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Abstract

It is not known whether H,S can promote angiogenesis with improvement of regional blood flow in ischemic
organs. Sodium hydrosulfide (NaHS, a H,S donor) was administered once a day for 4 w following femoral artery
ligation. Collateral vessel growth, capillary density, regional tissue blood flow, the expression of endothelial
growth factor (VEGF), VEGF receptor 2 (VEGFR2) and Akt were examined during or at the end of the treatment
period. NaHS treatment significantly increased collateral vessel growth, capillary density, and regional tissue
blood flow in ischemic hind limb muscles compared with the controls. These effects were associated with an
increase in VEGF expression in the skeletal muscles and VEGFR2 phosphorylation in the neighboring vascular
endothelial cells, suggesting a role of VEGF in mediating the NaHS effects in a cell-cell interaction pattern.
Moreover, NaHS treatment also resulted in an increase in Akt phosphorylation in ischemic hind limb muscles. In
conclusion, our observations with NaHS strongly suggest that H,S is a proangiogenic factor in chronic ischemia.
The proangiogenic effect of NaHS may be mediated by interaction between the upregulated VEGF in the skeletal
muscle cells and the VEGFR2 as well as its downstream signaling element Akt in the vascular endothelial cells.

Antioxid. Redox Signal. 12, 1065-1077.

Introduction

HYDROGEN sULFIDE (H,S) is endogenously generated from
cysteine by enzymes such as cystathionine f-synthase
(CBS), cystathionine y-lyase (CSE), and 3-mercaptopyruvate
sulfur transferase (MST) (9,15, 25, 28). CBS and CSE are pre-
dominantly expressed in certain tissues (11). CBS is highly
expressed in the hippocampus and cerebellum in mammalian
brains (16), while CSE is the predominant H,S forming en-
zyme in the vasculature in both vascular smooth muscle
cells and endothelial cells (38). The concentration of H,S in
the plasma ranges from 20 to 80 umol/L (35). H,S has been
recognized to play a pivotal role in cardiovascular physi-
ology and diseases (18, 29). Sodium hydrosulfide (NaHS, H,S
donor) and saturated H,S solution are used as a source of
exogenous H,S in these studies. For example, NaHS and H,S
solution has been shown to dilate rat aortic tissues by open-
ing the ATP-sensitive potassium channels (Katp channels) in
vascular smooth muscle cells and cause a transient decrease
in blood pressure in anesthetized rats (19, 41). NaHS exerts
a negative inotropic effect by inhibiting the L-type calcium
channels in cardiomyocytes (27). Exogenous administration
of NaHS attenuates the development of hypertension and
prevents left ventricular remodeling in spontaneously hy-

pertensive rats (23, 37). NaHS also exhibits proinflammatory
activity such as an increase in neutrophil infiltration in lung
tissues with an increase in plasma TNF-« concentrations (17).

However, little is known about the proangiogenic role of
H,S. We provide the first piece of evidence regarding the
proangiogenic effect of exogenously administered NaHS. In
cultured vascular endothelial cells, NaHS promotes prolifer-
ation, migration, and tube-like structure formation of the cells
by inducing phosphorylation of Akt (2). The proangiogenic
effect of NaHS is also observed in a model of vascular endo-
thelial cell infiltration into Matrigel that is embedded under
the abdominal skin of mice (2), whereas the Matrigel only
contains extracellular matrix without any type of cells of a
specific organ such as the cardiomyocytes or the skeletal
muscle cells. Thus, the data obtained in this model fell short in
representing the process of angiogenesis in a specific organ.
Moreover, a more clinically relevant question regarding
whether an H,S donor can promote angiogenesis in a specific
ischemic organ remains to be investigated. In an ischemic
organ, angiogenesis occurs in a hypoxic environment where
certain cell types such as cardiomyocytes or skeletal muscle
cells are present. To date, there is no information about the
possible proangiogenic role of H,S in any in vivo ischemic
models.
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In ischemic organs, the process of angiogenesis is more
complicated than what we have observed in cultured cells
and the Matrigel model (2). Chronic ischemia itself may in-
duce angiogenesis and thus consequently ameliorate the
blood supply for the ischemic tissue (3). Moreover, the main
cells types of the organ such as cardiomyocytes or skeletal
muscle cells may interact with growing vascular endothelial
cells by secreting certain proangiogenic factors such as VEGF,
bFGF, angiopoietin-1, and transforming growth factor-beta
(TGEPp) (5, 8, 36). Thus, whether the angiogenesis promoting
factors like VEGF can be induced in any type of cells in H,S-
induced angiogenesis is also worthy of investigation. In this
context, VEGF released upon NaHS stimulation may act on
the VEGFR2 receptors in the vascular endothelial cells and
thus promote the growth of the vasculature.

Therefore, the present study aimed to test the hypothesis
that H,S might promote angiogenesis in an in vivo ischemic
model of hind limb ischemia in rats. The role of VEGF and the
cell types expressing VEGF and its receptor were also inves-
tigated. Since phosphorylation of Akt has been shown to
mediate the proangiogenic effects of H,S donor in cultured
vascular endothelial cells (2), the expression of both the total
and phosphorylated forms of this signaling element were also
examined.

