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The present study aimed to determine whether apelin-13 could attenuate cardiac fibrosis
via inhibiting the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway to inhibit
reactive oxygen species in heart failure (HF) rats. HF models were established by inducing
ischemia myocardial infarction (MI) through ligation of the left anterior descending artery
in Sprague–Dawley (SD) rats. MI-induced changes in hemodynamics and cardiac function
were reversed by apelin-13 administration. The increases in the levels of collagen I, colla-
gen III, α-smooth muscle actin (SMA), and transforming growth factor-β (TGF-β) in the heart
of MI rats and cardiac fibroblasts (CFs) treated with angiotensin (Ang) II were inhibited by
apelin-13. The levels of PI3K and p-Akt increased in Ang II-treated CFs, and these increases
were blocked by apelin-13. The PI3K overexpression reversed the effects of apelin-13 on
Ang II-induced increases in collagen I, collagen III, α-SMA, and TGF-β, NADPH oxidase ac-
tivity and superoxide anions in CFs. Apelin-13 reduced the increases in the levels of NADPH
oxidase activity and superoxide anions in the heart of MI rats and CFs with Ang II treatment.
The results demonstrated that apelin-13 improved cardiac dysfunction, impaired cardiac
hemodynamics, and attenuated fibrosis of CFs induced by Ang II via inhibiting the PI3K/Akt
signaling pathway to inhibit oxidative stress.

Introduction
Chronic heart failure (CHF) is commonly caused by myocardial infarction (MI) [1]. Heart failure (HF) is
preceded by ventricular remodelings such as changes in left ventricular (LV) mass and myocardial size af-
ter alterations in pressure-overload conditions [2]. Rats with coronary artery ligation-induced HF showed
significantly impaired cardiac hemodynamics and cardiac dysfunction [3].

Cardiac fibrosis is a major driver of disease progression in CHF [4], and excessive fibrosis causes large
infarct scars, resulting in cardiac dilatation and cardiac dysfunction [5,6]. Cardiomyocytes produce extra-
cellular matrix proteins and therefore contribute to fibrosis. However, resident cardiac fibroblasts (CFs)
are currently considered as the main source of fibrosis in the myocardium in response to ischemic injury
[7]. CFs played a critical role in postinfarction remodeling, which can ultimately lead to pathological fi-
brosis and HF [8]. Cardiac fibrosis is a hallmark of HF for which no effective pharmacological therapy is
available.

Apelin is a hormone peptide widely found in cardiovascular [9], adipose [10], cerebral [11], and pul-
monary tissues [12]. Diverse active apelin peptides exist under the form of 36, 17, or 13 amino acids
which originated from a preproproteins consistingof 77 amino acid residues. Apelin-13 has the highest
activity of these three active peptides, followed by apelin-17 then apelin-36 [13]. Apelin, together with its
receptor APJ, is involved in cardiovascular diseases, diabetes, obesity, and cancer [10,14]. The expression
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levels of apelin were increased in many pathological states or disease processes such as cardiovascular and metabolic
disorders [15]. Increased nitric oxide production through the apelin/APJ/protein kinase B (Akt)/endothelial nitric ox-
ide synthase (eNOS) pathway may, at least in part, contribute to the alleviating effect of losartan in unilateral ureteral
obstruction-induced renal fibrosis in mice [16]. Apelin can be an important mediator of fibrogenesis in human liver
diseases [17]. However, whether apelin is involved in regulating cardiac fibrosis in MI-induced HF is not well known.

The expression level of phosphatidylinositol 3-kinase (PI3K) and the phosphorylation level of Akt increased in
infarcted myocardial tissues of mice [18]. The inhibition of PI3K/Akt signaling activity on treatment with LY294002
markedly reversed the protective effect of erythropoietin on the abdominal aortic constriction-induced myocardial
fibrosis [19]. Apelin-13 promotes H9C2 rat cardiomyocyte hypertrophy via the PI3K/Akt signaling pathway and the
autophagy induced by PI3K [20]. Angiotensin (Ang) II-stimulated collagen production is mediated through reactive
oxygen species (ROS) generation in adult rat CFs. Ang II activates ROS-sensitive kinases that are critical in mediating
fibrotic remodeling of the heart [21]. The present study was performed to determine whether apelin-13 improved
cardiac function, hemodynamics, and fibrosis in rats with HF and whether apelin-13 attenuated cardiac fibrosis via
inhibiting the PI3K/Akt signaling pathway to attenuate oxidative stress.

