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Abstract 

Carbon monoxide (CO) is a vasoactive molecule that is generated by vascular cells as a by-
product of heme catabolism and it plays an important physiological role in circulation system. 
In order to investigate whether exogenous CO can mediate the growth and proliferation of 
vascular cells, in this study, we used 250 parts per million (ppm) of CO to treat human um-
bilical artery smooth muscle cell (hUASMC) and human umbilical vein endothelial cell (HuVEC) 
and further evaluated the growth and apoptosis status of SMC and HuVEC. After SMC and 
HuVEC were exposed to CO for 7-day, the growth of SMC and HuVEC was significantly 
inhibited by CO in vitro on day 5 of CO exposure. And CO blocked cell cycle progress of SMC 
and HuVEC, more SMC and HuVEC stagnated at G0/G1 phase by flow cytometric analysis. 
Moreover, CO treatment inhibited SMC and HuVEC apoptosis caused by hydrogen peroxide 
through decreasing caspase 3 and 9 activities. To confirm the molecular mechanism of CO 
effect on SMC and HuVEC growth, we compared the gene expression profile in SMC and 
CO-treated SMC, HuVEC and CO-treated HuVEC. By microarray analysis, we found the 
expression level of some genes which are related to cell cycle regulation, cell growth and 
proliferation, and apoptosis were changed during CO exposure. We further identified that 
the down-regulated CDK2 contributed to arresting cell growth and the down-regulated 
Caspase 3 (CASP3) and Caspase 9 (CASP9) were associated with the inhibition of cell 
apoptosis. Therefore, CO exerts a certain growth arrest on SMC and HuVEC by inhibiting cell 
cycle transition from G0/G1 phase to S phase and has regulatory effect on cell apoptosis by 
regulating the expression of apoptosis-associated genes. 

Key words: CO; smooth muscle cell; human umbilical vein endothelial cell; cell proliferation; 
apoptosis. 
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Introduction 
Carbon monoxide (CO) is generated in most cells 

as one byproduct of heme degradation by heme oxy-
genase-1 (HO-1) [1]. In the previous decade, although 
the toxic effects of CO have been recorded, low con-
centration of CO has been reported to exhibit homeo-
static effect [2]. More evidence suggests that endoge-
nous CO as the byproduct of heme degradation can 
modulate inflammation, and inhibit lipopolysaccha-
ride (LPS)-induced production of cytokines, and con-
sequently show important cytoprotective function 
and anti-inflammatory property that are beneficial for 
the inflammation treatment [3, 4]. For example, in-
haling 250 parts per million (ppm) concentrations of 
CO has been shown to be profitable in the repair of 
lung injury model, including hyperoxic injury aller-
gen-induced inflammation [5]. CO derived from HO 
catalysis has been identified as one of endogenous 
biological messengers and vasoactive molecules 
which play an important physiological role in the 
cardiovascular circulation system.  

CO has been reported to demonstrate an im-
portant role in the regulation of cell function. Espe-
cially in blood vessels, the release of CO generated by 
vascular cells exerts the potential anti-inflammatory, 
anti-apoptotic and anti-proliferative effects on endo-
thelial cells, vascular smooth muscle cells (SMC) and 
other circulating blood cells by modulating intracel-
lular paracrine and autocrine signaling pathways 
[6-9]. CO also regulates blood flow and blood fluidity 
by inhibiting vasomotor tone, SMC proliferation, and 
platelet aggregation which provide potential thera-
peutic effect for cardiovascular and lung diseases 
[9-12]. In addition, exogenous CO also has an im-
portant regulatory effect on blood vessel system, it 
can relax blood vessels [13]. Another study indicated 
that exogenous CO was capable of effectively inhib-
iting inflammatory response and oxidative stress in 
the activated HuVEC [14]. The exogenous admin-
istration of CO reduced the generation of reactive 
oxygen species (ROS) to prevent cell injury, this 
CO-dependent effect was shown to be independent of 
the activity of endogenous HO and the antioxidant 
potential of exogenous CO involved the activation of 
the p38 MAPK signal transduction pathway [15]. 
Similar to nitric oxide (NO), CO mediates platelet 
aggregation and relaxes blood vessels via activating 
soluble guanylyl cyclase (sGC) and consequently el-
evating intracellular levels of cyclic guanosine-3', 
5'-monophosphate (cGMP) in target tissues [16]. CO is 
a powerful vasodilator and may serve as an important 
modulator of vascular cell function [17]. Thus, CO 
may be used to treat various cardiovascular disorders, 
including endotoxin shock, ischemia-reperfusion, 

hypertension, and subarachnoid hemorrhage.  
Since CO either exogenously administered or 

endogenously derived from heme oxygenase-1 is a 
potential inhibitor of vascular SMC proliferation and 
apoptosis partly by activating the cGMP signaling 
pathway, the ability of CO to inhibit vascular cell 
growth and apoptosis may play an important role in 
attenuating lesion formation at sites of vascular 
damage [18, 19], which indicated CO has a novel 
therapeutic potential in treatment of some vascular 
diseases. Therefore, in this study, we investigated the 
effect of CO on cell growth and apoptosis in vascular 
SMC and HuVEC, we hope that the present results 
will contribute to understanding the regulatory role of 
CO on the growth and apoptosis of SMC and HuVEC 
in vitro and its regulatory molecules and probable 
signaling pathways.  