Materials and Methods
Rat model of unilateral hind limb ischemia

Male Wistar rats (200-250 g, obtained from the Department
of Experimental Animals, Chinese Academy of Sciences,
Shanghai, China) were subjected to unilateral femoral artery
ligation (4, 26) under anesthesia with intraperitoneal admin-
istration of chloral hydrate (300 mg/kg) after 3—4 days of ac-
climation. A vertical incision was made along the inner left
hind limb. The left femoral artery was exposed, ligated with
5-0 silk ligatures, and a 5 mm long section of the artery was
excised without damaging the vein and nerve. The right limb
served as an internal control for each rat. All animal proce-
dures 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
Ethics Committee of Experimental Research, Fudan University
Shanghai Medical College. Animals were randomly allocated
to six groups: vehicle, NaHS (Sigma, St Louis, MO) intraperi-
toneal injection (10, 20, 50, 100, or 200 umol‘kgflday*l)‘ H,S
was administered in the form of NaHS which has been well
established as a reliable donor of H,S (17).

Histological examinations

Rat hind limb gastrocnemius muscle was excised 1h after
administration of NaHS or 1 w after femoral artery ligation
with or without treatment for examination of inflammatory
cell infiltration, VEGF, VEGFR2, and Phospho-VEGFR2 ex-
pression (2w) or capillary density determination (1, 2, and
4w). Samples were fixed in buffering formalin, and embed-
ded in low melting point paraffin. Five plugs in each group
were used for histological examinations. Staining was per-
formed with 5 um-thick transverse sections.

Hematoxylin and eosin staining was used for examination
of inflammatory cell infiltration. Capillaries were recognized
with a goat polyclonal anti-rat CD34 antibody (AF4117, R&D
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Systems, MN) followed by staining with a horseradish
peroxidase-conjugated secondary antibody and the diami-
nobenzidine substrate. For double staining, the secondary
antibody was alkaline phosphatase conjugated and BCIP/
NBT served as substrate. The proliferating cells in the tissues
were detected with proliferating cell nuclear antigen (PCNA)
staining using a mouse monoclonal anti-PCNA antibody
(2586, Cell Signaling Technology, Danvers, MA). VEGF ex-
pression was determined with a monoclonal antibody (sc-7269,
Santa Cruz Biotechnology, Santa Cruz, CA). VEGFR2 (2472,
Cell Signaling Technology) and Phospho-VEGFR2 (Tyr996,
2474, Cell Signaling Technology) rabbit monoclonal antibody
were used to detect total and phosphorylated VEGFR2.
Capillaries or VEGFR2 positive cells were counted in 10 ran-
domly chosen, nonoverlapping fields. Photographs of histo-
logical sections were taken using a Leica microscope (Leica,
Wetzlar, Germany).

Recording of the hemodynamic parameters

Rats were anesthetized with chloral hydrate (300 mg/kg)
on day 27 post femoral artery occlusion (one day before re-
gional blood flow measurement or capillary density deter-
mination). A PE-50 catheter was inserted into the left carotid
artery and was exteriorized at the nape of the neck. On the
following day (day 28), the arterial catheter was connected to
a pressure transducer. After an equilibrium period of 30 min,
systolic blood pressure (SBP), diastolic blood pressure (DBP),
mean arterial pressure (MAP), and heart rate (HR) were re-
corded in conscious, freely moving animals for 30 min.

Microangiography

Rats were anesthetized with chloral hydrate (300 mg/kg)
on day 28 post femoral artery occlusion, and a medial lapa-
rotomy was performed. The infrarenal abdominal aorta was
ligated proximally and cannulated distally with a PE-50
catheter to the abdominal aorta 1 cm proximal to the iliac bi-
furcation. The lower hind limbs were perfused with 2ml of
warm heparinized saline (10U/mL), and animals were eu-
thanized by an overdose of chloral hydrate. Postmortem mi-
croangiography was then performed as described before (7,
13) with some modifications. Nitroglycerine (200 ug, Sigma
Aldrich) was delivered through the catheter into the distal
abdominal aorta to induce maximal vasodilatation (31), fol-
lowed by a perfusion of 2ml saline. After a period of 1min,
3ml of 60% iodinated contrast medium (SunRise, Shanghai,
China) was manually injected. Images were acquired with
an X-ray mammography system (Faxitron, Lincolnshire, IL)
from the level of the left common iliac artery to the distal end
of the ischemic limb to image the morphological development
of collateral vessels. The films showing the medial thigh
area of the ischemic limbs were used to quantify the amount
of collateral vessels. After completing the microangiography
procedures, the catheters were removed and the wounds were
closed.

Quantitative angiographic analysis of collateral vessel
growth was performed by measuring the total length of
the contrast-opacified vessels by an observer blinded to the
treatment regimen. The area of interest was outlined with the
site of ligature on the femoral artery, the knee, the edge of
the femur, and the external limit of the leg. The angiographic
score was calculated as the ratio of total vessel length in the
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ischemic limb to that of the non-ischemic limb in each animal
using the software Image (NIH, Bethesda, MD).

