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and 3F). The protein expression of VEGF in injured 
tissues also showed no change in all the groups (data 
not shown). 

CORM-2 Enhanced Proliferation, Adhesion and 
Migration of HUVECs  

It was demonstrated in arterial injury 
experiments that non-injured endothelium near to 
injured area played pivotal role in endothelial 
regeneration[23]. Therefore, we focused on the 
regulation effects of CORM-2 on HUVECs functions. 

Similar to in vivo observation, CORM-2 at the 
concentration from 0 to 10 μmol/L significantly 
enhanced HUVECs migration activity, increased DNA 
synthesis of HUVECs and fibronectin-mediated cell 
number in a dose-dependent manner, and 
significantly increased DNA synthesis and 
fibronectin-mediated cell number of HUVECs over 
control groups (Figure 4A-4C). However, 20 μmol/L 
CORM-2 exerted less pronounced effects on above 
mentioned functional activities of HUVECs compared 
with 15 μmol/L CORM-2 (Figure 4A-4C).  

 

 

Figure 4. Effects of CORM-2 on in vitro HUVECs functions. A, Quantification analysis of HUVECs 
proliferative activity by [3H]thymidine incorporation after incubation with CORM-2 for 24 h. B, 
Representative photograph (×200) and quantification analysis of CORM-2-induced migration of HUVECs. 
C, Quantification analysis of CORM-2-induced adhesion in HUVECs. D, Representative photograph and 
quantification analysis of eNOS phosphorylation of HUVECs. E, Total NO production in the medium of 
HUVECs stimulated with CORM-2 or iCORM-2. F-H, Representative photograph and quantification 
analysis of the phosphorylation of AMPK (F), PKA (G), Akt (H), Akt+LY294002 (I). Compared with normal 
group: *P<0.05, **P<0.01; Compared with CORM-2 group at 15 μmol/L: #P<0.01. 
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PI3K/Akt/eNOS Signal Pathway Participated in 
Regulating HUVECs Functions and NO Generation 
Induced by CORM-2  

 As we know, many biological functions of the 
vascular endothelium are modulated by 
eNOS-derived NO, including migration and adhesion, 
so eNOS-derived NO is recognized as the important 
signaling molecular in vascular biology. Previous 
studies confirmed that there was a cross-talk 
between the gases CO and NO, especially in the 
vasculature[24-25]. Thus, we hypothesized that eNOS 
activation and NO generation might play a crucial 
role in the enhanced functions induced by CORM-2 
in vitro. In our study, it was observed that the 
exposure to 10 μmol/L CORM-2 for 30 min 
remarkably increased eNOS phosphorylation and NO 
generation in HUVECs (Figure 4D and 4E). It is well 
known that eNOS is downstream kinase of 
AMP-activated protein kinase (AMPK), protein kinase 
A (PKA), PKG and PKB (Akt)[26-28]. Thus, we further 
investigated the possible effect of above signaling 
pathways in CORM-2-induced phosphorylation of 
eNOS in HUVECs, and found that AMPK, PKA, and 
PKG activation did not increased (Figure 4F and 4G). 
Interestingly, Akt activation by CO was shown in an 
inconsistent manner in the different cellular models. 
One study reported that in human ECs that CO 
inhibited Akt activation in human ECs[29], whereas 
another study showed that CO increased Akt activity 
in ischemia/reperfusion injury-induced heart of 
rat[30]. Here, we wanted to assess this effect in our 
model. It was observed that treatment with      

10 μmol/L CORM-2 for 30 min induced a rapid Akt 
phosphorylation (Figure 4H), which was abrogated 
by the selective PI3K inhibitor (LY294002) (Figure 4I). 
In addition, blocking PI3K with LY294002 could 
nearly abolish CORM-2-induced eNOS 
phosphorylation and NO generation in HUVECs 
(Figure 5A and 5B). Similarly, the combination of 
PI3K and eNOS inhibitions could also achieve the 
parallel response (Figure 5A and 5B).  

We further investigated whether CORM-2- 
activated PI3K/Akt/eNOS signaling pathway 
contributes to enhanced functions of HUVECs in vitro. 
Unsurprisingly, we found that PI3K or eNOS 
inhibition significantly reduced HUVECs migration 
(Figure 6A) and fibronectin-mediated adhesion 
(Figure 6B) capacities in response to 10 μmol/L 
CORM-2, which was support the hypothesis of 
interaction of CO and NO in vitro in the regulation of 
migration, adhesion of HUVECs, and suggested that 
CO can not only increases Akt phosphorylation but 
also drive activation of eNOS and influence its 
activity to generate NO. We believed that CO 
obviously triggered the activation of PI3K/Akt/eNOS 
pathway, which enhanced in vitro functions of 
HUVECs. 

