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INTRODUCTION

Accumulating evidence implicates reactive oxygen species 
(ROS)-dependent production of ROS in the pathophysiology of 
cardiovascular diseases, such as hypertension, cardiac ischemia/
reperfusion injury, myocardial infarction, and heart failure [1]. 
Nicotinamide adenine dinucleotide phosphate oxidases (NOXs), 
a major enzymatic source of ROS in the cardiovascular system, 
generate ROS in a highly regulated manner [2]. NOXs are multi-

subunit transmembrane enzymes; two isoforms, including NOX2 
and NOX4, are expressed in the heart [2,3]. NOX2 was found to 
be essential for angiotensin II-induced cardiac hypertrophy, as 
indicated by increased mRNA levels of molecular biomarkers, 
such as atrial natriuretic peptide (ANP) and -myosin heavy 
chain, in mice [4]. NOX4 overexpression also plays an important 
role in mediating cardiac hypertrophy, fibrosis, and apoptosis in 
response to pressure overload, although the mechanism of action 
remains to be defined [5].

Original Article

NOX4/Src regulates ANP secretion through activating ERK1/2 and 
Akt/GATA4 signaling in beating rat hypoxic atria

Cheng-zhe Wu1,2,#, Xiang Li1,#, Lan Hong1, Zhuo-na Han1, Ying Liu1, Cheng-xi Wei3,*, and Xun Cui1,4,*
1Department of Physiology, School of Medicine, Yanbian University, 2Institute of Clinical Medicine, Yanbian University, Yanji 133-002, 3Inner Mongolia Univer-
sity for Nationalities, Tongliao 028000, 4Cellular Function Research Center, Yanbian University, Yanji 133-002, China

ARTICLE INFO

Received September 11, 2020
Revised December 24, 2020
Accepted December 29, 2020

*Correspondence

Xun Cui
E-mail: cuixun@ybu.edu.cn
Cheng-xi Wei
E-mail: weichengxi1224@163.com

Key Words

Atrial natriuretic peptide
Endothelin-1
Hypoxia
NADPH oxidase
Src tyrosine kinase

#These authors contributed equally to 
this work.

ABSTRACT Nicotinamide adenine dinucleotide phosphate oxidases (NOXs) are the 
major enzymatic source of reactive oxygen species (ROS). NOX2 and NOX4 are ex-
pressed in the heart but its role in hypoxia-induced atrial natriuretic peptide (ANP) 
secretion is unclear. This study investigated the effect of NOX on ANP secretion 
induced by hypoxia in isolated beating rat atria. The results showed that hypoxia 
significantly upregulated NOX4 but not NOX2 expression, which was completely 
abolished by endothelin-1 (ET-1) type A and B receptor antagonists BQ123 (0.3 M) 
and BQ788 (0.3 M). ET-1-upregulated NOX4 expression was also blocked by antago-
nists of secreted phospholipase A2 (sPLA2; varespladib, 5.0 M) and cytosolic PLA2 
(cPLA2; CAY10650, 120.0 nM), and ET-1-induced cPLA2 expression was inhibited by 
varespladib under normoxia. Moreover, hypoxia-increased ANP secretion was evi-
dently attenuated by the NOX4 antagonist GLX351322 (35.0 M) and inhibitor of 
ROS N-Acetyl-D-cysteine (NAC, 15.0 mM), and hypoxia-increased production of ROS 
was blocked by GLX351322. In addition, hypoxia markedly upregulated Src expres-
sion, which was blocked by ET receptors, NOX4, and ROS antagonists. ET-1-increased 
Src expression was also inhibited by NAC under normoxia. Furthermore, hypoxia-
activated extracellular signal-regulated kinase 1/2 (ERK1/2) and protein kinase B (Akt) 
were completely abolished by Src inhibitor 1 (1.0 M), and hypoxia-increased GATA4 
was inhibited by the ERK1/2 and Akt antagonists PD98059 (10.0 M) and LY294002 
(10.0 M), respectively. However, hypoxia-induced ANP secretion was substantially 
inhibited by Src inhibitor. These results indicate that NOX4/Src modulated by ET-1 
regulates ANP secretion by activating ERK1/2 and Akt/GATA4 signaling in isolated 
beating rat hypoxic atria.
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The peptide hormone ANP is synthesized and secreted mainly 
from atrial myocytes in response to stretch and other stimuli [6]. 
In addition to cardiovascular roles, such as regulating natriuresis, 
diuresis, and vasodilation [7], ANP may also exhibit either anti-
oxidant defense or pro-oxidant effects, depending on the experi-
mental conditions and cell types [8]. Furthermore, it was dem-
onstrated that ANP secretion is potently stimulated by hypoxia, 
resulting in cellular adaptation to hypoxia, protection of the heart 
against ischemia/reperfusion injury, reduced development of 
heart failure, and prevention of pathologic remodeling in dilated 
cardiomyopathy [9-11]. Recently, it was suggested that G protein-
coupled receptor (GPCR) agonists, such as endothelin-1 (ET-1), 
elicit ROS production by activating NOX to stimulate down-
stream signaling in cardiovascular disorders [2,12]. However, its 
role in atrial ANP secretion (especially under hypoxic conditions) 
is unclear. Therefore, the present study investigated the effect of 
endogenous ET-1 on the regulation of NOX expression and its 
role in ANP secretion in isolated beating rat hypoxic atria.