Regional blood flow measurement
with microsphere assay

The regional blood flow in skeletal muscles in both hind
limbs of the rats was measured by using fluorescent micro-
spheres at the end of the 4 w NaHS treatment period (24) with
some modifications. Briefly, the rats were anesthetized intra-
peritoneally with chloral hydrate (300 mg/kg) and a PE-50
catheter was inserted into the aortic arch via the carotid artery
for microsphere injection. Both kidneys were ligated to in-
crease the microsphere density in the hind limbs. Micro-
spheres (0.4ml, 4x 10° microsphere beads, 15 um diameter,
Molecular Probes, Eugene, OR) were injected at a rate of
0.4ml/min and were flushed with 0.5ml of 0.9% saline at a
rate of 0.3 ml/min. Injection time was precisely managed to
1 min in order to avoid streaming of spheres that may occur if
bolus injection is performed. Then the animals were eutha-
nized and the adductor and gastrocnemius muscles of both
limbs were excised. Each muscle sample was weighed, cut
into small pieces with sterile scissors, and digested in 3ml/g
tissue of 2 mol/L ethanolic KOH containing 0.5% Tween 80 at
60°C for 48 h with constant shaking. After complete digestion
of the tissues, the microspheres were collected by centrifu-
gation at 2000g for 20 min and washing sequentially with
10ml deionized water with and without 0.25% Tween 80.
Finally, microspheres were dissolved in 3ml of 2-ethox-
yethylacetate and the intensity of fluorescence was deter-
mined by using a fluorescence spectrometer (TECAN,
Minnedorf, Switzerland) at 570/598 nm. The regional blood
flow in the ischemic limb was standardized with tissue weight
and represented as the ratio of fluorescence intensity in the
ischemic hind limb to that of the contralateral nonischemic
hind limb in each animal.

Measurement of plasma H»S concentration

Plasma H,S concentrations were measured using a spec-
trophotometric approach at baseline or at 30min, 1h, 3h, or
6h after intraperitoneal injection of 50 umol - kgf1 NaHS as
described elsewhere (2). Briefly, 0.1 ml plasma was added
into a test tube containing 0.125ml 1% zinc acetate and
0.15ml distilled water. Then 0.067 ml 20 mM N,N-dimethyl-
phenylenediamine dihydrochloride in 7.2 M HCl was added.
This was followed by addition of 0.067 ml 30 mM FeCl; in
1.2M HCI. After the proteins in plasma were removed by
adding 0.125ml 10% trichloroacetic acid, absorbance of
the resulting solution was measured with a spectrometer
(TECAN) at a wave length of 670nm. The concentration of
H,S in the solution was calculated according to the calibration
curve of the standard H,S solution at concentrations from 6.25
to 100 uM.

Measurement of plasma nitrate/nitrite

Plasma nitrate/nitrite (NOx) was determined with a spec-
trometer using the Greiss reagent, as described elsewhere (17).
Briefly, 60 ul plasma were incubated (37°C, 30 min) with ni-
trate reductase (10 mU) in the presence of NADPH (100 uM) to
reduce nitrate to nitrite and then centrifuged (14,000 g, 25 min,
4°C). The resulting supernatant and sodium nitrite standard
were added in duplicate to 96-well microtiter plates. There-

1067

after, Griess reagent was added into the above mixture in a
ratio of 1:1 (v/v) and incubated for 10 min at room tempera-
ture, after which absorbance was determined at 540 nm with a
spectrometer (TECAN). The concentration of NOx was cal-
culated from a standard curve of NaNO, at concentrations
from 0.125 to 75 uM.

Western blot analysis

VEGEF expression and phosphorylation of Akt in ischemic
gastrocnemius muscles were measured using Western blot
analysis. Muscle samples taken 2w after femoral artery liga-
tion were collected and homogenized in pre-cooled 1X SDS
lysis buffer (62.5mmol/L Tris-HCl, pH 6.8 at 25°C; 2% w/v
SDS; 10% glycerol; 50 mmol/L DTT). Protein concentration
was determined by the BCA protein assay kit (Pierce Chem-
ical Co., Rockford, IL). Thirty microgram protein was sepa-
rated on a 10% SDS-polyacrylamide gel for Akt or a 15%
SDS-polyacrylamide gel for VEGF and then transferred to a
PDVF membrane (BioRad, Hercules, CA). After blocking with
TBST containing 5% milk for VEGF or 5% BSA for Akt at room
temperature for 1h, the membrane was incubated with anti-
bodies against Akt (Cell Signaling Technology) or VEGF (SC-
507, Santa Cruz Biotechnology) overnight at 4°C. Anti-actin
(SC-1616-1, Santa Cruz Biotechnology) was blotted as protein
loading control. After incubation in horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature,
SuperSignal West Pico Chemiluminescent Substrate was used
for detection of the blotting signals.

Statistical analysis

Results are expressed as mean & SEM. 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 < 0.05 level.

