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A B S T R A C T
Background: Interleukin (IL)-18 is produced mainly in the heart and can be associated with the devel-
opment of cardiac hypertrophy that leads to cardiac dysfunction. However, the effects of hypoxia on 
IL-18 expression and atrial natriuretic factor (ANF) secretion remain largely unknown.

Aim: The aim of this study was to assess the effect of hypoxia on IL-18 production and its role in ANF 
secretion by using an isolated perfused beating rat atrial model.

Methods: The level of ANF in the perfusates was determined by radioimmunoassay, and the protein 
levels of Src, IL-18 and its receptors (IL-18-Rα and IL-18-Rβ), Rho guanine nucleotide exchange factor 
(RhoGEF) and RhoA, activating transcription factor 3 (ATF3), T cell factor (TCF) 3 and 4, and lymphoid 
enhancer factor (LEF) 1 in atrial tissue samples were detected by Western blotting.

Results: Hypoxia significantly upregulated the expression of the non-receptor tyrosine kinase Src, and 
this effect was blocked by endothelin-1 receptor type A (BQ123) and type B (BQ788) antagonists. Hy-
poxia also enhanced the expression of RhoGEF and RhoA concomitantly with the upregulation of 
IL-18, IL-18-Rα and IL-18-Rβ. The hypoxia-induced RhoGEF and RhoA were abolished by Src inhibitor 
1 (SrcI), and the protein levels of IL-18 and its two receptors were also blocked by SrcI. Moreover, the 
hypoxia-induced expression levels of ATF3, TCF3, TCF4 and LEF1 were repealed by IL-18 binding protein, 
and the hypoxia-promoted secretion of ANF was also obviously attenuated by this binding protein.

Conclusions: These findings imply that Src-IL-18 signaling is involved in the release of ANF in hypoxic 
beating rat atria.

Key words: atrial natriuretic factor, endothelin-1, hypoxia, interleukin-18, non-receptor tyrosine  
kinase Src
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IntRoduCtIon
Interleukin (IL)-18 is a proinflammatory cytokine that has 
been discovered from the serum of mice injected and in-
fected with endotoxin and Mycobacterium bovis bacillus 
Calmette-Guérin, respectively [1]. Accumulating evidence 
has demonstrated that endothelial cells, infiltrated neu-
trophils, smooth muscle cells, resident macrophages, and 
cardiomyocytes can generate IL-18 in response to infection 
or injury [2, 3]. IL-18 is associated with the development 
of cardiomyocyte hypertrophy that leads to extracellular 

matrix remodeling and myocardial contractile dysfunction 
in different animal models of pressure overload, acute 
myocardial infarction, and lipopolysaccharide-induced 
dysfunction [4–6]. The overexpression of IL-18 is related to 
an increased risk of developing cardiovascular diseases and 
confer a poor prognosis in these patients [3]. Additionally, 
IL-18 upregulates the protein and mRNA expression of atrial 
natriuretic peptide (ANF) concomitantly with an increase 
in the expression of GATA4 through the phosphatidylin-
ositol 3 kinase-Akt pathway [7, 8]. As a peptide hormone, 
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W H A T ’ S  N E W ?
In this study, hypoxia regulates atrial natriuretic factor (ANF) secretion by activating the Src-interleukin-18-activating transcription 
factor 3 signaling pathway. These effects were controlled by hypoxia-induced endogenous endothelin-1 (ET-1) via ET receptors 
in isolated beating rat atria. The findings reveal a new mechanism for the regulation of ANF secretion during hypoxia, which 
provides a new target for the treatment of myocardial ischemia/hypoxia-related diseases.

