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Abstract: Background: To study the effects of neuregulin on human umbilical vein endothelial cells (HUVEC) protec-
tion. Methods: The HUEVC were cultured and divided into three different groups according to their culture condi-
tions. In negative control group (group A), HUVEC were cultured in dulbecco modified eagle medium (DMEM) supple-
mented with 25 mmol/L glucose and neuregulin (10 ng/ml, 100 ng/ml, and 1000 ng/ml, respectively) for 48 hr.
In experimental group (group B), HUVEC were cultured in DMEM with 75 mmol/L glucose and neuregulin (10 ng/
ml, 100 ng/ml, and 1000 ng/ml, respectively) for 48 hr. In positive control group (group C), HUVEC were cultured in
DMEM supplemented with 75 mmol/L mannitol, 25 mmol/L glucose, and neuregulin (10 ng/ml, 100 ng/ml, and
1000 ng/ml, respectively) for 48 hr. This study aimed to observe the cell morphology in different HUEVC groups and
analyze apoptosis in each group via characterizing and detecting the protein expressions of CD98hc, p38, and JNK.
Results: Significant differences in cell morphology were observed in the experimental group when compared with
the control groups. In the experimental group, the degree of apoptosis was negatively related to the neuregulin con-
centration; CD98hc protein concentration was positively related to neuregulin concentration; JNK protein concen-
tration was positively related to neuregulin concentration. However, there was no significant relationship between
p38 protein expression and the concentration of glucose in the medium. Conclusion: Neuregulin could inhibit the
apoptosis of HUEVC through the activation of MAPK signaling pathway via activating CD98hc expression.
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Introduction

Diabetes mellitus (DM), a chronically progres-
sive disease, is a growing public health problem
worldwide. In recent years, the number of
patients diagnosed with DM is growing rapidly
and is expected to increase continuously due to
the rapid socio-economic development and
improved living standards. According to the sta-
tistics obtained by World Health Organization,
there are more than 150 million people who
have been diagnosed with DM worldwide [1].
The number of patients with DM had reached
246 million by 2007, which is anticipated to be
300 million by 2030 [1]. Currently the number
of patients with DM in China is the second larg-
est in the world, which is only smaller than that
in India. Based on the statistics obtained from
the survey carried out by Chinese Ministry of
Health, there are about 3,000 new cases con-

firmed of DM every day, with an increase of
about 1.2 million cases annually [2]. Meanwhile,
type 2 DM accounts for about 95% cases.
Moreover, cardiovascular complications are
considered as the main severe complications of
DM, which cause high mortality and poor
prognosis.

Neuregulins (NRGs), which are also termed
heregulins or acetylcholine receptors, are origi-
nally known as splice variants derived from a
single gene [3]. Neuregulin-lbeta, which is
expressed in the cardiac microvascular endo-
thelium, is indispensable for cardiac develop-
ment, the maintenance of cardiac myofibril
structures, survival and growth of cardiomyo-
cyte and functional integrity of the adult heart.
Neuregulinl proteins are members of the epi-
dermal growth factor (EGF) family, which are
ligands for the ErbB receptor tyrosine kinases
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(RTKs). They promote the growth and survival
of cardiomyocytes through the activation of
ErbB2 and ErbB4 RTKs. Consequently, neureg-
ulins and their receptors are of profound impor-
tance in both the developing and maintaining
the adult cardiovascular system [4]. A lot of
published data demonstrated that exogenous
administration of NRG resulted in activation of
ErbB receptors which were cardioprotective.
Because endothelium appears to be the major
source of NRG in heart, many investigators
speculated that this endothelial-derived NRG
played a key role in the setting of cardiac inju-
ries in vivo.

Apoptosis, known as a programmed cell death
resulting from acute cellular injuries, plays an
important role in the maintenance of normal
cell proliferation. Recent studies demonstrated
that vascular endothelial cell apoptosis was
closely associated with cardiovascular compli-
cations of DM [5]. Endothelial dysfunction has
been implicated in the development of athero-
sclerosis, thrombosis and hypertension.
Vascular endothelial cells are crucial in regulat-
ing the vasomotor movements and preventing
the adhesion of platelets and blood cells, there-
fore are functional in inhibiting thrombosis and
controlling cell growth and proliferation of vas-
cular smooth muscle cells [6]. Atherosclerotic
cardiovascular complications of DM induced by
hyperglycemia are frequently observed in
patients with DM, which is initiated by the cer-
tain gene expressions and their subsequent
product generations, therefore leading to sig-
nificant structural changes in vascular endothe-
lial cells.

