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Abstract. Neuregulin‑1 (NRG‑1) is a positive regulator of 
angiogenesis, which suggests there may be an association 
between NRG‑1 and angiogenic factors. The aim of the present 
study was to investigate the effect of treating human cardiac 
microvascular endothelial cells (HCMECs) with angiogenic 
factors on NRG‑1 expression and secretion. HCMECs were 
cultured and stimulated with vascular endothelial growth 
factor (VEGF; 100 ng/ml), angiopoietin (Ang)‑1 (100 ng/ml) 
or Ang‑2 (100 ng/ml) under normal or hypoxia/serum depriva-
tion (Hypo/SD) conditions for 24 h. The expression of ErbB 
receptors and NRG‑1 in HCMECs was measured by western 
blot analysis and the secretion of NRG‑1 in HCMECs was 
determined by ELISA. The results demonstrated that ErbB2, 
ErbB3 and ErbB4 were expressed in HCMECs and that ErbB2 
expression levels were notably higher than those of ErbB3 and 
ErbB4. Under normal culture conditions the expression and 
secretion of NRG‑1 was significantly increased in HCMECs 
treated with VEGF or Ang‑1 (P<0.05), however levels signifi-
cantly decreased in HCMECs treated with Ang‑2 (P<0.05). 
Under Hypo/SD conditions the expression and secretion 
of NRG‑1 significantly increased (P<0.05) and VEGF or 
Ang‑1 treatment significantly increased these effects further 
(P<0.05). Conversely Ang‑2 treatment significantly decreased 
these effects (P<0.05). The expression and release of NRG‑1 
were significantly increased in HCMECs with VEGF or Ang‑1 
treatment (P<0.05), which suggests that VEGF and Ang‑1 
may regulate myocardial angiogenesis and survival via the 
NRG‑1/ErbB signaling pathway.

Introduction

Neuregulin‑1 (NRG‑1) is a member of the epidermal growth 
factor family. Its receptors are the ErbB family of tyrosine 
kinase transmembrane receptors, including the ErbB2, ErbB3 
and ErbB4. In the heart, NRG‑1 is synthesized and released 
by the endocardial and cardiac microvascular endothelium (1). 
NRG‑1 is essential for the development of the cardiovascular 
system and the maintenance of adult heart function  (2,3). 
Recently, growing evidence indicates that NRG‑1 is a posi-
tive regulator of angiogenesis (4,5). Russell et al reported that 
NRG‑1 and ErbB receptors are expressed in vascular endo-
thelial cells, and NRG‑1 treatment can induce angiogenesis of 
endothelial cells in vitro (6). Hedhli et al reported that NRG‑1 
of endothelial production is necessary for angiogenesis and 
arteriogenesis induced by femoral artery ligation, and exog-
enous administration of NRG‑1 can enhance this process (7). 
Xiao  et  al reported elevated expression of NRG‑1 can 
increase the number of micro‑vessels formed in the ischemic 
myocardium (8).

Angiogenesis is a highly regulated process requiring 
coordinated signaling events among a variety of angiogenic 
factors. Vascular endothelial growth factor (VEGF), 
angiopoietin‑1 (Ang‑1) and angiopoietin‑2 (Ang‑2) play 
essential roles in angiogenesis. Both Flk1 and Tie‑2 receptors 
are exclusively expressed in endothelial cells. The VEGF/Flk1 
signal system takes the lead in new vessel formation, and 
Ang‑1/Tie‑2 signal system plays a critical role in vascular 
maturation and stabilization. Notably Ang‑2 represents a 
natural Ang1/Tie2 inhibitor, may cause destabilization and 
initiate neovascularization (9).

Our previous study demonstrated that serum NRG‑1β levels 
are positively correlated with serum VEGF and Ang‑1 levels 
in patients with diabetes or unstable angina pectoris (10). It has 
been reported that NRG‑1 stimulation can increase the expres-
sion and secretion of VEGF in tumor cells (11) and endothelial 
cells (12). Nakaoka et al reported that NRG‑1 stimulation can 
increase mRNA expression of Ang‑1 in the heart (13). There 
may be a relationship between NRG‑1 and these angiogenic 
factors. However, it is not clear whether stimulation with 
these angiogenic factors can increase NRG‑1 production in 
endothelial cells. With this possibility in mind, the aim of 
this study was to investigate the effects of angiogenic factors 
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treatment on the expression and secretion of NRG‑1 in human 
cardiac microvascular endothelial cells (HCMECs) under 
normal or hypoxia/serum deprivation (Hypo/SD) culture 
conditions.