Materials and methods  
Human umbilical artery smooth muscle cell 
(SMC) and vein endothelial cell (HuVEC) iso-
lation and culture 

Neonate umbilical cord (UC) was collected from 
healthy donors with informed consent according to 
the guidelines of Institutional Review Board of Beijing 
Institute of Genomics, Chinese Academy of Sciences 
(BIG IRB:2012002). The umbilical artery and vein were 
isolated from the neonate UC. SMC and HuVEC were 
obtained after enzymatic treatment of the UC artery 
and vein followed by the procedure previously de-
scribed [20]. Briefly, vascular SMC and HuVEC were 
isolated from the UC with elastase and collagenase 
digestion and characterized by morphological char-
acteristics. SMC and HuVEC were seeded in culture 
flask respectively containing Smooth Muscle Cell 
medium and Endothelial Cell medium (ScienCell Re-
search Laboratories, Carlsbad, CA) supplied with 10% 
fetal bovine serum (Invitrogen, Carlsbad, CA) and 
penicillin (100 U/ml)-streptomycin (0.1 mg/ml) 
(Invitrogen, Carlsbad, CA), and the cells were cul-
tured in the incubator containing 5% CO2 for several 
passages. SMC can maintain their morphological and 
phenotypic characteristics within 10 passages, while 
HuVEC keeps their morphological and phenotypic 
characteristics within 15 passages. SMC and HuVEC 
used in the experiment are less than 10 passages. 

Hematoxylin-eosin (HE) staining 
Morphological characteristics of SMC and Hu-

VEC were demonstrated by HE staining. Firstly, the 
cultured SMC and HuVEC were dispersed with 0.25% 
Trypsin-EDTA (Invitrogen, Carlsbad, CA), and then 
suspended in medium to generate the single suspen-
sion. Cell suspension was dropped to the carry sheet 
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glass and cultured in incubators at 37°C until cell ad-
hered to the glass. The carry sheet containing the cells 
was washed with PBS twice and 95% alcohol was 
added for 20 min, then washed briefly in distilled 
water and dried in the air. The cells were stained in 
hematoxylin solution for 20 min at room temperature, 
then the cells were washed in running tap water for 3 
times and dried in the air. The cells were differenti-
ated in 1% acid alcohol solution containing 1% hy-
drochloric acid and 70% alcohol for 20 sec, then 
washed in the running tap water for 3 times and dried 
in the air. Then the cells were returned blue in 1% 
ammonia water for 5 min and washed in the running 
tap water for 3 times and dried in the air. The cells 
were counterstained in eosin-phloxine solution for 10 
min. Finally, cell morphology was observed under 
microscopy. 

CO exposure 
SMC and HuVEC were exposed to 250 ppm of 

CO via incubator. Gas from stock gas tanks containing 
CO and CO2, 0.025% volume ratio of CO and CO2 
were mixed in a stainless steel cylinder prior to de-
livery into an exposure incubator. Air flows into the 
humidified incubator containing 250 ppm of CO and 
5% CO2, and incubator temperature was maintained 
at 37°C. CO concentration in the incubator was con-
stantly monitored with a CO electrochemical detec-
tion analyzer (Interscan, Chatsworth, CA). 

Cell growth curve analysis  
SMC and HuVEC were separately seeded in 60 

mm culture dish at a density of 5.5X104 and 4X104. 
SMC and HuVEC in the culture dish were respec-
tively cultured in different incubators at 37°C. The 
experimental cells were placed in incubator contain-
ing 250 ppm of CO and 5% CO2, while the control 
groups were placed in regular incubator with 5% CO2. 
Every 24 h for 7 days after the plating date, the cells 
were detached with 0.25% Trypsin-EDTA (Invitrogen, 
Carlsbad, CA) and the numbers of cells were counted. 
The cell counting was performed in triplicate, and 
data were presented as mean ± SEM.  

Cell cycle analysis 
SMC and HuVEC were plated in 60 mm culture 

dishes at the density of 2X105 and cultured in the 
presence or absence of 250 ppm of CO at 37°C incu-
bator for 6 h. Firstly, SMC and HuVEC were dispersed 
with 0.25% Trypsin-EDTA, then washed with phos-
phate-buffered saline (PBS) for twice, suspended in 
PBS to generate the single suspension, and fixed in 
75% ethanol overnight at -20°C. The ethanol was re-
moved by centrifuge, and SMC and HuVEC were 
suspended in PBS containing 10 µg/ml of RNase A for 

30 min at 37°C, and then stained with 50 µg/ml of 
propidium iodide (PI). DNA fluorescence was meas-
ured on a Becton Dickinson FACScalibur flow cy-
tometer (Bohemia, NY). The area versus the width of 
the fluorescent signal was analyzed to gate out cellu-
lar multiplets. Histograms of DNA content were an-
alyzed using Modfit Lt V3.0 (Verity Software House, 
Topsham, ME) to determine fractions of the popula-
tion in each phase of the cell cycle. 

Heme oxygenase-1 (HO-1) enzyme-linked 
immunosorbent assay 

In order to measure HO-1 protein level in SMC 
or HuVEC after CO exposure, SMC and HuVEC were 
lysated with lysis buffer at different CO exposure time 
point for 5 days. HO-1 protein in cell lysates was de-
tected with an enzyme-linked immunosorbent assay 
(ELISA, Human Total HO-1/HMOX1, R&D, Minne-
apolis, MN) following the manufacture’s instruction. 
Briefly, 100 μl of cell lysates and standard samples 
were respectively added into the wells of the 96-well 
plate already coated with capture antibody, incubated 
for 2 h at room temperature, and then the plate was 
washed for twice. 100 μl of the diluted detection an-
tibody working solution was added into the wells and 
incubated for 2 h at room temperature, and then the 
plate was washed twice. 100 μl of the diluted strep-
tavidin-HRP enzyme binding working solution was 
added and incubated for 20 min at room temperature, 
and then the plate was washed twice again. Then, 100 
μl of substrate solution were added into the wells and 
incubated for 20 min at room temperature and pro-
tected from the light. Finally, 50 μl of stop solution 
were added to each well. Immediately determined the 
optical density (OD), using a microplate autoreader 
(Bio-Rad Model 680 Microplate Reader) at 450 nm. 
HO-1 protein concentration of the samples was de-
termined based on a specific HO-1 standard curve.  