ANF is produced and released from the atrial myocytes in 
response to certain stimuli (e.g., stretch and hypoxia) [9]. 
It possesses beneficial effects on cardiovascular diseases 
such as natriuresis, diuresis, vasodilation, blood pressure 
regulation [10]. ANF secretion is strongly augmented by 
hypoxia, which can regulate cellular adaptation to hypoxia, 
protect cardiomyocytes against ischemia/reperfusion inju-
ry, decrease the risk of heart failure and prevent ventricular 
remodeling after dilated cardiomyopathy [11–13]. In our 
previous work [14], we found that hypoxia could stimulate 
the secretion of ANF by regulating endogenous endothe-
lin-1 (ET-1) expression through activation of cyclooxygen-
ase 2-lipocalin-type prostaglandin D synthase–peroxisome 
proliferator-activated receptor γ signaling pathway in 
beating rat atria, but the precise mechanisms by which 
hypoxia regulates atrial ANF secretion are still unclear. 
Other studies have demonstrated that the mRNA levels 
of IL-18 and pro-IL-18 are notably upregulated in the left 
ventricular myocardium after ischemia/reperfusion in the 
mouse model [15], while the levels of IL-18 in the circula-
tion and myocardial tissue are also upregulated in heart 
failure patients [16, 17]. However, the effects of hypoxia 
on IL-18 expression and its role in ANF secretion remain 
largely unknown. This study aims to determine the effects 
and underlying mechanisms by which hypoxia regulates 
ANF secretion in beating rat atria.

Methods

Reagents
Human and murine IL-18 binding protein (IL-18-BP) iso-
forms are active across species [18]. Thus, recombinant hu-
man IL-18-BP (100.0 ng/ml; CB99) was selected in this study 
and was purchased from Novoprotein (Shanghai, China). 
Endothelin receptor type A (ETA) antagonist BQ123 (0.3 µM; 
B150) and endothelin receptor type B (ETB) antagonist 
BQ788 (0.3 µM; B157) were supplied by Sigma-Aldrich 
(St. Louis, MO, USA). Src tyrosine kinase antagonist or Src 
inhibitor 1 (SrcI, 1.0 µM; HY-101053) and Rhosin hydrochlo-
ride (Rhosin) or Rho guanine nucleotide exchange factor 
(RhoGEF) inhibitor (10.0 µM; HY12646) were supplied by 
MedChemExpress (Monmouth Junction, NJ, USA). 

Isolation and perfusion of beating rat atria
To avoid gender interference, 129 Sprague-Dawley rats of 
different sexes (62 male and 67 female; weight: 250–300 g; 
age: 18 weeks) were randomly selected to prepare the 
perfused beating rat atria. The rats were maintained under 

specific pathogen-free conditions at Yanbian University 
(Permit No.: SCXK [Ji] 2011–006) and fed a standard chow 
diet. All experiments were approved by the Animal Care 
and Use Committee of Yanbian University and were in 
accordance with the laboratory animal guidelines of the 
US National Institutes of Health. The perfused beating left 
atrium was isolated from each rat and prepared according 
to the previous methods [14, 19]. Transmural electrical 
field stimulation (30–40 V, 0.3 ms) was operated at a fre-
quency of 1.5 Hz using a luminal electrode. To measure 
the changes in pulse pressure variation, atrial pacing was 
conducted by perfusing HEPES buffer solution into the 
atrium via a peristaltic pump (1.0 ml/min). An adequate 
amount of oxygen was supplied to the perfused atrium 
throughout the whole process. The HEPES buffer solution 
(pH 7.4) consisted of NaCl, NaHCO3, HEPES, glucose, KCl, 
CaCl2, MgCl2, and bovine serum albumin (118, 25, 10, 10, 
4.7, 2.5,1.2 mmol/l, and 0.1%, respectively).

Construction of the hypoxic atrial model
To establish a hypoxic atria model, O2 was replaced with 
N2 by substituting the standard HEPES buffer with an N2-sat-
urated HEPES buffer. The PO2 of N2 saturated perfusates was 
55 ± 2 mm Hg, indicating that the hypoxic condition has 
reached a severe level.

Determination of ANF levels
The concentrations of ANF in the perfusates were deter-
mined by the Iodine [125I] Atrial Natriuretic Factor Radio-
immunoassay Kit, according to the previous methods [14, 
19]. The inter- and intra-assay coefficients of variation for 
this assay were <15% and <10%, respectively. The amounts 
of ANF secretion are presented as ng/min/g of atrial tissue 
wet weight. 

