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Abstract Transient receptor potential vanilloid (TRPV)

channels are nonselective cation channels pertinent to

diverse physiological functions. Multiple TRPV channel

subtypes have been identified in different tissues and

cloned. The aim of this study was to investigate the role of

TRPV channels in hypoxia-induced proliferation of human

pulmonary artery smooth muscle cells (PASMCs) and its

possible signal pathway. Reverse transcriptase–polymerase

chain reaction, real-time polymerase chain reaction, and

Western blot analysis were used to detect the expression of

TRPV in human PASMCs. Cell number was determined

with a hemocytometer. Cytosolic Ca2? concentration

([Ca2?]cyt) was measured with a dynamic digital Ca2?

imaging system. The mRNA of TRPV1-4 was detected in

human PASMCs and chronic hypoxia up-regulated

expression levels of the TRPV1 gene and protein. The

ability to proliferate, the resting [Ca2?]cyt, and cyclopiaz-

onic acid–induced capacitative Ca2? entry in human

PASMCs were enhanced significantly by chronic hypoxia

compared with the control, and these effects were inhibited

in a dose-dependent manner by capsazepine, a TRPV1

channel inhibitor. These results suggest that TRPV1 may

be a critical pathway or mediator in chronic hypoxia-

induced proliferation of human PASMCs.
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Introduction

Chronic hypoxia-induced pulmonary arterial hypertension

(PAH) is closely associated with profound vascular remod-

eling, especially pulmonary arterial medial hypertrophy and

muscularization due to hyperplasia of pulmonary artery

smooth muscle cells (PASMCs). The molecular mechanism

responsible for the proliferation of PASMCs is extremely

complex. High intracellular [Ca2?] is a critical factor

responsible for linking external stimuli to cell proliferation

and gene expression (Golovina 1999; Landsberg and Yuan

2004). In human PASMC membrane, there are mainly two

kinds of calcium channel–mediated Ca2? entry: voltage-

dependent calcium channels, which open in response to

membrane depolarization; and voltage-independent calcium

channels, which include store-operated channels (SOC) and

receptor-operated channels, which can be activated in normal

membrane potential with dependence on Ca2? store deple-

tion or membrane receptors binding to growth factors and

mitogenic agonists. Ca2? influx via voltage-dependent cal-

cium channels represents the major pathway in most

excitable cells and in muscle cells. However, Ca2? influx via

voltage-independent calcium channels can be a determinant

in the regulation of vascular tone and the proliferation of

vascular smooth muscle cells (Remillard and Yuan 2006),

especially in pathophysiological conditions. In particular,

SOC-mediated capacitive Ca2? entry (CCE) pathways in

PASMCs has been reported to have an important role in

pulmonary vascular remodeling and in the proliferation of

PASMCs during PAH (Firth et al. 2007; Lin et al. 2004).
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The members of the transient receptor potential vanil-

loid (TRPV) channel family (TRPV1-6), which is widely

expressed in various cell types of mammalian organ sys-

tems, are nonselective cation channels that are highly

permeable to Ca2?. These channels can be activated by

capsaicin and a diverse range of biological stimuli,

including acid, temperature change, osmolarity, mechani-

cal stress, intracellular concentration of Ca2?, and various

inflammatory mediators (Firth et al. 2007; Jia and Lee

2007). Because of the high level of permeability to Ca2?

and sensitivity to various physiological stimuli, TRPV

channels are believed to have an important role in the

regulation of many cell functions. It has been shown that

TRPV1 is expressed in rat PASMCs and could mediate

Ca2? entry and an increase in cytosolic calcium concen-

tration ([Ca2?]cyt) (Minke 2006). TRPV4 has been shown

to form a novel Ca2? signaling complex with ryanodine

receptors, and large-conductance Ca2?-activated K?

channels that elicit smooth muscle hyperpolarization and

arterial dilation via Ca2?-induced Ca2? release in response

to an endothelial-derived factor. The TRPV4 agonist is

capable of evoking significant Ca2? influx in PASMCs

(Earley et al. 2005). These findings provide molecular and

physiological evidence that TRPV channels operate as a

Ca2? entry pathway in vascular myocytes. This novel Ca2?

entry pathway may have important roles in the regulation

of pulmonary and systemic circulation.