Results

Effects of NaHS on inflammatory cell infiltration
in hind limb muscles

HE staining of muscle sections was examined for inflam-
matory cell infiltration in hind limb muscles at 1h and 1w
after NaHS treatment (50 umol - kgfl). As shown in Fig. 1A,
inflammatory cell infiltration was not found in sections of
ischemic hind limb muscles or in that of nonischemic hind
limb muscles.

Effects of chronic NaHS treatment
on blood pressure in Wistar rats

Blood pressure and heart rate were measured in freely
moving conscious rats before sacrifice on day 28 (NaHS was
not administered on that day). As shown in Fig. 1B, NaHS
treatment did not cause any significant changes in blood pres-
sure or heart rate as compared with that of vehicle-treated
rats, whereas a single intraperitoneal injection of NaHS
(50 umol - kgfl) caused an increase in plasma HyS levels
during the period from 10 min to 1h after injection (Fig. 1C).

NaHS promoted collateral vessel growth
in ischemic hind limbs

Angiographic scores in the ischemic/nonischemic hind
limbs were obtained from microangiography 4 w after surgery
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FIG. 2. NaHS treatment pro-
moted collateral vessel forma-
tion and regional blood flow
after femoral artery occlusion
in the rat hind limb ische-
mia model. (A) Representative
postmortem angiograms ob-
tained 4w after surgery. There
was more collateral vessel for-
mation in the ischemic left hind
limb of the rats treated with
NaHS at a dose of 100 umol-
kg ' -day . Arrow denotes the
site of ligation at the femoral
artery. Arrow head indicates the
typical “corkscrew” appearance
of collateral vessels. (B) Quan-
titative analysis of collateral
vessel development was per-
formed by measuring the total
length of the contrast-opacified
vessels. The angiographic score
was Signiﬁcantly greater in the
rats recelvmg NaHS (50 and

Control

NaHS(100umol-kg-'-day")

100 umol - kg ' -day ') than in B C |*—‘
the control animals (*p < 0.05 vs. i% 1.6 4 .

vehicle by ANOVA). Data rep- -0 7 1.4 [—l
resent thg mean £ SEM of thrre)e ” z 42

(10 and 20umol kg '-day ' |5 147 2 -

NaHS) or five (the rest) experi- ] 3 1.0 4

ments in each group. (C) Blood |2 1.2 S 8

flow measured with micro- |§ 104 5 6-

sphere assay. The regionalblood |2 £ '

flow in ischemic limb was stan-  [@ 8 4 2 4 1

dardized with tissue weightand [€ ~ 2

represented as the ratio of fluo- 6 - 0.0 4

rescence intensity in the ische- 0 10 20 50 100 200 0 10 20 50 100 200

mic hind limb to that of the
contralateral nonischemic hind
limb in each animal. NaHS
treatment (20 and 50 umol - kgf1 - dayil) significantly improved regional blood flow in the ischemic limb (*p < 0.05 vs. vehicle
by ANOVA). Data represent the mean &= SEM of nine (the control) or seven (the NaHS groups) experiments in each group.

NaH$S (umol/kg/d) NaHS (umol/kag/d)

with treatment of NaHS/vehicle. The nonischemic right hind
limb served as an internal control. As shown in Fig. 2A, there
were more angiographically visible collateral vessels with
typical “corkscrew” appearance (arrow head) (33, 34) in the
ischemic medial thigh area in the NaHS group as compared
with that of the control group. The amount of collateral

0.0887 and 1.394+0.0977 vs. 1.027 £0.0887, respectively;
p <0.05; Fig. 2B).

NaHS increased regional tissue blood flow
in ischemic hind limbs

vessels in the ischemic medial thigh area was quantified with
the angiographic scores (Fig. 2B). Angiographic scores at
postoperative 4w were significantly increased in the rats
treated with NaHS at doses of 50 and 100 yumol - kg '-d !

compared with vehicle treatment (1.414 +0.0460 vs. 1.027 +

Regional tissue blood flow in the hind limbs was quantified
with the fluorescent microspheres of 15 um diameter which
were injected into the thoracic aorta to indicate blood flow in
the microvessels (11, 32). NaHS treatment caused a signifi-
cant increase in regional blood flow in ischemic hind limbs