DISCUSSION 

In this study, it was observed that CORM-2 
inhibited neointima formation and accelerated 
reendothelialization after artery injury. At the same 
time, CORM-2 treatment also augmented the 
number of circulating EPCs and up-regulated serum 

 

 

Figure 5. Effects of PI3K/Akt signaling pathway in CORM-2-induced phosphorylation of eNOS as well as 
NO generation in HUVECs. A, Representative photograph and quantification analysis of eNOS 
phosphorylation of HUVECs. B, Total NO production in the medium of HUVECs stimulated with CORM-2 
or CORM-2 combined with Akt inhibitor (LY-294002) and eNOS inhibitor (L-NAME). Compared with 
CORM-2 group: *P<0.05.
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SDF-1 level and its expression in injured arteries. In 
addition, in vitro experiments found that CORM-2 
could promote the phosphorylation of Akt and eNOS, 
and enhance HUVECs functions including 
proliferation, migration and adhesion. After 
treatment with PI3K inhibitor or eNOS inhibitor, the 
migration and adhesion of HUVECs were marked 
attenuated. It suggested that HUVECs function 
changes induced by CORM-2 were mediated by 
PI3K/Akt/eNOS signaling pathway. 

PCI treatment is commonly performed as a 
therapy for coronary artery disease. However, 
coronary arteries in-stent thrombosis after PCI is a 
critical clinical problem[31]. Many clinical trials and 
animal experiments suggested that 
reendothelialization played a pivotal role in 
preventing in-stent thrombosis, so it is very 
important to find a method to promote injured 
vascular repair. Our study found that 
reendothelialization area was much larger in 
CORM-2 group than that in DMSO and iCORM-2 
groups 5 d later. On day 28, CORM-2 group showed 
significantly reduced intimal thickeness and 
increased luminal area. Previously, Study from 
Wegiel et al. also found that systemic administration 
of inhaled CO (250 ppm) enhanced endothelial 
repair in wire-mediated vascular injury[24]. Wu et al. 
also observed probucol, a pharmacological inducer 
of endogenous CO, could increase 
reendothelialization and decrease neointimal 
thickening after aortic balloon injury in a rabbit 
dietary-probucol model[33]. These results supported 
the hypothesis of CO in preventing negative vascular 
remodeling by promoting endothelium repair. 

 Increasing evidences confirmed the beneficial 
effect of bone marrow-derived EPCs on vascular 
repair, and circulating EPCs mobilized from bone 
marrow could be recruited to injured vascular wall 
and incorporated into nascent endothelium. 

Previous studies have confirmed that systemic 
up-regulation of HO-1 expression or pharmacological 
induced HO-1-derived CO can mobilize EPCs from 
bone marrow into circulation and participate in 
reendothelialization[32-33]. Our flow cytometry data 
showed that CORM-2 also increased the number of 
CD34+/Flk-1+ cells, indicating that exogenous CO 
might directly promote EPCs mobilization or 
proliferation. Indeed, the study of Deshane et al 
showed that the treatment with CORM-2 could 
enhance SDF-1-induced EPCs migration, a key event 
in reendothelialization[19]. Another report showed 
that exogenous administration of CO could augment 
the number of EPCs colonies, and induce the 
differentiation of EPCs into mature ECs[24]. All of 
these results proved that EPCs mediated the 
protective effect of CO on injured vascular.  

