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Abstract

Objective: Hydrogen sulfide (H2S) has been reported to be a gasotransmitter which regulates cardiovascular homeostasis. The present study
aims to examine the hypothesis that hydrogen sulfide is able to promote angiogenesis.
Methods: Angiogenesis was assessed using in vitro parameters (i.e. endothelial cell proliferation, adhesion, transwell migration assay,
scratched wound healing and formation of tube-like structure) and in vivo by assessing neovascularization in mice. Phosphorylation of Akt
was measured using Western blot analysis.
Results: Exogenously administered NaHS (H2S donor) concentration-dependently (10–20 μmol/l) increased cell growth, migration,
scratched wound healing and tube-like structure formation in cultured endothelial cells. These effects of NaHS on endothelial wound healing
and tube-like structure formation were prevented by either the phosphatidylinositol 3-kinase (PI3K) inhibitor LY 294002 (5 μmol/l) or
transfection of a dominant-negative mutant of Akt. NaHS increased Akt phosphorylation and this effect was also blocked by either LY
294002 or wortmannin (25 nmol/l). NaHS did not significantly alter the levels of vascular endothelial growth factor, mRNA expression of
fibroblast growth factor and angiopoietin-1, or nitric oxide metabolites. NaHS treatment (10 and 50 μmol kg−1 day−1) significantly promoted
neovascularization in vivo in mice.
Conclusion: The present study reports a novel proangiogenic role of H2S which is dependent on activation of Akt.
© 2007 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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This article is referred to in the Editorial by I.E. Hoefer
(pages 1−2) in this issue.

1. Introduction

Hydrogen sulfide (H2S) is endogenously generated from
cysteine by pyridoxal-5′-phosphate-dependent enzymes,
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including cystathionine β-synthase (CBS) and cystathionine
γ-lyase (CSE) [1]. CBS is highly expressed in the brain [2],
whilst CSE is most concentrated in the vasculature [3]. In
recent years, accumulating evidence has suggested that H2S
plays a pivotal role in cardiovascular regulation [4,5]. Intra-
venous bolus injection of H2S (in the form of NaHS — a
water soluble H2S donor) transiently decreased blood pres-
sure in rats by 12–30 mm Hg [6,7]. H2S has been further
shown to dilate rat aortic tissues by opening KATP channels in
vascular smooth muscle cells [6]. In addition to the regulation
of vascular tone, H2S has been reported to induce apoptosis of
cultured human aortic smooth muscle cells [8]. In spontane-
ously hypertensive rats, there was a decrease in CSE mRNA
d by Elsevier B.V. All rights reserved.
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expression, CSE activity and plasma H2S levels, while exo-
genous administration of NaHS attenuated the development
of hypertension [9]. In isolated perfused rat hearts, exogenous
administration of NaHS significantly decreased the duration
and severity of ischemia/reperfusion-induced arrhythmias
and increased the viability of cardiomyocytes [10].

On the other hand, chronic ischemia may induce angio-
genesis which may in turn ameliorate blood supply of the
ischemic tissue [11]. For example, an acute, permanent oc-
clusion of the coronary artery usually results in myocardial
infarction, however, in some cases suffering from a slow
progress of coronary artery occlusion, chronic ischemia has
been reported to stimulate angiogenesis around the ischemic
region and in certain cases the ischemic tissues can even
survive when the supplying coronary artery has been com-
pletely occluded. Therefore, exploration of novel approaches
to stimulate angiogenesis may potentially lead to better
treatment for ischemic disease.

To date, there is no information about the potential role of
H2S in angiogenesis. That H2S is able to protect against
cardiac ischemia [10] raises the possibility that H2S may be
able to regulate the process of angiogenesis.

Angiogenesis involves several sequential phases during
which endothelial cells play a major role. Sprout formation is
initiated with the release of proteolytic enzymes from endo-
thelial cells to degrade surrounding basement membrane,
followed by endothelial cell proliferation and migration.
Finally, the migrating cells form tube-like structures [12].
Therefore, the present study aimed to investigate the role of
H2S on endothelial cell proliferation, migration and tube
formation in a series of in vitro and in vivo experiments.
Additionally, the intracellular signaling pathways involved in
the proangiogenic effect of H2S were also examined.

2. Methods

2.1. Materials

Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum (FBS) and lipofectamine 2000 were from
GIBCO-BRL (USA). Antibodies against ERK, p38, Akt
were purchased from Cell Signaling Technology (USA).
Antibodies against survivin, CD31, and integrin α1, α2, αv,
β1, β3 and β5 were from Santa Cruz Biotechnology (CA,
USA). LY 294002 and wortmannin were obtained from
Calbiochem (USA). Growth factor reduced Matrigel and cell
culture insert system were from BD Biosciences (Bedford,
MA, USA). Collagen I, hydroxyurea and NaHS were from
Sigma (St Louis, MO, USA). H2S was administered in the
form of NaHS which has been well established as a reliable
donor of H2S [6,13,14]. When NaHS was dissolved in saline,
about one-third of H2S exists as undissociated gas, and the
remaining two-thirds as HS anion [1]. The concentrations of
NaHS selected in the present study did not affect the pH
values of the culture medium and the sodium ion content in
NaHS is negligible. We also used H2S solution in scratch
wound healing and tube formation assays. The H2S stock
solution was freshly prepared by bubbling distilled water
with pure H2S gas (Summit Specialty Gases, Tianjin, China)
to acquire saturated H2S solution. However precise amount
of H2S generated under these conditions is not clear as
highlighted by others [15] and accordingly H2S was ad-
ministered in the form of NaHS in the present experiments.

