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Abstract
Aim: To determine whether Ca2+/calcineurin mediated the inhibitory effects of
nitric oxide /cGMP-dependent protein kinase (NO/PKG) on the proliferation of
vascular smooth muscle cells (VSMC).  Methods: Proliferation and viability of
primary VSMC from rat aorta were measured using [3-(4,5-dimethyl thiazol-2-yl)-2,
5-diphenyl tetrazolium bromide] (MTT) assay and acridine orange and ethidium
bromide staining, respectively.  Cytosolic Ca2+ was determined by Fluo-3/AM.
Calcineurin protein and its activity were assayed using immunoblotting and free
inorganic phosphate analysis, respectively.  Results: (±)-S-nitroso-N-acetyl-
penicillamine (SNAP) and Sp-8-(4-chlorophenylthio)-guanosine-3',5'-cyclic
monophosphorothioate (Sp-8-pCPT-cGMPS) decreased phenylephrine (PE)-in-
duced proliferation of VSMC by 27.3% and 36.6%, respectively, but Rp-8-[(4-
chlorophenyl)thio]-guanosine-3',5'-cyclic monophosphorothioate (Rp-8-pCPT-
cGMPS) increased PE-induced proliferation of VSMC.  SNAP, Sp-8-pCPT-cGMPS,
and Rp-8-pCPT-cGMPS did not affect the viability of VSMC. Calcineurin protein
was decreased by 63.1% and its activity was decreased by 59.7% in smooth muscle
cells (SMC) pretreated with verapamil (Ver) and then stimulated by PE.  In SMC
pretreated with Ver, the absorbance of cells stimulated by PE decreased by 22.0%
and was further inhibited by the additional treatment of SNAP and Sp-8-pCPT-
cGMPS.  In SMC pretreated with cyclosporin A (CsA), the absorbance of cells
stimulated by PE decreased by 36.7%, but could not be further altered by the
additional treatment of SNAP, Sp-8-pCPT-cGMPS, and Rp-8-pCPT-cGMPS. In
addition, Ver inhibited PE-induced intracellular Ca2+ variations, which could be
further inhibited by SNAP and Sp-8-pCPT-cGMPS, but not by Rp-8-pCPT-cGMPS.
Moreover, the increase in calcineurin activity induced by PE was inhibited by
SNAP and Sp-8-pCPT-cGMPS, but was promoted by Rp-8-pCPT-cGMPS.
Conclusion: NO/PKG regulates calcineurin activity via the modulation of intracel-
lular Ca2+ concentration, and thus partially inhibits the proliferation of VSMC
without affecting their viability.
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Introduction
Injuries to vascular endothelium induce the migration,

hypertrophy, and proliferation of vascular smooth muscle
cells (VSMC)[1].  Compelling evidence indicates that nitric
oxide (NO) negatively regulates the proliferation of VSMC
via the pathways of guanosine-3',5'-cyclic monophosphate
(cGMP) and cGMP-dependent protein kinase (PKG).  Ca2+/

calcineurin is involved in smooth muscle-specific transcrip-
tion, and may be a potential target of smooth muscle cell
proliferation[2–4].  However, the mechanisms by which NO/
PKG inhibits VSMC proliferation remain unknown.

Therefore, it is proposed that NO/PKG can inhibit VSMC
proliferation via modulation of Ca2+/calcineurin.  NO donor
SNAP inhibited the intracellular Ca2+ response of SMC to
acetylcholine (ACh).  Caffeine[5] and cGMP can modulate
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Ca2+ spark activity[6].  PKG regulates intracellular Ca2+ varia-
tions at multiple levels[7].   Inhibition of nuclear factors of
activated T cells (NFAT) by NO-cGMP-PKG I is responsible
for cardiac hypertrophy after α1-adrenoceptor stimulation[8].
However, whether or not NO/PKG inhibits the proliferation
of VSMC via the modulation of Ca2+/calcineurin is unclear.
In the present study, we used VSMC from rat aorta and stud-
ied the activities of NO/PKG, intracellular Ca2+, and
calcineurin in VSMC proliferation.