Hyperglycemia has been recognized as a pri-
mary factor in endothelial barrier dysfunction
and in the development of micro- and macro-
vascular diseases associated with DM, but the
underlying biochemical mechanisms remain
elusive. Several potential signaling pathways
are suspected to be involved in this high-glu-
cose induced endothelial dysfunction, includ-
ing the up-regulation of adhesion molecules
(e.g. vascular cell adhesion molecule-1 and
intercellular adhesion molecule-1) expression,
down-regulation of adiponectin  receptor
expression, repression of the expressions of
matrix metalloproteinases, oxidative stress,
increased glycosylation of non-enzymatic pro-
teins, enhanced secondary lipid metabolism
and activated protein kinase C signaling path-
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way. These potential pathways could partially
elucidate the pathology of vascular complica-
tions of DM to some extent, but also could be
beneficial in identifying novel therapeutic tar-
gets for the prevention of cardiovascular com-
plications of DM. Furthermore, establishing
and elucidating the underlying mechanisms of
cardiovascular complications of DM is of pro-
found importance to set up clinically innovative
therapeutic strategies for addressing diabetic
complications, improving the prognosis for
patients with DM.

Materials and methods
Materials

Neuregulin was provided by Zensun (Shanghai)
Sci & Tech Co., Ltd. Human umbilical vein endo-
thelial cells (HUVECs) were purchased from
Nanjing Jiancheng Bioengineering Institute.
The Cell Counting Kit was purchased from
Beyotime Institute of Biotechnology. Annexin-V-
FLUOS kit was obtained from Shanghai Roche
Pharmaceuticals Ltd. CD98 antibody was pur-
chased from Santa Cruz Biotechnology. p38
antibody and JNK1/2/3 antibodies were
obtained from Zhenjiang Hope Biotechnology
Co., Ltd.

Methods

The apoptosis of HUVEC was measured by flow
cytometry using annexin V and propidium
iodide: HUVECs were seeded in six-well plates
with a seeding density of 5 x 10° cells/well and
were grown to 80% confluence. The cells were
classified into three groups: DMEM supple-
mented with A) 25 mmol/L glucose; B) 75
mmol/L glucose; C) 75 mmol/L mannitol, 25
mmol/L glucose under different neuregulin
treatments (10 ng/ml, 100 ng/ml, and 1000
ng/ml, respectively). Cells were grown in an
incubator at 37°C with 5% CO,, for 48 h. Cells
were washed three times with Phosphate
Buffered Saline (PBS), and then harvested with
1 x trypsin solution. The trypsinized cells were
centrifuged at 1000 r/min for 3 min and were
resuspended in 100 ml Annexin-V-FLUOS solu-
tion by pipetting up and down thoroughly. The
cells were then incubated at room temperature
for 10 min and were washed with PBS for two
times. Finally, the concentration of the cell
lysates were normalized and diluted using lysis
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buffer and cells were assessed by flow cytom-
etry under appropriate conditions using CELL
Quest Software following manufacturer’s
instructions.

The flow cytometry analysis of CD98: HUVECs
were plated in 6-well plates for 48 hours and
harvested as previously described. Then the
trypsinized cells were centrifuged at 1000 r/
min for 3 min and resuspended by pipetting.
The concentrations of cell lysates were normal-
ized by PBS followed by cell fixation with 75%
ethanol for 2 hours. Anti-Human CD98hc FITC
was added into the 200 ml cell lysates and
maintained in dark for 45 min at room tempera-
ture. Flow cytometry experiments were carried
out using flow cytometry (Accuri C6, BD,
America), followed by analysis with CELL Quest
Software.