2.2. Cell culture and transfection of the dominant-negative
mutant of Akt

RF/6A endothelial cells were maintained in DMEM
containing 10% FBS, penicillin (100 IU/ml), and streptomy-
cin (100 μg/ml) at 37 °C in a 5% CO2 incubator. The
hemagglutinin (HA)-tagged dominant-negative (DN) (ki-
nase-inactivemutantMyr-Akt-K179M)Akt [16] is a kind gift
from Dr. Jin Q. Cheng (Department of Pathology and
Interdisciplinary Oncology, University of South Florida
College of Medicine, H. Lee Moffitt Cancer Center, Tampa,
Florida). pcDNA3 vector containing the DN-Akt cDNA or its
control vector was transfected into RF/6A cells using
lipofectamine 2000 and incubated for 24 h in DMEM with
10% FBS.

2.3. Cell proliferation assay

RF/6A cells were cultured in 96-well tissue culture plates
(1×104 cells/well) with 10% FBS for 24 h. Then the serum-
free medium was used and cells were exposed to different
concentrations of NaHS for another 24 h. Cell viability and
proliferation were measured respectively by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) [17] and 5-bromo-2′-deoxyuridine (BrdU) (Roche
Diagnostics, USA) incorporation assays.

2.4. Cell adhesion assay

Twelve-well tissue culture plates were coated with colla-
gen I (2 mg/ml). Serum-starved endothelial cells were plated
at 5×104 cells/well with test substances or vehicle and
incubated at 37 °C for 30 min. The culture medium was
subsequently removed and the cells were gently washed
twice using warm PBS. Adherent cells were fixed with 4%
paraformaldehyde in PBS and stained with hematoxylin. Five
random fields from each of quadruple wells were counted for
each experimental condition.

2.5. Cell migration assay

Two types of migration assays were used. The transwell
migration assay was performed as described before [18] with
some modifications. Briefly, RF/6A cells were seeded at a
density of 4.5×104 cells/well into the 12-well insert, both
upper and lower reservoirs containing serum-free growth
media. Test substances or vehicle was added to the lower
reservoirs. Cells were subsequently allowed to migrate
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across a collagen I-coated polycarbonate filter (8 μm pore
size) for 6 h at 37 °C. Non-migrated cells were removed from
the top side of the filter by scraping gently and washing twice
in PBS. Migrated cells on the bottom side of the filter were
subsequently fixed with 4% paraformaldehyde in PBS for
20 min. The filter was then washed with dH2O and stained
with Harris Hematoxylin solution for 4 min, followed by two
further washes in dH2O. Migrated cells were manually
counted using a light microscope. Cells in five random fields
for each migration well were counted to determine the aver-
age number of migrated cells.

For the scratchwoundmigration assay, confluent RF/6A cell
sheets were starved for 24 h before starting the experiments.
Hydroxyurea (5mmol/l) was used to prevent cell proliferation
[19]. Confluent cell monolayer was then scraped with a yellow
pipette tip to generate scratch wounds and rinsed twice with
growth medium. Cells were photographed immediately and
24 h after the scratch with a Nikon digital camera. The wound
area was then measured to determine cell migration.

2.6. Angiogenesis in vitro: tube formation on Matrigel

Twenty-four-well plates were coated with 300 μl Matrigel
and incubated at 37 °C for 30 min to allow the Matrigel to
solidify. RF/6A cells which had been pretreated for 1 h with
either vehicle or inhibitors were plated at a density of 5×104

cells/well with test substances or vehicle and incubated at
37 °C for 16 h. The cells were then photographed using a
Nikon digital camera. Tube formation was quantified by
measuring the length of capillary structures using the
software NIH ImageJ. Tube length was assessed by drawing
a line along each tube and measuring the length of the line in
pixels. Branching points were manually counted. Five ran-
domly selected fields of view were photographed in each
well. The average of five fields was taken as the value for
each sample [20].

2.7. Angiogenesis in vivo: Matrigel plug assay

C57 BL/6 female mice were anesthetized by isoflurane
inhalation. Mice were injected subcutaneously with 500 μl
Matrigel with Matrigel containing basic fibroblast growth
factor (bFGF) (100 ng/ml) acting as a positive control.
Different concentrations of NaHS were injected intraperito-
neally every day for 7 days. Mice were euthanized after
7 days. The Matrigel plugs were recovered by dissection.
Angiogenesis was assessed by hemoglobin measurement or
morphological analysis. The hemoglobin concentrations
were determined by the tetramethylbenzidine (TMB) method
[21], and the values were normalized by the weight of the
plugs. Five plugs in each group were paraffin embedded for
histological examination. Sections (5 μm) were stained with
hematoxylin–eosin. For immunostaining, sections were in-
cubated with rabbit polyclonal anti-CD31 antibody overnight
at 4 °C, visualized by using ABC kits (Santa Cruz
Biotechnology, CA, USA) with diaminobenzidine as sub-
strate. The investigation conformed to the “Guide for the Care
and Use of Laboratory Animals” published by the National
Institutes of Health (NIH) of the United States and was
approved by the Ethic Committee of Experimental Research,
Fudan University Shanghai Medical College.

2.8. Western immunoblotting

The cells were starved for 24 h and then treated for 30 min
with LY 294002 (5 μmol/l), wortmannin (25 nmol/l) or vehicle
(DMSO), followed by stimulation with NaHS at 10 μmol/l for
30 min. In another set of experiments, cells were treated either
with 10μmol/l NaHS for different duration (0–120min) or with
increasing dose of NaHS (0–200 μmol/l) for 30min. Cells were
then lysed with 1× SDS sample buffer (62.5mmol/l Tris–HCl
(pH 6.8 at 25 °C), 2%w/v SDS, 10% glycerol, 50mmol/l DTT).
Protein concentration was determined by BCA reagent. 30 μg
protein was separated on 10% SDS-polyacrylamide gel
electrophoresis and transferred to polyvinyl difluoride
(PVDF) membrane. After blocking with TBST containing 5%
milk for 1 h, the membrane was incubated with antibodies
against ERK, p38 MAPK, Akt, survivin, integrins or β-actin
overnight at 4 °C. After incubation in horseradish peroxidase-
conjugated secondary antibody for 1 h, SuperSignal West Pico
Chemiluminescent Substrate was used for detection.

