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Nitric oxide modulates hypoxic pulmonary smooth muscle cell prolifera-
tion and apoptosis by regulating carbon monoxide pathway*
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Aim: To explorethe role of carbon monoxide (CO) in the regulation of hypoxic
monoxide; nitric oxide

pulmonary artery smooth muscle cell (PASMC) proliferation and apoptosis by
nitric oxide (NO). Methods: PASMC of Wistar rats was cultured in vitro in the
presence of aNO donor, sodium nitroprusside, or an inhibitor of heme oxygenase
(HO), zinc protoporphyrin-1X, or under both normoxic and hypoxic conditions.
Nitrite and carboxyhemoglobin in PASMC medium were detected with
spectrophotometry. The proliferating and apoptotic percentage of PASMC was
measured by flow cytometry. The expression of HO-1 mRNA in PASMC was
analyzed by fluorescent real -time quantitative PCR, and thepraliferating cdl nuclear
antigen and caspase-3 were examined by immunocytochemical analysis. Results:
The results showed that hypoxia suppressed NO generation from PASMC, which
promoted hypoxic PASMC proliferation and induced apoptosis. Meanwhile, hy-
poxia induced HO-1 expression in PASMC and promoted CO production from
PASMC, which inhibited PASMC praliferation and regulated PASMC apoptosis.
NO upregul ated the expression of HO-1 mRNA in hypoxic PASMC; NO alsoinhib-
ited proliferation and promoted apoptosis of hypoxic PASMC, possibly by regu-
lating the production of CO. Conclusion: Theresults indicated that CO could
inhibit proliferation and regulate apoptosis of PASMC, and NO inhibited prolifera-
tion and promoted apoptosis of hypoxic PASMC, possibly by regulating the pro-
duction of CO.
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Introduction

The proliferation and apoptosis of vascular smooth
muscle cells (VSMC) maintain cellular homeostasis of the
vessd wall, and the imbal ance between them constitutes the
cytological basisof vascular structural remodeling in avari-
ety of vascular diseases including hypoxic pulmonary
hypertension. In responseto chronic hypoxia, promoted
proliferation and inhibited apoptosis of smooth muscle cells
in pulmonary arteries occur*2, which eventually leads to
vascular remodeling. However, the underlying mechanism
of pulmonary artery smooth muscle cells (PASMC) response
to hypoxia and its regulations remains to be clarified.

Studies have demonstrated that endothelium-derived
nitric oxide (NO), which is synthesi zed from L-arginine by
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endothelial nitric oxide synthase (ENOS) in vascular endot-
hdial cells, atenuated pulmonary vascular structural remod-
eling by inhibiting proliferation and promoting apoptosis of
rat PASMC*, Heme oxygenase (HO)-1 derived carbon
monoxide (CO), which is catalyzed from heme mainly by
VSMC, has also been known to have antiproliferative and
pro-apoptotic effects on hypoxic PASMCE,

Recent evidence suggested that NO was a potent in-
ducer of HO-1 gene expression in VSMC, resulting in an
increasein production of CO, which in turninhibited cdlular
proliferation™®. Since NO has been shown to exert
antiproliferative and pro-apoptotic effects on PASMC, it was
reasonabl e to propose that the HO-1/CO pathway might be
involved in the regulation of hypoxic pulmonary vascul ar
gructural remodeling by NO. Whether HO-1 expression con-
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tributes to the antiproliferative and/or pro-apoptotic effects
mediated by NO remains to be investigated. We hypoth-
esized that NO and CO interact to regulate the proliferation
and apoptosis of hypoxic PASMC. The present study was
designed on the cultured rat PASMC to observe the effects
of hypoxia on CO and NO generation, and the effects of NO
and CO on cdlular proliferation and apoptos's, and to eluci-
date therole of CO in NO-regulated PASMC proliferation
and apoptosisinduced by hypoxia.