CD98 expression was observed by confocal
microscopy: HUVECs were grown in six-well
plates on sterile glass coverslips (5 x 10° cells/
well) until 80% confluence was attained. Cells
were maintained in an appropriate medium and
placed in an incubator at 37°C under 5% CO,
for 48 h. Cells were washed three times with
PBS followed by 15-min fixation with 4% para-
formaldehyde at 25°C. Cells were then washed
twice with PBS, followed by blocking and per-
meabilizing with PBST [3% H,0,, 0.1% Triton-X,
PBS] for 15 min. Cells were then washed with
PBS for 5 min. This was followed by an over-
night incubation with primary antibody (CD98)
at 4°C with shaking. Again, cells were rinsed
with PBS for three times followed by treatment
with secondary antibody Cy3 (Abcam, UK) at
37°C for 1 h. Finally, cells with immunofluores-
cent staining were visualized using fluores-
cence microscope (IX71, OLYMPUS, JAPAN) and
images were processed using Image J software
(National Institute of Health, Bethesada,
Maryland, USA).

Characterizing of the expression of p38 and
INK1/2/3 by Western Blot: HUVECs were grown
as previously described in an incubator at 37°C
with 5% CO, for 48 hours and approximately
80% confluence was attained. Then the culture
medium was removed, and cells were washed
with PBS and added physiological saline or
serum-free medium instead. Cells were then
lysed with RIPA lysis buffer (250 ml) by pipet-
ting up and down as per manufacturer’s instruc-
tions. The cell lysates were shaken gently for
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10 min, leaving on ice for 2 h. The cell lysates
were centrifuged at 13,300 rpm for 10 min at
4°C and the supernatant was collected. The
protein concentration of each sample was
examined by Bicinchoninic Acid protein assay
(Thermo Scientific) following the manufactur-
er’'s instructions.

25 mg protein was added to an equal volume of
2 x |loading buffer [0.5 M Tris-HCI (pH6.8), 20%
Glycerol, 10% sodium dodecyl sulphate, 2%
2-mercaptoethanol and 0.1% Bromophenol
Blue] and boiled for 5 minutes at 90°C. The
denatured proteins were resolved by 8% or
12% sodium dodecyl sulphate polyacrylamide
gel electrophoresis using a Mini-Protean elec-
trophoresis system (Bio-Rad, Berkeley, CA,
USA). The separated proteins were then trans-
ferred onto a nitrocellulose membrane (Bio-
Rad) at 100 volts for 1 h using a Mini-TransBlot
system (Bio-Rad). The membranes were then
blocked with 5% skimmed milk in PBS for detec-
tion of proteins, for 1 h at room temperature
with shaking. The membranes were incubated
with primary antibodies against to p38 and
INK1/2/3, respectively, at 4°C overnight. The
blots were then washed three times, for 5 min
each, with PBS prior to incubation with an
appropriate horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room
temperature. The blots were washed as before
and proteins were visualized using Millipore™
Immobilon™ Western Chemiluminescent HRP
Substrate system (Millipore Corporation,
Billerica, MA, USA) as per manufacturer’'s
instructions. The blots were developed on pho-
tographic film using Kodax SRX SRX2200
(Rochester, NY, USA).

Statistical analysis: Statistical analysis was
carried out using SPSS 13.0 software and data
were presented as mean + standard error of
the mean (mean + SEM). The analysis of vari-
ance was performed using one-way ANOVA to
compare the mean values of different groups,
and using t test to compare the mean values
between two groups. And the P value less than
0.05 was considered statistically significant.

Results

The changes in morphology of HUVEC after
treatments with Neuregulin

Firstly, Figure 1 demonstrated that the HUVECs
maintained in medium supplemented with 25
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Figure 1. HUVECs in group A and B were observed to grow well with clear boundaries and in a pattern of cobblestone-
like. A significant reduction of HUVECs had been found in group C and the gaps among cells were bigger. A. GLU 25
mmol/L+neuregulin10 ng/L; B. GLU 25 mmol/L+neuregulin100 ng/L; C. GLU 25 mmol/L+neuregulin1000 ng/L.

Figure 2. The cells maintained with neuregulin-intervention were presented with a better morphology and reduced
number of dead cells. Therefore, neuregulin had a protective effect on HUVECs proliferation. A. GLU 75 mmol/
L+neuregulin10 ng/L; B. GLU 75 mmol/L+neuregulin100ng/L; C. GLU 75 mmol/L+neuregulin1000 ng/L.