2.9. Measurement of plasma H2S concentration

Plasma H2S concentrations were measured in C57 BL/6
female mice before or at 5 min, 30 min, 1 h, 3 h, 6 h or 24 h
after intraperitoneal injection of NaHS as described
elsewhere [9] with some modifications. Briefly, 0.1 ml
plasma was added into a test tube containing 0.125 ml 1%
zinc acetate and 0.15 ml distilled water. Then 0.067 ml
20mM N,N-dimethyl-phenylenediamine dihydrochloride in
7.2M HCl was added. This was followed by addition of
0.067 ml 30mM FeCl3 in 1.2M HCl. After the protein in
plasma was removed by adding 0.125 ml 10% trichloroacetic
acid, the absorbance of the resulting solution was measured
with a spectrometer at a wave length of 670nm. The H2S
concentration in the solution was calculated according to the
calibration curve of the standard H2S solution.

2.10. Real-time PCR analysis for bFGF and Ang-1 mRNA
expression

The cells were starved for 24 h and then treated with
10 μmol/l NaHS for 6 h. Total RNA was prepared using
RNArose Reagent (Watson Biotech, Shanghai, China) ac-
cording to manufacturer's instructions. cDNAwas generated
from 2 μg total RNA using a cDNA synthesis kit (Biocolor
Biotech, Shanghai, China). Real-time PCR was performed
using the iCycler iQ™ Real-Time PCR Detection System
(Bio-Rad, Richmond, USA) in a total volume of 25 μl
reaction mixture containing 2 μl cDNA, 12.5 μl 2× SYBR
Green PCR Master Mix (Toyobo, Japan), and 2 μl of each
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primer (5 μM). To minimize and control the sample varia-
tions, mRNA expression of the target gene was normalized
relative to the expression of the housekeeping gene
GAPDH. Three-step real-time PCR of denaturing, annealing
and extension reactions was performed for 40 cycles of 20s
at 95 °C, 30s at 58 °C and 30s at 72 °C (for bFGF,
angiopoietin-1 (Ang-1) and GAPDH). For the bFGF gene,
the forward primer was 5 ′-AGAAGAGAGAG-
GAGTTGTGT-3′ and the reverse primer was 5′-
TTGCCCAGTTCGTTTCAGTG-3′. For the Ang-1 gene,
the forward primer was 5′-GAGGTCAGAAGAAAGGAG-
CAAG-3′ the reverse primer was 5′-GAGTCAGAAT-
GGCAGCGAGG-3′. For the GAPDH gene, the forward
primer was 5′-ACGGATTTGGTCGTATTGGG-3′ and the
reverse primer was 5′-CTCGCTCCTGGAAGATGGTG-3′.

2.11. Measurement of VEGF and NO synthesis

RF/6Acells were stimulatedwith different concentrations of
NaHS for 24 h and then the supernatant was collected. Vascular
Fig. 1. Effect of H2S on endothelial cell viability, proliferation and adhesion. Exog
Cell viability was assessed using MTT method. RF/6A endothelial cells were treate
Only treatment with high concentrations of NaHS (500 and 1000 μmol/l) indu
respectively. B, NaHS treatment promoted RF/6A endothelial cell proliferation as d
cell proliferation by 35.2±6.1%. C and D, At concentration of 10 and 20 μmol/l, N
culture dish. The effect of NaHS (10 and 20 μmol/l) on cell adhesion was compara
(C) and the values (D) of the endothelial cells treated without or with NaHS (1–200
Bar=200 μm. Data represent the mean±SE of six independent experiments. ⁎Pb
endothelial growth factor (VEGF) levels were measured by
ELISAusing a commercially available kit (R&DSystems,MN,
USA) according to the manufacturer's instruction. The
generation of NO was determined by measuring the stable
NO metabolites, i.e. total nitrites, in culture medium with a
nitrite detection kit (Beyotime Biotech Inc, Jiangsu, China) as
described elsewhere [22]. Briefly, 100μl of mediumwasmixed
with 100 μl of Griess reagent in a 96-well plate. Nitrite
concentration was determined by spectrophotometry (540nm)
from a standard curve (0–100 μmol/l) derived from NaNO2.

2.12. Measurement of cGMP and cAMP levels

RF/6A cells were stimulated with different concentrations
of NaHS for 15 min and then the cells were treated with
0.1mol/l HCl for 20 min to be lysed. cGMP and cAMP
measurements were performed with enzyme immunoassay
kits (Biomol, PA, USA) according to the manufacturer's
instruction. The values were normalized by the protein con-
centration of the cell lysate.
enous administration of H2S was applied by giving the H2S donor NaHS. A,
d without or with various concentrations of NaHS (1–1000 μmol/l) for 24 h.
ced significant reduction in cell viability by 26.8±3.3% and 36.5±4.3%,
etermined by BrdU assay. bFGF (10 ng/ml) treatment significantly promoted
aHS treatment significantly increased adhesion of the endothelial cells to the
ble to that of bFGF (10 ng/ml). Shown are representative microscopic fields
μmol/l) with the bFGF (10 ng/ml)-treated group acting as a positive control.
0.05.
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2.13. Statistical analysis

Results are expressed as mean ± SE. Differences between
groups were analyzed by one-way ANOVA followed by post
hoc Tukey's test where applicable. Significance was estab-
lished at the P b 0.05 level.
Fig. 2. H2S promotes endothelial cell migration. A and B, Cell migration was asses
(A) and the values (B) of the cells treated with NaHS (1–200 μmol/l), bFGF (10 ng/
ml) both increased the number of migrated cells. C, Representative micrographs
without NaHS (10 μmol/l) at 0 and 24 h after treatment. D, Statistical analysis of s
concentrations of NaHS (1–200 μmol/l), H2S (10 μmol/l) and bFGF (10 ng/ml). E,
prevented by either LY 294002 (5 μmol/l) or transfection of DN-Akt. F, Significant
suggesting a successful transfection and expression of DN-Akt. Data represent the
294002; CV, control vector; DN-Akt, the dominant-negative mutant of Akt.
3. Results