Materials and methods

Cells and reagents. HCMECs were obtained from ScienCell 
Research Laboratories (Carlsbad, CA, USA); anti‑ErbB2 rabbit 
monoclonal antibody, anti‑ErbB3 rabbit monoclonal antibody 
and anti‑ErbB4 rabbit monoclonal antibody were obtained 
from Cell Signaling Technology, Inc. (Danvers, MA, USA); 
anti‑NRG‑1 rabbit polyclonal antibody was obtained from 
R&D Systems (Minneapolis, MN, USA); anti‑GAPDH rabbit 
polyclonal antibody was obtained from Signalway Antibody 
LLC (College Park, MD, USA); VEGF and Ang‑1 were 
obtained from ProSpec‑Tany TechnoGene Ltd. (Nessziona, 
Israel); Ang‑2 was obtained from Peprotech (Oak Park, CA, 
USA); NRG‑1β ELISA kit was obtained from RayBiotech 
(Norcoss, GA, USA). Myocardial tissues of rat were obtained 
from our laboratory.

HCMECs culture and grouping. Primary HCMECs from 
liquid nitrogen were completely thawed in a 37˚C water 
bath. The cells were cultured in 25 cm2 culture flasks with 
endothelial cell medium (ScienCell Research Laboratories) 
supplemented with 10% fetal bovine serum (FBS) in a 37˚C 
and 5% CO2 incubator. Medium was changed every 3 days. 
At confluence the cells were passaged. In all experiments, 
cells from the 4th passage were used. According to the need 
of tests, cells were stimulated with VEGF (100 ng/ml), Ang‑1 
(100 ng/ml) or Ang‑2 (100 ng/ml) under normal or Hypo/SD 
conditions for 24 h. Hypo/SD represents both of components 
in ischemia in vivo. In our model of Hypo/SD, cells were 
incubated in a modular incubator chamber and infused with 
mixed gas (95% N2 and 5% CO2) at 37℃ and O2 <0.5%. Under 
normal culture condition, experimental cells were divided 
into four groups, including control group, VEGF treatment 
group, Ang‑1 treatment group and Ang‑2 treatment group. 
Under Hypo/SD condition, experimental cells were divided 
into five groups, including control group, Hypo/SD group, 
Hypo/SD+VEGF treatment group, Hypo/SD+Ang‑1 treatment 
group and Hypo/SD+Ang‑2 treatment group.

Western blot analysis. Cells were harvested into 1.5  ml 
micro‑tubes, RIPA buffer with PMSF (0.1 mM) was added 
immediately, then protein extraction and quantification were 
performed. Total protein was fractionated by SDS gel elec-
trophoresis and transferred to a visualization membrane. The 
membrane was blocked with 5% nonfat milk for 1 h at room 
temperature followed by overnight incubation at 4˚C with 
primary antibodies. Primary antibody binding was detected 
using a horseradish peroxidase conjugated secondary antibody 
and an enhanced chemiluminescence detection system (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Membrane bands 
were analyzed using Image‑analysis software (Quantity One; 
Bio-Rad Laboratories, Inc., Hercules, CA, USA).

ELISA analysis. The same quantity of HCMECs were plated 
in each 25 cm2 culture flask and cultured in an incubator as 

previously described. After 48 h, the culture medium (the same 
volume each flask) was changed. Under normal or Hypo/SD 
culture conditions, cells were cultured with VEGF, Ang‑1 
or Ang‑2 treatment for 24 h. This conditioned medium was 
then collected and concentrated using 3kD Amicon Ultra‑15 
Centrifugal Filter Units (EMD Millipore, Billerica, MA, USA). 
The remaining concentrated medium (250 µl) was transferred 
to another tube and stored at ‑80℃ until use. NRG‑1β secreted 
in the HCMECs culture medium was detected by a commer-
cially available ELISA kit according to the manufacturer's 
protocol. Standards or samples (100 µl), detection reagent, 
substrate solution and stop solution were sequentially pipette 
into wells and incubated with repeated washing. The reaction 
product was analyzed spectrophotometrically at 450 nm with 
a plate reader, and sample values were calculated using a stan-
dard curve.