Cell apoptosis analysis 
Duplicate SMC and HuVEC were plated in 60 

mm culture dishes at the density of 2X105. When the 
cells obtained 70-80% confluence, SMC and HuVEC in 
one of dishes were treated with 0.4 mM hydrogen 
peroxide (H2O2). Then the cells were respectively 
cultured in the presence and absence of 250 ppm of 
CO at 37°C incubator for 16 h. Cells apoptosis were 
analyzed using Apoptosis and Necrosis Assay Kit 
with Hoechst 33342 and PI (Beyotime Institute of Bi-
otechnology, Shanghai, China). Briefly, the cultured 
SMC and HuVEC were trypsinized, and then washed 
with PBS for twice, suspended in 100 µl cell staining 
buffer. Add 5 µl of Hoechst 33342 and 5 µl of the 10 
µg/ml PI and incubate the cells at 4°C or keep the 
cells on ice for 20 min in the dark. After the incubation, 
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the apoptotic cells were immediately analyzed using 
flow cytometry. In the meantime, apopto-
sis-associated molecules, caspase 3 and caspase 9 ac-
tivities were detected. Activities of caspase 3 and 9 
were determined using Caspase 3/9 Activity Assay 
Kit (Beyotime Institute of Biotechnology, Shanghai, 
China). Briefly, 20 μl of total protein in cell lysates 
were added to the reaction buffer, which contained 10 
µl of the respective substrate, and incubated at 37°C 
for 2~3 h. Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp 
p-nitroanilide) and Ac-LEHD-pNA (ace-
tyl-Leu-Glu-His-Asp p-nitroanilide) were used as the 
corresponding fluorescent caspase-specific substrates 
of caspase 3 and 9, respectively. The en-
zyme-catalyzed release of pNA was quantified in a 
fluorimeter at 405 nm wavelengths. The concentration 
of total protein was detected with Quick Start™ 
Bradford Protein Assay (Bio-Rad, Hercules, CA). 

Microarray analysis 

Sample labeling and hybridization 
Duplicate cultures of SMC and HuVEC were 

seeded in 100 mm dish at density 5X105 cells and 
cultured in the presence or absence of 250 ppm of CO 
for 5 days. Total RNA was isolated from each of SMC 
and HuVEC samples and prepared for labeling and 
hybridization to Human-6-V3 Chip (Illumina, San 
Diego, CA). The quality of each RNA sample was 
assessed on Aglilent 2100 Bioanalyzer and 
NanoDrop-1000. 0.5 μg RNA was used as a template 
for cDNA and cRNA synthesis on PCR Thermo-cycler 
(Biometra, Horsham, PA). Sample labeling process 
was performed with the TotalPrep RNA Labeling Kit 
(Ambion, Austin, TX). About 1.5 μg cRNA samples 
were hybridized for 16 h at 58°C to a Human-6-V3 
Expression Chip in hybridization oven (Illumina, San 
Diego, CA). After hybridization, the chip was washed 
and stained, finally scanned with iScan scanner to 
generate image data. Then the data were analyzed 
using BeadStudio software and genes differentially 
expressed between SMC and CO-treated SMC, Hu-
VEC and CO-treated HuVEC were identified.  

Generation of data and gene expression analysis 
Firstly, BeadSudio software was used to extract 

data from iScan scanner, and hybridized arrays were 
expressed as fluorescence intensity. And then the in-
tensity was converted into quantitative estimates of 
gene expression for each probe set. The probability 
statistic was generated for each probe set. Gene ex-
pression levels of SMC and CO-treated SMC, HuVEC 
and CO-treated HuVEC were analyzed based on 1.5 
fold change logarithmic scale of the above the cells 

fluorescence intensity obtained from the iScan scan-
ner.  

Gene ontology (GO) analysis and network analysis 
We did the GO analysis using Ingenuity Path-

ways Analysis (IPA, Ingenuity® Systems, 
www.ingenuity.com). The score of each GO category 
is the negative logarithm of p-value, which reflects the 
probability of finding the focus molecules in a given 
category by chance.  

The network analyses were generated using IPA. 
The statistical scores were assigned automatically 
using the software while taking into account the us-
er’s set of significant genes, network size, and the total 
number of molecules in Ingenuity Knowledge Base. 
The network score is the negative logarithm of 
p-value, which reflects the probability of finding the 
focus molecules in a given network by chance. The 
identified network is then presented as a graph, indi-
cating the molecular relationships between gene 
products. 

Analysis on mRNA expression level of some genes 
associated with cell proliferation and apoptosis 

Expression level of certain genes that are associ-
ated with cell proliferation and apoptosis was deter-
mined by quantitative real time PCR (QPCR) with 
ABI 7900HT Fast Realtime PCR System (Applied Bi-
osystems). Total RNA was extracted from SMC and 
HuVEC with RNeasy kit (Qiagen, Valencia, CA). RNA 
was transcribed to generate cDNA with Superscript 
III using random primer (Invitrogen, Carlsbad, CA). 
QPCR reaction system was composed of 5 µl of 2 X 
TaqMan universal PCR master mix, 4.5 µl of cDNA 
and 0.5 µl 20 X TaqMan gene expression assay mix 
under the following thermal cycler conditions: 95°C 
for 10 min, followed by 40 cycles of 95°C for 15 sec 
and 60°C for 1 min. Each sample was run in triplicate. 
The assay IDs of the genes measured are as follow: 
MMP1 (Hs00899658_m1), MMP9 (Hs00957562_m1), 
MMP13 (Hs00942589_m1), TNFAIP6 
(Hs00200180_m1), TNFSF13 (Hs00198106_m1) and 
VEGF (Hs01099206_m1). Relative quantity of these 
genes was calculated by using 18S rRNA 
(Hs03003631_g1) as internal control. Cell cycle asso-
ciated gene, CDK2, apoptosis-associated genes, 
CASP3 and CASP9 were also detected. Primers for 
CDK2, CASP3, CASP9, and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) were designed 
using PrimerBank (http://pga.mgh.harvard.edu/ 
primerbank/index.html). Relative expression level of 
CDK2, CASP3 and CASP9 were calculated by using 
GAPDH as internal control. Primers were shown in 
Table S1.  
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Table S1. Primers 

