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Danshen, the dried root of Salviamiltiorrhiza, is widely used in clinics
in China for treating various diseases, including cardiovascular dis-
eases. Sodium tanshinone IIA sulfonate (STS), a water-soluble deriv-
ative of tanshinone IIA isolated as themajor active component from
Danshen, was recently reported to be effective in attenuating the
characteristic pulmonary vascular changes associated with chroni-
cally hypoxic pulmonary hypertension (CHPH); however, the under-
lying detailed mechanisms are poorly understood. In this study, we
investigated the effects of STS onbasal intracellular Ca21 concentra-
tion ([Ca21]i) and store-operated Ca21 entry (SOCE) in distal pulmo-
nary arterial smooth muscle cells (PASMCs) exposed to prolonged
hypoxia or isolated from CHPH rats. SOCE measured by Mn21

quenching of Fura-2 fluorescence in PASMCs from rats exposed to
chronic hypoxia (10% O2, 21 d) was increased by 59%, and basal
[Ca21]i was increased by 119%; this effect was inhibited by intraper-
itoneal injection of STS. These inhibitory effects of STS on hypoxic
increases of SOCE and basal [Ca21]i were associated with reduced
expression of canonical transient receptor potential (TRPC)1 and
TRPC6 in distal pulmonary arterial smooth muscle and decreases on

rightventricularpressure, rightventricularhypertrophy,andperipheral
pulmonary vessel thickening. In ex vivo cultured distal PASMCs from
normoxic rats, STS (0–25 mM) dose-dependently inhibited hypoxia-
induced cell proliferation and migration, paralleled with attenuation
in increases of basal [Ca21]i, SOCE, mRNA, and protein expression of
TRPC1 and TRPC6. STS also relieved right ventricular systolic pressure,
right ventricular hypertrophy, and TRPC1 and TRPC6 protein expres-
sion in distal pulmonary arteries in amonocrotaline-induced rat model
of pulmonary arterial hypertension. These results indicate that STS
prevents pulmonary arterial hypertension development likely by
inhibitingTRPC1andTRPC6expression, resulting in normalizedbasal
[Ca21]i and attenuated proliferation andmigration of PASMCs.
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Pulmonary arterial hypertension (PAH) is a rare yet life-threatening
disease that affects 15 per 1 million adults, according to the most
recent estimation in 2008 (1). It is physiologically defined by mean
pulmonary arterial pressure of 25 mm Hg or greater at rest and is
pathologically characterized by pulmonary vascular remodeling,
including smooth muscle hypertrophy and intima thickening. Al-
though significant progress has been made in the past decades in
our understanding of PAH and in disease management, the prog-
nosis is still poor, with a 1-year survival rate of 91.0% (2) and
3-year survival rate of 77% or less according to recent investiga-
tions (3–5). The principal treatments for PAH rely on approaches
targeting the prostacyclin, endothelin, or NO pathways (phospho-
diesterase inhibition) or, increasingly, on a combination of them
(6–11). Few patients show indication for treatment with calcium
channel blockers. However, their high costs and limited efficacy
have hindered their widespread clinical application.

Sodium tanshinone IIA sulfonate (STS) is a water-soluble
derivative of tanshinone IIA isolated as the main pharmacolog-
ically active component froma traditional Chinese herbalmedicine,
the dried root of Salvia miltiorrhiza known as Danshen. Danshen
has long been extensively used in improving body functions,
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CLINICAL RELEVANCE

The widespread application of treatments for pulmonary
hypertension is hindered by their huge costs and limited ef-
ficacy. Sodium tanshinone IIA sulfonate (STS), a Chinese
traditional medicine that is widely used in China, is indicated
to be able to prevent chronically hypoxic pulmonary hyper-
tension development. Due to its low cost and few side effects,
STS is a valuable candidate deserving further investigation for
future hypoxic pulmonary hypertension therapy.
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such as promoting circulation and improving blood flow (12,
13). Danshen and its various formula products in numerous
pharmaceutical dosage forms are commercially available and
are commonly administered to treat inflammatory and cardio-
vascular diseases in the clinics in China with negligible adverse
effects (14–17). STS has been clinically used in Asian countries
for the prevention and treatment of coronary heart disease (18).
Recent studies indicated that STS exerts protective effects on
hypoxic pulmonary hypertension, including lowering pulmonary
artery pressure and decreasing pulmonary artery thickness and
right ventricular hypertrophy (19). These effects were suggested
to be achieved partially through the regulation of intracellular
Ca21 homeostasis in pulmonary arterial smooth cells (PASMCs)
(19, 20); however, the underlying detailed mechanisms remain
largely unclear and deserve further investigation. The elucidation
of the involved mechanisms will serve as a rationale for the po-
tential clinical application of STS or tanshinone IIA in PAH
treatment, which could benefit thousands of patients with PAH
by greatly reducing their medical expenses.