Experimental procedures
The rats  were randomly assigned to 8 groups 
(n = 6 in each group): (1) normoxia, (2) hypoxia, (3) IL-18-
BP + hypoxia, (4) BQ123 + hypoxia, (5) BQ788 + hypoxia, 
(6) BQ123 + BQ788 + hypoxia, (7) SrcI + hypoxia, and (8) 
Rhosin + hypoxia groups.

To stabilize the atrial dynamic parameters, each atrium 
was subjected to perfusion over a period of 1 hour. Fol-
lowing two 12-minutes normoxia cycles, the perfusates 
were infused with hypoxic buffer for four cycles. Samples 
were collected at 4°C every 2 minutes to measure ANF 
levels. After perfusion, the atrial tissues were immediately 
frozen and kept at −80°C. Subsequently, another set of 
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experiments was conducted to elucidate the mechanisms 
of hypoxia-regulated ANF secretion. After one normoxia 
cycle, one treatment cycle was followed by four infusion 
cycles of hypoxia plus the treatment agent(s). The normoxia 
experiments were carried out with the infusion of normoxic 
buffer for 6 cycles.

Immunoblot analysis
Each left atrium tissue was rinsed with saline and transferred 
into RIPA buffer (Solarbio Institute of Biotechnology, Shang-
hai, China) containing 1.0 M protease inhibitor (Beyotime 
Biotechnology) and 1.0 M phosphatase inhibitor (Bestbio, 
Shanghai, China) for homogenization. Immunoblotting, 
quantitative autoradiography, and densitometric analysis 
were carried out according to the previous methods [14, 
19]. Briefly, the equal amounts (40 μg) of protein samples 
were subjected to SDS-PAGE and subsequently transferred 
onto PVDF membranes. After blocking (5% BSA; SW3015; 
Solarbio) for 2 hours, the membranes were separately 
incubated with anti-IL-18 (1:000; bs-0529R; Bioss, Beijing, 
China), anti-IL-18-type α receptor (IL-18-Rα; 1:500; BS9268; 
Bioworld Technology, Nanjing, China), anti-IL-18-type β 
receptor (IL-18-Rβ; 1:1000; bs-2616R; Bioss), anti-Src (1:500; 
04-889; Millipore, MA, US), anti-p115RhoGEF (1:1000; 

BS5901; Bioworld Technology), anti-RhoA (1:1000; 10749-
1-AP; Proteintech, Wuhan, China), anti-activating transcrip-
tion factor 3 (ATF3; 1:1000; DF6660; Affinity, Changzhou, 
China), anti-T cell factor (TCF) 3 (1:500; DF4573; Affinity), 
anti-TCF4 (1:500; DF7622; Affinity), anti-lymphoid enhancer 
factor 1 (LEF1; 1:1000; DF7570; Affinity), or anti-β-actin an-
tibodies (1:1000; AP0060; Bioworld Technology) overnight 
at 4°C. The membranes were then washed and incubated 
again with a secondary antibody (1:3000; AP132P; Nachuan 
biotech, Changchun, China) for 1.5 hours at room temper-
ature. Visualization of the protein bands was performed 
using ECL Western blotting substrate kit (Raybiotech, At-
lanta, GA, USA) and a chemiluminescent detection system. 
Densitometric analysis of the protein blots was conducted 
using ImageJ software (NIH, Bethesda, MA, USA).

Statistical analysis
All data were normally distributed (Kolmogorov–Smirnov test) 
and presented as mean (standard error of the mean, SEM). 
IBM SPSS Statistics software ver. 19.0 (IBM Corp, Armonk, NY, 
USA) and GraphPad Prism ver. 9.1.2 software (San Diego, CA, 
USA) were employed for statistical analyses. The Student’s 
t-test was used to compare the difference between two 
groups (Supplementary material, Figure S1B), while one-way 
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Figure 1. Effects of hypoxia on IL-18, IL-18-Rα, IL-18-Rβ, Src, and RhoGEF expression, and ANF secretion in isolated beating rat atria. A. Rep-
resentative Western blot bands. B. Quantification of protein levels (n = 5, 3 male and 2 female/per group). C. Changes of ANF secretion (the 
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ANOVA followed by Dunnett’s multiple comparison (Figures 
1B, 2B, 3B, 4B, and Supplementary material, Figure S2B). 
Two-way ANOVA followed by Bonferroni post hoc test was 
used for Figure 1C, 2C, and 3C. P-value <0.05 was considered 
statistically significant. The Bonferroni-corrected P-value 
thresholds were calculated as follows: for the study of asso-
ciations between normoxia, hypoxia, and hypoxia plus the 
treatment agent (hypoxia + IL-18-BP, hypoxia + SrcI, hypox-
ia + Rhosin), a significance level of α = 0.05, so the corrected 
P-value threshold was 0.05/3 = 0.0167.