Figure 3. Cells of Group A were observed to have narrower cell gaps and most cells were suspected to have dam-
aged cell membranes. Cells of group B were partially seen to be shrunk with irregular shapes. Group C cells were
observed to have relatively high growth rate and maintain the normal spindle shape as compared to cells in Group
A and B. A. Mannitol 75 mmol/L+neuregulin10 ng/L; B. Mannitol 75 mmol/L+neuregulin100ng/L; C. Mannitol 75

mmol/L+neuregulin1000 ng/L.

mmol/L glucose and treatments of neuregulin
at specific concentrations, respectively. Cells in
negative control group A and group B grew well
and clear boundaries were visualized, arrang-
ing in a pattern of cobblestone-like. In contrast,
the number of cells in Group C was significantly
reduced with wider cell gaps (Figure 1). Figure
2 was presented to show the cells maintained
in medium with 75 mmol/L glucose as well as
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the addition of neuregulin. In this case, clear
boundaries were also observed in cells of group
A and B, growing in cobblestone-like pattern.
An obvious reduction of HUVECs in group C had
been found with enlarged gaps among cells
(Figure 2). In the presence of mannitol (75
mmol/L), on the other hand, most of HUVECs
with neuregulin (10 ng/L) were observed to
have narrower gaps between cells and the cell
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Figure 4. The HUVECs were cultured with the medium supplemented with glucose at 25 mmol/L, which was op-
timized for cell growth. However, the combination with neuregulin treatments (10, 100, 1000 ng/L, respectively)
would all cause an increase of osmotic pressure, leading to an enhancement in cell apoptosis. A. GLU 25 mmol/
L+neuregulin10 ng/L; B. GLU 25 mmol/L+neuregulin100 ng/L; C. GLU 25 mmol/L+neuregulin1000 ng/L.
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Figure 5. In the presence of relatively high concentration of glucose (75 mmol/L) combined with neuregulin (10
ng/L), the apoptosis rate of cells in group A was 26.9%. As the concentration of neuregulin increased in Group B
(100 ng/L), the apoptosis rate was enhanced remarkably to 67.8%. By contrast, neuregulin addition at 100 ng/L
exhibited an inhibition on apoptosis of HUVEC (24.2%), probably due to the cardioprotective effect of neuregulin
on HUVECs. A. GLU 75 mmol/L+neuregulin10 ng/L; B. GLU 75 mmol/L+neuregulin100 ng/L; C. GLU 75 mmol/

L+neuregulin1000 ng/L.

membranes were even damaged to break
down. However, fewer cells in Group B were
found to have smaller size with irregular shape
with the treatment of 100 ng/L neuregulin.
Cells in group C, in contrast, were observed to
have a relatively normal cell growth rate with
spindle shape as compared to cells in group A

and B (Figure 3).

The effects of neuregulin intervention on
HUVEC using annexin V/propidium iodide in

flow cytometry analysis

HUVECs were maintained in medium supple-
mented with 25 mmol/L glucose and the cell
proliferation rate was relatively stable. With an
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increased concentration of neuregulin treat
ment at 100 ng/L, a significant elevation of
osmotic pressure was obtained, resulting in an
increase number of apoptotic cells (Figure 4).
On the other hand, the initial apoptosis rate of
HUVECs was relatively low (26.9%) in the pres-
ence of glucose with 75 mmol/L and 10 ng/L
neuregulin. However, the addition of neuregulin
with a specific concentration (1000 ng/L)
would significantly reduce the amount of apop-
totic cells from 67.8% (group B, 100 ng/L neu-
regulin) to 24.2% (group C, 1000 ng/L) (Figure
5). On the other hand, 75 mmol/L mannitol
treatment would also repress the apoptosis of
HUVECs as the increase of neuregulin concen-
trations. However, the apoptosis of HUVECs

Int J Clin Exp Med 2015;8(5):6702-6712
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Figure 6. The neuregulin treatments could reduce the amount of apoptotic cells in the presence of manniotol
(75 mmol/L). Moreover, the increase of osmotic pressure would also enhance the apoptosis of HUVECs to some
extent regardless of the mannitol addition. A. Mannitol 75 mmol/L+neuregulin10 ng/L; B. Mannitol 75 mmol/
L+neuregulin100ng/L; C. Mannitol 75 mmol/L+neuregulin1000 ng/L.

