dose, augmented the
HGF-induced angiogenesis (Fig. 1). Although the pro-angio-
genic effects of low-dose statins in vitro have been previously
reported (19, 20), our study clearly demonstrated that low-
dose fluvastatin might also be effective as an adjuvant for
HGF for therapeutic angiogenesis. The mechanisms of the
up-regulation of angiogenesis by statins have not been ade-
quately elucidated so far. The phosphorylation of Akt (21)
and endothelial nitric oxide synthase (22) by statins has been
reported to be involved in their pro-angiogenic effects. Also,
statins have been reported to increase VEGF production in
HUVECs (23). Although we also observed statin-induced
increase of VEGF expression in NHDFs (Fig. 2), it occurred
only with high-dose fluvastatin that actually decreased the
HGF-induced angiogenesis in the HUVEC/NHDF co-culture
system (Fig. 1). Since the vascular effects of statins are quite
complicated (24), it is possible that other mechanisms may
also be involved in the up-regulation of angiogenesis by low-
dose fluvastatin, especially in the presence of HGF.

The protein p38 MAPK is activated by the tumor necrosis
factor-α and other stresses via its dual phosphorylation of
threonine and tyrosine residues (25), and it has been reported
to be anti-angiogeneic (12). Moreover, it has also been
reported to induce apoptosis in ECs (13). On the other hand,
statins have been shown to decrease p38 MAPK phosphoryla-

Fig. 5. Effect of fluvastatin on p27kip1 mRNA expression in
HUVECs determined by real-time PCR analyses. HUVECs
were cultured and incubated in 2% FBS–containing DMEM
with or without fluvastatin at indicated concentrations for 24
h. Data are shown as percent of the levels without fluva-
statin. p27kip1 mRNA levels were normalized by GAPDH
mRNA levels. *p<0.05 vs. control.
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presence of p38 MAPK phosphorylation is essential for these
effects. The inhibition of p38 MAPK has been shown to exert
some favorable effects on the vasculature, including the pre-
vention of neointimal formation after balloon injury (29) and
the induction of antioxidant reactions in the presence of
hypertension (30). Therefore, the inhibitory effects of low-
dose fluvastatin on p38 MAPK phosphorylation may not only
augment angiogenesis but also provide vascular protective
effects.

High-dose fluvastatin decreased the HGF-induced angio-
genesis (Fig. 1), Akt phosphorylation (Fig. 4A), and HUVEC
proliferation (Fig. 4C). The HGF-induced angiogenesis was
suppressed by LY294002, a PI3K inhibitor, in the HUVEC/
NHDF co-culture system. Therefore, the inhibitory effects of
high-dose fluvastatin on the HGF-induced Akt phosphoryla-
tion and HUVEC proliferation may potentially contribute to
the suppression of angiogenesis (14).

Regarding HUVEC proliferation, fluvastatin at 100 nmol/L
decreased the proliferation significantly compared with fluva-
statin at 10 nmol/L (Fig. 4C). Although fluvastatin at 100
nmol/L significantly decreased the HGF-induced Akt phos-
phorylation level, this level was not significantly different
from that observed with fluvastatin at 10 nmol/L (Fig. 4A).

Therefore, other mechanism(s) may also contribute to the
high-dose fluvastatin-mediated suppression of HUVEC pro-
liferation. Because fluvastatin has been reported to affect cell
cycles via an increase in the expression of the cyclin-depen-
dent kinase inhibitor p27kip1 in kidney fibroblasts (31), pros-
tate cancer cell lines (32), and smooth muscle cells (33), and
because the cyclin-dependent kinase inhibitor has been
shown to regulate EC cell cycles (34), we examined p27kip1

expression in HUVECs. Interestingly, fluvastatin at 100
nmol/L, but not at 10 nmol/L, increased p27kip1 expression
(Fig. 5). Therefore, the increase of p27kip1 expression by flu-
vastatin may possibly account for the suppression of HUVEC
proliferation with high-dose fluvastatin.