Materials and methods
Materials   NO donor (±)-S-nitroso-N-acetylpenicillamine

(SNAP), phenylephrine (PE), cyclosporin A (CsA), and
verapamil (Ver) were purchased from Sigma-Aldrich Corp.
(St Louis, MO, USA).  The PKG-selective cGMP analog Sp8-
pCPT-cGMPS and PKG antagonist Rp-8-[(4-chlorophenyl)
thio]-guanosine-3',5'-cyclic monophosphoro-thioate (Rp-8-
pCPT-cGMPS) were from BioMol Company (Plymouth
Meeting, PA, USA).  Fluo-3/AM ester was obtained from
Biotium Inc (Hayward, CA, USA).  Rabbit anti-calcineurin
Aα affinity-purified polyclonal antibody was from Chemicon
Incorporated (Temecula, CA, USA).  The biotinylated pro-
tein ladder detection pack was from Cell Signaling Techno-
logy, Inc (Beverly, MA, USA).  The calcineurin assay kit
was from Nanjing Jiancheng Bioengineering Institute (NJBI)
(Nanjing, China).  Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were obtained from
Gibco/Life Technologies (Grand Island, NY, USA).

Culture of VSMC  The medial layer of the thoracic aorta
from 7-day-old Wistar rats was explanted and cultured in
DMEM containing 5% FBS at 37 °C in 5% CO2 atmosphere.
The cells were spread onto six-well plates or 35-mm dishes
and cultured to a near confluent condition.  Primary VSMC
(<4 passage) were used.

Intracellular Ca2+ by Fluo-3/AM staining  The experi-
ment was carried out at room temperature in a darkroom.
Intracellular Ca2+ concentration in VSMC was monitored
using the fluorescent Ca2+ indicator, Fluo-3/AM.  In brief,
cells growing in a special 35-mm culture dish were loaded
with Fluo-3/AM 10 µmol/L (acetoxymethyl esters) in Krebs-
Ringer solution (in mmol/L: NaCl 140, KCl 5, MgCl2 0.5,
HEPES 5.5, glucose 10, CaCl2 1.2, pH 7.4) containing 0.05%
pluronic acid  at 37 ºC for 60 min.  After being washed twice
with Krebs-Ringer solution to remove unhydrolyzed
indicator, the dish was transferred to a chamber to which the
drugs were added.  Fluorescence in cells was measured us-
ing a confocal microscope.  The excitation wavelength was
488 nm, and the emission wavelength was 522 nm.  Change
in fluorescence was expressed as F/F0, where F represents

the fluorescence intensity (F) of each pixel in the original
fluorescence image and F0 is defined as the intensity at the
beginning of the images when the cell was assumed to be in
the resting state.

Calcineurin protein expression  Protein was separated
by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose
membranes, and the membranes were incubated with rabbit
anti-calcineurin Aα affinity-purified polyclonal antibody di-
rected against the major calcineurin catalytic subunit,
calcineurin A (CnA)-α.  Additional procedures followed the
methods of Hammes et al[9].  The blotted antibody was visu-
alized using chemiluminescence, and a densitometric scan-
ner determined the density of the band.

Calcineurin enzymatic activity  The activity of calcine-
urin was determined using a calcineurin activity assay kit as
described in the manufacturer’s protocol.  The RII-
phosphopeptide (BioMol) was used as a highly specific sub-
strate for calcineurin.  The detection of free inorganic phos-
phate released from RII by calcineurin was based on the
malachite green dye reaction.  Reactions were terminated
after 30 min, and absorption was read on an ultraviolet spec-
troscope at 660 nm.  The activity was corrected for protein
concentration.  Calcineurin activity was expressed as a per-
centage compared with the control group.

Cell proliferation assay  After VSMC were incubated at
37 °C for 48 h, stock [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide]  (MTT) solution was added and
incubated with the cells for 4 h.  The medium was then re-
moved as completely as possible without disturbing the
formazan crystals that had formed within the cells.  After the
addition of Me2SO (Merck, Darmstadt, Germany) into the
wells the plate was shaken for a short time, and optical den-
sity was measured at 570 nm.