Results

Effects of hypoxia on IL-18 expression and ANF 
secretion
To explore the roles of hypoxia in regulating IL-18 ex-
pression and ANF secretion, a series of experiments were 
conducted using the isolated atrial perfusates and 
tissue of a hypoxic rat model. The results demonstrated 
that hypoxia remarkably upregulated the expression 
of IL-18 (P = 0.02 vs normoxia) and its type α (IL-18-Rα) 
and β (IL-18-Rβ) receptors (P = 0.03, 0.001 vs normoxia, 
respectively, Supplementary material, Figure S1A). Cor-
rected P-values were applied to multiple comparisons of 
ANF secretion using Bonferroni posthoc analysis. Posthoc 
analysis showed that hypoxia also significant increase 

ANF secretion (P <0.0001 vs normoxia; Figure 1C), and the 
ANF secretion was obviously decreased by IL-18-BP, an IL-
18 antagonist (P <0.0001 vs hypoxia; Figure 1C), reaching 
the Bonferroni-corrected P-value threshold (<0.0167). In 
addition, the upregulated expression levels of IL-18 and 
its receptors, IL-18-Rα and IL-18-Rβ, induced by hypoxia 
were completely suppressed by BQ123 (P = 0.03, 0.02, 
0.002 vs hypoxia) and BQ788 (P = 0.03, 0.04, 0.002 vs 
hypoxia), the ETA and ETB antagonists (Figure 1A, 1B). 
These findings indicated that IL-18 altered by endoge-
nous ET-1 was involved in the release of ANF in beating 
rat hypoxic atria. 

Effects of hypoxia on the expression of Src and 
RhoA as well as the secretion of ANF
In accordance with the role of Src in inflammatory actions 
and the relationship between RhoA and interleukins, we 
determined the effects of hypoxia on the protein levels 
of Src, RhoA, as well as the secretion of ANF. The results 
indicated that hypoxia markedly upregulated the expres-
sion of Src (P = 0.002 vs normoxia; Figure 1A, 1B), but such 
upregulation was entirely abolished by BQ123 (P = 0.01 vs 
hypoxia) and BQ788 (P = 0.02 vs hypoxia; Figure 1A, 1B). 
Hypoxia was also noticeably upregulated the expression 
of p115RhoGEF (P = 0.01 vs normoxia; Figure 1A, 1B) and 
RhoA (P = 0.005 vs normoxia; Figure 2A, 2B). However, 

RhoA

β-actin

β-actin

~43KDa

~22KDa

~43KDa

~115KDa

A

N

p115RhoGEF

H

SrcI
+H

0.0

0.2

0.4

0.6

0.8

1.0

Pr
ot

ei
n

ex
pr

es
si

on
le

ve
l

N H SrcI+H

p115RhoGEF RhoA

a

a

a

b

-2

0

2

4

6

8

10

AN
F

se
cr

et
io

n
(fo

ld
)

H + + + +- -
+ + + + +-SrcI

(Cycles)