Among numerous mechanisms that have been identified as
influencing the development of PAH, hypoxia is thought to be
a pivotal factor triggering pulmonary vascular contraction (21)
and remodeling (22). Animals such as rat and mouse exposed
to chronic hypoxia developed chronically hypoxia pulmonary hy-
pertension (CHPH) in less than 3 weeks (23–25). In PASMCs,
elevation of intracellular Ca21 concentration ([Ca21]i) via Ca21

influx through store-operated Ca21 channels (SOCC) thought to
be composed of canonical transient receptor potential (TRPC)
proteins is an important determinant of cell growth and contrac-
tion (26–29). We previously demonstrated that chronic hypoxia
elevated basal [Ca21]i in PASMCs due in large part to enhanced
store-operated Ca21 entry (SOCE); moreover, ex vivo exposure
to prolonged hypoxia up-regulated TRPC1 and TRPC6 expres-
sion in PASMCs (27, 29–31). A monocrotaline (MCT)-induced
PH animal model is also commonly used to study the pathological
mechanisms of PAH. In the present study, we confirmed the
suppressive effects of STS on PAH development in two indepen-
dent animal models: CHPH and MCT-induced PH. We also ex-
amined the effects of STS on increases of TRPC expression,
SOCE, and basal [Ca21]i levels in PASMCs resulting from chron-
ically hypoxia, aiming to elucidate the pharmacological mecha-
nisms of how STS prevents CHPH development.

MATERIALS AND METHODS

CHPH and MCT-Induced PAH Rat Model Establishment

and STS Treatment

All procedures were approved by the Animal Care and Use Committee
of Guangzhou Medical University. For CHPH model establishment,
adult male Sprague-Dawley rats (175–300 g) were put in a hypoxic
chamber for 21 days as previously described (29, 32). In this model,
four groups of animals were examined: normoxic control, normoxia1STS,
hypoxic control, and hypoxia1STS. In experiments with the MCT-induced
PAH model, rats were given a single subcutaneous injection of 50 mg/kg
MCT (Sigma-Aldrich, St. Louis, MO) or saline, and then the animals were
randomly grouped as saline control, MCT control, and MCT1STS. For
both PAH models, STS (Shanghai No 1 Biochemical-Pharmaceutical Co.,
Ltd, Shanghai, China) was given to the rats by intraperitoneal injection at
10 mg/kg/d for 21 days. Control groups of animals received equivalent
amount of saline.

Hemodynamic Measurements and Lung Histochemistry

Right ventricular systolic pressure and right ventricular hypertrophy were
measured using the same method as we described previously (30). Intra-
pulmonary vessels were visualized by H&E staining on formalin-fixed
and paraffin-embedded lung cross-sections (5 mm thickness). Details are
provided in the online supplement.

Culture and Treatments of Rat Distal PASMCs

The method for obtaining rat distal PASMCs has been described pre-
viously (25, 27). The isolated PASMCs were seeded in 6-well culture
dishes and cultured in Smooth Muscle Growth Medium-2 (Clonetics,
Walkersville, MD) in a humidified atmosphere of 5% CO2 and 95% air
at 378C for 3 to 4 days. For prolonged hypoxia and STS treatment, cells
were replaced with Smooth Muscle Basal Medium (Clonetics) contain-
ing 0.3% FBS for 24 hours to reach a growth arrest before being
exposed to hypoxia (4% O2) or normoxia in the presence or absence
of STS for 60 hours before various assessments. The O2 concentration
in the culture media was continuously monitored in real time using an
O2 sensor (8-730 flow-through O2 microelectrodes; Microelectrodes
Inc., Bedford, NH). This demonstrated that the level of O2 dropped
to 6% at approximately 6 hours and reached 4% at approximately 16
hours after hypoxia exposure (4% O2) (see Figure E1A in the online
supplement). The cells isolated from CHPH animals were transiently
cultured in Ham’s F-12 medium with L-glutamine (Mediatech Inc.,
Manassas, VA) supplemented with 0.5% FBS for 24 to approximately
48 hours before [Ca21]i measurement.

Cell Proliferation and Cytotoxicity Assessment

PASMC proliferation was assessed using an Amersham Cell Prolifera-
tion Biotrak ELISA kit (GEhealthcare, Buckinghamshire, UK). Cyto-
toxicity of various doses of STS (0–25 mM) on PASMCs was analyzed
using CytoTox-Glo Cytotoxicity Assay kit (Promega, Madison, WI).
Cell viability was calculated as percentage ratios of luminescence for
viable cells to total per treatment well. Details are provided in the
online supplement.

Cell Migration Assay

PASMCs treated with 0 to approximately 25 mM STS for 60 hours
under normoxic or hypoxic conditions were loaded on the 8-mm poly-
carbonate membrane of Transwell Permeable Support (24 mm) (Corn-
ing Inc., Corning, NY) (1 3 105 cells per well) and cultured in Smooth
Muscle Basal Medium containing 0.3% FBS for 24 hours. Cells on the
membrane were stained with Brilliant Blue R and counted to calculate
the migration rate. Details are provided in the online supplement.