As VEGF and SDF-1 are two major angiogenic 
factors involving EPCs mediated neovascularization 
and reendothelialization, several earlier findings 
showed that up-regulation of HO-1 in cardiac 
enhanced the induction of SDF-1 and VEGF in 
ischemic heart[22,34]. An administration of CO led to 
higher circulating levels of SDF-1 and VEGF[32]. 
Moreover, blocked SDF-1 and VEGF with neutralizing 
antibodies significantly inhibited HO-1/CO-induced 
c-kit+ stem cells recruitment in mycadial infarction 
areas, and attenuated neovascularization-mediated 
cardiovascular protection[22], supporting the theory that 
VEGF and SDF-1 are involved in HO-1/CO-mediated 
cardiovascular repair. In order to explore whether 
CO has similar effect in this study, further 
experiment was conducted to test the role of 
CORM-2. The result showed that injection of 
CORM-2 for 5 d consecutively led to the markedly 
elevated serum level of SDF-1 rather than VEGF. In 
parallel, the protein expression of SDF-1 in injured 
vessel was also significantly increased on day 5 after 
balloon injury, indicating that SDF-1 could mediate 

 

 

Figure 6. PI3K/Akt/eNOS signaling blockade inhibits in vitro functions of HUVECs treated with CORM-2. 
A-B, Quantification analysis of adhesion (A) and migration (B). Compared with CORM-2 group: *P<0.05. 
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the enhanced vascular protection by CO. Previous 
studies on various diseases have revealed multiple 
pathways contributing to protective effects of CO. 
CO has been shown to activate transcriptional 
factors HIF-1α, STAT, SP-1, and signaling molecular 
MAPK family, Akt and sGC[6]. A study confirmed that 
activator protein 2α (AP-2α) is a potential 
transcriptional factor of SDF-1 gene expression, 
Akt-dependent upregulation of AP-2α is essential for 
CO-induced SDF-1 expression involving in myocardial 
repair[35]. However, whether Akt/AP-2α pathway 
mediates CO-induced SDF-1 expression needs 
further evaluation.  

It is well known that endothelialization was 
mainly due to endothelial repair of mature ECs near 
to injured area[23,5]. Our Evans blue staining images 
showed that blue area disappeared step by step 
from boundary of the injury region and white area 
became larger and larger, indicating that ECs moved 
from border area to wound area. In addition, our in 
vitro experiments showed that the proliferation, 
migration and adhesion of HUVECs were significantly 
enhanced by CORM-2 in a dose-dependent manner, 
but this phenomenon was not observed in DMSO 
and iCORM-2-treated groups. Li et al. previously 
reported a similar phenomenon that adding CO into 
human microvessel ECs could exert proangiogenic 
response in Matrigel Matrix plus, and capillary 
sprouts from ECs was impaired due to HO-1 
knockout, but it was reversed by the administration 
of CORM[36]. From these data, we can conclude that 
CO exerts multiple beneficial effects on ECs functions, 
and these data also support our in vivo observation 
that CORM-2 promotes vascular repair after arterial 
injury. 

Previous studies showed that eNOS-derived NO 
played a critical role on CO-mediated restoring 
homeostasis[24]. In the heart, CO protected against 
cardiac ischemia-reperfusion injury and increased 
eNOS activity. In the lung, CO could reverse 
established pulmonary arterial hypertension and its 
induced-right ventricular hypertrophy, which was 
abrogated in eNOS knockout mice. These results 
indicated that eNOS might also be an important 
target for CO in ECs. In this study, it was observed 
that CO enhanced ECs proliferation, migration and 
adhesion, activated eNOS phosphorylation and 
increased NO production. In addition, inhibiting PI3K 
or eNOS could reduce in vitro migration, adhesion of 
ECs induced by CORM-2, and attenuate 
CORM-2-induced NO generation. These data 
suggested that PI3K/Akt/eNOS signaling pathway 

might participate in regulating CO-induced in vitro 
ECs functions. Beside, some studies showed that 
many stimulation or drug intervention such as 
adiponectin, statin and shear stress could also 
activate eNOS phosphorylation, which could be also 
regulated by AMPK and PKA[26,37]. However, it was 
not observed that CORM-2 could activate AMPK and 
PKA in this study, indicating that eNOS 
phosphorylation induced by CORM-2 was regulated 
by PI3K/Akt pathway rather than AMPK, PKA 
pathway. 

 In conclusion, this study confirmed for the first 
time that CORM-2, a novel lipid soluble molecule of 
CO, could promote post-injury endothelium repair 
and enhance ECs proliferation, migration and 
adhesion partly via activating PI3K/Akt/eNOS 
signaling pathway, indicating that CORM-2 
administration prior to PCI might exert the clinical 
vascular protective benefit by promoting 
reendothelialization, and PI3K/Akt/eNOS signaling 
pathway might act as the potential important 
intervention target in endothelial repair after 
vascular injury. It is necessary to conduct more 
studies to further confirm the observations 
mentioned above. 
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