Statistical analysis. Numerical values are expressed as the 
mean ± standard deviation. The data were analyzed using the 
SPSS 16.0 statistic software package (SPSS, Inc., Chicago, 
IL, USA). One‑way analysis of variance was performed, and 
post hoc multiple comparisons were conducted with S‑N‑K. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

ErbB receptors were expressed in HCMECs. It is well estab-
lished that NRG‑1 is expressed in HCMECs, but there are 
no studies reporting whether ErbB receptors are expressed 
in HCMECs. To this end, we screened for the expression of 
ErbB2, ErbB3 and ErbB4 receptors in HCMECs using western 
blot. Since ErbB receptors are expressed in myocardial tissues, 
so myocardial tissues of rat were used as a positive contrast. 
Western blot results showed all three ErbB receptors were 
expressed in HCMECs, and ErbB2 expression levels were much 
higher than ErbB3 and ErbB4 expression levels. However, 
ErbB4 expression levels were much higher than ErbB2 and 
ErbB3 expression levels in myocardial tissues (Fig. 1).

NRG‑1 expression was regulated by angiogenic factors. We 
examined the effects of VEGF, Ang‑1 and Ang‑2 treatment 
on NRG‑1 expression in HCMECs under normal or Hypo/SD 
conditions. Under normal culture condition, NRG‑1 expression 
was significantly increased in the VEGF treatment group and 
Ang‑1 treatment group, but significantly decreased in Ang‑2 
treatment group as compared with that of the control group 
(P<0.05; Fig. 2A). Under Hypo/SD condition, Hypo/SD stimu-
lation significantly increased NRG‑1 expression, and VEGF 
or Ang‑1 treatment significantly further increased NRG‑1 
expression, but Ang‑2 treatment significantly decreased 
NRG‑1 expression (P<0.05; Fig. 2B).

NRG‑1 secretion was regulated by angiogenic factors. We 
further examined the effects of VEGF, Ang‑1 and Ang‑2 
treatment on NRG‑1β secretion in HCMECs under normal 
or Hypo/SD conditions. Under normal culture condition, 
the results demonstrated that VEGF or Ang‑1 treatment 
significantly increased NRG‑1β secretion, but Ang‑2 treat-
ment significantly decreased NRG‑1β secretion (P<0.05; 
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Fig. 3A). Under Hypo/SD condition, the results demon-
strated that Hypo/SD stimulation significantly increased 
NRG‑1β secretion, and VEGF or Ang‑1 t reatment 

significantly further increased NRG‑1β secretion, but 
Ang‑2 treatment significantly decreased NRG‑1β secretion 
(P<0.05; Fig. 3B).

Figure 1. ErbB receptors were expressed in HCMECs. (A) The shape of the 4th passages HCMECs under a phase contrast microscope (magnification, x100). 
(B) ErbB2, ErbB3 and ErbB4 were expressed in HCMECs, MCs were used as a positive contrast. HCMECs, human cardiac microvascular endothelial cells; 
MC, rat myocardial tissue.

Figure 2. NRG‑1 protein expression in HCMECs in different groups. (A) NRG‑1 protein expression in HCMECs with angiogenic factors stimulation under 
normal conditions. (B) NRG‑1 protein expression in HCMECs with angiogenic factors stimulation under Hypo/SD conditions. *P<0.05 vs. the control group; 
#P<0.05 vs. the Hypo/SD only group. HCMECs, human cardiac microvascular endothelial cells; NRG‑1, neuregulin‑1; Hypo/SD, hypoxia/serum deprivation.

Figure 3. NRG‑1β secretion in HCMECs in different groups. (A) NRG‑1β secretion in HCMECs with angiogenic factors stimulation under normal conditions. 
(B) NRG‑1β secretion in HCMECs with angiogenic factors stimulation under Hypo/SD conditions. *P<0.05 vs. the control group; #P<0.05 vs. the Hypo/SD only 
group. HCMECs, human cardiac microvascular endothelial cells; NRG‑1β, neuregulin‑1β; Hypo/SD, hypoxia/serum deprivation.
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Discussion

This study reported, for the first time, the effects of angiogenic 
factors treatment on the expression and secretion of NRG‑1 in 
HCMECs. Results demonstrated that ErbB2, ErbB3 and ErbB4 
receptors were expressed in HCMECs, and the expression 
and secretion of NRG‑1 in HCMECs were upregulated by 
Hypo/SD, VEGF or Ang‑1 treatment, but were downregulated 
by Ang‑2 treatment.