Intracellular Ca21 Determination

SOCE was measured in PASMCs using Fura-2 dye and fluorescent mi-
croscopy as previously described (27, 29). To obtain statistically con-
vincing results, the fluorescence intensity was determined in at least
20 cells for each sample. Details are provided in the online supplement.

Quantitative RT-PCR

Total RNAwas extracted using the TRIzol method for deendothelialized
distal PA or using the RNeasy kit (Qiagen, Valencia, CA) for PASMCs
as previously described (27, 29, 31). Reverse transcription and real-time
PCR were performed as described previously (30, 33, 34). Details are
provided in the online supplement.

Western Blotting

Rat distal PA or PASMCs were sonicated or lysed in TPER lysis buffer
(Pierce, Rockford, IL) with a protease inhibitor cocktail tablet, and pro-
tein expression was measured by immunoblotting assay as described
previously (27, 29, 33). Details are provided in the online supplement.

Statistical Analysis

Statistical analyses were conducted using one-wayANOVA formultiple
and Student’s t test for two data groups. All data in this study were
tested and found fit for normal distribution. When F ratios obtained
with ANOVA were significant, Fisher’s protected least significant dif-
ference was used for pairwise comparisons of means. Differences were
considered significant when P , 0.05. Data are presented as means 6
SEM; “n” refers to the sample size, (i.e., the number of the animals
providing pulmonary arteries or primary culture of PASMCs).
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RESULTS

STS Inhibited the Characteristic Changes of CHPH in Rats

Consistent with our previous results (29, 33), rats exposed to chronic
hypoxia (10% O2 for 21 d) developed CHPH. Right ventricular
systolic pressure (RVSP) was increased from 24.7 6 0.64 mm Hg
in normoxic control rats to 60.1 6 2.75 mm Hg in hypoxic control
rats (Figures 1A and 1B). The development of CHPH was accom-
panied by right ventricular hypertrophy, indicated by the increases
on weight ratio of right ventricle (RV) to left ventricle (LV) plus
septum (RV/LV1S) from 0.26 6 0.035 (normoxia) to 0.55 6

0.042 (hypoxia; P , 0.001 versus normoxia) (Figure 1C) and in-
creases on the ratio of right ventricle to body weight (RV/body
weight) from 0.46 6 0.01 (normoxia) to 1.09 6 0.07 (hypoxia; P ,
0.001 versus normoxia) (Figure 1D). Injection of STS (10 mg/kg/d)
significantly reduced these characteristic changes of CHPH. Accord-
ingly, STS caused a significant decrease of mean RVSP to 48.7 6
1.95 mm Hg (hypoxia 1 STS) (P , 0.001 versus hypoxia con-
trol) (Figures 1A and 1B), RV/(LV1S) to 0.42 6 0.03 mm Hg
(P , 0.001 versus hypoxia control) (Figure 1C), and RV/body
weight ratios to 0.88 6 0.02 (P , 0.05 versus hypoxia control)
(Figure 1D) in chronically hypoxic rats. STS did not affect the

Figure 1. Effects of sodium tanshinone IIA sulfonate

(STS) on hemodynamic parameters of chronically hyp-
oxic pulmonary hypertension (CHPH) and pulmonary

vascular remodeling in rats. Animals were exposed to

normoxia or hypoxia (10% O2) for 21 days with or

without STS (intraperitoneally, 10 mg/kg/d) treat-
ment. (A) Representative traces of right ventricular sys-

tolic pressure (RVSP) of each group of animals. (B–D)

Bar graphs showing RVSP, right ventricular (RV)/left

ventricular (LV)1S, and RV/body weight, respectively.
Bar values are means 6 SEM (n ¼ 7 in each group).

*P , 0.01 versus respective normoxic control. **P ,
0.01 versus respective hypoxic control. (E–H) Lung tis-

sues were fixed in neutral buffered formalin, embed-
ded in paraffin, cross-sectioned (5 mM in thickness),

and stained with hematoxylin and eosin. Pictures are

representative from four for each group of animals
treated with normoxia (E), normoxia 1 STS (F), hyp-

oxia (G), or hypoxia 1 STS (H), showing an inhibitory

role of STS on pulmonary artery wall thickening in-

duced by hypoxia. Arrows indicate pulmonary artery
in each picture. PRV ¼ Right ventricular pressure.

Wang, Jiang, Wan, et al.: STS Prevents Pulmonary Hypertension 127



mean RVSP (23.1 6 1.1 mm Hg; P ¼ 0.32) (Figures 1A and
1B), the RV/(LV1 ) ratio (0.276 0.016; P ¼ 0.55) (Figure 1C),
or the RV/body weight ratio (Figure 1D) in normoxic animals,
with P values being calculated by comparing the normoxic STS
group with the normoxic control group.