Materials and methods

Materials MaleWistar rats, weighing 150-180 g, were
obtai ned from Peking University Animal Center (Beijing,
China). Dulbecco' smodified Eagleé smedium (DMEM), feta
bovineserum (FBS), trypsin and Trizol werefrom Gibco-BRL
Co(Gaithersburg, MD, USA). Zinc protoporphyrin-1X (ZnPP-
IX), sodium nitroprusside (SNP) and calf hemoglobin (Hb)
wereobtained from SigmaChemical Co (St Louis MO, USA).
ZnPP-1X wasdissol ved in 50 mmol/L fresh sodium carbonate,
and SNP was dissolved by fresh sterile water. Proliferating
cell nuclear antigen (PCNA) monoclonal antibody and
caspase-3 polyclonal antibody were from Zhongshan Bio-
tech Co (Beijing, China). Moloney murineleukemiavirus
(M-MLV) and Taq DNA polymerase were purchased from
Promega Co (Madison, WI, USA).

PASMC culture Theratswere anesthetized with 0.25%
pentobarbital sodium (40 mg/kg, intraperitoneal injection).
The main pulmonary artery and its branches were stripped
of adventitia and the PASMC was removed to culture media
sterilely. All cellswere grown in DMEM supplemented with
10% heat-inactivated FBS, 100 U/mL penicillin, and 100 U/
mL streptomycin. The cellswere processed twice aweek by
harvesting with trypsin and seeded (1:3 ratio) into 75 cm?
flasks. For the experiments, subcultured cells were seeded
into multi-well plates or 100 mm culture dishes and used
between passages 5 and 10. The cells were identified by
VSMC-a-actinimmunological criteria. All culturesweremain-
tained at 37 °C in a humidified atmosphere of 5% CO,~95%
air. When the cellsreached 80% confluence (3 or 4 d), the
culture media were replaced with serum-free DMEM con-
taining FBS (0.1%, wiv) for 24 h and then exposed to the
varioustreatment regimens (either solvent or drugs) prior to
hypoxic exposure. The hypoxic gas mixture (95% N,, 5%
CO,) was pre-analyzed and infused into airtight incubators
with in-flow and out-flow valves (Billups-Rothenberg, Del
Mar, CA, USA) at aflow rateof 3L/min for 15mintoattain a
PO, of 18-20 mmHg. Unless otherwise stated, each group
shown in the text was composed of 8 rats.

Fluorescent real-time quantitative RT-PCR RT-PCR
assay was performed with 10°cels. Total RNA was extracted
from cultured PASMC using Trizol reagent as described in
the handbook (Gibco-BRL, USA), with direct lysisof cellsin
Trizol lysis buffer followed by chloroform extraction.
Ethidium bromide staining of the 1.5% gel was used to con-
firm RNA integrity. Ten microliters of RNA solution were
used for RT using oligodT and M-MLYV reversetranscriptase.
First srand cDNA synthesiswas obtained after 1 h at 42 °C.
DNA synthesis was performed using an automatic thermo-
cycle (GeneAmp 5700, USA). Samplesweresubjected to 30
cycles of fluorescent RT-PCR. The primer was designed to
amplify the 176 bp sequence. The oligonucleotide primer
sequences(HO-1S: 5-TCTATCGTG CTCGCATGAAC-3
andHO-1A: 5-CCT CTGGCGAAGAAACTCTG-3) were
designed according to Gene Bank . The amplified DNA
was dectrophoresed on 1.5% agarose gel in tris-acetic acid-
EDTA buffer and visualized by staining with ethidium
bromide. A control samplewithout cDNA was alsoincluded
in this assay to check for possible contamination. All results
were anal yzed automatically by GeneAmp 5700 software (PE
Applied Biosystems, Foster, CA, USA).