METHODS

Reagents and antibodies

Endothelin receptor type A (ETRA) antagonist BQ123 and 
endothelin receptor type B (ETRB) antagonist BQ788 were 
purchased from Sigma (St. Louis, MO, USA). ET-1 (human, por-
cine) was purchased from Tocris Bioscience (Minneapolis, MN, 
USA). The NOX4 inhibitor GLX351322, secreted phospholipase 
(sPLA2) inhibitor varespladib, cytosolic PLA2 (cPLA2) inhibi-
tor CAY10650, ROS inhibitor N-Acetyl-D-cysteine (NAC), Src 
antagonist Src inhibitor 1, extracellular signal-regulated kinase 
(ERK) antagonist PD98059, and protein kinase B (Akt) antagonist 
LY294002 were purchased from Med Chem Express (Monmouth 
Junction, NJ, USA). Anti-NOX4 and anti-GATA4 antibodies 
were obtained from Abcam (ab133303, ab85163, ab117529, and 
ab84593, respectively; Cambridge, UK). The anti-Src antibody 
was from Millipore (04-889; Burlington, MA, USA). Anti-NOX2 
antibody was obtained from Bioss (bs-3889R; Beijing, China). 
Anti-Akt, phospho-Akt (S473), and -actin antibodies were ac-
quired from Bioworld Technology (BS1008, BS4006, and AP0060, 
respectively; Nan Jing, China). Anti-ERK1/2, phospho-ERK1/2 
(Thr202/Tyr204), cPLA2, and phosho-cPLA2 (Ser505) antibod-
ies were obtained from Affinity (AF0155, AF1015, AF6329, and 
AF3329, respectively; Chang Zhou, China).

Preparation of perfused beating rat atria

The experimental procedures in this study were approved by 
the Animal Care and Use Committee of Yanbian University 
and comply with animal welfare guidelines of the US National 
Institutes of Health. Sprague–Dawley rats (weighing 250–300 g, 

aged 18 weeks, female to male ratio of 3:7) were obtained from 
Yanbian University and acclimatized for 1 week before experi-
mentation. Rats were fed a standard chow diet and kept under 
specific pathogen-free conditions at Yanbian University (Permit 
Number: SCXK [Ji] 2011-006). As previously described [13], iso-
lated perfused beating left atria were prepared. For each atrium, 
transmural electrical field stimulation was applied with a luminal 
electrode at 1.5 Hz (0.3 ms, 30–40 V), and the atrium was per-
fused with HEPES buffer using a peristaltic pump (1.0 ml/min) 
to enable atrial pacing for the measurement of pulse pressure 
changes. Oxygen was continuously supplied, and the temperature 
of the atrium was maintained at 36°C. HEPES buffer contained (in 
mM) 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 10.0 
glucose, and 10.0 HEPES (pH 7.4 with NaOH), together with 0.1% 
bovine serum albumin.