 Sequence 
CDK2 Forward primer 5’-GTACCTCCCCTGGATGAAGAT-3’ 
CDK2 Reverse primer 5’-CGAAATCCGCTTGTTAGGGTC-3’ 
CASP3 Forward primer 5’-CATGGAAGCGAATCAATGGACT-3

 CASP3 Reverse primer 5’-CTGTACCAGACCGAGATGTCA-3’ 
CASP9 Forward primer 5’-CTCAGACCAGAGATTCGCAAAC-3’ 
CASP9 Reverse primer 5’-GCATTTCCCCTCAAACTCTCAA-3’ 
GAPDH Forward primer 5’-TGTTGCCATCAATGACCCCTT-3’ 
GAPDH Reverse primer 5’-CTCCACGACGTACTCAGCG-3’ 

 

Statistical analysis 
GraphPad Prism® version 5.0 was used for data 

analysis. Group data were expressed as mean ± SEM. 
Data were analyzed by standard statistical methods 
using two side unpaired Student’s t-test and Fisher’s 
exact test between two groups. p<0.05 was considered 
to be significant.  

Results 
Morphological characteristics of SMC and 
HuVEC 

Based on HE staining, we observed SMC ap-
peared fusiform or polygonal shape. The nucleus was 
big, and the nuclear chromatin was sparse, as shown 
in Fig.1A. HuVEC demonstrated flat and polygonal 
shape, its boundary was clear, cytoplasm was abun-
dant. Nucleus was round or oval, nuclear chromatin 
was sparse and bright containing one or two nucleoli, 
as shown in Fig. 1B.  

Effect of CO on SMC and HuVEC growth 
In order to observe SMC and HuVEC growth 

trend during CO exposure, the numbers of SMC and 

HuVEC in control group and CO-treated group were 
consecutively counted over 7-day period. Each time 
the cells in triplicate dishes were counted and data 
were presented as mean ± SEM. Compared with SMC 
in normal culture condition, the growth of SMC ex-
posed to 250 ppm of CO was significantly arrested 
from day 4, as shown in Fig. 2A (*p<0.05). Whereas, 
the growth of HuVEC exposed to the same dose of CO 
was also arrested from day 5, as shown in Fig. 2B 
(*p<0.05).  

Cell cycle analysis  
Flow cytometric data indicated that CO arrested 

SMC in the G1/S phase transition of the cell cycle 
compared with normal SMC. SMC in normal culture 
condition, the average percentage in G0/G1, S and 
G2/M phase was respectively 42.07%, 49.10% and 
8.83%, while in CO-treated SMC, the average per-
centage in G0/G1, S and G2/M phase was respec-
tively 54.95%, 35.46% and 9.79%. The representative 
flow cytometric image of SMC and CO-treated SMC 
were shown in Fig. 3A and 3B. There was a significant 
difference in cell percentage at G0/G1 and S phases 
between SMC and CO-treated SMC, shown in Fig. 3C 
(p<0.05). As for HuVEC, we observed the average 
percentage of HuVEC and CO-treated HuVEC in 
G0/G1, S and G2/M phase were 45.33%, 47.71%, and 
6.96%, 56.10%, 32.98% and 10.92%. The representative 
cell cycle images of HuVEC and CO-treated HuVEC 
were shown in Fig. 3D and 3E. Also, there was a sig-
nificant difference in percentage at G0/G1 and S 
phases between HuVEC and CO-treated HuVEC, 
more HuVEC was arrested in G0/G1 phase after CO 
treatment compared with control HuVEC, shown in 
Fig. 3F (p<0.05).  

 

 
Fig. 1. Morphological characteristics of SMC and HuVEC (HE staining, original magnification 200X). (A) The representative image of SMC HE 
staining. (B) The representative image of HuVEC HE staining.  
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Fig. 2. Effect of CO exposure on SMC and HuVEC growth. SMC and HuVEC growth was observed over 7-day period treated and untreated with 
CO. The number of SMC and HuVEC was counted each day for 7-day (n=3 in each group at different time point). (A) SMC growth trend between 
normal condition and CO-exposed condition, on day 4 of CO exposure, SMC growth was significantly arrested (*p<0.05). (B) HuVEC growth 
trend between normal condition and CO-exposed condition, on day 5 of CO exposure, HuVEC growth was also obviously inhibited (*p<0.05).  

 

 
Fig. 3. SMC and HuVEC cell cycle detection during CO exposure by flow cytometry. After SMC and HuVEC were exposed to 250 ppm of CO 
for 6 h, cell percentage was analyzed in different cell cycle phase on SMC and HuVEC in the presence and absence of CO. (A) Representative flow 
cytometric analysis on SMC in G0/G1, S and G2/M phase in normal culture condition. (B) Representative flow cytometric analysis on SMC in 
G0/G1, S and G2/M phase in exposure to 250 ppm of CO condition for 6 h. (C) There was a significant difference in cell percentage in G0/G1 and 
S phase between SMC and CO-treated SMC (p=0.043). (D) Representative flow cytometric analysis on HuVEC in G0/G1, S and G2/M phase in 
normal culture condition. (E) Representative flow cytometric analysis on HuVEC in G0/G1, S and G2/M phase in exposure to 250 ppm of CO 
condition for 6 h. (F) There was also a significant difference in cell percentage in G0/G1 and S phase between HuVEC and CO-treated HuVEC 
(p=0.039). 
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HO-1 expression level in SMC and HuVEC 
with CO treatment 

To investigate if exogenous CO may modulate 
the expression of HO-1, we used HO-1 ELISA kit to 
consecutively detect HO-1 expression in cell lysates 
after SMC or HuVEC exposed to 250 ppm of CO for 5 
days. The results showed that HO-1 expression level 
between SMC and CO-treated SMC was no significant 
difference, as well as between HuVEC and CO-treated 
HuVEC, as shown in Fig. 4A and 4B.  