Figure 7. As showed in the pictures obtained from confocal microscopy, CD98 was detected in HUVECs maintained
with 25 mmol/L glucose regardless of the presence of neuregulins. Cells stained red for CD98 with blue nuclei. A.
GLU 25 mmol/L+neuregulin10ng/L; B. GLU 25 mmol/L+neuregulin100 ng/L; C. GLU 25 mmol/L+neuregulin1000
ng/L.

- -
Figure 8. HUVECs were cultured with 75 mmol/L glucose in combination with neuregulin treatments at 10, 100,
1000 ng/L. In comparison with the CD98 expression observed in Figure 7, there was no significant difference found

in the expression level of CD98. A. GLU 75 mmol/L+neuregulin10 ng/L; B. GLU 75 mmol/L+neuregulin100 ng/L; C.
GLU 75 mmol/L+neuregulin1000 ng/L.

were highly elevated the increase of osmotic The effect of neuregulin treatment on CD98
pressure in the medium (Figure 6). Therefore it expression in HUVEC

was obvious that neuregulin could exert cardio-

protection, to some extent, on HUVECs against The detection and observation of CD98 expres-
the high osmotic effect that caused by the sion by confocal microscopy: In this study,
death of cells. confocal microscope (IX71, OLYMPUS, JAPAN)
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Figure 9. 75 mmol/L mannitol was added to examine the effect of mannitol on the expression of CD98 in HUVECs
and the results demonstrated that the expression level of CD98 was not altered remarkably as compared with the
pictured presented in Figure 8. A. Mannitol 75 mmol/L+neuregulin10 ng/L; B. Mannitol 75 mmol/L+neuregulin100
ng/L; C. Mannitol 75 mmol/L+neuregulin1000 ng/L.
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Figure 10. (A-C) HUVECs were cultured in medium supplemented with glucose at 25 mmol/L, which was favored
for cell growth. With the addition of neuregulin, osmotic pressure in the medium was increased, leading to a rela-
tively high repression of CD98 expression. (D-F) As compared to the 10 ng/L neuregulin treatment (66.2%), CD98
expression exhibited different degrees as increased the concentrations of neuregulin. It was obvious that CD98 ex-
pression was relatively lower than that in Group C, which could be caused by the high osmotic pressure. (G-) In the
presence of mannitol (75 mmol/L), the proliferation of HUVEC was repressed significantly due to the high osmotic
pressure. More importantly, the expression level of CD98 was also inhibited, which was positively correlated with
the neuregulin concentration. A. GLU 25 mmol/L+neuregulin10 ng/L; B. GLU 25 mmol/L+neuregulin100 ng/L; C.
GLU 25 mmol/L+neuregulin1000 ng/L; D. GLU 75 mmol/L+neuregulin10 ng/L; E. GLU 75 mmol/L+neuregulin100
ng/L; F. GLU 75 mmol/L+neuregulin1000 ng/L; G. Mannitol 75 mmol/L+neuregulin10 ng/L; H. Mannitol 75 mmol/

L+neuregulin100 ng/L; I. Mannitol 75 mmol/L+neuregulin1000 ng/L.

was applied to detect and determine the
expression level of CD98 proteins with the aid
of secondary antibody Cy3 (Abcam, UK). As pre-
sented in figures obtained from this experi-
ment, CD98 expressions were stained red and
were observed in HUVECs in each experimental
group (Figures 7-9). It had been proved that glu-
cose at 25 mmol/L was an optimal concentra-
tion for HUVECs proliferation. As the increase of
neuregulin concentrations, the osmotic pres-
sure was elevated, inhibiting the proliferation of
HUVEC as well as the expression of CD98
(Figure 7). More importantly, 75 mmol/L glu-
cose would activate the cell apoptosis to some
extent and the 100 ng/L neuregulin interven-
tion would promote the CD98 expression nota-
bly as showed in Figure 8B. The treatment with
1000 ng/L neuregulin, however, would cause
an increase in cell apoptosis, leading to a
decrease in CD98 expression (Figure 8). The
addition of mannitol, on the other hand, had no
significant effect on the CD98 expression as
compared with those detected in Figures 8, 9.