HCMECs can directly interact with adjacent cardiomyo-
cytes and are the main cells‑type involved in angiogenesis. 
Through autocrine and paracrine regulation, HCMECs can 
increase cardiac angiogenesis and of myocyte survival. 
Growth factors, such as Angs, VEGF and NRG‑1, are involved 
in these interactions. In the heart, NRG‑1 is synthesized and 
released by the endocardial and cardiac microvascular endo-
thelium (1,2). Hedhli et al have reported that NRG‑1 plays an 
important role in cardiac myocyte protection and angiogenic 
responses to ischemia injury, and NRG‑1 secretion is signifi-
cantly increased in cardiac endothelial cells in response to 
hypoxia (14). Our study also showed the expression and secre-
tion of NRG‑1 were increased in HCMECs with Hypo/SD 
stimulation. Hypo/SD mimics the environments of ischemia 
in vivo. This result is also consistent with the findings of 
previous in vivo studies. Kuramochi et al reported that NRG‑1 
released from the endothelium is acutely promoted in models 
of ischemia/reperfusion (15). Ky et al reported that circulating 
NRG‑1 levels are increased in chronic heart failure of ischemic 
but not of non‑ischemic etiology (16). Geisberg et al reported 
plasma NRG‑1β levels were statistically higher in patients with 
stress‑induced ischemia, and NRG‑1β levels were inversely 
correlated with ischemia severity (17). These findings suggest 
that ischemia may be an important trigger for endothelial 
NRG‑1 synthesis and release.

Our results further illustrate that VEGF or Ang‑1 treat-
ment can increase the expression and secretion of NRG‑1 in 
HCMECs, but Ang‑2 treatment has opposite effect. Regulated 
cleavage and release of transmembrane growth factors have 
been recognized as a common and important mechanism for 
autocrine and paracrine signaling. Kalinowski et al reported 
that pro‑forms of NRG‑1 can be cleaved by TNF converting 
enzyme in response to the inflammatory cytokines IL‑6 and 
IFN  (18). Lemmens et  al reported that mechanical strain 
increases endothelial NRG‑1 synthesis and release, but angio-
tensin II and adrenergic agonists decrease endothelial NRG‑1 
synthesis and release (1,19).

The mechanisms of the inverse relationship of Ang‑2 on 
NRG‑1 are not clear. Although Ang‑1 and Ang‑2 share similar 
binding affinities for the Tie2 receptor, they have opposing 
effects on receptor activation. Ang‑1 induces receptor phos-
phorylation and contributes to blood vessel stabilization. The 
roles of Ang‑2 in angiogenesis are complicated, depending on 
the availability of VEGF. In general, Ang‑2 antagonizes the 
actions of Ang‑1 and is associated with blood vessel growth 
or regression (20). Previous studies have reported that NRG‑1 
stimulation can increase the expression of VEGF and Ang‑1 in 
different kinds of cells (10‑12). This is the first report regarding 
the effect of angiogenic factors treatment on the expression 
and secretion of NRG‑1, but the limitation of this study is that 
we only investigated the effect of an angiogenic factor alone. 

These results suggest VEGF and Ang‑1 may increase myocar-
dial angiogenesis and survival via NRG‑1/ErbB signaling.

Russell et al demonstrated that ErbB2, ErbB3 and ErbB4 
are expressed in human umbilical vein endothelial cells and 
the ErbB2 expression levels are the highest among three ErbB 
receptors (6). Lok et al reported ErbB2 and ErbB3 receptors 
are expressed in brain endothelial cells, but ErbB4 was not 
detected (21). Zhao et al reported that ErbB4 expression is 
quite prominent in cardiac myocytes, while ErbB2 is only 
barely detectable and ErbB3 is not detectable (22). This study 
reported, for the first time, that three ErbB receptors are 
expressed in HCMECs, and ErbB2 expression levels are higher 
than the expression levels of ErbB3 and ErbB4. However, 
ErbB4 expression levels were much higher than ErbB2 and 
ErbB3 expression levels in myocardial tissues. This results are 
consistent with previous studies.

NRG‑1 binds with high affinity only to ErbB3 and ErbB4, 
but can very efficiently activate ErbB2 as a heterodimer 
with either receptor. Hedhli et al found three ErbB recep-
tors are expressed in human coronary artery smooth muscle 
cells (SMC)  (4), and this study found HCMECs express 
both NRG‑1 and ErbB receptors. So these findings indicate 
HCMECs and SMC can participate in both autocrine and 
paracrine regulation via NRG‑1/ErbB signaling, an important 
potential mechanism for regulation of vascular responses. 
ErbB2 and ErbB4 are expressed in cardiomyocytes, the 
crosstalk between endothelial cells and cardiomyocytes via 
this pathway can have profound effects on myocardial func-
tion and survival (23).

In conclusion, the expression and release of NRG‑1 are 
increased in HCMECs in the presence of VEGF or Ang‑1, 
demonstrating that VEGF and Ang‑1 may regulate myocardial 
angiogenesis and survival via NRG‑1/ErbB signaling.
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