Apoptosis of SMC and HuVEC with H2O2 
treatment in the presence and absence of CO  

In order to prove whether exogenous CO can 
regulate cell apoptosis under oxidative stress, the 
number of SMC or HuVEC in live stage and apoptotic 
stage with 0.4 mM H2O2 treatment in the presence and 
absence of CO for 16 h was detected by apoptosis and 
necrosis assay kit. SMC treated with H2O2 and with-
out CO exposure, the mean percentage of SMC in live 
stage, early and late apoptosis stage, dead stage was 
19.94%, 59.82% and 18.74%, 1.52%, while SMC treated 
with H2O2 and exposed to CO, the mean percentage of 
SMC in live stage, early and late apoptosis stage, dead 
stage was 43.98%, 31.74% and 22.8%, 1.42%. As for 
HuVEC, we observed the similar results, and the 
mean percentage of HuVEC treated with H2O2 and 
without CO exposure in live stage, early and late 
apoptosis stage, dead stage was 26.76%, 49.42% and 
22.0%, 1.84%, while HuVEC treated with H2O2 and 
CO, the mean percentage of HuVEC in live stage, 
early and late apoptosis stage, dead stage was 34.74%, 
35.12% and 28.46%, 1.7%. The representative graphs 
of SMC and CO-treated SMC, as well as HuVEC and 
CO-treated HuVEC after H2O2 treatment were shown 
in Fig. 5A, B, D, and E. There was a significant dif-

ference in live and apoptotic cell percentage between 
SMC treated with H2O2 and SMC treated with H2O2 
and CO, as well as between HuVEC treated with H2O2 
and HuVEC treated with H2O2 and CO, shown in Fig. 
5C and 5F. Furthermore, caspase 3 and caspase 9 ac-
tivities were significantly reduced in SMC and Hu-
VEC in presence of CO subjected to H2O2 treatment 
for 16 h (Fig. 5G and 5H, p<0.05). Thus after H2O2 
treatment, the CO exposure can suppress SMC and 
HuVEC apoptosis.  

CO regulates SMC growth and apoptosis by 
mediating the expression of cell cycle and 
apoptosis associated genes  

About 1000 genes were changed in mRNA ex-
pression level between SMC and CO-treated SMC 
based on the fold change ≥1.5. Some differently ex-
pressed genes identified as more than 1.5-fold change 
between the SMC and CO-treated SMC were summa-
rized in different functional groups, including cell 
growth, proliferation, apoptosis, cell cycle, and NF-κB 
signaling shown in Table 1. Some growth factors and 
receptors, NGF, NGFRAP1 and HBEGF were 
down-regulated after exposure to CO. These genes are 
related to the regulation of cell growth and prolifera-
tion. In addition, cell cycle progress related genes, 
such as, CDKN2A (p16) and CDK2 were also 
down-regulated after CO exposure. On one hand, the 
reduced ERK1/2 also affects the expression of down-
stream some genes in nucleus to limit cell growth and 
proliferation. Apoptosis-associated genes, CASP9 and 
BAK1 were down-regulated, which may cause cell 
apoptosis inhibition by NF-κB signaling pathway. 
Cell death associated gene, TRAF3IP1, was affected in 
CO-treated SMC compared with SMC.  

 

 
Fig. 4. HO-1 expression level in SMC and HuVEC after CO exposure. HO-1 expression level in SMC and HuVEC lysates was consecutively 
measured by ELISA for 5 days (n=3 in each group at different time point). (A) HO-1 expression level between SMC and CO-treated SMC. (B) 
HO-1 expression level between HuVEC and CO-treated HuVEC.  
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Fig. 5. Effect of CO on the apoptosis of 
SMC and HuVEC caused by hydrogen 
peroxide (H2O2). Representative flow 
cytometric analysis on SMC and HuVEC 
stained with Hoechst staining and pro-
pidium iodide (PI) in the presence and 
absence of 250 ppm CO with 0.4 mM 
H2O2 treatment for 16 h. In each panel, 
“Q1” stands for “dead cells”. “Q2” stands 
for “late apoptotic cells”. “Q3” stands for 
“live cells”. “Q4” stands for “early 
apoptotic cells”. (A) Representative flow 
cytometric analysis on SMC in live stage, 
apoptotic stage and dead stage after SMC 
treated with 0.4 mM H2O2 for 16 h. (B) 
Representative flow cytometric analysis 
on SMC in live stage, apoptotic stage and 
dead stage after SMC treated with 0.4 
mM H2O2 and 250 ppm of CO for 16 h. 
(C) There was a significant difference in 
cell percentage in live cells (Q3), early 
apoptotic (Q4) and late apoptotic cells 
(Q2) between SMC with H2O2 treatment 
and SMC with H2O2 and CO treatment 
(p=0.0001). And a significant difference in 
cell percentage in live cells (Q3) and 
apoptotic cells (Q2+Q4) between SMC with H2O2 treatment and SMC with H2O2 and CO treatment was also observed (p=0.0004). (D) Rep-
resentative flow cytometric analysis on HuVEC in live stage, apoptotic stage and dead stage after HuVEC treated with 0.4 mM H2O2 for 16 h. (E) 
Representative flow cytometric analysis on HuVEC in live stage, apoptotic stage and dead stage after HuVEC treated with 0.4 mM H2O2 and 250 
ppm of CO for 16 h. (F) There was a significant difference in cell percentage in live cells (Q3), early apoptotic cells (Q4) and late apoptotic cells 
(Q2) between HuVEC with H2O2 treatment and HuVEC with H2O2 and CO treatment (p=0.008). The live HuVEC in H2O2 and CO treatment 
group was higher than that HuVEC with H2O2 treatment. (G) Caspase 3 and 9 activities in cell lysates of SMC treated with H2O2 for 16 h. Caspase 
3 and 9 activities were decreased in SMC exposed to CO with H2O2 treatment compared with SMC (n=3, p<0.05). (H) Caspase 3 and 9 activities 
in cell lysates of HuVEC treated with H2O2 for 16 h. Caspase 3 and 9 activities were decreased in HuVEC exposed to CO with H2O2 treatment 
compared with HuVEC (n=3, p<0.05). Values are expressed as mean±SEM. 
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Table 1. Differentially expressed genes (fold change more than 1.5) between SMC and CO-treated SMC. 