The animals were weighed every 3 days during the 21-day
hypoxia exposure. Consistent with what we observed previ-
ously (35), the hypoxic control rats initially displayed approx-
imately 1.1% body weight loss when weighed at Day 3 of
hypoxia exposure; however, these animals displayed body weight
gain during the further period of study. All normoxic control
animals increased their body weight throughout the study.
Treatment with STS did not cause body weight change under
normoxic or hypoxic conditions (data not shown). At the end of
the experiment at Day 21 of hypoxia exposure and STS treat-
ment, the weight ratios (31022) of liver to whole body and
kidney to whole body were not changed by hypoxia exposure
or STS treatment (data not shown), indicating good tolerance to
these treatments.

Histochemistry examinations demonstrated that the distal
pulmonary arterial walls, especially the tunica media, were greatly
thickened in the hypoxic control rats (Figure 1H) that developed
CHPH when compared with those from normoxic control ani-
mals (Figure 1F). STS relieved the hypoxia-induced pulmonary
arterial wall thickening (Figure 1I) without affecting those in
normoxic rats (Figure 1G).

STS Attenuated the Increases of SOCE and Basal [Ca21]i
in Distal PASMCs from Chronically Hypoxic Rats

PASMCs were isolated from rats exposed to chronic hypoxia
with or without STS. SOCE was assessed by Mn21 fluores-
cence quenching and was represented as the percent decrease
in fluorescence intensity in 10 minutes. In rats without STS
injection, Mn21 quenching was significantly enhanced in PASMCs
from hypoxic control animals (35.4 6 3.6% for normoxia versus
56.3 6 5.2% for hypoxia; P , 0.05; n ¼ 4 for each group)
(Figures 2A and 2B), and basal [Ca21]i was increased from
115.36 16.6 nM in normoxic cells to 252.56 27.6 nM in hypoxic
PASMCs (P , 0.05; n ¼ 5 in each group). STS administration
(10 mg/kg/d) reduced the hypoxic increases of Mn21 quenching
(43.5 6 3.6% for STS treated hypoxic cells; n ¼ 4; P , 0.05
versus hypoxic control cells). Moreover, STS inhibited the hyp-
oxic elevation of basal [Ca21]i in PASMCs from chronically
hypoxic rats (149.0 6 26.1 nM; n ¼ 5; P , 0.05 compared with
hypoxic control) (Figure 2C). STS treatment did not influence
SOCE (Figures 2A and 2B) or basal [Ca21]i (Figure 2C) in
PASMCs from normoxic control rats.

STS Inhibited the Hypoxic Up-Regulation of TRPC1 and TRPC6

Expression in Rat Distal PA

Similar to our previous observations (29), mRNA and protein
expressions of TRPC1 (Figures 3A and 3C) and TRPC6 (Figures

Figure 2. Effects of STS on

store-operated Ca21 entry

(SOCE) and basal intracellular
Ca21 concentration ([Ca21]i)

in pulmonary arterial smooth

muscle cells (PASMCs) iso-
lated from rats exposed to

hypoxia. PASMCs were iso-

lated from normoxic or hyp-

oxic (10% O2 for 21 d) rats
withorwithoutSTS (10mg/kg/d)

treatment. (A) SOCE deter-

mined by measuring the time

course of Fura-2 fluorescence
intensity excited at 360 nm be-

fore and after adding 200 mM

Mn21 in Ca21–free Krebs-
Ringer bicarbonate solution

(0 Ca21) perfusate containing

10 mM cyclopiazonic acid

(CPA) and 5 mM nifedipine
(Nifed) in PASMCs. Data at

each time point were normal-

ized to fluorescence at time

0 (F/F0). (B) Average quench-
ing of Fura-2 fluorescence by

Mn21. Data are expressed as

the percentage decrease in

fluorescence at time 10
minutes from time 0. The

tested cell numbers in each

group were as below: nor-
moxia (115 cells; n ¼ 4), nor-

moxia1STS (117 cells; n ¼ 4),

hypoxia (118 cells; n ¼ 4),

and hypoxia1STS (117 cells;
n ¼ 4). Bar values are mean 6
SEM. *P , 0.05 versus nor-

moxic control. **P , 0.05

versus hypoxic control. (C) Basal [Ca21]i in PASMCs from rats treated with normoxia, normoxia1STS, hypoxia, or hypoxia1STS. Bar values
are means 6 SEM (n ¼ 5 in each group). *P , 0.05 versus normoxic control. **P , 0.05 versus hypoxic control.
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3B and 3D) were increased in distal PA from rats exposed to
chronic hypoxia (10% O2, 21 d) compared with normoxic control
animals. STS treatment (10 mg/kg/d) suppressed these hypoxia-
induced increases but did not affect the levels of TRPC1 and
TRPC6 in PA from normoxic rats.