FIG. 1. NaHS treatment did not cause inflammation in hind limb muscles or alter the basic blood pressure in Wistar
Rats. (A) Representatwe HE stammg from normal rats (a), 1h after 50 umol - kg ' NaHS administration (b, without surgery),
7 d after 50 umol - kg day NaHS administration (c from ischemic leg and d from nonischemic leg) and 7 d after vehicle
administration (e from ischemic leg and f from nonischemic leg). Inflammatory cell infiltration in muscle sections was not
found. Bar =200 um. (B) Quantitative analysis of systolic blood pressure (SBP, a), diastolic blood pressure (DBP, b), mean
arterial pressure (MAP, c), and heart rate (HR, d) of conscious, freely moving rats just before sacrifice on day 28. There is no
significant difference among NaHS groups and vehicle. Data represent the mean + SEM of five experiments in each group.
(C) Time course of plasma H,S concentrations in rats after an intraperitoneal injection of NaHS (50 umol-kg '). Data
represent the mean + SEM of four experlments in each group. Intraperitoneal injection of 50 umol - kg™ ! NaHS caused an
increase in plasma H,S levels from 10 min to 1h after injection (*p < 0.05 vs. vehicle by ANOVA). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).
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FIG. 3. NaHS treatment promoted the growth of microvessels after femoral artery occlusion. (A) Representative micro-
graphs showing the vascular endothelial cells (arrow) and capillary vessels (arrow head) in the gastrocnemius muscles 4 w after
surgery stained with anti-rat CD34 antibody. There were more capillaries developed in the ischemic hind limb muscles in the
rats treated with NaHS (a for the vehicle, b, ¢, d, e, and f for 10, 20, 50, 100, and 200 ,umol-kgflwilay*1 NaHS groups,
respectively). Bar =100 um. (B) Representative micrographs showing the time-course study of CD34 positive cells. a—c, con-
trol group (a, 0 d; b, 7 d; ¢, 14 d); d—f, 50 umol - kgf1 . dayf1 NaHS group (d, 0d; e, 7 d; f, 14 d). Bar =100 um. (C) Quantitative
analysis of the capillary density in ischemic gastrocnemius muscles 4 w after surgery. Results are expressed as number of
capillary vessels/area of myofiber. Capillary density was significantly greater in the rats receiving NaHS
(50 pmol - kg*1 . dayil) than in the control animals (**p < 0.01 vs. vehicle by ANOVA ). Data represent the mean + SEM of five
experiments in each group. (D) Quantitative analysis of the capillary density in time-course experiment. 50 umol - kg ' - day "
NaHS treatment increased capillary density at day 7, peaked at day 14, and continued to be increased at the end of the
experiment (day 28). *p < 0.05, **p < 0.01 vs. day 0; 'p <0.05, "p <0.01, 7'p < 0.001 vs. control (at the same time point) by
ANOVA. Data represent the mean + SEM of four experiments in each group. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article at www .liebertonline.com/ars).
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at doses of 20 and 50umol-kg '-d~' (1.048+0.137 uvs.
0.560+0.0388 and 1.120+0.184 vs. 0.560+0.0388, respec-
tively, p < 0.05; Fig. 2C).

NaHS caused an increase in capillary density

Since capillaries were not shown in the above-mentioned
angiographic studies, vascular endothelial cells of the capil-
laries were visualized with immunohistochemical staining
using specific endothelial cell markers. Capillary density was
then assessed with the micrographs showing all the vascular
endothelial cells in the hind limb sections. As shown in Fig. 3A
and B, the vascular endothelial cells of capillary vessels in hind
limb muscles were clearly stained with the anti-rat CD34 an-
tibodies. NaHS treatment caused an increase in CD34-positive
cells. Quantification of capillary density revealed a significant
increase in capillary density in the group treated with NaHS at
a dose of 50 umol - kg - d " comparing with the controls on
day 28 (1,044.202 + 127.425 vessels/mm? vs. 608.381 +29.268
vessels/mm?, p < 0.01; Fig. 3C). Time-course experiment with
the group treated with NaHS at a dose of 50 umol - kg *-d !
(Fig. 3D) revealed that NaHS treatment increased capillary
density at day 7, peaked at day 14, and continued to be in-
creased at the end of the experiment (day 28).

The micrographs (Fig. 3A and B) also showed that NaHS-
induced increase in capillary density was not associated
with any disorders in the morphology of the capillary net-
work. There was no angioma formation observed in the
NaHS-treated groups.

Immunostaining of PCNA and CD34 on two con-
secutive sections (Fig. 4) revealed that NaHS treatment
(50 umol - kg ' -d ') promoted proliferation of the endothe-
lial cells and the myocytes in the ischemic muscles.

NaHS treatment increased VEGF expression
in ischemic hind limb muscles

VEGF protein expression in hind limb muscles was ex-
amined with immunohistochemistry and Western blot
analysis 2w after femoral artery ligation. As shown in Fig.

1071

5A, VEGF signals (arrow) were found in the hind limb
muscle sections and mainly localized in the skeletal muscle
cells but not in the vascular endothelial cells. Double stain-
ing of VEGF and the vascular endothelial cells further clar-
ified the cell types expressing VEGF in the groups treated
with 50 umol - kgf1 -d~! NaHS administration and the vehi-
cle (Fig. 5Ac and d).

To further quantify the amount of VEGF that was induced
by NaHS treatment, Western blot analysis was performed
with the hind limb muscle homogenates. VEGF protein ex-
pression was significantly increased following administration
of NaHS at 20 and 50 ymol - kgf1 -dlas compared with the
control (0.479+£0.0318 vs. 0.345+0.0178 and 0.499 +0.0412
vs. 0.345 £ 0.0178, respectively; p < 0.05; Fig. 5B).