Immunocytochemistry Therat PASMC, inoculated on
glass slides, was incubated in DMEM and exposed to vari-
oustreatment regimensfor 12 or 24 h. Thecelswerewashed
3 timesin phosphate buffered solution (PBS), fixed in cool
acetoneat room temperature for 20 min, and washed in PBS
3timesagain. After that, the cdlswereincubated with goat
serum for 30 min at room temperature. The reaction was
terminated with 0.1% Triton X-100 for 5 min. Thecellswere
then incubated overnight at 4 °C with either amonoclonal
antibody to PCNA (1:150 diluted) or polyclonal antibody
caspase-3 (1:150 diluted). The sectionswere washed 3times
with PBS and incubated for 1 h with secondary antibody
(biotinylated goat anti-mouse 1gG working solution) at room
temperature. They wererinsed 3timeswith PBS. Thesignal
was detected with peroxidase-conjugated avidin-biotin for
30 min. PBSwas then used to stop the reaction. For nega-
tive controls, sections were processed as described, except
that the primary incubation was performed with nonimmune
rabbit serum instead of primary antibodies. The sections
were then devel oped for color in 3,3'-diaminobenzidine for
5-10 min and mounted onto didesfor microscopic observa-
tion. The presence of brown granules in PASMC was
defined as a positive signal. Five high power fields were
selected to cal culate the proportion of positive cdlls, accord-
ing to the following formula: the percentage of positive cells
(%) =the number of positive cdls/'the number of total cells
100%.
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M easurement of nitrite The generation of NO was de-
termined by measuring therelease of nitrite (NO,); the stable
oxidation product of NO samplealiquots (0.4 mL) wasmixed
with an equal volume of Greiss reagent (1% sulfanilamide
and 1% naphthyl enediamine dihydrochloride in 2% phos-
phoric acid). The mixture wasincubated at room tempera-
turefor 10 min and absorbance was measured at 550 nm. The
concentrations of NO,™ were determined with a standard
curve created by using an aqueous solution of sodium nitrite.
Background nitrite val ues corresponding to serum-free me-
dium were subtracted from the experimental values.

M easur ement of car boxyhemoglobin (HbCO) Toexam-
inethe relative amount of CO being released from PASMC
into the medium, Hb (50 pumoal/L) was added to the cells dur-
ing the last hour of incubation, and HbCO was measured by
spectrophotometric method®*®, Difference of absorbance
at 573.5 nm and 582.5 nm was read via the doubl e-wave-
length spectrophotometer. Both the wavelengths were
selected according to the absorbance spectrum of HbCO
and oxygenated Hb (HbO,), at which the difference of absor-
bance of HbCO was |largest and the difference of absorbance
of HbO, was 0. Then the percentage of HbCO was calcu-
lated from astandard curve[%6HbCO=(AOD-0.03858)/0.0498]
derived by mixing different proportions of 2 Hb solutions
containing 100% HHbCO and 100% HbO,. We obtained these
solutions by gassing Hb solutions with pure oxygen and
CO, respectively. The concentration of CO was calculated
according to theformula asfollows: CO (umol/L)=% HbCOx
Hb(mg/L)*4000/(64456x100x0.5).

Flow cytometry The cellsweretrypsinized and the cell
pellet was washed with PBS. The cellswere then fixed and
permeated with 70% ethanol at 4 °C overnight and washed
again with PBS. ThepdIet wasresuspended in PBS contain-
ing 100 pg/mL propidiumiodideand 200 pug/mL RNase A and
incubeted for 30 min a 37 °C. The DNA content per cdl wasthen
evaluated usng a FACSortTM equipped with CELLQuestTM
software (Becton Dickinson, San Jose, CA, USA). A mini-

mum of 1x10* cells was analyzed per sample. The propor-
tionsof cellsin stage G,, S and G, were calculated in 1x10*
cellsexamined. PASMC proliferativeindex (PI) and apoptotic
index (Al) werecalculated. The Pl indicating the prolifera-
tion of PASMC was calculated using the formula: Pl=
[(SHGAM)/(Gy+G,+S+G,+M)]x100%. The Al detected SUbG,
peaks on flow cytometry.

Statistical analysis Data were expressed as mean+SD.
Statistical differences were evaluated by one-way ANOVA
and then Student-Newman-K eul stest; comparisons between
2 groups involved use of the unpaired Student’s t-test.
P<0.05 was considered statistically significant.