Functional group  

Gene name  
Gene symbol  Different expression CO 

treatment vs. control  
Cell proliferation and cell cycle    
Heparin-binding EGF-like growth factor  HBEGF  DOWN  
Cyclin-dependent kinase inhibitor 2A  CDKN2A  DOWN  
Cyclin-dependent kinase 2  CDK2  DOWN  

Myocyte enhancer factor 2  MEF2  UP  
SHC transforming protein 1  SHC1  DOWN  
Growth arrest-specific 1  GAS1 UP 
Cell death and apoptosis    
BCL2-antagonist/killer 1 BAK1  DOWN  
Caspase 9, apoptosis-related cysteine peptidase CASP9  DOWN  
Phosphoinositide-3-kinase  PI3K UP  
TNF receptor-associated factor 3 interacting protein 1 TRAF3IP1  DOWN  
NF-κB signaling    
Nerve growth factor NGF  DOWN  
Nerve growth factor receptor (TNFRSF16) associated protein 1  NGFRAP1  DOWN  
BMP2 inducible kinase  BMP2K  DOWN  
TNF receptor-associated factor 3 interacting protein 1 TRAF3IP1  DOWN  
Phosphoinositide-3-kinase PI3K  UP  
Mitogen-activated protein kinase kinase kinase 3  MEKK3  DOWN  
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100)  NFKB2 DOWN 

 
CO mediates HuVEC growth by interrupting 
cell cycle progress and suppresses apoptosis by 
down-regulating expression of apoptosis genes  

Around 600 genes were changed between Hu-
VEC and CO-treated HuVEC based on the fold 
change ≥1.5. Some differently expressed genes identi-
fied as more than 1.5-fold were summarized in dif-
ferent functional groups and signaling pathways 
which are related to cell growth, proliferation, apop-
tosis, cell cycle regulation, shown in Table 2. Such as, 
CDKN2A (p16) was up-regulated after CO exposure. 
In addition, HDAC8, RFC3, and SHC1 were 
down-regulated. MEKK, MAPK and ERK1/2 in 
ERK/MAPK signaling were also regulated, and it 
may affect the expression of some genes in nucleus to 
modulate cell growth and proliferation. The expres-
sion of TNFRSF4 and TRAF3 was also affected by CO 
exposure, and these genes are related to cell death and 
apoptosis, so CO could regulate HuVEC death and 
apoptosis by corresponding pathways. In addition, 
CASP3 was down-regulated, which may inhibit Hu-
VEC apoptosis. p38 MAPK and SMAD7 were 
down-regulated and may inhibit apoptosis by TGF-β 
signaling and ERK/MAPK signaling.  

Distinct gene expression change between 
CO-treated and normal SMC and HuVEC 

GO (gene ontology) analysis can identify over 
representation of GO categories, which can give in-

sight into the mechanisms responsive to CO. The top 
25 GO terms enriched in up- or down-regulated more 
than 1.5-fold change in CO-treated SMC and HuVEC 
compared with SMC and HuVEC (Fig. 6). We found 
that genes involved in inflammatory response, in-
flammatory disease, immune trafficking, genetic dis-
order, connective tissue disorder and skeletal and 
muscular disorder were significantly overrepresented 
among up-regulated genes in CO-treated SMC com-
pared with SMC (Fig. 6A). It suggests that SMC ap-
pears immune response caused by biological func-
tions disorder when exposure to CO. And most 
up-regulated genes in category of cellular growth and 
proliferation suppress cell growth in CO-treated SMC. 
However, down-regulated genes in category of cellu-
lar growth and proliferation affect cell growth in 
CO-treated SMC (Fig. 6B). Genes related to cell cycle, 
were also significantly down-regulated in CO-treated 
SMC (Fig. 6B), indicating that CO affected prolifera-
tive capability of SMC. Genes involved in cancer, 
skeletal muscular disorder and immune cell traffick-
ing and humeral immune response were significantly 
overrepresented among up-regulated genes in 
CO-treated HuVEC compared with HuVEC (Fig. 6C). 
And most up-regulated genes in category of cellular 
growth and proliferation suppress cell growth in 
CO-treated HuVEC. Genes related to cell death, cell 
cycle, cell-to-cell signaling and interaction, cellular 
assembly and organization were also significantly 
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down-regulated in CO-treated HuVEC (Fig. 6D). 

Identification of gene networks involved in 
SMC and HuVEC and treated with CO  

Up- and down-regulated genes in the SMC, 
CO-treated SMC, HuVEC, CO-treated HuVEC com-
parisons were organized into interactome networks 
using IPA (Fig. 7). Fig. 7A shows network related to 
cell death, cell cycle, cell growth and proliferation in 
CO-treated SMC compared with SMC. Fig. 7B shows 
network related to cellular movement, cell death, cell 
growth and proliferation involved in CO-treated 
HuVEC compared with HuVEC. 