3.1. H2S increased endothelial cell proliferation

RF/6A endothelial cells were treated without or with
increasing concentrations of NaHS (1–1000 μmol/l) for
sed by transwell migration assay. Shown are the representative micrographs
ml) and vehicle. Treatment with NaHS (10 and 20 μmol/l) and bFGF (10 ng/
of scratch wound healing assay of RF/6A endothelial cells treated with or
cratch wound healing assay of RF/6A endothelial cells treated with various
NaHS-induced promotion of wound healing of RF/6A endothelial cells was
HA expression was detected in the cells transfected with DN-Akt after 24 h
mean±SE of six independent experiments. Bar=200 μm. ⁎Pb0.05. LY, LY
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24 h. Only treatment with high concentrations of NaHS (500
and 1000 μmol/l) resulted in a significant reduction in cell
viability (26.8±3.3% and 36.5±4.3%, respectively) as
assessed using the MTT method (Fig. 1A). Therefore,
NaHS was applied as a H2S donor at concentrations lower
Fig. 3. H2S promotes microvessel tube formation in three-dimensional culture. RF/
formation was determined 16 h after plating. A, Representative micrographs of tub
presence or absence of LY 294002 (5 μmol/l). B and C, Statistical analysis of tube le
various concentrations of NaHS (1–200 μmol/l), H2S (10 μmol/l) and bFGF (10 ng/
(E) was prevented by either LY 2940002 (5 μmol/l) or transfection of DN-Akt. Dat
was performed in duplicate. Bar=200 μm. ⁎Pb0.05. LY, LY 2940002; CV, contro
than 500 μmol/l in all subsequent experiments. NaHS (10
and 20 μmol/l) stimulated RF/6A endothelial cell growth by
12.5±2.5% and 11.4±2.9% as determined with BrdU assay
(P b 0.05; Fig. 1B). bFGF induced a more pronounced
growth-stimulating effect by 35.2±6.1% (Fig. 1B). These
6A endothelial cells were starved for 24 h and then plated on Matrigel. Tube
e formation of RF/6A endothelial cells treated with NaHS (10 μmol/l) in the
ngth (B) and branching points (C) of the RF/6A endothelial cells treated with
ml). D and E, NaHS-induced increase in tube length (D) and branching points
a represent the mean±SE of five independent experiments. Each experiment
l vector; DN-Akt, the dominant-negative mutant of Akt.
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data suggest that NaHS treatment exert a direct growth-
stimulating effect on endothelial cells. In addition to cell
proliferation, adhesion and migration are also essential
Fig. 4. H2S increases Akt phosphorylation and survivin levels without inducing p
treatment with various concentrations of NaHS (1–200 μmol/l) on Akt phosphoryla
C, NaHS-induced Akt phosphorylation was prevented by either wortmannin (25 nm
(1–200 μmol/l) and bFGF (10 ng/ml) on survivin expression 24 h after stimulation
and p38 (F) within 2 h after treatment. Data represent the mean±SE of six indepe
events for endothelial cells to form vessel lumen during
angiogenesis. Therefore, the effects of NaHS on endothelial
cell adhesion and migration were further assessed.
hosphorylation of ERK and p38 in endothelial cells. A, Effects of 30 min
tion. B, Time course of Akt phosphorylation induced by NaHS (10 μmol/l).
ol/l) or LY 294002 (5 μmol/l). D, Effects of various concentrations of NaHS
. E and F, NaHS (10 μmol/l) did not induce phosphorylation of ERK1/2 (E)
ndent experiments. ⁎Pb0.05.



Fig. 5. Effects of H2S on the expression of integrins, bFGF and Ang-1. A,
Integrin α2 and β1 but not α1, αv, β3 or β5 were increased after NaHS
treatment (10 μmol/l) for 24 h. B, NaHS (10 μmol/l) treatment for 6 h did not
increase bFGF and Ang-1 mRNA expression as assessed by real-time PCR.
Data represent the mean±SE of six independent experiments. ⁎Pb0.05.
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3.2. H2S increased endothelial cell adhesion

RF/6A endothelial cells were treated with or without in-
creasing concentrations of NaHS (1–200 μmol/l) for 30 min.
Cell adhesion was increased by 19.4±4.8% and 17.9±5.1% in
response to NaHS (10 and 20 μmol/l) treatment, while at
higher concentrations this effect was reduced. bFGF (10 ng/ml)
induced a similar adhesion promoting effect (Fig. 1C and D).

3.3. H2S promoted endothelial cell migration

For the transwell migration assay, RF/6A cells were
treated with or without increasing concentrations of NaHS
(1–200 μmol/l) for 6 h. NaHS (10 and 20 μmol/l) treatment
significantly increased cell migration compared with vehi-
cle-treated cells (80.8±5.9 vs. 61.0±1.6 and 80.9±5.5 vs.
61.0±1.6, respectively; P b 0.05; Fig. 2A and B). bFGF
showed a comparable migration-promoting effect (86.1±6.0
vs. 61.0±1.6, P b 0.05; Fig. 2A and B). The effect of NaHS
on endothelial cell migration was also assessed using the
scratch wound healing assay. As shown in Fig. 2C and D,
NaHS (10 and 20 μmol/l) accelerated wound healing of RF/
6A endothelial cells compared with vehicle-treated cells
(294±13 μm vs. 251±5 μm and 288±9 μm vs. 251±5 μm,
respectively; P b 0.05). Similar promoting effect on cell
migration was observed in cells treated with H2S solution
(10 μmol/l) (302±15 μm vs. 251±5 μm, P b 0.05). bFGF
(10 ng/ml) treatment elicited wound healing-accelerating
effect (310±15 μm vs. 251±5 μm, P b 0.05; Fig. 2D).
Interestingly, the wound healing-accelerating effect of NaHS
treatment was blocked by either pretreatment with LY
294002 or transfection of DN-Akt, suggesting a role of PI3K
in mediating the H2S effects (Fig. 2E). Successful transfec-
tion of DN-Akt was confirmed by western blot analysis for
the HA-tag conjugated with the mutant (Fig. 2F).