Acute hypoxic atrial model preparation

To replace O2 with N2 to establish the acute hypoxic atria 
model, standard HEPES buffer was replaced with a N2-saturated 
HEPES buffer. Inhibitory atrial dynamics and significantly in-
creased ANP secretion were the criteria used to indicate success-
ful hypoxic atrial modeling.

Determination of ANP and atrial pulse pressure

As previously described [13], the levels of immunoreactive 
ANP in perfusates were measured with an Iodine [125I] Atrial 
Natriuretic Factor Radioimmunoassay Kit (North Institute of 
Biological Technology, Beijing, China). Intra-atrial pressure was 
recorded using a Physiograph (RM6240BD; Chengdu, China) via 
a pressure transducer (Statham P23Db; Oxnard, CA, USA).

Experimental protocols

All rats were randomly divided into: control, hypoxia only, 
BQ123/BQ788/BQ123 + BQ788 + hypoxia/ET-1, GLX351322 + 
hypoxia, ET-1 only, varespladib + hypoxia/ET-1, CAY10650 + hy-
poxia/ET-1, NAC + hypoxia, Src inhibitor 1 + hypoxia, PD98059 
+ hypoxia, and LY294002 + hypoxia groups (n = 6 per group).

Each atrium was perfused for 60 min to stabilize ANP secre-
tion and atrial dynamics parameters. After two control cycles (12-
min experimental cycle), O2 was replaced with N2 and a hypoxic 
buffer was infused for four periods to observe changes in the 
atrial dynamics and ANP levels of the perfusates. Under a con-
trolled temperature of 4°C, perfusates were collected every 2 min 
to measure ANP levels. Immediately after perfusion, atrial tissue 
was frozen and stored at –80°C for western blotting. Subsequent-
ly, another series of experiments were performed to investigate 
the mechanism of hypoxia-induced ANP secretion. After one 
control period, one treatment cycle was followed by four cycles of 
infusion of the treatment agent plus hypoxia. Treatment agents 
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were as follows: BQ123 (0.3 M), BQ788 (0.3 M), ET-1 (3.0 nM) 
GLX351322 (35.0 M), varespladib (5.0 M), CAY10650 (120.0 
nM), NAC (15.0 mM), Src inhibitor 1 (1.0 M), PD98059 (30.0 
M), and LY294002 (30.0 M).

Hydrogen peroxide assay

The appropriate colorimetric assay kit (E-BC-K102-M; Elab-
science, Wuhan, China) was used to measure the H2O2 in rat 
atrial tissue.

Western blot analysis

The expression of target proteins in left atrial tissues was de-
termined by western blotting. Proteins were homogenized in 
radioimmunoprecipitation assay lysis buffer (Solarbio Institute 
of Biotechnology, Shanghai, China). Protein concentrations were 
determined using an Enhanced Bicinchoninic Acid Protein Assay 
Kit (Beyotime Institute of Biotechnology, Shanghai, China). Solu-
bilized proteins were denatured in Lane Maker Loading Buffer 
(CWBio, Beijing, China), separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on 8% gels, and transferred to 
polyvinylidene difluoride filter membranes (Beyotime Institute 
of Biotechnology). Membranes were blocked with 5% nonfat dry 
milk in phosphate-buffered saline at room temperature. After 
2 h, membranes were incubated with primary antibodies at 4°C 
overnight. The following day, membranes were washed and in-
cubated with a secondary antibody (AP132P; Nachuan Biotech, 
Changchun, China) for 2 h at room temperature. Bands were 
visualized with the ECL Plus Western Blotting Detection System 
(ECL Western Blot Kit, RB-SRCHLGT; Ray Biotech, Atlanta, GA, 
USA). The densitometry of western blots was quantified using 
ImageJ software (USA National Institute of Health, Bethesda, 
MA, USA).

Statistical analysis

Prism software (Version 3.0; GraphPad Software, San Diego, 
CA, USA) was used for statistical analyses. Student’s t-test was 
performed to statistically compare groups, and one-way ANOVA 
followed by Dunnett’s multiple comparison test was performed 
for multiple group analysis. Statistical significance was defined as 
p < 0.05. All data are presented as the mean ± standard error of 
the mean (SEM).