NaHS increased phosphorylation of VEGFR2
in vascular endothelial cells in ischemic hind limbs

The density of total VEGFR2 was not statistically altered
by NaHS treatment (Fig. 6A and C).Phosphorylation of
VEGEFR-2 mediates most of the mitogenic and angiogenic
effects of VEGF. Thus, the level of phospho-VEGFR2
(Tyr996) in ischemic hind limb muscles was examined with
immunohistochemical staining. NaHS treatment caused
an increase in phosphorylated VEGFR2 (Fig. 6B) which
was localized in the vascular endothelial cells (Fig. 7).
Quantification of the micrographs revealed a significant in-
crease in the density of phosphorylated VEGFR2 at the
Tyr996 site in group treated with NaHS at a dose of
50 umol - kg ' -d ! as compared with the control (343.972 +
41.738 positive cells/mm? vs. 163.623 4+ 16.609 positive cells/
mm?, p < 0.05; Fig. 6D).

NaHS increased Akt phosphorylation
in ischemic hind limb muscles

Akt phosphorylation was significantly increased follow-
ing administration of 20-200 ,umol~1<g71-d71 NaHS com-
pared with control (Fig. 8A).
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FIG. 5. NaHS increased VEGF expres-
sion in the ischemic hind limb muscles.
(A) Tissue VEGF expression was mainly
localized to the skeletal muscle cells.
Immunohistochemistry was performed
by using monoclonal antibodies against
VEGF to show VEGF expression (arrow)
or polyclonal antibodies against CD34 to
show the vascular endothelial cells (arrow
head). a and b, two consecutive sections
showing that VEGF expression (arrow)
was mainly localized in the skeletal
muscle cells but not the vascular endo-
thelial cells (arrow head). ¢ and d, double
staining of VEGF (arrow) and the vascular
endothelial cells (arrow head) further clar-
ified the skeletal muscle cells expressed
VEGF in the groups treated with
50 umol - kg ' -d~1 NaHS (d) and the ve-

ACtin — S hicle (c). Bar=100um. (B) Effects of
treatment with various concentrations of
NaHS(umol-kg-'-day") 0 10 20 50 100 200 NaHS (10-200 gmol -kg'-d ') on VEGF
i expression. VEGF expression was sig-
I l nificantly increased following adminis-
6 - * tration of NaHS at 20 and 50 umol-
' | I kg '-d ! for 2w (*p <0.05 vs. vehicle by
€ ANOVA ). Data represent the mean
8 5 + SEM of six independent experiments in
'3 each group. (For interpretation of the re-
e 4 ferences to color in this figure legend,
2 the reader is referred to the web version
3 34 of this article at www.liebertonline.
% com/ars).
24
e
&
.
0.0 -
0 10 20 50 100 200
NaH$S (umol/ka/d)

Effect of NaHS on plasma NOx concentrations

The plasma levels of nitric oxide (NO) metabolites in the
group treated with NaHS (50 umol - kg ' -d ') were not sta-
tistically different from that of the vehicle-treated group on
day 7 (Fig. 8B).

Discussion

We have previously reported a proangiogenic effect of
exogenously administered NaHS in cultured vascular endo-
thelial cells and in Matrigel plugs embedded under the skin of
mice (2). These findings were soon confirmed by Pyiochou
et al. who found neovascularization induced by H,S treat-
ment in chicken chorioallantoic membranes (21). However, to

date, there is no information regarding a purported proan-
giogenic role of H,S in any in vivo ischemic models which is
more clinically relevant. H,S donors/precursors (such as
NaHS, NayS) (40, 41) and the slow-releasing H,S donor
(GYY4137) (19) have been used as a source of exogenous H,S
in various laboratories worldwide. In the present study,
NaHS was used as a H,S donor. In aqueous solutions with a
pH value of 7.4 at 37°C, 18.5% NaHS is transformed into H,S
and the rest remains as the HS™ ion (6), while the amount of
Na* is negligible (12). Therefore, the protection observed in
the present study is rather an effect of H,S/HS™ than that
of H,S alone. However, the present methodology can not
clarify whether the effects of NaHS are mediated by H,S
or HS ™.
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FIG. 6. Expression of total and phospho-VEGFRZ in endothelial cells in the ischemic hind limb muscles. (A) Re-
presentative micrographs of VEGFR2 (arrow) in the gastrocnermus muscles stained with anti- VEGFR2 antibodies (a for the
vehicle, b, ¢, d, e, and f for 10, 20, 50, 100, and 200 umol - kg ' - day ' NaHS groups, respectively). Total VEGFR2 expression
was not altered by NaHS treatment. Bar = 100 um. (B) Representative micrographs of phospho-VEGFR?2 in the gastrocnemius
muscles stamed w1th the anti-phospho-VEGFR2 antibodies (a for the vehicle, b, ¢, d, e, and f for 10, 20, 50, 100, and
200 umol - kg " -day ' NaHS groups, respectively). Expression of phosphorylated VEGFR2 (arrow head) was significantly
increased in the ischemic hind limb muscles of the rats treated with NaHS. Bar =100 um. (C) Quantitative analysis of VEGFR2
density in ischemic gastrocnemius muscles. VEGFR2 density was not statistically altered significantly by NaHS treatment.
Data represent the mean 4+ SEM of four experiments in each group. (D) Quantitative analysis of phosE)ho—VEGFRZ density.
Phospho-VEGFR2 density was significantly greater in the rats receiving NaHS (50 umol - kg day ) than in the control
animals (*p < 0.05 vs. vehicle by ANOVA). Data represent the mean + SEM of four experiments in each group.
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We found here that chronic treatment with NaHS for 4w
significantly promoted angiogenesis in ischemic hind
limb muscles, suggesting that exogenous administration of
NaHS may be further explored as a new approach for the
treatment of chronic ischemic diseases. In our stud-
ies, NaHS treatment promoted the formation of collateral
vessels in ischemic muscle tissues, suggesting a role of NaHS in
promoting arteriogenesis which is a major event during col-
lateral vessel growth (4). Moreover, NaHS treatment also
promotes the growth of microvessels as indicated by an in-
crease in capillary density and tissue blood flow of the micro-
vessels. In the present study, NaHS-induced vessels formed
vascular trees and capillary networks with improved tissue
blood flow. That is in contrast with numerous experimental
and clinical studies in which angioma was formed in tissues
with injection of the vectors overexpressing VEGF which is a
well-established pro-angiogenic factor (3, 22). It is obvious that
the angioma induced by transfecting VEGF overexpressing
vectors is not sufficient to establish functional network of the
vessels to improve regional tissue blood flow. Thus, NaHS-
induced angiogenesis in ischemic tissues has better morphol-
ogy than that of the VEGF overexpression approaches. Worthy
of notice is that NaHS at high dose (200 ymol - kg’1 -d7 ) did
not show any proangiogenic effect. One of the possible mech-
anisms is that H,S/HS™ may bind to multiple cellular targets.
Athigh doses, H,S/HS™ may possibly act on certain additional
cellular targets and evoke mechanism which may counter
balance the proangiogenic pathways. These hypotheses re-
main to be further investigated.