3.4. H2S promoted microvessel tube formation on Matrigel

The initial phase of angiogenesis involves organization of
individual endothelial cells into a three-dimensional tube-
like structure. Therefore, the effect of H2S on tube formation
was examined using RF/6A endothelial cells cultured on
Matrigel. RF/6A endothelial cells were treated without or
with increasing concentrations of NaHS (1–200 μmol/l).
Tube-like structures appeared on Matrigel after 16 h of
culture. NaHS (10 and 20 μmol/l) treatment increased
microvessel tube length compared with vehicle treatment
(29.8±1.1 mm vs. 25.5±0.6 mm and 28.9±0.8 mm vs. 25.5
Table 1
H2S had no effect on VEGF and NO metabolite levels in the culture medium of e

Control NaHS (μmol/l)

1 1

VEGF (pg/ml) 10.58±1.98 10.69±2.42 1
NO metabolites (μmol/l) 0.38±0.05 0.38±0.03 0
±0.6 mm, respectively; P b 0.05; Fig. 3A and B). NaHS (10
and 20 μmol/l) treatment also increased branching points
(30.5±1.1 vs. 26.4±0.9 and 29.7±1.2 vs. 26.4±0.9, res-
pectively; P b 0.05; Fig. 3A and C). Similar promoting effect
on an increase in tube length and branching points was
observed in cells treated with H2S solution (10 μmol/l)
(Fig. 3B and C). The effect of NaHS in increasing tube
length and branching points was prevented by either LY
294002 (5 μmol/l) or transfection of DN-Akt, suggesting a
role of PI3K and Akt in this process (Fig. 3D and E).

3.5. H2S increased Akt phosphorylation

Since the PI3K inhibitor LY 294002 blocked the pro-
angiogenic effects of H2S, the PI3K downstream effector,
Akt, was examined by Western blot analysis in RF/6A
endothelial cells upon H2S stimulation. RF/6A endothelial
cells were treated without or with increasing concentrations
of NaHS (1–200 μmol/l) for 30 min. Akt phosphorylation
was significantly increased by 100.2±9.9% and 84.3±9.3%
following administration of NaHS at 10–200 μmol/l, respec-
tively (Fig. 4A). A single dose of NaHS (10 μmol/l) induced
ndothelial cells

0 20 50 200

0.2±1.81 10.24±0.96 9.92±0.51 9.58±1.05
.35±0.04 0.37±0.07 0.33±0.05 0.35±0.05



Table 2
H2S had no effect on cGMP and cAMP levels in cultured endothelial cells

Control NaHS (μmol/l)

10 50 200

cGMP
(pmol/mg protein)

1.21±0.46 0.85±0.35 1.17±0.45 1.17±0.54

cAMP
(pmol/mg protein)

2.89±1.00 2.13±0.52 3.06±1.36 2.69±0.65
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a time-dependent increase in Akt phosphorylation which
peaked at 30 min and lasted till 1 h (Fig. 4B). NaHS-induced
Akt phosphorylation was abolished by either wortmannin or
Fig. 6. H2S treatment promotes angiogenesis in vivo. The effects of H2S on in
Representative photomicrographs of hematoxylin–eosin stained Matrigel sections o
and 200 μmol kg−1 day−1 NaHS, respectively) and bFGF (e, 100 ng/ml in Matrige
Capillaries were defined as tubular structures (brown signals) stained with rabbit pol
50 μmol kg−1 day−1 NaHS (f). B, Neovascularization in the Matrigel plugs was q
method. NaHS treatment (10 and 50 μmol kg−1 day−1) significantly promoted neo
potent than that of bFGF. C, Time course of plasma H2S concentrations in mice a
mean±SE of five mice in each group. Bar=400 μm in Aa–e (for higher magnificat
⁎Pb0.05 in B; #Pb0.05 vs. 0 min in C.
LY 294002 suggesting that PI3K is the upstream regulator of
Akt upon H2S stimulation (FS Fig. 4C).

3.6. H2S increased survivin and integrin α2 and β1 levels
without inducing an increase in phosphorylation of ERK
and p38

NaHS (1 and 10 μmol/l) treatment significantly increased
survivin expression (Fig. 4D). However, administration of
NaHS at a high concentration (200 μmol/l) significantly
reduced survivin expression (Fig. 4D). bFGF (10 ng/ml) also
induced an increase in survivin levels (Fig. 4D). In contrast,
NaHS treatment (10 μmol/l) had no effect on ERK (Fig. 4E)
vivo angiogenesis were assessed using Matrigel plug assay in mice. A,
f mice treated with vehicle (a), various doses of NaHS (b, c and d for 10, 50
l). Inserts are higher magnifications of the areas marked in squares (arrow).
yclonal anti-CD31 antibodies in Matrigel sections from the mice treated with
uantified by measuring hemoglobin content using the tetramethylbenzidine
vascularization in the Matrigel plugs in mice. This effect of NaHS was less
fter an intraperitoneal injection of NaHS (100 μmol/kg). Data represent the
ions of the areas marked in squares (arrow), bar=50 μm). Bar=50 μm in Af.
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and p38 (Fig. 4F) phosphorylation. While integrin α2 and β1
but not α1, αv, β3 or β5 were increased by NaHS treatment
(10 μmol/l) (Fig. 5A).

3.7. H2S had no effect on VEGF, NO metabolites, cGMP
and cAMP levels nor on the mRNA expression of bFGF and
Ang-1

Stimulation of RF/6A endothelial cells with increasing
concentrations of NaHS (1–200 μmol/l) did not change the
levels of VEGF and NO metabolites nitrites in the culture
medium (Table 1). Neither cGMP nor cAMP levels were
altered by NaHS treatment (10–200 μmol/l) (Table 2). NaHS
treatment (10 μmol/l) had no effect on bFGF and Ang-1
mRNA expression in the endothelial cells (Fig. 5B).