RESULTS

Effect of hypoxia on atrial ANP secretion and 
dynamics

To verify the successful establishment of the atrial hypoxic 

model, ANP secretion and dynamics were observed using iso-
lated perfused beating rat atria. The results showed that hypoxia 
potently stimulated ANP secretion (p < 0.05 vs. control; Fig. 1A) 
and concomitantly inhibited atrial dynamics (p < 0.05 vs. control; 
Fig. 1B). The data demonstrated that the establishment of the 
acute hypoxic model of beating rat atria was successful.

Effect of hypoxia on NOX2 and NOX4 expression and 
its role in ANP secretion

To investigate the effect of hypoxia on NOX2 and NOX4 ex-
pression and its role in ANP secretion, a series of experiments 
were performed using isolated perfused beating rat atria. The 
results showed that hypoxia significantly upregulated the ex-
pression of NOX4 but not NOX2 (p < 0.05 vs. control; Fig. 2A 
and B), which was completely blocked by the ETRA and ETRB 
antagonists BQ123 and BQ788, respectively (p < 0.05 vs. hypoxia; 
Fig. 2B). In addition, hypoxia-induced ANP secretion was sub-

A

B

Fig. 1. Effect of hypoxia on ANP secretion (A) and dynamics (B) in 

isolated beating rat atria. Data were expressed as mean ± standard 
error of the mean (n = 6). Cont, control; Hy, hypoxia. *p < 0.05 vs. con-
trol.
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stantially attenuated by the NOX4 antagonist GLX351322 (p < 
0.05 vs. control and hypoxia, respectively; Fig. 2C). The hypoxia-
induced atrial dynamics were shifted to a rightward slightly by 
GLX351322, but it failed to significantly modulate the inhibitory 
effect of hypoxia on atrial dynamics (p < 0.05 vs. control; Fig. 2D). 
These results indicate that NOX4 regulated by endogenous ET-1 
is involved in the regulation of ANP secretion in beating rat atria 
under hypoxic conditions.

Effects of ET-1 and PLA2 on NOX4 expression under 
normoxic conditions

To explore the mechanism of ET-1-induced NOX4 expression, 
exogenous ET-1 and antagonists of ETRs and PLA2 were used in 
the following experiments under normoxic conditions. The data 
showed that exogenous ET-1 evidently upregulated the expression 
of NOX4 (p < 0.05 vs. control; Fig. 3A, B, and D), which was com-
pletely abolished by BQ123, BQ788, and the sPLA2 antagonist 
varespladib (p < 0.05 vs. ET-1; Fig. 3A and B). Furthermore, vare-
spladib significantly inhibited ET-1-induced cPLA2 expression (p 
< 0.05 vs. control and ET-1 respectively; Fig. 3C), and the cPLA2 
antagonist CAT10650 evidently blocked the ET-1-induced expres-
sion of NOX4 (p < 0.05 vs. ET-1; Fig. 3D). These data demonstrate 
that ET-1 upregulated NOX4 expression through the activation of 
cPLA2 via sPLA2.

Effect of hypoxia on H2O2 production and its role in 
ANP secretion

To determine the effect of hypoxia on H2O2 production and its 
role in hypoxia-induced ANP secretion, another series of experi-
ments were performed with antagonists of NOX4 and ROS. As 
shown in Fig. 4, hypoxia significantly increased the production 
of H2O2 (p < 0.05 vs. control; Fig. 4A), and GLX351322 almost 
completely inhibited the hypoxia-increased production of H2O2 (p 
< 0.05 vs. hypoxia; Fig. 4A). Moreover, the ROS antagonist NAC 
remarkably inhibited the hypoxia-induced ANP secretion (p < 
0.05 vs. control, p < 0.05 vs. hypoxia; Fig. 4B). These data suggest 
that H2O2 produced by NOX4 is associated with hypoxia-induced 
ANP secretion in beating rat atria.