Effects of STS on Hypoxia-Induced Proliferation

and Migration of PASMCs

Prolonged hypoxia (4% O2, 60 h) enhanced proliferation (Figure
4A) and migration (Figure 4B) of PASMCs; these enhancements
were inhibited by STS (0.1–25 mM) in a dose-dependent manner,
with significant inhibition at 12.5 and 25 mM of STS. None of the
tested STS dosages affected PASMCs viability under the exper-
imental conditions (Figure 4C), indicating that the inhibitory
effects of STS on cell proliferation and migration were not due
to the cytotoxic effects accumulated with concentration increases.

STS Inhibited Prolonged Hypoxia-Induced TRPC Expression

in PASMCs from Normoxic Rats

Isolated PASMCs from normoxic rats were exposed to pro-
longed hypoxia (4% O2, 60 h) with or without STS. Hypoxia
exposure increased TRPC1 and TRPC6 mRNA expression by
60.1 and 76.3%, respectively (Figures 5A and 5B). Consistent
with the alteration in mRNA levels, hypoxia exposure caused
117.3 and 124.6% increases of TRPC1 and TRPC6 protein ex-
pression, respectively. Treatment with STS (12.5 mM) blocked
these hypoxic increases in mRNA and protein of TRPC1 and
TRPC6 (Figures 5C and 5D). Under normoxic conditions, the
expressions of TRPC1 and TRPC6 in mRNA or protein level
were not changed by STS treatment (Figure 5).

Previously, we demonstrated that treatment with specific
siRNA for TRPC1 (siT1) or TRPC6 (siT6) resulted in approx-
imately 80% reduction of TRPC1 or TRPC6 protein expression
in PASMCs, and the knockdown of these protein led to a signifi-
cant reduction of the hypoxic increases of SOCE and basal [Ca21]i
in PASMCs exposed to prolonged hypoxia (30). To further de-
termine the causal relationship between TRPC1 and TRPC6

protein expression and the hypoxic increases of PASMC prolif-
eration and migration, we examined the effects of siT1 and siT6
on PASMC proliferation and migration under prolonged hyp-
oxic conditions. As seen in Figures E2A and E2B, exposure to
prolonged hypoxia caused an approximately 70% increase in
proliferation and a 90% increase in migration of PASMCs trea-
ted with nontargeting control siRNA; however, treatment with
siT1 or siT6 decreased these hypoxic responses. These results
indicate that the hypoxic up-regulation of TRPC1 and TRPC6
are responsible, at least in part, for the enhanced proliferation
and migration of rat distal PASMCs under prolonged hypoxic
conditions.

STS Impaired the Consequent Increases of SOCE and Basal

[Ca21]i in PASMCs Exposed to Prolonged Hypoxia

Consistent with our previous findings (29), SOCE determined
by Mn21 quenching at 10 minutes of perfusion was higher in
hypoxia-treated PASMCs (58.7 6 3.9%; n ¼ 4; P , 0.001 versus
normoxia) (Figures 6A and 6B) than in normoxic cells (37.9 6
2.2%; n ¼ 3). STS (12.5 mM) decreased the Mn21 quenching
rate to approximately 78.9% in hypoxic cells (46.3 6 3.8% in
STS-treated hypoxic cells; P, 0.05 versus hypoxic control cells)
(Figures 6A and 6B) but not in normoxic cells (37.5 6 3.2% in
STS-treated normoxic cells versus normoxic control cells; P ¼
0.68) (Figures 6A and 6B).

Basal [Ca21]i in PASMCs exposed to prolonged hypoxia
(4% O2, 60 h) was increased to 250.2 6 71.6 nM (P , 0.05
compared with 144.9 6 24.5 nM in normoxic cells) (Figure
6C), which was completely blocked by treatment with 12.5 mM
STS (85.1 6 29.3 nM; n ¼ 5; P , 0.001 versus hypoxic control
cells) (Figure 6C). Similar STS treatments did not alter basal
[Ca21]i in cells under normoxic conditions (Figure 6C).

STS Inhibited the Hemodynamic Parameters of MCT-Induced

PAH in Rats

MCT treatment induced PAH in rats, as indicated by elevated
RVSP (74.3 6 1.9 mm Hg; P , 0.001 versus 25.0 6 0.71 mm

Figure 3. Effect of STS (intraperitoneally,
10 mg/kg/d) on canonical transient re-

ceptor potential (TRPC) expression in dis-

tal PA from rats exposed to normoxia or
hypoxia (10% O2) for 21 days. TRPC1 (A)

and TRPC6 (B) mRNA relative to 18 s was

measured by real-time quantitative PCR.

TRPC1 and TRPC6 proteins were deter-
mined by Western blotting (C and D).