In the present study, fluvastatin at 100 nmol/L induced a
1.2-fold increase in the VEGF concentration of the NHDFs
culture media (Fig. 2B, from 299±20 to 359±2 pg/mL),
despite its strong suppression of the HGF-induced angiogen-
esis in vitro (Fig. 1). Since the effects of VEGF on HUVEC
proliferation did not vary between 300 and 500 pg/mL of its
concentration in the previous study (35), the 1.2-fold increase
in VEGF concentration may not be sufficient to maintain
HUVEC proliferation in the presence of high-dose fluva-
statin. The HGF concentration (30 ng/mL) used in the Akt

Fig. 7. Effects of fluvastatin on TIMPs and MMP-2 mRNA expression. TIMP-1 in HUVECs (A), TIMP-2 in HUVECs (B), MMP-
2 in HUVECs (C), and MMP-2 in NHDFs (D) mRNA expression was determined by real-time PCR analyses. HUVECs or
NHDFs were cultured and incubated in 2% FBS–containing DMEM with or without fluvastatin at indicated concentrations for
24 h. Data are shown as percent of the levels without fluvastatin. TIMPs or MMP-2 mRNA levels were normalized by GAPDH
mRNA levels. *p<0.05, **p<0.01 vs. control. Fluva, fluvastatin.
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phosphorylation experiment was approximately 100-fold
higher than the VEGF concentration (Fig. 2B, 359±2 pg/mL)
in the NHDFs culture media incubated with 100 nmol/L flu-
vastatin. It is therefore likely that the inhibitory effects of 100
nmol/L fluvastatin on the HGF-induced Akt phosphorylation
observed in HUVECs (Fig. 4A) can also be observed in the
HUVEC/NHDF co-culture system, since the amount of
VEGF secreted from NHDFs is negligible. The notion is also
supported by a previous report that demonstrated that 50–500
nmol/L statin (simvastatin) inhibited 10 ng/mL VEGF-
induced Akt phosphorylation in ECs (36).

Integrins constitute the extracellular matrix. Because they
regulate angiogenesis, they are potential therapeutic targets
for tumor angiogenesis (14, 37, 38). Fluvastatin decreased the
mRNA expression of integrins in HUVECs (Fig. 6). Integrins
have pleiotropic effects in EC function and angiogenesis
when there is contact between ECs and interstitial collagens
or fibrin matrices; such contact leads to EC activation/mor-
phogenesis as well as EC differentiation/stabilization when
the basement membrane matrices around the developing
tubes accumulate (16). Further studies are needed to elucidate
the effects of integrins on fluvastatin-mediated angiogenesis
regulation. The significant decrease in angiogenesis by low-
dose fluvastatin in the presence of p38 MAPK inhibitors (Fig.
3E) may be due partly to the observed decrease in integrins
mRNA expression by low-dose fluvastatin in HUVECs (Fig.
6). In addition, fluvastatin also decreased TIMPs and MMP-2
(Fig. 7). MMPs promote vascular remodeling and angiogene-
sis, and TIMPs are endogenous inhibitors of MMPs (39),
which increase in concentration in hypertensive patients (40).
Low-dose fluvastatin decreased TIMP-1 and -2 mRNA
expression. Moreover, fluvastatin also decreased MMP-2
mRNA expression in HUVECs and NHDFs. These results
therefore indicate that the suppression of TIMPs may partially
contribute to the stimulatory angiogenesis regulation by low-
dose fluvastatin.

In conclusion, our findings suggest that low-dose fluva-
statin augments the HGF-induced angiogenesis. This may
occur through the suppression of EC apoptosis subsequent to
the HGF-induced inhibition of p38 MAPK. High-dose fluva-
statin may inhibit angiogenesis through the suppression of
Akt and EC proliferation and the increase of p27kip1.
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