Ling Li et al. reported that NaHS (14 umol/kg ip) exhibits
proinflammatory activities as evidenced by an increase in the
infiltration of neutrophils in lung tissues associated with
an increase in plasma TNF-« concentrations in mice (17). In
the present study, histological examination showed there

Phospho-VEGFR2 © + . * . Yo thnd R it
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FIG. 7. Cellular localization of VEGFR2
and phospho-VEGFR2. (A-C) shows a set of
three consecutive sections from vehicle group
and (D-F) is another set of consecutive sec-
) tions from 50 yumol-kg '-d~' NaHS group.
\ / Immunohistochemistry was done by using
: polyclonal antibodies against CD34 to show
.+ = | thevascular endothelial cells (arrows in A and
D). Polyclonal antibodies against phospho-
2 VEGFR2 or VEGFR2 were used to show
' 7| phosphorylated VEGFR2 (arrow heads in B
k and E) or total VEGFR2 (hollow arrows in C
and F). Comparison among the consecu-
tive sections showed that the VEGFR2 and
phospho-VEGFR2 signals were localized to
endothelial cells. Bar=100um. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
«| web version of this article at www.liebert
online.com/ars).

was no significant sign of neutrophil infiltration at time
points of 1h or 1w after NaHS administration at a dose of
50 umol -kg ' -d !, suggesting that NaHS does not cause in-
flammation in skeletal muscles. This diversity may be as-
cribed to the difference in the models (rat versus mouse) used
and the tissues (hind limb muscles versus lung) examined.

Exogenously administered H,S has been shown to cause a
transient decrease in blood pressure in anesthetized rats (19,
41). In the present study, NaHS (50 umol - kg ' -d ') did not
reduce blood pressure on day 28 when tissue blood flow and
capillary density were measured. The data suggest that
NaHS-induced increase in tissue blood flow and capillary
density is not an effect secondary to an acute change in blood
pressure. Indeed, we did not measure blood pressure at var-
ious time points during the 28-day treatment period. There-
fore, whether NaHS caused any changes in blood pressure
during the chronic treatment period remains unknown.

In the present study, we observed an increase in plasma
H.S levels at 10min and lasted for 1h after injection NaHS
(50 pumol - kg’l). Repeated chronic administration of NaHS in
the present study (once a day for 27 days) may also contribute
to the improvement observed. However, this hypothesis re-
mains to be investigated by comparing the effects of single
administration and repeated chronic treatment. Moreover, the
effects of chronic NaHS treatment with a longer period also
remain to be examined.

In the present study, NaHS treatment also caused signifi-
cant increase in VEGF biosynthesis by Western blot analysis,
and immunohistochemical staining further revealed that this
increase in VEGF occurred in the skeletal muscles. VEGF has
been shown to stimulate the growth of collateral vessels and
capillaries in animal models of peripheral ischemia (31). In
this context, VEGF synthesized in ischemic skeletal muscle
cells may interact with the vascular endothelial cells in a
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FIG. 8. NaHS increased Akt phosphorylation in ischemic
hind limb muscles but did not alter plasma NOx concen-
tration. (A) Akt phosphorylation was significantly increased
following administration of NaHS at 20, 50, 100, and
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dependent experiments in each group. (B) Plasma NO
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group. Data represent the mean +SEM of four experiments
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paracrine pattern. However, to date, there is no information
regarding a promoting role of NaHS on VEGF biosynthesis.
Our previous study shows that NaHS did not change VEGF
expression in the vascular endothelial cells (2). The present
data suggest a new mechanism of NaHS-induced angiogen-
esis (i.e., VEGF biosynthesis may be stimulated by NaHS in
the skeletal muscle cells and in turn to promote angiogenesis
of the neighboring vascular endothelial cells in addition to the
direct promoting effect of NaHS on the vascular endothelial
cells) (2). The mechanisms regarding how NaHS can stimulate
VEGF biosynthesis in the skeletal muscle cells remain to be
further clarified.