TRPV channels have not been characterized systemati-

cally in human PASMCs, and very little information

regarding the expression and function of these channels in

human pulmonary arteries is available. In this study, we

sought to identify the subtypes of TRPV channels expres-

sed in human PASMCs as well as to determine the changes

in TRPV channel expression and their involvement in high

[Ca2?]cyt, store-operated Ca2? entry and hypoxia-induced

proliferation of PASMCs.

Materials and Methods

Reagents and Solutions

Cyclopiazonic acid (CPA), capsazepine (CPZ), and anti-

vanilloid receptor-1 antibody were purchased from

Sigma-Aldrich (St. Louis, MO); fura 2-acetoxymethyl

ester (fura 2-AM) was purchased from Invitrogen

(Carlsbad, CA). CPA and fura 2-AM were dissolved

separately in dimethylsulfoxide to make stock solutions of

30 mM and 10 mM, respectively. CPZ was dissolved in

methanol to make a stock solution of 10 mM. All other

chemicals were of analytical reagent grade and were

purchased locally. Physiological salt solution (PSS) con-

tained (in mM): 141 NaCl, 4.7 KCl, 1.8 CaCl2, 1.2

MgCl2, 10 HEPES (N-[2-hydroxyethyl] piperazine-N0[2-

ethanesulfonic acid]), and 10 glucose (pH 7.4). Ca2?-free

PSS was made by replacing CaCl2 with equimolar MgCl2,

and ethylene glycol tetraacetic acid was added to a final

concentration of 1 mM to chelate any residual Ca2?.

Tween-20 Tris-buffered saline (TTBS) contained (in

mM): 10 Tris–HCl, pH 7.4, 150 NaCl, and 0.05% (w/v)

Tween-20.

Cell Culture

Human PASMCs from normal subjects were purchased

from Cascade Biologics (Portland, OR) and routinely cul-

tured in smooth muscle growth medium (SMGM; Cascade

Biologics), which consisted of smooth muscle basal med-

ium (SMBM, M231), 5% smooth muscle growth

supplement (SMGS), and 1% penicillin/streptomycin at

37�C in a humidified 5% CO2 atmosphere. The SMGS

provided final concentrations of 4.9% fetal bovine serum

(FBS), 2 ng/ml basic fibroblast growth factor, 0.5 ng/ml

epidermal growth factor, 5 ng/ml heparin, 5 mg/ml insulin,

and 0.2 mg/ml bovine serum albumin. The growth medium

was changed every other day until confluence. Cells were

subcultured and plated onto 18-mm coverslips (for mea-

surement of [Ca2?]cyt), 24-well plates (for cell count), or

petri dishes (for molecular biology experiments) with

0.25% trypsin/0.02% ethylenediaminetetraacetic acid after

cells reached 80–90% confluences. Cells cultured between

passages 4 and 8 were used for experiments. All cells were

synchronized in serum-free medium for 24 h before

experimentation.

Hypoxic Treatment

Growth of human PASMCs was arrested by replacing

SMGM with serum-free SMBM 24 h before the experi-

ment, and the cells were divided into two groups. The

control group (normoxia) was incubated in 5% CO2 in air

(21% O2, 74% N2), and the hypoxia group was incubated in

3% O2, 5% CO2, and 92% N2 for 72 h.

Cell Count

For cell-counting experiments, growth-arrested PASMCs

were cultured in 0.5% FBS-SMGM for 72 h with different

concentrations of CPZ, a TRPV1 channel inhibitor, under

hypoxia. Cell viability was determined with 0.4% trypan

blue. Cell number was determined with a hemocytometer.