Results

Effect of hypoxiaon CO releasefromrat PASMC The
production of CO increased markedly in the presence of
hypoxiaat both 12 h (0.56+0.03 vsnormaoxia0.40+0.02 umoal/L,
P<0.01) and 24 h (0.52+0.01 vsnormoxia 0.42+0.01 umoal/L,
P<0.01; Table1). When pretreated with ZnPP-1X (20 umal/L),
aninhibitor of HO, the CO production in hypoxic cellswere
significantly lower than that in hypoxic cdlsaoneat both 12 h
(0.30£0.02 vs0.5610.03 umol/L, P<0.01) and 24 h (0.27+0.01
vs0.52+0.01 umal/L, P<0.01; Table 1).

Effect of hypoxia on HO-1 mRNA expression by rat
PASMC Rat PASMC was exposed to hypoxia or normoxia.
Theleves of HO-1 mRNA in PASMC, analyzed by fluores-
cent real-time quantitative RT-PCR, exposed to hypoxiafor
12 h demongtrated a 2-fold increase (P<0.01), compared to
that of the normoxic contrals. Although thelevel of HO-1
mMRNA in the hypoxic cdlsdeclined dlightly by 24 h, com-
pared with 12 h, it remained higher than that in the normoxic
controls(Figure1).

I mpact of endogenousCO onthepralifer ation of PASMC
under hypoxia Hypoxiapromoted PASMC praliferation, made
evident by an obviousincreasein Pl at 24 h (Figure 2) and
PCNA immunopositive staining at both 12 h and 24 h

Table 1. Changes in HbCO, PCNA and caspase-3 in rat PASMC. Mean+SD. n=8 ratsin each group.

Normoxia Hypoxia Hypoxia+ZnPP
12 h 24 h 12 h 24 h 12 h 24 h
HbCO (pmol/L) 0.40+0.02 0.42+0.01 0.56+0.03° 0.52+0.01° 0.30+0.02 0.27+0.01°
PCNA (%) 41.50+1.8 36.0£1.7° 52.50+3.6° 42.50+3.1¢ 70.30£3.9f 50.10+2.41
Caspase-3 (%) 32.0+3.20 42.1+2.3 42.1+2.3 50.3%3.5° 34.5+2.8 30.5+2.5

PP<0.05, °P<0.01 vs normoxia at the same time point; ‘P<0.01 vs hypoxia at the same time point; 'P<0.01 vs 12 h with the same treatment.
%, percentage of positive cells (%)=the number of positive cells/the number of total cellsx100%.
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Figure 1. Electrophoretic results of fluorescent real-time quantita-
tive PCR amplification of HO-1 mRNA (176 bp) in rat PASMC. (A)
Positive quantity standard; (B) PASMC was exposed to normoxic or
hypoxic condition for 12 h or 24 h at which time RNA was isolated
and analyzed for HO-1 mNRA expression by fluorescent real-time
quantitative PCR (copies/ug). Mean+SD, n=8 rats in each group, N1,
0.45+0.04, normoxia for 12 h; N2, 0.51+0.05, normoxia for 24 h;
H1, 1.05+0.06", hypoxia for 12 h; H2, 0.91+0.03%, hypoxia for 24 h.
°P<0.01 vs 12 h with the same treatment; P<0.01 vs normoxia at the
same time point.
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Figure 2. Changesin Pl and Al of rat PASMC. Mean+SD. n=8 rats

in each group. N1, normoxia for 12 h; N2, normoxia for 24 h; H1,
hypoxia for 12 h; H2, hypoxia for 24 h; H1+ZnPP, hypoxia with
ZnPP for 12 h; H2+ZnPP, hypoxia with ZnPP for 24 h (°P<0.01 vs
normoxia at the same time point; ‘P<0.01 vs hypoxia at the same
time point; 'P<0.01 vs 12 h with the same treatment. PI=[(S+G,+M)/
(Go+G+S+G,+M)]x100%. Al was detected SubG1 peaks on flow
cytometry.