Analysis on expression of cell proliferation and 
apoptosis associated genes 

QPCR was used to validate a few of genes, in-
cluding MMP family members, such as MMP1, MMP9 
and MMP13, TNF members (TNFAIP6 and TNFSF13), 
apoptosis-associated genes, CASP3 and CASP9, 
growth-associated genes, CDK2 and VEGF. MMP1 
and MMP9 were down-regulated in CO-treated SMC 
compared with control cell, while MMP9 and MMP13 
were down-regulated in CO-treated HuVEC com-
pared with HuVEC. Apoptosis associated genes, such 
as CASP9, TNFSF13 and CASP3 and TNFAIP6 were 
respectively down-regulated in SMC and HuVEC 
after CO exposure. Vascular endothelial growth factor 

(VEGF) was decreased in SMC after CO exposure. All 
data were shown in Fig.8.  

Discussion 
Recent studies have reported CO influences the 

properties of vascular SMC and epithelial cells, while 
the proliferation and apoptosis of vascular SMC and 
epithelial cells play an essential role during vasculo-
genesis and are closely associated with pathogenesis 
of numerous cardiovascular disorders, such as ather-
osclerosis, intimal hyperplasia, oxidative injury and 
pulmonary hypertension [12, 21, 22]. HO/CO path-
way exerts an important effect on maintaining vascu-
lar homeostasis. For example, CO promotes blood 
fluidity by inhibiting the aggregation of platelets [23]. 
And the ability of CO to inhibit the proliferation and 
apoptosis of vascular cells will contribute to attenu-
ating lesion formation at sites of vascular damage. 
Therefore, CO contributes to regulating the properties 
of vascular cells and has a utility perspective for cir-
culation disease and organ implantation. In this 
study, we observed the role of CO in controlling 
vascular cells (SMC and HuVEC), and the results 
showed that exogenous CO arrested SMC and Hu-
VEC growth by inhibiting cell cycle progress and re-
duced SMC and HuVEC apoptosis by corresponding 
signaling pathways.  

 

Table 2. Differentially expressed genes (fold change more than 1.5) between HuVEC and CO-treated HuVEC. 

Functional group  
Gene name  

Gene symbol  Different expression CO treatment vs. control  

TGF-β signaling    
Mitogen-activated protein kinase kinase kinase 12  MAP3K12  DOWN  
Smad family member 7  SMAD7  DOWN  
Smad specific E3 ubiquitin protein ligase 1  SMURF1  DOWN  
Cell proliferation and cell cycle     
Cyclin-dependent kinase inhibitor 2a  CDKN2A  UP  
Cyclin-dependent kinase 8  CDK8  DOWN  
Histone deacetylase 8 HDAC8  DOWN  
SHC transforming protein 1  SHC1  DOWN  
Replication factor C 3  RFC3  DOWN  
RAS p21 protein activator 2  RASA2 DOWN  
Cell death and apoptosis    
Tumor necrosis factor receptor superfamily, member 4  
TNF receptor-associated factor 3  

TNFRSF4  
TRAF3  

DOWN  
DOWN  

Caspase 3, apoptosis-related cysteine peptidase  CASP3  DOWN  
Smad family member 7  SMAD7  DOWN  
BCL2/adenovirus E1B 19kDa interacting protein 1 BNIP1 DOWN 
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Fig. 6. Top 25 GO terms enriched in up- or down-regulated more than 1.5-fold change in CO-treated SMC and HuVEC compared with SMC and 
HuVEC. (A) Top 25 GO terms enriched in up-regulated in CO-treated SMC compared with SMC. (B) Top 25 GO terms enriched in 
down-regulated in CO-treated SMC compared with SMC. (C) Top 25 GO terms enriched in up-regulated in CO-treated HuVEC compared with 
HuVEC. (D) Top 25 GO terms enriched in down-regulated in CO-treated HuVEC compared with HuVEC.  
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Fig. 7. Gene networks involved in CO-treated SMC and HuVEC. Red and green respectively represent up-regulated and down-regulated genes 
in SMC and HuVEC after exposure to CO. The regulation extents are based on the color grade. (A) Network about cell death, cell cycle and cell 
growth involved in CO-treated SMC compared with SMC. (B) Network about cell death, cell cycle, cell growth and proliferation involved in 
CO-treated HuVEC compared with HuVEC.  
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Fig. 8. CO treatment down-regulated the expression of some genes related to cell growth and apoptosis in SMC and HuVEC. The expressions 
of 6 genes (CASP9, CDK2, MMP1, MMP9, TNFSF13 and VEGF) were significantly down-regulated in CO-treated SMC compared to SMC. The 
expressions of 5 genes (CASP3, CDK2, MMP9, MMP13 and TNFAIP6) were significantly down-regulated in CO-treated HuVEC compared to 
HuVEC. RQ (relative quantity) in each bar represents the mean of 3 samples. Error bars denote SEM. 
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Other studies have reported that low concentra-
tion (50 to 500 ppm) of CO exerted a certain protective 
effect on the cells or in the animal model and had no 
adverse effect on cell viability [19, 24-28]. So in this 
study, we used 250 ppm of CO to treat SMC and 
HuVEC. Interesting, we found that SMC growth was 
obviously arrested after SMC exposed to CO for 5-day 
which are related to the expression of cell growth 
regulation genes, cyclins and cyclin dependent ki-
nases. NGF and NGFRAP1 were down-regulated in 
CO-treated SMC compared with normal cultured 
SMC, which in turn may affect downstream signaling 
related to cell growth and production of cyclin D. And 
CO inhibited the expression of cyclin-dependent ki-
nase inhibitor (p16), which consequently may regulate 
cyclin-dependent kinase 4 activity and affect the 
forming of cyclin D-CDK4 complex, which further 
disturbs Rb phosphorylation and inhibits G1/S tran-
sition at early stage. Furthermore, CDK2 was also 
down-regulated followed by CO exposure, and then 
would further reduce forming of cyclin E-CDK2 
complex, which will inhibit G1/S-phase progress at 
late stage. Therefore, CO regulates SMC G1/S transi-
tion by selectively inhibiting the expression of p16 
and CDK2. As for HuVEC, CO not only induced the 
expression of p16, but also inhibited the expression of 
CDK8, it may affect the formation of cyclin D-CDK4 
complex, consequently blocks the transition from the 
G1 phase to the S phase [29]. Therefore, CO inhibits 
SMC and HuVEC growth by down-regulating the 
expression of cyclin-dependent kinases and cyclins to 
make SMC and HuVEC arrest at G1/S transition by 
partly mediating the p53/Rb signaling pathway. 