The cell counts in the four 1-mm2 corner squares of the

hemocytometer were averaged to calculate the total num-

ber of PASMCs (1 9 104/ml) in the suspension.
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Reverse Transcriptase–Polymerase Chain Reaction

(RT-PCR)

Total RNA of cultured human PASMCs was extracted with

TriZol reagent (Sigma-Aldrich) according to the manu-

facturer’s instructions. The quality of the RNA isolation

was determined from the ratio of absorbance at 260 nm to

that at 280 nm (1.7–1.9) and the integrity and distinctness

of the 28S and 18S RNA bands appearing on electropho-

resis of RNA in 1% agarose gel. Human brain total RNA

used as a positive control was purchased from Clontech

(Mountain View, CA). RNA was reverse transcribed to

synthesize first-strand cDNA, and PCR was performed with

an RNA PCR kit (TaKaRa Technologies, Dalian, China).

The total RNA was melted in 20 ll of diethylenepyrocar-

bonate-treated water. RNA was reverse transcribed and

used for parallel assays of TRPV1-6 and glyceraldehyde-3-

phosphate dehydrogenase mRNA by PCR amplification.

The specific sense and antisense primers used are listed in

Table 1. PCR was performed with an Icycler Thermal

cycler (Bio-Rad, Hercules, CA) under the following con-

ditions: the PCR reaction mixture was subjected to 35

cycles of denaturation at 94�C for 0.5 min, annealing at

56�C for 0.5 min, and extension at 72�C for 0.5 min. This

was followed by incubation at 72�C for 10 min to ensure

complete product extension. The amplified products were

separated by electrophoresis in 2% agarose gel and stained

with ethidium bromide. The PCR product bands were

visualized under ultraviolet light. All PCR products were

sequenced with the ABI PRISM Big Dye Terminator v3.1

Cycle Sequencing Ready Reaction kit and an ABI PRISM

3730XL genetic analyzer (Applied Biosystems, CA).

Table 1 Primers for reverse transcriptase–polymerase chain reaction and real-time polymerase chain reaction experiments

Target Oligonucleotide sequence Position in GenBank

sequence

(accession number)

Expected

size (bp)

hTRPV1 Forward: 50-ACGCTGATTGAAGACGGGAAGA-30 1947–1968 (AJ272063) 295

Reverse: 50-TGCTCTCCTGTGCGATCTTGTT-30 2220–2241 (AJ272063)

Forward: 50-ACACCTGATGGCAAGGACGACTAC-30* 2352–2372 (AJ272063) 197

Reverse: 50-AAAAGGGGGACCAGGGCAAAGTT-30* 2528–2548 (AJ272063)

hTRPV2 Forward: 50-AGCAGTGGGATGTGGTAAGCTA-30 824–845 (NM-016113) 476

Reverse: 50-TTTGTTCAGGGGCTCCAAAACG-30 1278–1299 (NM-016113)

Forward: 50-AGAGCCCGCACCGACACCGAAT-30* 1455–1475 (NM-016113) 198

Reverse: 50-TTCCAACCTCCGCTTTCAGG-30* 1632–1652 (NM–016113)

hTRPV3 Forward: 50-CGAGGATGATTTCCGACTGT-30 2494–2513 (NM-145068) 329

Reverse: 50-GGGTGCACTCTGCTTCTAGG-30 2803–2822 (NM-145068)

Forward: 50-GCTGCGTGGAGGAGTTGGTAGA-30* 711–731 (NM-145068) 195

Reverse: 50-CAGCAAAGGCAAGCAGGATCCGCA-30* 885–905 (NM-145068)

hTRPV4 Forward: 50-TGGGGTCTTTCAGCACATCATC-30 1172-1193 (XM-027181) 286

Reverse: 50-GAGACCACGTTGATGTAGAAGG-30 1436–1457 (XM-027181)