(Table 1). When CO production by hypoxic PASMC was
inhibited by pretreatment with ZnPP-IX, Pl and the percent-

age of PCNA positive staining increased further at both 12 h
and 24 h (Figure 2; Table 1).

I mpact of endogenous CO on the apoptosisof PASMC
under hypoxia It was found that apoptosis of PASMC
induced by hypoxia was more obvious at 24 h than 12 h
(Figure 2; Table 1). Apoptosis of hypoxic PASMC increased
further when treated with ZnPP at 12 h, compared with
hypoxia alone, made evident by an increased Al. However,
by 24 h, the value of Al and the expression of caspase-3 in
PASMC became lower than that exposed to hypoxia alone
(P<0.01; Figure2; Table 1).

Effect of hypoxiaon NO releasefromrat PASMC NO
production from rat PASMC decreased significantly in the
presence of hypoxia at both 12 h (1.9+0.6 vsnormoxia 7.9+
1.20pmal/L, P<0.01) and 24 h (1.5+0.3vsnormoxial0.2+1.70
pmoal/L, P<0.01), and thelow level of NOinthe hypoxic envi-
ronment increased markedly in the presenceof SNPin atime-
and concentration-dependent manner (Table 2).

Table 2. Effect of SNP on proliferation and apoptosis of PASMC.
Mean+SD, n=8 rats in each group.

Hypoxia
103 mol/L 10“*mol/L
SNP SNP

Normoxia Hypoxia

1.9+0.6' 37.9+1.2° 28.8+0.8
1.5+0.3" 46.4+1.7% 32.2+0.7°"
52.5+3.6 35.4+1.3° 45.0+1.6
42.5+3.1" 30.3+1.8%" 37.0+1.5
37.8+2.8 455+1.8" 38.1+1.4°
50.3+2.3 66.0£2.6% 52.9+1.6"

NO,” (umol/L) 12 h  7.9+1.20
24 h 10.2+1.70"

PCNA (%) 12 h 415+1.8
24 h 36.0+1.7

Caspase3 (%) 12 h 32.0%3.2
24 h 42.1+2.3

PP<0.05, °P<0.01 vs hypoxia at the same time point; *P<0.05, P<
0.01 vs hypoxia+10 mol/L SNP at the same time point; "P<0.05,
'P<0.01 vs 12 h with the same treatment; 'P<0.01 vs normoxia at the
same time point. %, percentage of positive cells (%)=the number of
positive cells/the number of total cellsx100%.

Effect of NO onthegrowth of hypoxic PASM C Hypoxic
PASMC proliferation wasinhibited along with adecreasein
PCNA immunostaining and Pl at both 12 h and 24 h when
treated with hypoxia plus SNP (Table 2; Figure 3). On the
other hand, Al increased significantly in hypoxic PASMC
treated with SNP, which paralleled the changes in caspase-3
immunopoasitivecellsin number (Table 2; Figure 3).

Effect of NO on CO release by rat PASMC Under both
normoxic and hypoxic conditions, CO production was shown
to increase after administration of SNP in both normoxic
(0.55+0.01 vs 0.40+0.03 umol/L at 12 hwith 10° mol/L SNP,
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PI and Al in PASMC/"%

Figure 3. Changesin Pl and Al of rat PASMC. Mean+SD, n=8 rats in each group. N1, normoxia for 12 h; N2, normoxia for 24 h; H1, hypoxia
for 12 h; H2, hypoxia for 24 h; H1+SNP3, hypoxia with 10 mol/L SNP for 12 h; H2+SNP3, hypoxia with 10° mol/L SNP for 24 h; H1+SNP4,
hypoxia with 10 mol/L SNP for 12 h; H2+SNP4, hypoxia with 10* mol/L SNP for 24 h. ®P<0.05, °P<0.01 vs hypoxia at the same time point;
'P<0.01 vs 10 mol/L SNP at the same time point; "P<0.05, 'P<0.01 vs 12 h with the same treatment; “P<0.05, 'P<0.01 vs normoxia at the same
time point. PI=[(S+G,+M)/(Gy+G;+S+G,+M)]x100%. The Al was detected SubG1 peaks on flow cytometry.