H
SrcI+H

-
-

0 1 2 3 4 5 6

d

d

d

d

d

d

d

c

A B

C

Figure 2. Effects of Src on RhoGEF and RhoA protein levels as well as the secretion of ANF in beating rat atria. A. Representative Western blot 
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the hypoxia-induced expression of p115RhoGEF was 
obviously reduced by BQ123 (P = 0.02 vs hypoxia) and 
BQ788 (P = 0.01 vs hypoxia; Figure 1A, 1B). Moreover, 
a Src antagonist SrcI also downregulated the expres-
sion of p115RhoGEF (P = 0.02 vs normoxia) and RhoA 
(P = 0.049 vs normoxia; Figure 2A, 2B). Moreover, posthoc 
analysis showed that the hypoxia-induced ANF secretion 
(P <0.0001 vs normoxia; Figure 2C, 3C) was remarkably 
decreased by SrcI (P <0.0001 vs hypoxia; Figure 2C) and 
Rhosin, a RhoGEF inhibitor (P <0.0001 vs hypoxia; Figure 3C),  
reaching the Bonferroni-corrected P-value threshold 
(<0.0167). These results demonstrated that Src induced 
by hypoxia-induced ET-1 could regulate the expression 
of RhoA through p115RhoGEF activation and mediate the 
hypoxia-induced release of ANF.

Effects of RhoA on hypoxia-induced  
expression of IL-18
To elucidate the role of RhoA in modulating the hypox-
ia-induced expression of IL-18 and its receptors, a series 
of experiments were performed using Rhosin. The hypox-
ia-induced upregulation of IL-18 (P = 0.0002 vs normoxia) 
and its receptors (IL-18-Rα and IL-18-Rβ, P = 0.004, 0.007 vs 

normoxia) were utterly blocked by Rhosin (P = 0.002, 0.03, 
0.02 vs hypoxia, respectively; Figure 3A, 3B). These find-
ings showed that RhoA controlled by Src could regulate 
the protein levels of IL-18, IL-18-Rα, and IL-18-Rβ under 
hypoxic conditions.

Effects of IL-18 on hypoxia-induced  
expression of TCF/LEF
To understand the mechanisms by which IL-18 mediates 
hypoxia-induced ANF secretion, the effect of IL-18 on 
TCF/LEF expression was determined using IL-18-BP. The 
results demonstrated that hypoxia markedly increased 
the protein levels of ATF3, TCF3, TCF4, and LEF1 (P = 0.01, 
0.001, 0.03, 0.005 vs normoxia, respectively; Figure 4A and 
4B), but such upregulation patterns were entirely abo-
lished by BQ123 (P = 0.04, 0.03, 0.04, 0.02 vs hypoxia) and 
BQ788 (P = 0.02, 0.02, 0.03, 0.02 vs hypoxia; Supplementary 
material, Figure S1A, S1B). IL-18-BP also dramatically sup-
pressed the hypoxia-induced expression of ATF3 (P = 0.048 vs 
hypoxia), TCF3 (P <0.001 vs hypoxia), TCF4 (P = 0.04 vs hy-
poxia) and LEF1 (P = 0.04 vs hypoxia; Figure 4A, 4B). These 
findings revealed that IL-18 could regulate the expression of 
ATF3, TCF3/LEF1, and TCF4/LEF1 in hypoxic beating rat atria.
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dIsCussIon
This study revealed that hypoxia upregulated the expres-
sion of non-receptor tyrosine kinase Src, which obviously 
increased the expression of IL-18 and its two receptors 
through activation of RhoA signaling. The increase in 
IL-18 subsequently upregulated the expression of ATF3, 
TCF3/LEF1, and TCF4/LEF1, which ultimately regulated hy-
poxia-induced ANF secretion. These effects were controlled 
by hypoxia-stimulated ET-1 expression via ET receptors in 
the isolated beating rat atria (Figure 4C).

Src, a non-receptor tyrosine kinase, is activated by 
hypoxia and plays a crucial role in triggering intracellular 
signaling cascades in cardiac myocytes. Additionally, Src 
is also involved in the processes of cardiovascular disor-
ders induced by ET-1 [20]. Our results demonstrated that 
hypoxia remarkably upregulated the expression of Src 
concomitantly with a potent promotion of ANF secretion, 
while the expression of Src was completely abolished by 
ET receptor antagonists (BQ123 and BQ788). Moreover, 
hypoxia-induced ANF secretion was obviously attenuated 
by SrcI. These data indicated that Src controlled by ET-1 was 
involved in the atrial secretion of ANF under hypoxic con-
ditions. These results were similar to the previous studies 
mentioned above and supported a previous study in which 
the increased Src activity in response to ET-1 treatment 
was involved in ET-dependent pathway activation of ANF 
promoter in cardiomyocytes [21].