Forward: 50-TTTCCGATTCCTGCTCGTCTACTTG-30* 1931–1951 (NM-021625) 188

Reverse: 50-TCAGCTTAAACAGGTCCAGGAGGAAG-30* 2098–2118 (NM-021625)

hTRPV5 Forward: 50-GTGGACTTGCCCTTCATGTT-30 1994–2013 (NM-019841) 306

Reverse: 50-CACTTCCACATAGCGAAGCA-30 2280–2299 (NM-019841)

Forward: 50-GTGGCAACCGCACTCATTCTCG-30* 1331–1351 (NM-019841) 186

Reverse: 50-TTCCAAAATAGCGAGAGGCACCAAC-30* 1496–1516 (NM-019841)

hTRPV6 Forward: 50-TTGAGCATGGAGCTGACATC-30 764–783 (NM-018646) 237

Reverse: 50-TCTGCATCAGGTGCTGAAAC-30 981–1000 (NM-018646)

Forward: 50-GTGCCCAATCACCAGGGTCTCA-30* 919–939 (NM-018646) 192

Reverse: 50-GGTGATGATAAGTTCCAGCAGGGAC-30* 1090–1110 (NM-018646)

GAPDH Forward: 50-ACCACAGTCCATGCCATCAC-30 566–586 (M32599) 452

Reverse: 50-TCCACCACCCTGTTGCTGTA-30 997–1017 (M32599)

b-Actin Forward: 50-GAGCTACGAGCTGCCTGACG-30* 2379–2398 (M10277) 215

Reverse: 50-GTAGTTTCGTGGATGCCACAG-30* 2573–2593 (M10277)

TRPV, transient receptor potential vanilloid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase

* Primers used in real-time polymerase chain reaction
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Real-Time Polymerase Chain Reaction (Real-Time

PCR)

The cDNA of human PASMCs was subjected to compar-

ative quantitative real-time PCR with a Brilliant SYBR

Green QPCR Master Mix kit (Stratagene, La Jolla, CA)

following the manufacturer’s protocols. Primer sequences

for TRPV subtypes and the b-actin control are listed in

Table 1. The PCR protocol consisted of initial enzyme

activation at 95�C for 10 min, followed by 40 cycles of

95�C for 0.5 min, 56�C for 1 min, and 72�C for 0.5 min.

Melting curves and agarose gel electrophoresis were per-

formed to verify the specificity of the product. Data were

analyzed by MxPro QPCR v3.0 software.

Western Blot Analysis

Human PASMCs incubated under normoxia or hypoxia

were washed gently in cold PSS twice; then the cells

were collected and lysed in eukaryotic cell lysis buffer

(BioDev-Tech, Beijing, China) following the manufac-

turer’s instructions. Proteins (30 lg) were mixed and

boiled in sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (SDS-PAGE) sample buffer for 5 min,

separated by SDS-PAGE (10% polyacrylamide gel), and

then electrotransferred onto a nitrocellulose membranes

by electroblotting in a Mini Trans-Blot. The transferred

membrane was washed for 10 min with TTBS followed

by the blocking solution with 10% nonfat milk in TTBS

for 1 h. The blocked membrane was incubated with

primary rabbit anti-vanilloid receptor-1 antibody (Sigma-

Aldrich) at a 1:2000 dilution for 3 h at room tempera-

ture. For the second antibody, the membranes were

incubated with horseradish peroxidase–conjugated goat

anti-rabbit IgG (Zsgb-Bio, Beijing, China) at a 1:4000

dilution for 1 h at room temperature. The membranes

were washed three times in TTBS after incubation with

the primary or secondary antibody. Finally, immuno-

blotting signals were visualized with a Western

luminescent detection kit (Vigorous Bio, Beijing, China).