3.8. H2S promoted angiogenesis in vivo

The effect of H2S on angiogenesis was assessed using an
in vivo Matrigel plug assay in mice. The mice were treated
with vehicle or various doses (10–200 μmol kg−1 day−1) of
NaHS for 7 days. Intraperitoneal injection of NaHS
(100 μmol kg−1 day−1) caused a sustained increase in
plasma H2S levels from 0.5 to 3 h after injection (Fig. 6C).
There was a significant increase in cellular infiltration and
neovascularization in Matrigel following administration of
NaHS (10 and 50 μmol kg−1 day−1) respectively, suggesting
a proangiogenic effect of H2S in vivo (Fig. 6A). This effect
was not present following administration of NaHS at a high
dose (200 μmol kg−1 day−1). In Matrigel containing bFGF
(100 ng/ml), there was also a significant increase in cellular
infiltration and neovascularization (Fig. 6A). Neovascular-
ization was further quantified by measuring hemoglobin
content in the Matrigel plugs. Compared with vehicle treat-
ment, hemoglobin contents were significantly increased in
the mice treated with NaHS at doses of 10 and 50 μmol kg−1

day−1 (66.0±7.2 mg/dl vs. 33.6±5.7mg/dl and 75.7±9.3mg/
dl vs. 33.6±5.7 mg/dl, respectively; Pb0.05; Fig. 6B). Again,
there was no change in hemoglobin content following
administration of NaHS at a high dose (200 μmol kg−1

day−1). bFGF (10 ng/ml) significantly increased hemoglobin
contents (Fig. 6B).

4. Discussion

In addition to its effect on regulating vascular tone [6],
H2S has been shown to be involved in gene-expressing-
related biological processes such as the pro-apoptotic effect
on human aortic vascular smooth muscle cells [15] and
human neutrophils [23], anti-proliferative effects on HEK-
293 cells [24] and induction of serum-independent cell cycle
entry in nontransformed rat intestinal epithelial cells [13].
However, to date, there is no information in the literature
concerning the potential role of H2S in angiogenesis. In the
present study, we show that H2S promotes proliferation,
adhesion, migration and tube-like structure formation of
endothelial cells in vitro, as well as stimulates angiogenesis
in a Matrigel plug assay in vivo at physiologically relevant
concentrations/doses. When H2S was given at concentrations
less than 500 μmol/l (in the form of NaHS) in cultured
endothelial cells, cell viability was not affected. Worthy of
notice is that high concentration/dose of H2S, e.g. 200 μmol/
l in vitro or 200 μmol kg−1 day−1 in vivo, did not show any
proangiogenic effect. The mechanisms underlying this phe-
nomenon remain to be further investigated.

Since H2S is endogenously generated from cysteine me-
tabolism and its production has been shown to be decreased
in ischemic myocardium [10], decreased H2S generation
may play a negative part in angiogenesis during ischemia.
Therefore, identification of the proangiogenic effect of H2S
sheds some light on understanding the mechanisms of an-
giogenesis and indicates that exogenous administration of
H2S may be explored as a potential novel therapeutic ap-
proach in treating chronic ischemic diseases. Plasma H2S
levels have been reported to be ∼50 μmol/l in rats [6],
∼34 μmol/l in mice [25] and∼44 μmol/l in human [25]. The
doses of NaHS (10–50 μmol kg−1 day−1) employed in vivo
in the present study are therefore physiologically relevant.

In the present study, NaHS treatment induced a dose and
time-dependent increase in Akt phosphorylation in endothe-
lial cells suggesting a role for Akt in H2S-induced effects.
Both the PI3K inhibitors LY 294002 and wortmannin pre-
vented H2S-induced Akt phosphorylation. Moreover, H2S-
induced endothelial cell migration and tube formation were
also blocked by either LY 294002 or transfection of DN-Akt.
These data suggest that H2S stimulates angiogenesis by
activating Akt.

Akt is well established as a pivotal intracellular signal-
ing element of angiogenesis. Activation of the Akt by
various extracellular signals has been reported to increase
endothelial cell proliferation [26], migration [27] and tube
formation [28] in vitro, and promote neovascularization
[29] in vivo. Herein, we showed that this typical pro-
angiogenic pathway might be upregulated by a new gas
mediator H2S. However, how does H2S activate Akt re-
mains to be further investigated.

The present study showed that expression of integrin α2
and β1 was upregulated by NaHS treatment suggesting a
role for these adhesion molecules in H2S-induded angio-
genesis. In line with this hypothesis, integrin α1β1, α2β1,
αvβ3 and αvβ5 have been shown to play a role in angio-
genesis [30]. Integrin α2 and β1 are required for collagen-
driven angiogenesis [31]. While integrin αvβ3 and αvβ5
mediate angiogenesis induced by bFGF and VEGF, res-
pectively [32]. However, the exact role of such integrins in
H2S-induded angiogenesis remains to be elucidated.

To explore the probability that some proangiogenic
factors might be released from endothelial cells in response
to H2S treatment and consequently induce angiogenesis in
vitro, we measured the levels of VEGF in cultured endo-
thelial cells stimulated with H2S and observed that VEGF
was not increased in these H2S-treated cells. Thus, the
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present data do not suggest a role of VEGF in mediating the
proangiogenic effect of H2S.

H2S-induced protective effect against severe metabolic
inhibition in isolated rat ventricular myocytes has been
reported to be mediated by NO production [33]. NO has also
been shown to be proangiogenic [27] In the present study, we
did not find significant change in NO metabolite levels.
Thus, the present data do not suggest a role of NO in H2S-
induced angiogenesis. In addition, NO has been reported to
activate KCa channels either directly or indirectly by the
cGMP pathway [4]. We found here that exogenous H2S had
no effect on cGMP and cAMP levels in endothelial cells.
These data do not suggest a role of cGMP and cAMP in the
proangiogenic effect of H2S.