VEGEFR2 is the main receptor type to mediate the pro-
angiogenic effect of VEGF (10), while VEGFR?2 activation is
insufficient in ischemic conditions (26). The present study
showed that NaHS treatment resulted in significant increase
in VEGFR2 phosphorylation in ischemic hind limb muscles
compared with the vehicle treated animals, suggesting a role
of VEGFR2 activation in NaHS-induced angiogenesis. Our
data also revealed that phosphorylated VEGFR2 was mainly
localized in vascular endothelial cells. In this context, NaHS-
induced VEGFR? activation in vascular endothelial cells may
be ascribed to upregulated VEGF expression in the neigh-
boring skeletal muscle cells.

In our previous studies, the pro-angiogenic effect of H,S in
cultured vascular endothelial cells is dependent on Akt
phosphorylation. We found here that Akt phosphorylation
was increased in ischemic hind limb muscles of the rats
treated with NaHS. Thus, Akt may also be important in
NaHS-induced angiogenesis in the in vivo ischemic models.
However, the role of Akt in the in vivo conditions may be more
complicated. Activation of Akt signaling has been reported to
promote VEGF production in an autocrine manner in gas-
trocnemius muscles, induce myogenic differentiation and
angiogenesis, and promote formation of collateral and capil-
lary vessels (14, 30). Overexpression of Akt in skeletal mus-
cles in vivo induces skeletal muscle hypertrophy, local VEGF
production, and angiogenesis (30). Therefore, Akt may also
mediate NaHS-induced increase in VEGF expression in is-
chemic skeletal muscle cells. However, the pathways between
H,S and Akt activation remain to be further investigated.

Gasotransmitter NO has also been recognized as a pro-
angiogenic factor (42). On the other hand, H,S was reported to
interact with NO (1). In our previous studies, we did not find
significant changes in NO metabolite levels in the culture me-
dium of the endothelial cells. In the present study, NaHS
treatment did not cause any significant changes in NO metab-
olite levels in the plasma 7 days after NaHS treatment, sug-
gesting that NO was not involved in the proangiogenic effects
of NaHS treatment. However, local NO levels in the ischemic
muscles were not measured in the present study, nor were the
activities of the NO synthases such as eNOS and iNOS. Further
experiments are required to clarify the possible interaction of
these two gasotransmitters in local ischemic tissues.

Chronic ischemia itself may induce angiogenesis that may
in turn ameliorate blood supply of the ischemic tissue (3).
However this self-protection mechanism is usually insuffi-
cient (20). As shown in the present study, capillary density is
increased 1w after surgery in both NaHS- and vehicle-treated
groups, however, capillary density decreased to base-
line levels at the time-points of 2 and 4w in control group,
whereas in the NaHS-treated groups, capillary density
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continued to be increased till the end of the experiment pe-
riod (day 28). An increase in capillary density may be medi-
ated by VEGEF that is released from the skeletal muscle cells
upon NaHS stimulation and hence activate VEGFR?2 in the
neighboring vascular endothelial cells. Further experiments
such as co-culture of the skeletal muscle and vascular endo-
thelial cells are required to investigate this hypothesis of cell-
cell interaction. Other possible mechanisms underlying
NaHS-induced increase in capillary density include a direct
proangiogenic action of NaHS on the local vascular endo-
thelial cells and a recruitment of the endothelial progenitor
cells released from the bone marrow. Our previous study
showed that NaHS stimulated endothelial cell proliferation
in vitro at concentrations of 10 and 20 umol/1 (2). The present
PCNA staining for locally proliferating cells further con-
firmed that NaHS stimulated the proliferation of both vas-
cular endothelial cells and myocytes in vivo. Whether the
endothelial progenitor cells are involved in NaHS-induced
angiogenesis in vivo is not known.

Therapeutic approaches promoting vascular growth may
be beneficial for the patients who are not to undergo con-
ventional revascularization operations (39). The present study
provides the first piece of evidence that NaHS treatment is
able to promote collateral vessel growth, improve regional
blood flow, and increase capillary density in the in vivo is-
chemic model. These observations may be further explored to
develop novel approaches to treat chronic ischemic diseases.

In conclusion, H,S/HS™ are proangiogenic factors in the
chronic ischemic model of unilateral femoral artery occlusion
in rats. These effects may be mediated by an increase in VEGF
expression in the skeletal muscle cells and hence stimulate the
VEGFR? in the vascular endothelial cells. Akt phosphoryla-
tion is associated with the proangiogenic effect of NaHS in
chronic ischemic conditions.
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