Cell viability  VSMC were cultured to 1×104 cells/well in
six-well dishes and then incubated in the absence (control)
or presence of PE 10 µmol/L, SNAP 250 µmol/L, Sp-8-pCPT-
cGMPS 500 µmol/L, and Rp-8-pCPT-cGMPS 100 µmol/L, or
various combinations for 48 h.  At the end of the incubation,
nucleic acid-binding fluorescent dyes, acridine orange and
ethidium bromide (10 mg/L each per well), were added.  Us-
ing fluorescent microscopy, viable cells with green fluores-
cent nuclei and non-viable cells with red or orange fluores-
cent nuclei were counted, and at least 200 cells were counted
for each sample.  Cell viability (%)=100×(number of viable
cells)/(number of cells counted).

Statistical analysis   Data were expressed as mean±SEM
and statistical analysis were carried out using ANOVA fol-
lowed by Bonferroni or Dunn post-hoc tests.  P<0.05 was
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considered significant.

Results
Effect of NO/PKG on the proliferation and viability of

VSMC  SNAP (250 µmol/L) and Sp-8-pCPT-cGMPS (500
µmol/L) decreased PE 10 µmol/L-induced proliferation of
VSMC by 27.3% and 36.6%, respectively, and Rp-8-pCPT-
cGMPS (100 µmol/L) increased PE-induced proliferation of
VSMC.  However, SNAP, Sp-8-pCPT-cGMPS, and Rp-8-
pCPT-cGMPS did not affect the viability of VSMC compared
with the control group (Figure 1).

Effect of Ver on calcineurin protein expression and ac-
tivity in VSMC  After VSMC were pretreated with Ver (8
µmol/L) for 24 h and then incubated with PE (10 µmol/L) for
another 24 h, calcineurin protein expression and its activity
were decreased by 63.1% (Figure 2A) and 59.7% (Figure 2B)
compared with the control group, respectively.

Effect of Ver and CsA on the downregulation of VSMC
proliferation by NO/ PKG  VSMC were pretreated with Ver
(8 µmol/L) or CsA (500 µg/L) for 24 h to inhibit Ca2+ influx or
calcineurin activity, respectively.  The VSMC were then
treated with SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500
µmol/L), or Rp-8-pCPT-cGMPS (100 µmol/L) for 12 h.  Finally
they were incubated with PE (10 µmol/L) for 12 h.

Pretreatment with Ver decreased PE-induced VSMC pro-
liferation by 22.0% compared with the control group.  Addi-
tional treatment with SNAP and Sp-8-pCPT-cGMPS further
inhibited VSMC proliferation compared with the Ver pretreat-

ment group (P<0.05, Figure 3A).
Pretreatment with CsA decreased PE-induced VSMC pro-

liferation by 36.7% compared with the control group.  Addi-
tional treatment with SNAP, Sp-8-pCPT-cGMPS, or Rp-8-
pCPT-cGMPS did not further affect VSMC proliferation com-
pared with the CsA pretreatment group (P>0.05, Figure 3B).

Effects of Ver and NO/PKG on variations in intracellu-
lar Ca2+ induced by PE in VSMC  VSMC were pretreated
with Ver (8 µmol/L) for 30 min and then incubated with SNAP
(250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L),  or   Rp-8-
pCPT-cGMPS (100 µmol/L) for 30 min.  Finally the VSMC
were stimulated with PE (10 µmol/L).  Intracellular Ca2+ varia-
tion was inhibited by Ver.  Additional treatment with SNAP
and Sp-8-pCPT-cGMPS after Ver pretreatment further inhib-
ited intracellular Ca2+ variation, but additional treatment with
Rp-8-pCPT-cGMPS did not (Figure 4).

Effect of NO/PKG on calcineurin expression and activ-
ity in VSMC  The increase in calcineurin protein expression
and its activity induced by PE (10 µmol/L) for 24 h were
inhibited by a 24-h pretreatment with SNAP (250 µmol/L) or
Sp-8-pCPT-cGMPS (500 µmol/L), and was slightly promoted
by a 24-h pretreatment with Rp-8-pCPT-cGMPS (100 µmol/L)
(Figure 5).