In vascular smooth muscle cells, H2S has been reported to
increase phosphorylation of ERK and p38, and ERK
activation is associated with cell apoptosis [15]. In these
experiments, H2S was administered at a rather high
concentration in the form of 200–500 μmol/l NaHS.
Although phosphorylation of MAPKs such as ERK or p38
has been reported to mediate the proangiogenic signals in
endothelial cells [34,35], This may not be applicable to the
present study, since neither ERK nor p38 was activated by
H2S at a low concentration (in the form of 10 μmol/l NaHS),
at which a significant proangiogenic effect was induced.

In contrast, the side effects of H2S treatment should be
noted when this gasotransmitter is being explored to develop
novel therapeutic approaches for the treatment of ischemic
diseases. Cytochrome oxidase activity is decreased follow-
ing exposure to ≥30 ppm (∼0.9 mM) H2S in rats [36].
Inhalation of H2S at dosages ranging from 30 to 80 ppm
(∼0.9–2.4 mM) causes nasal lesions in rats [37]. Workers
exposed to H2S at concentrations of ∼20 ppm (∼0.6 mM)
show rather diffused neurological and mental symptoms
[38]. While the present study showed a proangiogenic effect
of NaHS administered in mice at lower dosages of 10 and
50 μmol kg−1 day−1.

In summary, the present study provides the first evidence
of the proangiogenic effect of exogenously administered H2S
at physiologically relevant concentrations/doses. This effect
is mediated by phosphorylation of Akt. The proangiogenic
effect of H2S may be explored to develop novel approaches
in treating ischemic diseases.

Acknowledgements

This study was supported by grants from the National
Natural Science Foundation of China (30470628) and the
Ministry of Science and Technology (2006CB503804) of
China.

References

[1] Hosoki R, Matsuki N, Kimura H. The possible role of hydrogen sulfide
as an endogenous smooth muscle relaxant in synergy with nitric oxide.
Biochem Biophys Res Commun 1997;237:527–31.
[2] Abe K, Kimura H. The possible role of hydrogen sulfide as an
endogenous neuromodulator. J Neurosci 1996;16:1066–71.

[3] Kamoun P. Endogenous production of hydrogen sulfide in mammals.
Amino Acids 2004;26:243–54.

[4] Wang R. Two's company three's a crowd: can H2S be the third
endogenous gaseous transmitter? FASEB J 2002;16:1792–8.

[5] Moore PK, Bhatia M, Moochhala S. Hydrogen sulfide: from the smell
of the past to the mediator of the future? Trends Pharmacol Sci
2003;24:609–11.

[6] Zhao W, Zhang J, Lu Y, Wang R. The vasorelaxant effect of H2S as a
novel endogenous gaseous KATP channel opener. EMBO J 2001;20:
6008–16.

[7] Geng B, Yang J, Qi Y, Zhao J, Pang Y, Du J, et al. H2S generated by
heart in rat and its effects on cardiac function. Biochem Biophys Res
Commun 2004;313:362–8.

[8] Yang G, Wu L, Wang R. Pro-apoptotic effect of endogenous H2S on
human aorta smooth muscle cells. FASEB J 2006;20:553–5.

[9] Yan H, Du J, Tang C. The possible role of hydrogen sulfide on the
pathogenesis of spontaneous hypertension in rats. Biochem Biophys
Res Commun 2004;313:22–7.

[10] Bian JS, Yong QC, Pan TT, Feng ZN, Ali MY, Zhou S, et al. Role of
hydrogen sulfide in the cardioprotection caused by ischemic precon-
ditioning in the rat heart and cardiac myocytes. J Pharmacol Exp Ther
2006;316:670–8.

[11] Carmeliet P. Angiogenesis in health and disease. Nat Med 2003;9:
653–60.

[12] Stromblad S, Cheresh D. Cell adhesion and angiogenesis. Trends Cell
Biol 1996;6:462–8.

[13] Deplancke B, Gaskins HR. Hydrogen sulfide induces serum-
independent cell cycle entry in nontransformed rat intestinal epithelial
cells. FASEB J 2003;17:1310–2.

[14] Li L, Bhatia M, Zhu YZ, Zhu YC, Ramnath RD, Wang ZJ, et al.
Hydrogen sulfide is a novel mediator of lipopolysaccharide-induced
inflammation in the mouse. FASEB J 2005;19:1196–8.

[15] Yang G, Sun X, Wang R. Hydrogen sulfide-induced apoptosis of
human aorta smooth muscle cells via the activation of mitogen-
activated protein kinases and caspase-3. FASEB J 2004;18:1872–4.

[16] Sun M, Wang G, Paciga JE, Feldman RI, Yuan ZQ, Ma XL, et al.
AKT1/PKB{alpha} kinase is frequently elevated in human cancers and
its constitutive activation is required for oncogenic transformation in
NIH3T3 cells. Am J Pathol 2001;159:431–7.

[17] Hassouna A, Loubani M, Matata BM, Fowler A, Standen NB,
Galinanes M. Mitochondrial dysfunction as the cause of the failure
to precondition the diabetic human myocardium. Cardiovasc Res
2006;69:450–8.

[18] von Offenberg Swe N, Cummins P, Cotter E, Fitzpatrick P, Birney Y,
Redmond E, et al. Cyclic strain-mediated regulation of vascular
endothelial cell migration and tube formation. Biochem Biophys Res
Commun 2005;329:573–82.

[19] Brown C, Pan X, Hassid A. Nitric oxide and C-type atrial natriuretic
peptide stimulate primary aortic smooth muscle cell migration via a
cGMP-dependent mechanism: relationship to microfilament dissocia-
tion and altered cell morphology. Circ Res 1999;84:655–67.

[20] Donovan D, Brown N, Bishop E, Lewis C. Comparison of three in
vitro human 'angiogenesis' assays with capillaries formed in vivo.
Angiogenesis 2001;4:113–21.

[21] Park CC, Morel JC, Amin MA, Connors MA, Harlow LA, Koch AE.
Evidence of IL-18 as a novel angiogenic mediator. J Immunol
2001;167:1644–53.