To analyze the protein expression levels of TRPV1, the

expression of actin was determined as an internal con-

trol. Those membranes blotted with antibodies against

TRPV1 were stripped with buffer containing 62.5 mM

Tris–HCl, pH 6.7, 100 mM 2-mercaptoethanol, and 2%

sodium dodecyl sulfate for 60 min at 55�C with constant

shaking. Polyclonal anti-actin (sc-1616, Santa Cruz Bio,

CA) was reprobed at a 1:2000 dilution for 3 h at room

temperature. The value of the relative absorbance of

each band corresponding to TRPV1 was normalized to

the value of actin to determine the protein expression

level.

Measurements of Cytosolic Calcium Concentration

The human PASMCs cultured on coverslips were loaded

with membrane-permeable fura 2-AM at a concentration of

3 lM for 30 min in the dark at room temperature (22–

24�C). The cells were transferred to a recording cell

chamber on the microscope stage and superfused (2–3 ml/

min) with PSS for 30 min to remove extracellular dye and

to allow intracellular cleavage of fura 2-AM to active fura

2. The [Ca2?]cyt of individual cells was measured with a

Nikon epifluorescence microscope (TE2000-U, Nikon,

Tokyo, Japan) equipped with a xenon lamp (Lambda DG4,

Sutter Instruments, CA) and band-pass filters for wave-

lengths of 340 nm and 380 nm. The 340 nm/380 nm ratio

(R) of the fluorescence image was used to calculate

[Ca2?]cyt. Resting [Ca2?]cyt, CPA-induced sarcoplasmic/

endoplasmic-reticulum (SR/ER) Ca2? release and SOC-

mediated Ca2? entry upon perfusion with Ca2?-free PSS

changing to 1.8 mM Ca2? PSS were measured for different

groups. In most experiments, multiple (5–10) cells were

imaged in a single field, and one peripheral cytosolic area

from each cell was selected for analysis.

Data Analysis

Data are presented as the mean ± SEM. All experiments

were performed with at least six independent PASMC

cultures. Comparisons between groups of data were eval-

uated by Student’s t-test for unpaired samples. Differences

were considered to be statistically significant at p \ 0.05.

Results

Identification of TRPV Subtypes mRNA Expression

in Human PASMCs

Expression of TPRV subtypes in human PASMCs was

identified by conventional RT-PCR and real-time PCR.

Figure 1a shows that DNA fragments of the expected sizes

of 295, 476, 329, and 286 bp were amplified by TRPV1-,

TRPV2-, TRPV3-, and TRPV4-specific primers, respec-

tively, from reverse-transcribed cDNA. The nucleotide

sequence of these PCR products was demonstrated by

DNA sequencing to be completely identical with the cor-

responding sequence of the human TRPV channel. In

contrast, TRPV5 and TRPV6 transcripts were not detected

in six separate preparations, despite the detection of clear

signals for these subtypes in positive control samples

(human brain tissue) under identical amplification condi-

tions (Fig. 1b). The relative expression of TRPV mRNA

was determined by comparative quantitative real-time

PCR. As shown in Fig. 1c, TRPV4 expression was the
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highest among all TRPV subtypes in human PASMCs,

followed by TRPV2 and TRPV1, while TRPV3 was the

least expressed among the TRPV channels.

Chronic Hypoxia Up-Regulated the Expression Level

of TRPV1 in Human PASMCs

RT-PCR, real-time PCR, and Western blot analysis were

used to investigate the effect of chronic hypoxia on the

gene and protein expression levels of TRPVs. The results

showed that chronic hypoxia increased the mRNA

expression of the TRPV1 gene significantly (Fig. 2), and

the protein level of the TRPV1 channel in human PASMCs

was also increased significantly under hypoxia compared

with normoxia (Fig. 3). The specific TRPV1 bands was

detected clearly at 90 kDa and increased after treatment

under hypoxia.

CPZ Inhibited Hypoxia-Induced Human PASMCs

Proliferation in a Dose-Dependent Manner

The mitogenic effect of hypoxia was examined in human

PASMCs cultured in low-serum (0.5% FBS) medium. The

proliferation of human PASMCs after treatment under

hypoxia was enhanced by 36.55% compared with the

control group (p \ 0.0001) (Fig. 4).