Representative blots (C) and mean inten-

sity (D) for TRPC1 or TRPC6 blots relative

to a-actin. Bar values are mean 6 SEM
(n ¼ 4 in each group). *P , 0.05 versus

respective normoxia control. **P , 0.05

versus respective hypoxia control.
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Hg in saline control animals) (Figures 7A and 7B) and increased
the RV/(LV1S) ratio (0.626 0.010; P, 0.001 versus 0.306 0.011
in saline control animals) (Figure 7C) in MCT-treated control
animals (Figure 7). Treatment with STS (10 mg/kg/d) significantly
reduced the pressure increase (51.2 6 1.64 mm Hg; P , 0.001
versus MCT control) (Figures 7A and 7B) and RV/(LV1S) ratio
(0.47 6 0.015; P , 0.001 versus MCT control) (Figure 7C) in
MCT-treated rats (Figure 7A). These inhibitory effects of STS

on the hemodynamic parameters of MCT-induced PAH were
associated with significantly attenuated expression of TRPC1 and
TRPC6 protein in the distal PA (Figures 7D and 7E).

DISCUSSION

Danshen and its derived products have been widely used to treat
various cardiovascular diseases in clinics in China; however, like

Figure 4. Effect of STS on proliferation,

migration, and viability of PASMCs under
prolonged hypoxia. PASMCs from nor-

moxic rats were treated with normoxia

or hypoxia (4% O2) for 60 hours with
or without STS at various dosages (0

to z 25 mM). (A) Cell proliferation was

assessed by analyzing the BrdU incorpo-

ration rate under normoxic or hypoxic
conditions. (B) The migration rates of

cells cultured under normoxic or hypoxic

conditions were determined by calculat-

ing the ratios of migrated cells (on the
lower surface of trans-well membrane)

to the total cells (cells on both sides of

trans-well membrane). In A and B, values
were normalized to normoxia alone and

presented as percentages. *P , 0.05

compared with normoxic control. **P ,
0.05 compared with hypoxic control
(n ¼ 4 in each treatment group). (C)

PASMC viability after various doses of

STS treatment under hypoxic condition

was assessed by measuring dead-cell
protease activity and presented as the

percentage of viable cells to total cells

(n ¼ 3 in each treatment group).

Figure 5. STS inhibited TRPC expression,
SOCE, and basal [Ca21]i in PASMCs ex-

posed to prolonged hypoxia. PASMCs

isolated from normoxic rats were treated

with prolonged hypoxia (4% O2, 60 h)
with or without STS (12.5 mM) treat-

ment. The relative mRNA levels (to 18 s)

for TPRC1 and TRPC6 were determined

by quantitative RT-PCR, and the results
are shown as percentage of that of nor-

moxia in A and B. The protein levels of

TRPC1 and TRPC6 were measured by

Western blotting (C), and their band inten-
sities were normalized to that of a-actin

(D). Data are presented as means 6 SEM

(n ¼ 4 in each group). *P , 0.05 versus
normoxic control. **P , 0.05 versus hyp-

oxic control.
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most other traditional Chinese medicines, the pharmacological
molecular targets of these treatments are unknown. Our studies
provided fundamental mechanistic evidence that treatment with
STS inhibited increases of TRPC1 and TRPC6 in CHPH animals
associated with ameliorated CHPH symptoms and decreased
SOCE and basal [Ca21]i in PASMCs. These results suggest that
STS could be potentially used to treat PAH through its effects
on regulating intracellular Ca21 homeostasis in PASMCs.

We confirmed that intraperitoneal injection with STS atten-
uated pulmonary vascular resistance and remodeling in a rat
CHPH model, which was indicated by decreased RV systolic
pressure, RV hypertrophy, and medial wall thickening of small
pulmonary vasculature. These results are consistent with previ-
ous reports (19). The dose of STS (10 mg/kg/d) used here to treat
CHPH did not cause a detectable toxic effect, as evaluated by
parameters including organ and body index. The inhibitory effect
of STS on right ventricular hypertrophy could be subjected to the
reduction of RVSP; it is also likely that this effect was due to the
direct inhibition of STS on cardiac myocyte hypertrophy induced
by angiotension II, a known pathological factor that is elevated
during CHPH and thought to contribute to pulmonary vascular
remodeling and right ventricular hypertrophy (15, 36, 37). STS has
been shown to protect myocytes against apoptosis, inhibit NAD(P)H

oxidase activity, and promote VEGF expression and angiogen-
esis in myocardial tissue and thus improve cardiac function in
experimental diabetic, hypertensive, and myocardial ischemia
injury rats (38–40). Under the disease condition of CHPH, the
exact action of STS on right ventricular hypertrophy and heart
function needs further investigation.

Because we previously showed that PASMCs isolated from
CHPH rats exhibited elevated [Ca21]i and because [Ca21]i has
been reported to be an important determinant in modulating
PASMC contraction, proliferation, and growth associated with
vasoconstriction and pulmonary vascular remodeling (41–44),
it is reasonable to assume that the effects of STS on attenuating
CHPH development were achieved through inhibiting basal
[Ca21]i. As a result of this study, we found that PASMCs from
chronic hypoxia–exposed rats displayed significantly increased
basal [Ca21]i and enhanced SOCE, which were almost com-
pletely abolished by STS treatment.