P<0.01) and hypoxic cells(0.60+0.03 vs0.56+0.03 pmol/L at
12 hwith 10® mal/L SNP, P<0.05). Thelevelsof CO produc-
tion increased in atime- and concentrati on-dependent man-
ner (Table 3).

Effect of NO on HO-1mRNA expresson by rat PASMC
under both normaoxic and hypoxic conditions Thelevelsof
HO-1 mRNA after treatment with 10 and 10 mol/L SNP
under normoxic and hypoxic conditions are shown in Table
3. TheHO-1 mRNA level increasedin atime- and concentra
tion-dependent manner. Therange of theincreasein HO-1
mRNA level in the presence of 10°mol/L SNP was signifi-
cantly greater than that in the presence of 10* mol/L SNP at
both 12 h and 24 h. In the presence of SNP, thelevelsof HO-1
MRNA were higher in PASMC exposed to hypoxia for 24 h
than that for 12 h.

Effect of ZnPP on theregulation of PASM C PCNA and

caspase-3 by SNP Compared with the expression of PCNA
by hypoxic PASMC when incubated with SNP alone, the
PCNA expression markedly increased (P<0.01; Table4) when
hypoxic PASMC was treated with SNP plus ZnPP. In the
absence of ZnPP, PCNA expressions of hypoxic PASMC pre-
treated with SNP (102 or 10 mol/L) wereincreased at both
12 h and 24 h, respectively, compared with hypoxiaaone. In
the presence of ZnPP (20 umol/L), however, they were higher
than those in hypoxia plus SNP in the absence of ZnPP,
respectively (Table 4).

Compared with incubation with SNP alone, caspase-3
immunostaining of hypoxic PASMC markedly decreased
when it wastreated with ZnPP (20 umol/L) and SNP (P<0.01),
and theindex increased in atime- and concentration-depen-
dent manner (Table 4). In the absence of ZnPP, caspase-3
expressions of hypoxic PASMC pretreated with SNPat 107

Table 3. SNP impacted HbCO (pmol/L) and the expression of HO-1 mRNA (copies/pg) in rat PASMC. Mean+SD. n=8 ratsin each group.

Normoxia Hypoxia Hypoxia
103 mol/L SNP 10“mol/L SNP
HbCO (umol/L) 12 h 0.40+0.03 0.56+0.03 0.60+0.03° 0.50+0.01"
24 h 0.42+0.01 0.52+0.01 0.68+0.02¢ 0.55+0.01™
HO-1 mRNA (copies/ug) 12 h 0.45+0.04 1.05+0.06' 1.23+0.02° 0.95+0.03"
24 h 0.51+0.05 0.91+0.03" 1.37+0.03¢ 1.05+0.05°"

P<0.05, °P<0.01 vs hypoxia at the same time point; 'P<0.01 vs 10° mol/L SNP at the same time point; "P<0.05, 'P<0.01 vs 12 h with the same

treatment; “P<0.05, 'P<0.01 vs normoxia at the same time point.
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Table 4. Influence of SNP and ZnPP on PASMC proliferation and
apoptosis. Mean+SD. n=8 ratsin each group.