To investigate the role of the TRPV1 channel in

hypoxia-induced proliferation of human PASMCs, the

effect of the TRPV1 channel inhibitor CPZ was observed at

different concentrations. As shown in Fig. 5, CPZ inhibits

proliferation of human PASMCs in a dose-dependent

manner. At concentrations of 1 lM, 10 lM, and 100 lM,

CPZ inhibited cell proliferation significantly (p \ 0.001)

compared with the control group under hypoxia.

Fig. 1 Molecular identification of transient receptor potential vanil-

loid (TRPV) mRNA expression in human pulmonary artery smooth

muscle cells (PASMCs). (a) Reverse transcriptase–polymerase chain

reaction (RT-PCR) analysis of TRPV channel subtypes in human

PASMCs. Predicted lengths of PCR products were: TRPV1, 295 bp;

TRPV2, 476 bp; TRPV3, 329 bp; TRPV4, 286 bp; TRPV5, 306 bp;

TRPV6, 237 bp; and GAPDH (glyceraldehyde-3-phosphate dehydro-

genase), 452 bp. (b) Expression of TRPV mRNA in human brain

tissue was used as a positive control. (c) Real-time RT-PCR analysis

of the relative expression of TRPV mRNA in human PASMCs, n = 6

Fig. 2 Hypoxia increased the expression of transient receptor

potential vanilloid (TRPV) 1 mRNA in human pulmonary artery

smooth muscle cells (PASMCs). (a) TRPV1, TRPV2, TRPV3, and

TRPV4 mRNA were expressed in human PASMCs cultured under

normoxia (N) and hypoxia (HP). (b) Real-time reverse transcriptase–

polymerase chain reaction analysis of the relative expression of

TRPV1-4 mRNA in human PASMCs under normoxia (N) and

hypoxia (HP). Values are mean ± SEM, n = 6, * p \ 0.05 vs. N
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CPZ Inhibited Hypoxia-Induced Increase of Cytosolic

Calcium Concentration in Human PASMCs

It has been demonstrated that chronic hypoxia-induced

proliferation of PASMCs is closely related to the increase

of [Ca2?]cyt. However, the increase of [Ca2?]cyt was

dependent on Ca2? influx via increased CCE. We sought to

identify the role of TRPV1 in the hypoxia-induced increase

of [Ca2?]cyt and CCE. As shown in Fig. 6a, when the

extracellular Ca2? was removed, blockade of SR/ER Ca2?-

Mg2? ATPase with 10 lM CPA evoked a transient

increase of [Ca2?]cyt. Restoration of extracellular [Ca2?] to

1.8 mM in the continuous presence of CPA evoked a

second increase of [Ca2?]cyt of a similar magnitude. The

latter increase in [Ca2?]cyt represents CCE incurred as a

result of calcium store depletion by CPA.

In comparison to normoxic cells, exposure of human

PASMC to hypoxia caused a significant increase in resting

[Ca2?]cyt (control, 0.61 ± 0.01, n = 48; hypoxia,

0.72 ± 0.02, n = 45, p \ 0.001; Fig. 6b). The Ca2? tran-

sients evoked by CPA in the absence (control, 0.44 ± 0.01,

n = 57; hypoxia, 0.73 ± 0.04, n = 59, p \ 0.001; Fig. 6b)

or in the presence (control, 0.63 ± 0.03, n = 49; hypoxia,

1.16 ± 0.07, n = 45, p \ 0.001; Fig. 6b) of extracellular

Ca2? were also significantly increased under hypoxia. CPZ

(10 lM) decreased CCE by 20.94% under hypoxia (from

1.16 ± 0.07, n = 45, to 0.93 ± 0.05, n = 27, p \ 0.05;

Fig. 6b).