Figure 2 .  Effect of verapamil on the proliferation of vascular
smooth muscle cells (VSMC) induced by PE.  VSMC were pretreated
in the absence (control) or presence of PE (10 µmol/L), Ver (8 µmol/
L) or Ver and PE.  n=5 experiments.  Mean±SEM.  bP<0.05 vs control.

Figure 1.  Effects of NO/PKG on PE-induced proliferation and the
viability of vascular smooth muscle cells (VSMC).  VSMC were stimu-
lated in the absence (control) or presence of PE (10 µmol/L), SNAP
(250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L), and Rp-8-pCPT-
cGMPS (100 µmol/L), or various combinations for 48  h.  n=5
experiments.  Mean±SEM.  bP<0.05 vs control. eP<0.05 vs PE.
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Discussion
NO inhibits the proliferation of VSMC via the pathways

of cGMP and PKG.  NO/PKG modulates a large variety of
physiological functions including vascular tone, platelet
aggregation, apoptosis, and proliferation.  However, the
mechanisms by which NO/PKG inhibits VSMC proliferation
are still unclear.  The present study investigated the activi-
ties of NO/PKG, intracellular Ca2+, and calcineurin in the pro-
liferation of VSMC.

PE, a stimulator for Ca2+ oscillations and cell growth[10,11],
is used to induce intracellular Ca2+ variations and the prolif-
eration of VSMC.  Our results show that the addition of
SNAP and Sp-8-pCPT-cGMPS decreases cell proliferation in
cells pre-stimulated with PE by 27.3% and 36.6%, respectively,

Figure 3.   Role of Ca2+/calcineurin in the regulation of vascular
smooth muscle cells (VSMC) proliferation by NO/ PKG.  VSMC were
pretreated with Ver (8 µmol/L, A) or CsA (500 µg/L, B) for 24 h, and
then incubated with SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/
L), and Rp-8-pCPT-cGMPS (100 µmol/L) for 12 h, respectively.  PE
was finally added to stimulate the VSMC for 12 h.  n=5 experiments.
Mean±SEM.  bP<0.05 vs control. eP<0.05 vs Ver+PE group.

Figure 4.  PE-induced intracellular Ca2+ variations by NO/PKG in
vascular smooth muscle cells (VSMC).  VSMC were first stimulated by
Ver for 30 min, and then incubated with SNAP (250 µmol/L), Sp-8-
pCPT-cGMPS (500 µmol/L), and Rp-8-pCPT-cGMPS (100 µmol/L)
for 30 min, respectively.  Finally PE (10 µmol/L) was added to the
superfusion buffer (indicated by the arrow).  n=5 experiments.

whereas the addition of Rp-8-pCPT-cGMPS increases cell

Figure 5.  Effect of NO/PKG on calcineurin protein expression and
activity in vascular smooth muscle cell (VSMC) proliferation.  VSMC
were stimulated in the absence (control) or presence of PE (10 µmol/L),
SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L) and Rp-8-
pCPT-cGMPS (100 µmol/L), or various combinations as indicated.
n=5 experiments.  Mean±SEM.  bP<0.05 vs control. eP<0.05 vs PE.
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proliferation.  No significant changes in VSMC viability were
found between the experimental groups.  These results sug-
gest that NO/PKG is involved in the inhibitory effects on
SMC proliferation, but has no marked effects on SMC
viability.

Ca2+ is an essential regulator of the cell cycle.  The Ca2+

response control gene was expressed in various cell types[12].
In VSMC, when intracellular [Ca2+]i level increases, calcineurin
is activated.  Its de-phosphorylated transcription factors,
NFAT, in turn promote nuclear translocation of NFAT.  The
NFAT transcription factors then cooperate with nuclear tran-
scription factors and stimulate the transcriptional activation
of various genes that are involved in VSMC proliferation[13].
Our results confirm that intracellular Ca2+ variations play an
important role in regulating VSMC proliferation.