Hypoxia Hypoxiat+ZnPP
10°mol/L 10“*mol/L  10°mol/L 10“*mol/L
SNP SNP SNP SNP

12h 35.4+1.3 45.0+1.6" 53.1+2.1° 63.1+1.2%
24h 30.3+1.8" 37.0+1.5% 39.8+1.3% 45.8+1.6%
Caspase-3 (%) 12h 45.5+1.8 38.1+1.4° 40.5:+0.9° 34.4+0.7¢
24h 66.0+2.6' 52.9+1.6" 55.3+1.2% 43.3+1.1%

PCNA (%)

°P<0.01 vs hypoxic+SNP at the same time point; °P<0.05, P<0.01
vs 10 mol/L SNP at the same time point; "P<0.05, 'P<0.01 vs 12 h
with the same treatment; %, percentage of positive cells (%) =the
number of positive cells'the number of total cellsx100%.

and 10" mol/L were 45.5%+1.8% and 38.1%:+ 1.4%at 12h,
respectively. In the presence of ZnPP, however, they were
40.5%20.9 % and 34.4%=*0.7 %, respectively, which were
lower than thosein the absence of ZnPP (all P<0.01). Inthe
absence of ZnPP, caspase-3 expressions of hypoxic PASMC
pretreated with SNP at 103and 10 mol/L were 66.0%2.6%
and 52.9%+1.6 % at 24 h, respectively. In the presence of
ZnPP, however, they were 55.3%+1.2% and 43.3%+1.1%,
respectively, which were lower than thosein the absence of
ZnPP(P<0.01).

Discussion

Proliferation and apoptosis of VSMC are 2 tightly linked
pathways maintaining cellular homeostasis of vessel wall.
Theimbaance of VSMC proliferation and apoptosisisacy-
tological basis of vascular diseases under hypoxia. However,
the regulatory mechanisms responsible for the disturbed
proliferation and apoptosis of PASMC under hypoxia are
still unclear.

Studieshave demonstrated that eNOS-derived NO aswell
asother NOSisoformsderived NO can inhibit remodding of
the pulmonary vasculature induced by chronic hypoxia*™.
In our previousin vivo studies™, we found that the plasma
concentration of NO decreased and NO was involved in the
remodeling of pulmonary arteries. In this study, we found
that in PASMC exposed to hypoxia, the basal level of NO
decreased markedly, and NO inhibited hypoxic PASMC pro-
liferation and induced PASMC apoptosis, which attenuated
pulmonary vascular remodeling, but the mechanisms by
which NO regulated PASMC praliferation and apoptosisre-
mainstobedarified.

It wasreported that HO-1 was transcriptionally upregul -

ated by hypoxia®. In the event that NO production was
suppressed under hypaoxic condition, gaseous CO, mainly
produced by smooth muscle cells, became an important regu-
lator of cell proliferation and apoptosis, evidenced by the
significantly increased CO production and theincreased ex-
pression of HO-1. Previous studies showed that hypoxia
upregulates VSMC expression of the HO-1 gene, resulting in
an increase in the production of CO, which in turn inhibits
cdlular proliferation®?, In the present study, HO-1 mRNA
levelsshowed a2-fold increaseat 12 h of hypoxiaand started
to decline by 24 h, with corresponding changes in CO
production. Meanwhile, our study indicated that while
PASMC praliferated in response to hypoxia, the reduction
of CO production by treatment with ZnPP enhanced the pro-
liferative response even further. Our findings arein agree-
ment with those of Morita et al'®, who suggested that CO
released by hypoxic PASMC was responsiblefor the inhibi-
tion of hypoxia-induced proliferation of PASMC, even though
this response was transient. An interesting finding in this
study was that endogenous CO induced PASMC apoptosis
in a time-dependent manner, sincetheinhibition of CO pro-
duction by ZnPP markedly decreased the number of apoptotic
cells only when the cell s were exposed to long-time hypoxia
for 24 h. Theunderlying mechanism, however, wasunknown.
It was possiblethat cdl-cell or cel-matrix interactions, which
involved synthesis or release of growth factors, cytokines
or biological messengersas NO and CO, maintained thevas-
cular homeostasis.