Discussion

Transient receptor potential (TRP) channels can be divided

into the six subgroups: the canonical (TRPC), melastatin

(TRPM), ankyrin (TRPA), vanilloid (TRPV), polycystin

(TRPP), and mucolipin (PRTML) families (Jordt and Ehrlich

2007). More than 10 TRP isoforms were identified in the

vasculature (Firth et al. 2007). There have been extensive

studies of the expression and function of TRPC channels

recently, but the physiological functions of TRPV channels

are much more elusive in vascular smooth muscle. Several

studies have revealed that some subtypes of the TRPV

channels are expressed and may play different physiological

roles in murine vascular smooth muscles (Earley et al. 2005;

Muraki et al. 2003; Yang et al. 2006). There is disparity

between different subtypes of TRPV expression due to dif-

ferences among species and cell type. Yang et al. (2006) have

identified mRNA for TRPV1, TRPV2, TRPV3, and TRPV4

in both rat PASMC and aortic smooth muscle cells. TRPV1,

TRPV2, and TRPV4 genes have been detected in human

pulmonary arterial endothelial cells (Fantozzi et al. 2003).

Our data demonstrate the expression of TRPV1, TRPV2,

TRPV3, and TRPV4 in human PASMCs for the first time.

Fig. 3 Hypoxia increased the expression of transient receptor

potential vanilloid (TRPV) 1 protein in human pulmonary artery

smooth muscle cells (PASMCs). (a) Western blot analysis of TRPV1

channel proteins in human PASMCs cultured under normoxia and

hypoxia for 72 h. The molecular masses of TRPV1 and actin are 90

and 43 kDa, respectively. (b) A summary of the data showing the

protein levels for TRPV1 normalized to the amount of actin in human

PASMCs cultured under normoxia and hypoxia for 72 h. The results

are presented as mean ± SEM, n = 6, * p \ 0.05 vs. N

Fig. 4 The proliferation of human pulmonary artery smooth muscle

cells (PASMCs) was increased significantly under hypoxia (HP)

compared with normoxia (N). The results are presented as mean ± SEM,

n = 20, *** p \ 0.001 vs. N
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Fig. 5 Capsazepine (CPZ) inhibited hypoxia-induced human pul-

monary artery smooth muscle cell (PASMC) proliferation in a dose-

dependent manner. (a) Human PASMCs were treated for 72 h with

smooth muscle basal medium (0.5% fetal bovine serum) in the

presence of 0 lM, 0.1 lM, 1 lM, 10 lM, and 100 lM CPZ or

methanol (meth, 100 lM) under hypoxia. The results are presented as

mean ± SEM, n = 8, *** p \ 0.001 vs. 0 group. (b) Dose–response

curves of the effect of CPZ on the growth of human PASMCs under

hypoxia

Fig. 6 Capsazepine (CPZ)

(10 lM) inhibited the hypoxia-

induced increase of CPA-

induced capacitive Ca2? entry

(CCE) in human pulmonary

artery smooth muscle cells

(PASMCs). (a) Representative

[Ca2?]cyt in human PASMCs in

the normoxia (N), hypoxia

(HP), and hypoxia ? CPZ

(HP ? CPZ) groups.

Cyclopiazonic acid (CPA;

10 lM) was applied to cell

monolayers growing on a

coverslip in Ca2?-free solution

for intracellular sarcoplasmic/

endoplasmic-reticulum (SR/ER)

depletion; then the cells were

perfused with solution

containing 1.8 mM Ca2? for

inducing CCE. (b) Data for

resting [Ca2?]cyt, CPA-

inducted ER depletion, and

CCE are expressed as

mean ± SEM (N group,

n C 48; HP group, n C 45;

N ? HP group, n C 25).