The characterization of CD98 expression by
flow cytometry analysis: HUVECs were cultured
in medium supplemented with 25 mmol/L glu-
cose, which was ideal for cell growth. Upon the
treatment of neuregulin, the proliferation of
HUVECs was repressed due to the increase of
osmatic pressure and therefore the CD98
expression was also decreased to some extent
(Figure 10). When 75 mmol/L glucose was
adopted to maintain the HUVECs, more apopto-
sis was observed. However, neuregulin (100
ng/L) intervention exerted a promotive effect
on the expression of CD98 as found in group B
cells. In contrast, the treatment of neuregulin at
1000 ng/L enhanced the apoptosis of HUVECs,
which could be caused by the increase of
osmotic pressure, resulting in a reduction in
CD98 expression (Figure 10). In addition, the
osmotic pressure was peaked in HUVECs in the
presence of 75 mmol/L mannitol and the apop-
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tosis was also enhanced to a large extent
regardless of the high concentration of neureg-
ulin treatments (Figure 10).

Characterization of the expression level of p38
and JNK1/2/3 via Western Bolt analysis to
determine the effect of neuregulin intervention
on HUVEC apoptosis

To examine the effect of neuregulin on HUVEC
apoptosis with or without the addition of man-
nitol (75 mmol/L), western blot analysis was
applied to detect and evaluate the expression
levels of p38 and JNK1/2/3. P38 expression in
each group had no significant difference. In
contrast, neuregulin concentration was posi-
tively correlated with JNK proteins.

Discussion

Cardiovascular complications of DM and endo-
thelial cell injury

Dysfunction of the endothelium is regarded as
a crucial factor in the pathogenesis of vascular
disease in DM [7]. Unfortunately, the preven-
tion of the progression of vascular complica-
tions of DM remains pessimistic. Vascular
endothelium is defined as a structural layer in
adult heart, maintaining the mechanical barrier
between blood and vascular smooth muscle
cells, regulating vascular contraction and
expansion, inflammatory cell adhesion and
aggregation. Moreover, vascular endothelium
exerts regulatory effect on controlling the plate-
let function and blood clotting function.
Endothelial cells could modulate the degree of
vascular tension, vascular inflammation and
blood coagulation. Several influential factors
are involved in these signaling pathways,
including nitric oxide, endothelin, prostacyclin
and vascular endothelial growth factor (VEGF).

On the other hand, high level of glucose could
repress the endothelial function to some
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extent, resulting in a significant increase in
endothelial cell apoptosis [7]. Hyperglycemia is
now considered as the essential factor in endo-
thelial dysfunction, resulting in a high mortality
and morbidity [8]. Present studies suggested
that a variety of signaling pathways could be
involved in this high-glucose induced endothe-
lial dysfunction, such as the expression of
adhesion molecules (e.g. vascular cell adhe-
sion molecule-1 and intercellular adhesion mol-
ecule-1), adiponectin receptor expression,
matrix metalloproteinases and so on [9].
Moreover, oxidative stress, non-enzymatic gly-
cation of proteins, secondary lipid metabolism
and protein kinase C activation were also sus-
pected to be the initiative factors of the endo-
thelial dysfunction [10]. However, the causes
and mechanisms of coronary atherosclerosis
remain to be established and determined.

Kaira K had reported that VEGF and CD98
expression was closely related, suggesting that
the specific regulatory effect of VEGF on endo-
thelial cell growth. VEGF could be able to pro-
mote angiogenesis and increase vascular per-
meability [11]. In other words, the increase of
VEGF expression would exert promotive effects
on endothelial cell growth, playing a key role in
maintaining the integrity of the vascular endo-
thelium as well as the normal function of endo-
thelial cells. Our experimental results demon-
strated that CD98 expression had a significant
influence on normal endothelial functions.
Therefore, CD98 expression, which was poten-
tial to promote the secretion of VEGF, could be
essential in the protection of endothelial cells.