[22] Liu X, Fan XL, Zhao Y, Luo GR, Li XP, Li R, et al. Estrogen
provides neuroprotection against activated microglia-induced do-
paminergic neuronal injury through both estrogen receptor-alpha
and estrogen receptor-beta in microglia. J Neurosci Res 2005;81:
653–65.

[23] Rinaldi L, Gobbi G, Pambianco M, Micheloni C, Mirandola P, Vitale
M. Hydrogen sulfide prevents apoptosis of human PMN via inhibition
of p38 and caspase 3. Lab Invest 2006;86:391–7.



40 W.-J. Cai et al. / Cardiovascular Research 76 (2007) 29–40
[24] Yang G, Cao K, Wu L, Wang R. Cystathionine gamma-lyase
overexpression inhibits cell proliferation via a H2S-dependent modu-
lation of ERK1/2 phosphorylation and p21Cip/WAK-1. J Biol Chem
2004;279:49199–205.

[25] Li L, Bhatia M, Zhu YZ, Zhu YC, Ramnath RD, Wang ZJ, et al.
Hydrogen sulfide is a novel mediator of lipopolysaccharide-induced
inflammation in the mouse. FASEB J 2005;19:1196–8.

[26] Calabro P, Samudio I, Willerson JT, Yeh ETH. Resistin promotes
smooth muscle cell proliferation through activation of extracellular
signal-regulated kinase 1/2 and phosphatidylinositol 3-kinase path-
ways. Circulation 2004;110:3335–40.

[27] Kawasaki K, Smith Jr RS, Hsieh CM, Sun J, Chao J, Liao JK.
Activation of the phosphatidylinositol 3-kinase/protein kinase Akt
pathway mediates nitric oxide-induced endothelial cell migration and
angiogenesis. Mol Cell Biol 2003;23:5726–37.

[28] Rikitake Y, Hirata K, Kawashima S, Ozaki M, Takahashi T, Ogawa W,
et al. Involvement of endothelial nitric oxide in sphingosine-1-phos-
phate-induced angiogenesis. Arterioscler Thromb Vasc Biol 2002;22:
108–14.

[29] Silvestre JS, Tamarat R, Ebrahimian TG, Le-Roux A, Clergue M,
Emmanuel F, et al. Vascular endothelial growth factor-B promotes in
vivo angiogenesis. Circ Res 2003;93:114–23.

[30] Bloch W, Forsberg E, Lentini S, Brakebusch C, Martin K, Krell HW,
et al. Beta 1 integrin is essential for teratoma growth and angiogenesis.
J Cell Biol 1997;139:265–78.

[31] Sweeney SM, DiLullo G, Slater SJ, Martinez J, Iozzo RV, Lauer-Fields
JL, et al. Angiogenesis in collagen I requires alpha2beta1 ligation of a
GFP⁎GER sequence and possibly p38 MAPK activation and focal
adhesion disassembly. J Biol Chem 2003;278:30516–24.

[32] Friedlander M, Brooks PC, Shaffer RW, Kincaid CM, Varner JA,
Cheresh DA. Definition of two angiogenic pathways by distinct alpha
(v) integrins. Science 1995;270:1500–2.

[33] Pan TT, Feng ZN, Lee SW, Moore PK, Bian JS. Endogenous hydrogen
sulfide contributes to the cardioprotection by metabolic inhibition
preconditioning in the rat ventricular myocytes. J Mol Cell Cardiol
2006;40:119–30.

[34] Amin MA, Volpert OV, Woods JM, Kumar P, Harlow LA, Koch AE.
Migration inhibitory factormediates angiogenesis viamitogen-activated
protein kinase and phosphatidylinositol kinase. Circ Res 2003;93:
321–9.

[35] Issbrucker K, Marti HH, Hippenstiel S, Springmann G, Voswinckel R,
Gaumann A, et al. p38 MAP kinase—a molecular switch between
VEGF-induced angiogenesis and vascular hyperpermeability. FASEB
J 2003;17:262–4.

[36] Dorman DC, Moulin FJM, McManus BE, Mahle KC, James RA,
Struve MF. Cytochrome oxidase inhibition induced by acute hydrogen
sulfide inhalation: correlation with tissue sulfide concentrations in the
rat brain liver lung and nasal epithelium. Toxicol Sci 2002;65:18–25.

[37] Brenneman KA, James RA, Gross EA, Dorman DC. Olfactory neuron
loss in adult male CD rats following subchronic inhalation exposure to
hydrogen sulfide. Toxicol Pathol 2000;28:326–33.

[38] Kangas J, Jappinen P, Savolainen H. Exposure to hydrogen sulfide
mercaptans and sulfur dioxide in pulp industry. Am Ind Hyg Assoc J
1984;45:787–90.


	The novel proangiogenic effect of hydrogen sulfide is dependent on Akt phosphorylation
	Introduction
	Methods
	Materials
	Cell culture and transfection of the dominant-negative mutant of Akt
	Cell proliferation assay
	Cell adhesion assay
	Cell migration assay
	Angiogenesis in vitro: tube formation on Matrigel
	Angiogenesis in vivo: Matrigel plug assay
	Western immunoblotting
	Measurement of plasma H2S concentration
	Real-time PCR analysis for bFGF and Ang-1 mRNA expression
	Measurement of VEGF and NO synthesis
	Measurement of cGMP and cAMP levels
	Statistical analysis

	Results
	H2S increased endothelial cell proliferation
	H2S increased endothelial cell adhesion
	H2S promoted endothelial cell migration
	H2S promoted microvessel tube formation on Matrigel
	H2S increased Akt phosphorylation
	H2S increased survivin and integrin α2 and β1 levels without inducing an increase in phosphoryl.....
	H2S had no effect on VEGF, NO metabolites, cGMP and cAMP levels nor on the mRNA expression of b.....
	H2S promoted angiogenesis in vivo

	Discussion
	Acknowledgements
	References