*** p \ 0.001 vs. N; #p \ 0.05

vs. HP
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TRPV1, also referred to as vanilloid receptor 1 (VR1), is

a polymodal receptor found originally in sensory neurons

of the central nervous system. Recent evidence indicates

that TRPV1 is expressed also in nonneuronal tissues,

including several cell types in human and animal lungs

(Fantozzi et al. 2003; Inoue et al. 2006; Jia and Lee 2007;

Yang et al. 2006). It has been reported that TRPV channels

participate in the formation of nonselective cation chan-

nels. TRPV can be activated by a number of endogenous

substances (hydrogen ion, certain lipoxygenase products,

etc.) and changes in physiological conditions (e.g., tem-

perature) (Jia and Lee 2007). Activation of VR1 receptors

by capsaicin-induced increase of [Ca2?]cyt suggests it may

play a critical role in the regulation of several physiological

functions, including pulmonary function other than noci-

ceptive transduction (Zhang et al. 2006). With increasing

numbers of studies of the TRP superfamily, it has become

apparent that the interaction of different TRP subunits

confers different properties (physiology, biophysics, phar-

macology regulation) to the final channel (Remillard and

Yuan 2006). Although the members of the TRPC sub-

family are believed to encode for subunits that form SOC

channels (Kunichika et al. 2004b; Takahashi et al. 2007;

Wang et al. 2006), more and more studies have demon-

strated that TRPV and TRPM genes also encode for

subunits that participate in the formation of SOC channels

in a variety of cell types (Clapham et al. 2001; Fantozzi

et al. 2003). On the bases of the results of earlier reports

and this study, it is reasonable to speculate that the TRP

subunits coassemble into tetramers, potentially as homo-

meric structures, but more likely as heteromers. TRPV1

may execute its effect related to cell proliferation by par-

ticipating in the formation of heterotetrameric SOC

channels.

Pulmonary vascular medial hypertrophy caused by

excessive proliferation of PASMCs is a major cause of the

increased pulmonary vascular resistance in patients with

idiopathic PAH (Patel et al. 2007; Yu et al. 2004; Zhang

et al. 2007). Increased Ca2? influx, especially increased

CCE through SOC, is an important stimulus for the pro-

liferation of PASMCs (Kunichika et al. 2004a; Yu et al.

2004). In the present study, the data show that chronic

hypoxia induced proliferation of human PASMCs and an

increase of [Ca2?]cyt and CCE. Chronic hypoxia mediated

up-regulation of the expression level of the TRPV1 gene

and protein. CPZ, an inhibitor of TRPV1, attenuated

hypoxia-enhanced [Ca2?]cyt, CCE, and cell proliferation in

a dose-dependent manner. These results suggested that

hypoxia increased proliferation by enhancing Ca2? influx

via potentially TRPV1-encoded SOC channels in human

PASMC.

CPZ, the first specific TRPV1 antagonist identified, was

developed in 1992 (Bevan et al. 1992). A number of other

TRPV1 antagonists have subsequently been identified,

almost exclusively with the aim to develop compounds

with analgesic effects. Along with the multifunction of

TRPV1, the effect of CPZ other than as an analgesic was

reported recently. Skogvall et al. (2008) reported that CPZ

inhibited the contractile response to several different con-

tractile agonists, and they suggested that CPZ represented a

novel class of bronchorelaxants effective in human small

airways. Gauden et al. (2007) observed that CPZ protected

whole brain vessels from the effects of ischemia–reperfu-

sion. Waning et al. (2007) demonstrated that the TRPV1

channel was an important Ca2? influx channel required for

cell migration, and CPZ could prevent capsaicin-stimulated

migration and inhibit capsaicin-sensitive currents. In our

study, CPZ was found to inhibit hypoxia-mediated prolif-

eration of human PASMCs by blocking Ca2? entry through

CCE in a dose-dependent manner. This result supports the

notion that CPZ may become a useful addition to current

drug management as treatment of human PASMCs prolif-

eration in PAH.

In summary, TRPV1 may be an important pathway or

mediator in hypoxia-induced enhancement of the cytosolic

Ca2? concentration, CCE, and the proliferation of human

PASMC.
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