Histones play a critical role in transcriptional 
regulation, cell cycle progression, and developmental 
events. Histone acetylation/deacetylation alters 
chromosome structure and affects transcription factor 
access to DNA. For example, myocyte enhancer factor 
2 (MEF2) is related to cell growth and development. 
Lu et al reported that MEF2 mediated synergistic 
transcriptional responses to the CaMK and MAPK 
signaling pathways by signal-dependent dissociation 
from HDACs [30]. In the present study, our results 
demonstrated that up-regulation of MEF2 in SMC 
after CO exposure may cause SMC growth arrest. As 
for HuVEC, the down-regulation of histone deacety-
lase 8 (HDAC8) might inhibit HuVEC growth, effect 
of HDAC8 on cell proliferation has been reported in 
another study [31]. SHC transforming protein 1 
(SHC1) binds to the IGF-1 receptor upon stimulation 
and becomes phosphorylated so that it can bind to 
GRB2 and activate the Ras/MAPK pathway that leads 
to cell proliferation [32]. SHC1 was down-regulated in 
SMC and HuVEC due to CO exposure, which may 

result in SMC and HuVEC growth arrest. Reduced 
expression of replication factor C 3 (RFC3) in HuVEC 
by CO may contribute to HuVEC growth arrest, one 
study proved the similar result [33].  

Interestingly, CO also affected SMC and HuVEC 
apoptosis by regulating the expression of apopto-
sis-associated genes. For example, after SMC was ex-
posed to CO, the expression of CASP9 was decreased, 
which is a member of caspase family of cysteine pro-
teases that have been implicated in apoptosis [34]. In 
contrast, CO down-regulated CASP3 in HuVEC, 
CASP3 is also a member of caspase family that has 
implicated in apoptosis and is activated in the apop-
totic cell both by extrinsic (such as TNF) and intrinsic 
pathways [35]. Another gene, Bcl2-antagonist/killer 1 
(BAK1), in the presence of an appropriate stimulus, 
accelerates programmed cell death by binding to, and 
antagonizing the anti-apoptotic action of Bcl2. BAK is 
required to form pores in the mitochondrial outer 
membrane during apoptotic cell death [36]. The kill-
ing activity of BAK is regulated by other members of 
the Bcl2 family. After CO exposure, BAK1 in SMC was 
down-regulated, so it may block SMC apoptosis. We 
found that growth arrest-specific 1 (GAS1) was in-
creased in CO-treated SMC. Gas1 is often increased 
expression in growth arrested cells and it is involved 
in cell growth suppression [37]. In addition, Gas1 is 
also associated with cell apoptosis [38]. So GAS1 not 
only mediates cell growth but also affects cell apop-
tosis.  

PI3K can block cell apoptosis by regulating pro-
tein kinase B downstream molecule [39]. In this study, 
CO may inhibit SMC apoptosis by up-regulating 
PI3K. Moreover, TRAF3IP1 and TNFSF13 were 
down-regulated by CO in SMC, which might inhibit 
SMC apoptosis by NF-κB signaling pathway [40]. 
BMP2K was down-regulated in CO-treated SMC, 
while BMP2K stimulates apoptosis [41], so CO might 
inhibit SMC apoptosis by down-regulating BMP2K 
NF-κB signaling pathway. In HuVEC, we noticed that 
CASP3 and SMAD7 were down-regulated by CO, 
which may cause HuVEC apoptosis inhibition by 
TGF-β signaling [42]. Furthermore, we found MMP1, 
MMP9 and VEGF were down-regulated by CO ex-
posure in SMC or HuVEC, so CO could also affect 
apoptosis and proliferation of SMC and HuVEC by 
regulating the expression of MMP1, MMP9 and VEGF 
which can modulate cell apoptosis and proliferation 
[43-45].  

In addition, network analysis will provide new 
insights for investigating the effect of CO on vascular 
SMC and epithelial cells. Gene network analysis on 
CO-treated SMC, nearly half of the genes involved 
cell cycle, cell growth and proliferation or cell death 
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were down-regulated. These findings indicate that 
CO inhibits SMC proliferation and apoptosis. For 
example, extracellular gene DKK1 was up-regulated 
by CO treatment. DKK1 consider to be a negative 
regulator of Wnt signaling and plays a crucial role in 
inducing apoptosis [46]. In gene network involved in 
CO-treated HuVEC, about 70% genes were 
down-regulated. Therefore, genes in these networks 
may have mutual influence and coordinate to regulate 
the proliferation and apoptosis of SMC or HuVEC by 
CO treatment.  

Based on the above analysis, our results demon-
strated that besides directly blocking SMC and Hu-
VEC growth, CO also indirectly influenced cell 
apoptosis by regulating the expression of apopto-
sis-associated genes. Vascular cell apoptosis may 
contribute to the remodeling response after vascular 
vessel injury. CO may alleviate the extent of vascular 
cell injury by the prevention of vascular cell prolifer-
ation and apoptosis in local injury of the blood vessel 
wall. Therefore, delivering CO to sites of arterial 
damage may provide a novel therapeutic approach in 
ameliorating vascular damage diseases. The present 
study analyzed the mediating effect of CO on vascular 
SMC and HuVEC, including cell proliferation and 
apoptosis, and we hope the data could provide a hint 
for the further research.  
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