Effect of NOX4 on Src expression and its role in 
hypoxia-induced ANP secretion

To clarify the downstream mechanism of NOX4 in hypoxia-
induced ANP secretion, the effect of NOX4 on Src expression 
and its role in the regulation of ANP secretion were investigated. 
The results showed that hypoxia markedly increased Src expres-
sion (p < 0.05 vs. control; Fig. 5A–C), which was blocked not 
only by BQ123 and BQ788 (p < 0.05 vs. hypoxia; Fig. 5A) but also 
GLX351322 and NAC (p < 0.05 vs. hypoxia; Fig. 5B and C). Addi-
tionally, exogenous ET-1 significantly increased the expression of 

Fig. 2. Effect of hypoxia on NOX2 and NOX4 expression and its role 

in the regulation of ANP secretion in isolated beating rat atria. Data 
were expressed as the mean ± standard error of the mean (A and B, n = 
5; C and D, n = 6). Cont, control; Hy, hypoxia; 123, BQ123, an antagonist 
of ETRA; 788, BQ788, an antagonist of ETRB; GLX, 351322, an antagonist 
of NOX4. *p < 0.05 vs. control; #p < 0.05 vs. hypoxia.

A

B

C

D
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Src, and this effect was inhibited by NAC (p < 0.05 vs. control and 
ET-1, respectively; Fig. 5D). These results reveal that ET-1/NOX4/
ROS signaling was involved in the regulation of Src expression.

Effect of Src on ERK1/2 and Akt expression and its role 
in regulating GATA4 levels

To elucidate the mechanism by which Src regulates hypoxia-
induced ANP secretion, the effect of Src on ERK1/2 and Akt ex-
pression and its role in the regulation of GATA4 levels were evalu-
ated. The results indicated that hypoxia significantly upregulated 
the expression of ERK1/2 and Akt (p < 0.05 vs. control; Fig. 6A 
and B, respectively), but these effects were blocked by Src inhibi-
tor 1 (p < 0.05 vs. hypoxia; Fig. 6A and B, respectively). Hypoxia 
also markedly increased the levels of GATA4 (p < 0.05 vs. con-
trol; Fig. 6C), which was substantially inhibited by ERK1/2 and 
Akt antagonists (PD98059 and LY294002, p < 0.05 vs. hypoxia, 
respectively; Fig. 6C). Furthermore, Src inhibitor 1 significantly 
attenuated hypoxia-induced ANP secretion (p < 0.05 vs. control, 
p < 0.05 vs. hypoxia, respectively; Fig. 6D). These results dem-
onstrate that Src upregulated the expression of GATA4 through 
the activation of ERK1/2 and Akt signaling to regulate hypoxia-
induced ANP secretion in beating rat hypoxic atria.

DISCUSSION

The present study shows that atrial NOX4 expression was 
upregulated by ET-1 under both hypoxic and normoxic condi-
tions, leading to the activation of Src. Activated Src subsequently 
increased GATA4 expression via ERK1/2 and Akt signaling to 
regulate hypoxia-induced ANP secretion in isolated perfused 
beating rat atria.

NOX4, a main source of ROS production, is expressed in the 
heart and is overexpressed in response to hypoxia, myocardial 
ischemia, and pressure overload; however, its role in cardiomyo-
cytes remains unclear [14,15]. NOX activity is stimulated by vari-
ous GPCR agonists, including angiotensin II, ET-1, thrombin, 
ATP, and thromboxane [12]. In this study, hypoxia evidently up-
regulated the expression of NOX4, and this effect was completely 
abolished by the ET-1 receptor antagonists BQ123 and BQ788. In 
addition, exogenous ET-1 significantly upregulated the expression 
of NOX4 and concomitantly activated cPLA2; however, ET-1-aug-
mented NOX4 expression was inhibited by BQ123 and BQ788 
in normoxic beating rat atria. The sPLA2 antagonist varespladib 
also blocked the effect of ET-1-induced NOX4 expression through 
the inhibition of ET-1-activated cPLA2, and the cPLA2 antagonist 
CAY10650 mimicked the role of varespladib in regulating the 
expression of NOX4 induced by ET-1. ET-1 promotes the activa-
tion of tumor necrosis factor alpha [16], leading to enhanced 
sPLA2 transcription levels in isolated neonatal rat cardiomyo-
cytes [17]. Therefore, our results indicate that ET-1 upregulates 

Fig. 3. Effects of ETR and PLA2 an-

tagonists on NOX4 (A, B & D) and p-

cPLA2 (C) expression in beating rat 

atria under normoxic conditions. Data 
were expressed as the mean ± standard 
error of the mean (n = 5). Cont, control; 
ET, ET-1; Var, varespladib, an antagonist 
of sPLA2; CAY, CAY10650, an antagonist 
of cPLA2. *p < 0.05 vs. control; &p < 0.05 
vs. ET-1.