In vascular smooth muscle cells, increases of [Ca21]i can be
caused by Ca21 release from internal storage sites, such as sar-
coplasmic reticulum, and by Ca21 influx from extracellular fluid
through voltage-dependent calcium channels (VDCCs), receptor-
operated Ca21 channels, or SOCCs (27, 29). Chronic hypoxia
could activate VDCCs and SOCCs through down-regulating Kv

Figure 6. Effects of STS on

SOCE and basal [Ca21]i in
PASMCs exposed to prolonged

hypoxia. PASMCs isolated

from normoxic rats were trea-

ted with normoxia or hypoxia
(4% O2, 60 h) with or without

STS (12.5 mM). The levels of

SOCE were determined by

measuring the Mn21 fluores-
cence quenching rate. (A)

Time course of Fura-2 fluores-

cence excited at 360 nm be-

fore and after adding 200 mM
Mn21 in Ca21–free Krebs-

Ringer bicarbonate solution

(0 Ca21) perfusate containing
10 mM CPA and 5 mM Nifed

in PASMCs treated with nor-

moxia (n ¼ 4 in 112 cells),

normoxia1STS (n ¼ 4 in 110
cells), hypoxia (4% O2; n ¼ 4

in 120 cells), or hypoxia plus

STS (n ¼ 4 in 116 cells). Data

were normalized to fluores-
cence at time 0 (F/F0). (B) Av-

erage quenching of Fura-2

fluorescence by Mn21. Data
were expressed as the per-

centage decrease in fluores-

cence at time 10 minutes

from time 0; all bar values
are mean 6 SEM. *P , 0.05

versus normoxic control.

**P , 0.05 versus hypoxic

control. (C) Basal [Ca21]i in
PASMCs treated with nor-

moxic control (n ¼ 5 ex-

periments from 149 cells),
normoxia1STS (n ¼ 5 experi-

ments from 145 cells), hyp-

oxic control (4% O2; n ¼ 5 experiments from 148 cells), or hypoxia1STS (n ¼ 5 experiments from 146 cells) for 60 hours. Bar values are

mean 6 SEM. *P , 0.001 versus normoxic control. **P , 0.01 versus hypoxic control.
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channel expression (29, 33, 41, 45–47) and up-regulates TRPC
expression in PASMCs (29). Therefore, we focused on investi-
gating the effects of STS on SOCE. Nifidepine, an antagonist of
VDCCs, was included in the perfusion buffer for SOCEmeasure-
ment to exclude the possibility of Ca21 influx via VDCCs. In this
and in our previous studies, we found that SOCE was enhanced
in PASMCs from hypoxic animals (29, 30, 48). This enhancement
could be blocked by STS. Thus, the inhibitory effects of STS are
targeted on SOCCs but not on VDCCs.

STS might attenuate SOCE through reducing the numbers or
the activity of SOCCs. The exact molecular components of
SOCCs have not been fully identified. It is generally accepted
that some members of the mammalian homologs of drosophila
photoreceptors transient receptor potential (TRP) family (i.e.,
TRPC1, 4, and -6) are part of them (49). We have previously
demonstrated that among the seven canonical TRP (TRPC)
proteins (TRPC1–7), TRPC1, TRPC4, and TRPC6 were pre-
dominantly expressed in distal pulmonary artery and PASMCs
(27, 31). Chronic or prolonged hypoxia selectively led to increases
in mRNA and protein levels of TRPC1 and TRPC6 in isolated
PA or cultured PASMCs (29), suggesting that TRPC1 and TRPC6
are likely the subunits of SOCCs responsible for the enhanced
SOCE in PASMCs under hypoxia. Knockdown of TRPC1 or
TRPC6 in PASMCs inhibited the hypoxia-induced SOCE and
basal [Ca21]i up-regulation, which supported the cause–effect

link between SOCE increases and TRPC expression under hyp-
oxia (30). Therefore, we further examined whether STS affected
TRPC1 and TRPC6 expression. Indeed, the STS blocked the
increases of TRPC1 and TRPC6 expression in distal pulmonary
arteries from hypoxic animals.

To determine whether STS exerts these inhibitory effects di-
rectly on PASMCs or due to a secondary paracrine change,
PASMCs isolated from normoxic animals were cultured in vitro
and exposed to prolonged hypoxia with or without STS. As ex-
pected, STS (12.5 and 25 mM) inhibited the hypoxia-triggered
proliferation and migration of PASMCs without causing cytotox-
icity. These inhibitory effects of STS under hypoxic conditions
were associated with parallel molecular and functional changes,
such as decreased TRPC1 and TRPC6 expression, SOCE, and
basal [Ca21]i in PASMCs. Furthermore, we found that knock-
down of TRPC1 or TRPC6 inhibited hypoxia-induced prolifera-
tion and migration of PASMCs, indicating a causal relationship
of the hypoxic increases of PASMC proliferation and migration
to increases of TRPC1 and TRPC6. Therefore, the effects of STS
on basal [Ca21]i and the proliferation and migration of PASMCs
are likely due to inhibited expression of TRPC1 and TRPC6.