The protective effect of neuregulin on HUVEC

NRG was initially found to be expressed in
recombinant Escherichia coli with a molecular
weight of 7054 Dal. NRG was shown to have a
conserved EGF-like domain, which was used for
ligand binding and receptor activation. The
NRGs used in this study were purchased from
Zensun Company, which were able to produce
recombinant human NRGs without losing this
critical EGF-domain. Moreover, the expression
of NRGs was only detected in microvascular
endothelial cells in adult heart, but not in the
aorta, coronaries or cardiac veins [12]. As previ-
ously described, NRG proteins belong to the
EGF family, which are ligands for the ErbB RTKs,
acting as essential regulators in heart develop-
ment and normal heart function.
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The RTKs family consists of EGFR, ErbB2,
ErbB3, and ErbB4 receptors [13]. Recent stud-
ies showed that NRG had several isoforms,
including NRG-1, NRG-2, and NRG-3. NRG-1
was mainly expressed in the cardiac microvas-
cular endothelium, promoting cell growth and
survival of cardiomyocytes in cell culture
through the activation of ErbB2 and ErbB4.
Therefore NRG-1 was the most well studied
NRG isoform due to its essential role in the cell
proliferation, migration, differentiation and sur-
vival [14]. Hence it was suggested that NRG-1/
ErbB signaling network could achieve the pro-
tective effect on HUVEC via ErbB4-dependent
activation of MAPK pathway.

Many evidences demonstrated that the knock-
out of ErbB2 and ErbB4 genes in embryonic
mice could cause deficiencies of heart muscle,
leading to the death of mice [12]. More impor-
tantly, knockout of ErbB3 gene in embryonic
mice would also cause defects in cardiac valves
[12]. Therefore, NRGs, which had a profound
role in activating the ErbB2 and ErbB4 recep-
tors in cardiomyocytes, were speculated to be
crucial in heart development and maintenance
of heart functions.

The control of MAPK signaling pathway by
NRGs via regulating CD98 expression

Zhao and Bulus et al. illustrated that endotheli-
al-secreted NRGs had an antioxidative role in
response to oxidative stress [15, 16]. What's
more, NRGs are capable of exerting inhibitory
effects on cell apoptosis, promoting cell prolif-
eration by regulating the downstream PI3K/
AKT signaling pathways [17-19]. In addition,
Izumi found that the use of ErbB2 antibody
would significantly reduce the diameter of
tumor vessels in ErbB2 positive tumors. It was
obvious that VEGF expression was also
decreased to a large extent. More importantly,
NRGs could promote the expression of VEGF,
which was one of essential signaling molecules
in JNK/MAPK signaling pathway. The expres-
sions of VEGF and CD98 were positively corre-
lated [11]. On the other hand, CD98 expression
was demonstrated to be positively associated
with the concentration of NRGs in the present
study. As a result, it was suggested that CD98
expression was potentially up-regulated by the
concentration of NRGs, which thereby exerted
a regulatory effect on the expression of VEGF to
activate the JNK/MAPK signaling pathway, and
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eventually protected the cardiac endothelial
cells.

Bulus, N. et al. [20] also discovered that CD98
could activate MAPK signaling pathway, there-
by promoting the proliferation of renal tubular
epithelial cells. They used three different siR-
NAs to reduce the expression of CD98. After
one week, the inner medullary collecting duct
cells that used siRNA-knockdown were all dead.
Moreover, the addition of MAPK inhibitor would
also exert inhibitory effects on CD98-positive
cell growth. It was evidently that CD98 proteins
could regulate the cell proliferation via activat-
ing the MAPK signaling pathway [21, 22].

In this study, results obtained from confocal
microscopy demonstrated that CD98 was
detected in different HUVEC groups. The cell
growth was optimal under normal glucose con-
centration. However, the increase of NRG con-
centration would lead to an increase of osmotic
pressure, resulting in a significant repression
on cell proliferation and CD98 expression. The
expression level of CD98 was detected in
HUVEC maintained in 75 mmol/L glucose with-
out the intervention of NRG. It was found to be
the lowest, which was 65.9%. In contrast, the
increase of NRG concentration (10 ng/L, 100
ng/L, 1000 ng/L) would activate the expres-
sion of CD98 to different levels, which were
66.2%, 77.9% and 71.2%, respectively. Hence
NRG could potentially recover the impaired
CD98 expression in HUVEC, thereby promoting
the cell proliferation and protecting the cardiac
tissues against high glucose -induced injury.

The Western blot analysis had presented a pos-
itive correlation between the CD98 expression
and JNK expression, whereas no clear associa-
tion was determined between CD98 and p38.
All these together suggested that the NRG-ErbB
network could activate the downstream MAPK
signaling pathway as well as the JNK subfamily
proteins. Consequently, NRG could exert a pro-
tective effect on HUVEC via the activation of
CD98 expression, which could be beneficial in
treating the cardiovascular complications of
DM.
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