Recent evidence suggested that NO was a potent in-
ducer of the HO-1 gene expression in VSMC*4, We dem-
onstrated that HO-1 mRNA expression and CO production
were shown to increase after administration of SNP, adonor
of NO, in both normoxic and hypoxic cells. However, the
mechanism by which NO induced HO-1 gene expression
under both normoxic and hypoxic conditionsis not entirely
clear. Durante et al suggested that the cyclic guanosine
monophosphate (cGMP) signaling pathway was not involv-
ed, since lipophilic analogues of cGMP failed to stimulate
HO-1 expression, and the inhibitors of the cGMP breskdown
or cGMP kinase did not affect NO-mediated HO-1 genein-
duction*d, A previous report demonstrated that over-
expression of HO-1 and the conseguent e evation in heme
oxygenase activity of endothelial cells exposed to hypoxia
were associated with atransient formation of endogenous
S-nitrosothiols dueto an early induction of the induced ni-
tric oxide synthase gend?".

Thus, since both NO and CO have been shown to exert
antiproliferative and pro-apoptotic effectson PASMC, it was
reasonabl e to propose that the HO-1/CO pathway might play
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an important rolein NO-regulated hypoxic pulmonary vas-
cular structural remodeling. We hypothesized that NO and
CO interact to regul ate the proliferation and apoptosis of
hypoxic PASMC. Inthisregard, weamedtoexploretherade
of COintheregulation of hypoxic PASMC proliferation and
apoptosis by NO. Our present study showsthat in the pres-
ence of ZnPP, an inhibitor of HO, PCNA expressionsin hy-
poxic PASMC pretreated with SNP were much higher than
thosein the absence of ZnPP at both 12 and 24 h (all P<0.01),
suggesting that CO might be involved in aregulatory pro-
cesswhere NO inhibits PASMC proliferation under hypoxic
condition. In the presence of ZnPP, caspase-3 expressions
of hypoxic PASMC pretreated with SNPwere much lower
than thosein the absence of ZnPP at both 12 and 24 h (all P
<0.01), indicating that CO might beinvolved in aregulatory
process where NO promoted apoptosis under hypoxic
condition. It islikely that the HO-1/CO pathway was re-
sponsiblefor modulating PASMC proliferation and apoptos's
by NO. Theinduction of HO-1 activity and CO production
by NOin PASMC may beof pathophysiol ogical significance
in regulating the proliferation and apoptosis of PASMC un-
der both normoxic and hypoxic conditions.

In addition, our study found that caspase-3 might be
involved in the signaling pathway of PASMC proliferation
and apoptosisregulated by NO and CO, respectively. Previ-
ous studies have shown that NO induced vascular smooth
muscle cell apoptosis via the activation of caspase-3122%,
Our findings of increased expression of caspase-3 in NO-
induced apoptotic PASMC thus corroborated with those of
other studies and provided a new insight of the mechanisms
underlying hypoxic pulmonary vascular remodeling.

Our studies suggest that the production of NO was in-
hibited under hypoxic conditions, which again promoted the
proliferation and suppressed the apoptosis of PASMC.
However, there was adefensive pathway, HO-1/CO system,
which was upregulated under hypoxiaand might antagonize
theeffect of adecreasein NO. AsNO and CO are both small
molecules mainly produced by vascular endothelial cellsand
smooth muscle cells, respectively, when the production of
NO wasinsufficient or impaired because of theinjured en-
dothelial cells under some stimulants, CO produced by
smooth muscle cells might be increased to compensate.

In conclusion, CO was responsible for the regulation of
VSMC growth similar to NO, and the HO-1/CO pathway is
responsible for the suppression of smooth muscle cell pro-
liferation and the promotion of apoptosis afforded by NO.
Thus, HO-1isan important cellular target of NO, and it was
possible that CO compensated for the insufficiency or
impairment of NO. It was possible that NO regulated the
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proliferation and apoptosis of VSMC by regulating the pro-
duction of CO. Caspase-3 might be involved in the regulat-
ing pathway of PASMC praliferation and apoptosis. Whether
there were other mechanismsinvolved in the regulation of
PASMC proliferation and apoptosis by NO needs further
study. Finally, our results might help toimprove the under-
standing of the interactions of low molecular gas transmit-
tersNO and CO as well astheir pathophysiological signi-
ficance.
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