Rho-kinase is an important downstream effector of 
RhoA and its activity often requires prior activation of 
RhoGEFs and subsequently enabling the activation of RhoA 
[22]. RhoA/Rho-kinase pathway plays a vital role in diverse 
cellular functions, while its excessive activity is involved in 
the development of cardiovascular diseases [23]. Results 
of this study further showed that p115RhoGEF and RhoA 
were markedly upregulated by hypoxia concomitantly with 
increased expression of IL-18 and its two receptors. Interest-
ingly, the hypoxia-induced expression of p115RhoGEF was 
completely blocked by BQ123, BQ788, and SrcI, whereas 
Rhosin, an antagonist of RhoGEF, was entirely suppressed 
the expression of IL-18 and its two receptors. These re-
sults imply that Src controlled by endogenous ET-1 via its 
both antagonists could upregulate the protein levels of 
IL-18 and its receptors through activation of RhoA, which 
support a previous study showing that hypoxia- or G-pro-
tein-coupled receptor-induced ROS-dependent activation 
of Src led to the overexpression of RhoA via p115RhoGEF 
in rat intrapulmonary artery [24]. Moreover, our findings 
are also consistent with a previous report indicating that 
aldosterone-induced ET-1 upregulated the expression of 
IL-18 through activation of Rho-kinase via ETA in cultured 
rat neonatal cardiomyocytes [25]. However, the effect of 
ETB on IL-18 expression in this study is controversial with 
the earlier mentioned reports. This may be, at least in part, 
explained by the differences in experimental design, sub-
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jects and conditions. However, evidence has implicated the 
potential role of EdnrB (ETB gene) in cardiovascular func-
tion, where this gene could be targeted by pharmacological 
agents under hypoxic conditions [26]. Additionally, EdnrB−/+ 
heterozygote mice could tolerate different levels of hypoxia 
by stabilizing cardiac function and maintaining cardiac 
energy balance [27]. Data from this study also showed 
that an antagonist of ETB abolished the hypoxia-induced 
expression of IL-18, IL-18-Rα, and IL-18-Rβ, suggesting 
that it might be beneficial to alleviate inflammation and 
improve atrial tolerance to hypoxia. 

TCF/LEF proteins act as the major downstream effectors 
of Wnt signaling and can be activated by ATF3, an adap-
tive-response gene in ATF/cyclic adenosine monophos-
phate responsive element-binding protein subfamily 
[28]. It has been shown that TCF/LEF1 binds directly to the 
ANF promoter via its binding site, thereby regulating ANF 
transcription in phenylephrine-induced hypertrophic rat 
cardiomyocytes [29]. Similarly, this study also confirmed 
that hypoxia dramatically increased the protein levels of 
ATF3 and TCF3/LEF1 as well as TCF4/LEF1, and such ex-
pression patterns were completely blocked by BQ123 and 
BQ788 concomitantly with an obvious attenuation of 
ANF secretion. Besides, IL-18-BP mimicked the effects of 
ET receptor antagonists on the expression of these tran-
scription factors and hypoxia-induced secretion of ANF. 
Therefore, this study suggests that IL-18 regulated by ET-
1-Src is involved in the atrial secretion of ANF in hypoxia 
beating rat atria through ATF3 as well as TCF3/LEF1 and 
TCF4/LEF1 signaling.

In summary, the increased expression of Src con-
trolled by hypoxia-induced endogenous ET-1 could lead 
to the upregulated expression of IL-18 and its receptors 
through activation of RhoA, which ultimately regulate the 
atrial secretion of ANF via ATF3 as well as TCF3/LEF1 and 
TCF4/LEF1 signaling in hypoxic beating rat atria. The in-
crease in ANF secretion during hypoxia might be one of the 
mechanisms for the inhibition of ET-1 and its downstream 
IL-18 signaling and exert a beneficial action on cardiovas-
cular health.
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