MCT-induced PAH is another commonly used experimental
model that exhibits enhanced expression of TRPC proteins in the
pulmonary arterial smooth muscle (50). The above described
preventive effects of STS on CHPH and its inhibitory effect

Figure 7. STS inhibited the hemody-
namic parameters of PAH induced by

monocrotaline (MCT) and attenuated

TRPC expression in distal pulmonary
arteries from rats treated with MCT.

Saline- and MCT-treated animals were

injected with or without STS (intrapero-

toneally, 10 mg/kg/d) for 21 days. (A)
Representative traces of RVSP of each

group of animals. (B and C) Bar graphs

showing RVSP and RV/LV1S. Bar values

are means 6 SEM (n ¼ 6 in each group).
*P , 0.001 versus respective normoxic

control. **P , 0.001 versus respective

hypoxic control. (D and E) The protein
levels of TRPC1 and TRPC6 were mea-

sured by Western blotting (D), and the

intensity of their bands was normalized

to that of a-actin (E). Data were pre-
sented as means 6 SEM (n ¼ 4 in each

group). *P , 0.05 versus normoxic con-

trol. **P , 0.05 versus hypoxic control.
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on TRPC expression may also apply to MCT-induced PAH be-
cause treatment of STS inhibited the hemodynamic parameters of
PAH as well as TRPC1 and TRPC6 expression in distal PA from
MCT-injected rats, indicating that a common mechanism under-
lies the development of the two PAH animal models.

How STS exerts inhibitory effects on TRPC expression
remains to be answered. STS is a known antioxidant. It has been
shown to increase intracellular production of reactive oxygen
species (ROS), which in turn induce heme oxygenase-1 (HO-1)
expression in macrophages, mediating the antiinflammatory ef-
fect of STS (51). STS was also found to (1) induce HO-1 ex-
pression in parenchymal and nonparenchymal cells in liver (52);
(2) inhibit angiotensin II–induced cell proliferation of rat cardiac
fibroblasts by interfering with ROS production and promote the
eNOS-NO pathway (53); (3) potentiate TNF-a–mediated nu-
clear accumulation of Nrf2 and expression of ARE-related
genes while it reversed TNF-a–induced down-regulation of in-
tracellular glutathione, NADPH, and glucose 6-phosphate de-
hydrogenase levels; and (4) attenuate TNF-a, angiotensin II,
and H2O2–mediated ROS production in human aortic smooth
muscle cells (54). ROS was found to mediate surface expression
and activation of TRPC6 channel protein in podocytes as well
as vascular myocytes (55, 56). On the contrary, activation of the
Nox4-ROS-PKC pathway was found to be responsible for
down-regulation of TRPC6 in glomerular mesangial cells under
diabetes condition (57). Hypoxia increases NOX activity and
ROS production in PASMCs, and PKCɛ-dependent ROS-
induced ROS generation is thought to play a crucial role in
the hypoxic increase in [Ca21]i in PASMCs and HPV (58). In
addition, AMP-activated protein kinase (AMPK) is one of the
key players in maintaining intracellular homeostasis. AMPK is
well known as an energy sensor and can be activated by in-
creased cellular AMP levels. It is also known as a stress sensor
and can be activated by intracellular ROS under various condi-
tions, including exposure to hypoxia (59). Generally, the activa-
tion of AMPK turns on catabolic pathways that generate ATP
while inhibiting cell proliferation and biosynthetic processes that
consume ATP (59). Activation of AMPK was found to contrib-
ute to elevated [Ca21]i response to hypoxia through activation of
store-operated calcium entry. STS has been shown to activate
AMPK at the site of Thr(172) in human umbilical vein endothelial
cells (60). The roles of ROS, PKC, and AMPK and their relation-
ship to the inhibitory effects of STS on hypoxic up-regulation
of TRPC in PASMCs remain to be determined.

In summary, this study presents essential data suggesting that the
preventive effects of STS on CHPH development are at least partly
due to its inhibitory actions on the expressionofTRPC1andTRPC6,
the proteins that were up-regulated and responsible for altered
intracellular Ca21 homeostasis during the exposure to hypoxia.
TRPC could also serve as a target for hypoxic pulmonary hyper-
tension therapy. In the long history of Chinese medicine, Danshen
was a low-cost herbal medicine with extensive clinical practice.
The inhibitory effect of STS on elevated [Ca21]i in response to
chronic hypoxia indicates a potential promising clinical applica-
tion of STS on pulmonary hypertension as a cheap and effective
drug. Although there is much work to be done before the final
application, STS is a valuable candidate deserving further inves-
tigation for future hypoxic pulmonary hypertension therapy.

Author disclosures are available with the text of this article at www.atsjournals.org.
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