Recent studies have shown that NO/PKG can regulate
intracellular Ca2+ variations.  NO reduces the intracellular
Ca2+ concentration in SMC by inhibiting sarcoplasmic reticu-
lum (SR).  Ca2+ release through both IP3R and RyR[5], and
Ca2+ influx through N-channel gating via cGMP and PKG[14].
cGMP can modulate Ca2+ spark activity by decreasing myo-
fibrillar Ca2+ sensitivity and increasing Ca2+ uptake by the
SR[6].  PKG has been proposed to regulate [Ca2+]i variations
in different cell types by different mechanisms[7].  For example,
PKG can inhibit intracellular Ca2+ release from the endoplas-
mic reticulum by inhibition of IP3 formation[15] and Ca2+ entry
through plasma membrane Ca2+ channels[16,17] or stimulate
its efflux across the membrane by activation of a Na+/Ca2+

exchanger[18].  Bonnevier and Arner[19] reported that signals
downstream of cGMP/PKG could reverse PKC-mediated Ca2+

sensitization in smooth muscle.  However, whether or not
NO/PKG inhibits VSMC proliferation via the regulation of
intracellular Ca2+ movement has not been revealed.  We found
that Ver inhibited PE-stimulated intracellular Ca2+ variations,
which could be further inhibited by SNAP and Sp-8-pCPT-
cGMPS.  These results suggest that NO/PKG can regulate
PE-induced intracellular Ca2+ variations in VSMC, which is
possibly achieved via regulation of Ca2+ release, Ca2+ efflux,
and Ca2+ influx by NO/PKG.  The definite mechanisms by
which NO/PKG modulates intracellular Ca2+ variations of
SMC will be studied in the future.  For these reasons, we
conclude that NO/PKG inhibits VSMC proliferation via modu-
lation of intracellular Ca2+ variations.

Calcineurin is a heterodimer consisting of a 59-kDa
subunit, CnA, and a 19-kDa subunit with calcineurin B (CnB)
tightly bound to CnA.  CnA consists of a catalytic and a regu-
latory domain.  The regulatory domain contains the CnB bind-
ing domain, the calmodulin binding domain, and an
autoinhibitory domain at the C-terminus.  Ca2+ binds to both

calmodulin and CnB displacing the inhibitory C-terminal pep-
tide from the active site of CnA, thus activating phosphatase
function[20].  So CnB acts as a sensor for changes in intracel-
lular Ca2+.  Calcineurin is a downstream target of intracellular
Ca2+.  Increase in intracellular Ca2+ concentration will acti-
vate calcineurin, thus inducing proliferation-related gene
transcription.  Our results further demonstrate that intracel-
lular Ca2+ variation plays an important role in regulating the
expression and activity of calcineurin in VSMC, and that
calcineurin is a potential target for treatment of diseases re-
lated to SMC proliferation.  However, it remains to be deter-
mined whether NO/PKG decreases the proliferation of VSMC
via calcineurin.  Our study shows that the pre-addition of
CsA decreases PE-induced proliferation by 36.7% compared
with controls.  CsA had no influence on the inhibitory ef-
fects of SNAP, Sp-8-pCPT-cGMP, and Rp-8-pCPT-cGMPS.
These results suggest that NO/PKG inhibits VSMC prolif-
eration via calcineurin.  Furthermore, our study demonstrates
that SNAP and Sp-8-pCPT-cGMPS reduced, but Rp-8-pCPT-
cGMPS increased, calcineurin protein expression and its ac-
tivity in SMC stimulated by PE.  Therefore, we conclude that
NO/PKG inhibits VSMC proliferation by regulating
calcineurin expression and its activity.

In addition, Sp-8-pCPT-cGMPS has the ability to stimu-
late both PKG and cAMP-dependent protein kinase (PKA)
with similar potency.  cAMP/PKA is able to induce Ca2+

desensitization by inhibition of the muscarinic receptor sig-
naling upstream from Rho activation and preferentially re-
verse PKC-mediated Ca2+ sensitization in SMC[21].  It is pos-
sible that PKA is partially involved in the regulation of
calcineurin by changing intracellular Ca2+ variations in SMC
proliferation.

In conclusion, NO/PKG partially inhibits the prolifera-
tion of VSMC without affecting their viability.  It is associ-
ated with the regulation of calcineurin activity by modulat-
ing intracellular Ca2+ concentration.
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