A C

B D
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NOX4 expression through the activation of cPLA2 via sPLA2. 
These results are consistent with the previous studies mentioned 
above and support previous reports that ET-1 is regulated by 
NOX4 activity via ETA in endothelial cells [18] and ETB, leading 
to neurodegeneration via NOX-driven superoxide formation [19]. 
Furthermore, our results showed that hypoxia potently promoted 
ANP secretion, increased ROS production, and inhibited atrial 
dynamics. Hypoxia-induced ANP secretion was markedly at-
tenuated by NOX4 and ROS antagonists, and hypoxia-induced 
atrial dynamics were slightly shifted rightward by treatment with 
a ROS antagonist without significant modulation of the inhibi-
tory effect of hypoxia on atrial dynamics. These results indicate 
that hypoxia-induced NOX4 is modulated by endogenous ET-1 
via its receptors to regulate hypoxia-induced ANP secretion. Our 
findings support a previous report that demonstrated an associa-
tion of increased NOX4 activity in response to a high pacing fre-
quency with increased ANP secretion in rat atria [20].

Src is a non-receptor protein-tyrosine kinase that plays im-
portant roles in cell growth, division, migration, and survival 
signaling pathways [21]. GPCRs or hypoxia can stimulate Src and 
further activate downstream signaling, such as ERK1/2 and Akt 

pathways [12,22]. The results of this study also show that hypoxia 
notably upregulated the expression of Src, which was completely 
blocked by antagonists of ETRs, NOX4, and ROS. In addition, 
exogenous ET-1 upregulated Src expression, and this was inhib-

Fig. 5. Effects of ET-1, NOX4 and ROS on Src expression in beating 

rat atria under hypoxic (A–C) and normoxic (D) conditions. Data 
were expressed as the mean ± standard error of the mean (n = 5). Cont, 
control; Hy, hypoxia; GLX, GLX351322; NAC, N-Acetyl-D-cysteine; ET, ET-
1. *p < 0.05 vs. control; #p < 0.05 vs. hypoxia; &p < 0.05 vs. ET-1.

A

B

C

D

Fig. 4. Effect of hypoxia on H2O2 production and its role in ANP se-

cretion in beating rat atria. Data were expressed as the mean ± stan-
dard error of the mean (A, n = 5; B, n = 6). Cont, control; Hy, hypoxia; 
GLX, GLX351322, an antagonist of NOX4; NAC, N-Acetyl-D-cysteine, an 
antagonist of ROS. *p < 0.05 vs. control; #p < 0.05 vs. hypoxia.

A

B
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ited by the ROS antagonist NAC in normoxic beating rat atria. 
These results indicate that NOX4 is regulated by ET-1 to activate 
Src by increasing the production of ROS. Moreover, a Src inhibi-

tor significantly attenuated hypoxia-induced ANP secretion, thus 
mimicking the inhibitory effect of NOX4 antagonism on hypox-
ia-induced ANP secretion. These results demonstrate an associa-
tion between the regulation of Src by ET-1/NOX4 signaling and 
increased secretion of ANP under hypoxic conditions. Further-
more, our results showed that the hypoxia-induced upregulation 
of ERK1/2 and Akt expression was blocked by a Src antagonist 
and that hypoxia-induced GATA4 expression was substantially 
inhibited by ERK1/2 and Akt antagonists. These results indicate 
that the Src-mediated regulation of ERK1/2 and Akt signaling 
modulates hypoxia-induced ANP secretion through the activa-
tion of GATA4 in beating rat atria. Previous studies confirmed 
the involvement of ERK and Akt signaling pathways in the regu-
lation of hypoxia-induced ANP secretion [23], and GATA4 is an 
important transcription factor for ANP gene transcription [24,25]. 
Our current findings support these results.

In summary, hypoxia-induced NOX4/Src signaling controlled 
by endogenous ET-1 via ETRs increased GATA4 expression 
through the activation of ERK1/2 and Akt pathways, ultimately 
mediating the regulation of ANP secretion by hypoxia in isolated 
beating rat atria.
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