Materials and methods
Animals
The experiments were carried out using male Sprague–Dawley (SD) rats (weighing 160–200 g; Vital River Biological
Co., Ltd, Beijing, China). The experiments were carried out at Animal Core Facility of Nanjing Medical University.
All procedures were approved by the Experimental Animal Care and Use Committee of Nanjing Medical University
and conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23,
revised 1996). The rats were kept in a temperature-controlled room with a 12-h light–dark cycle with free access to
standard chow and tap water.

MI rat model
The MI rat model in the present study was induced by coronary artery ligation using sterile techniques as reported
in a previous study [22]. Briefly, the rats were anesthetized with isoflurane (2.5%). A ventilator connection with the
gas anesthesia machine was used during establishing the MI rat model. Rats were randomly subjected to the ligation
of the left anterior descending coronary artery and sham operation (Sham). The heart was exposed through a left
intercostal thoracotomy, and the left coronary artery was looped with a single nylon suture. Finally, the heart was
quickly repositioned into the chest. The rats in the sham group were treated in the same way as the rats with coronary
ligation, except that their coronary arteries were not ligated.

Animal grouping
Rats were subjected to MI or Sham. At the same time, apelin-13 (10 nmol/kg/day, i.p., Phoenix Pharmaceuticals, CA,
U.S.A.) [23] or saline was administered for 28 days. After 28-day treatment with apelin-13, transthoracic echocardio-
graphy, and hemodynamic monitoring were performed then killed with an overdose of pentobarbital (100 mg.kg−1,
I.V.). The left ventricle (LV) was sectioned for Masson’s staining and the remaining tissue was used for quantitative
reverse-transcription PCR (qRT-PCR) and Western blooting.

Echocardiography
After 4 weeks of MI and apelin-13 treatment, transthoracic echocardiography was performed under isoflurane anes-
thesia using an ultrasound (Vevo 2100, VisualSonics, Toronto, Canada) with a 21-MHz probe. The left ventricular
end-systolic diameter (LVESD), end-diastolic diameter (LVEDD), LV volumes in systole (LVVs) and diastole (LVVd),
and LV mass were measured. The LV ejection fraction (EF) and fractional shortening (FS) were calculated. Measure-
ments over three consecutive cardiac cycles were averaged.

Hemodynamic monitoring
The rats were anesthetized with isoflurane (2.5%), and a 1.4-F conductance micromanometer-tip catheter (Millar
Instruments, TX, U.S.A.) was inserted via the right carotid artery across the aortic valve and into the LV chamber.
The LV end-diastolic pressure (LVEDP), LV systolic pressure (LVSP), and maximum of the first derivative of LV
pressure (LV+dP/dtmax) were obtained on a PowerLab data acquisition system (AD Instruments, Sydney, Australia).
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Table 1 Primers used for qRT-PCR

Gene Species Forward primer Reverse primer

Collagen I Rat TCAAGATGGTGGCCGTTAC CTGCGGATGTTCTCAATCTG

Collagen III Rat CGAGATTAAAGCAAGAGGAA GAGGCTTCTTTACATACCAC

α-SMA Rat GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA

TGF-β Rat CAGGGAGTAAGGGACACGA ACAGCAGTTAGGAACCCAGAT

GAPDH Rat GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

Masson’s trichrome staining
The rats were killed with an overdose of pentobarbital (100 mg/kg, I.V.). The hearts were removed after PBS perfu-
sion. Sections of the LV (5 μm) were examined by Masson’s trichrome staining (Biochannel Biotechnology Co., Ltd.,
Nanjing, China) according to the manufacturer’s protocol to determine the extent of fibrosis. Tissue sections from
rat hearts were observed under a light microscope (Zeiss, Oberkochen, Germany). Images were analyzed using the
Image-Pro Plus software (Media Cybernetics, Inc., MD, U.S.A.).

Culture of CFs isolated from adult rats
Adult CFs were obtained from male SD rats using two independent isolation procedures. The ventricular tissue was
dissected, washed, minced, and subjected to seven-times repeated digestions at 37◦C for 20 min in a solution contain-
ing a mixture of 1 mg/ml of collagenase A and 0.5 mg/ml hyaluronidase after an initial digestion step in a proteinase
bacterial solution (4 U/ml) for 15 min. After each cycle of digestion, the tissue was mechanically dissociated using
a wide-mouth pipette, the supernatant containing dissociated cells was collected, and the cells were resuspended in
Iscove’s modified Dulbecco’s medium (IMDM). The cells from all digestions were pooled and resuspended in IMDM
supplemented with 20% fetal bovine serum, penicillin (100 units/ml), streptomycin (100μg/ml), nonessential amino
acids (1%), and 2-mercaptoethanol (0.1 mM). The cells were plated and incubated for 2 h to allow for the preferential
attachment of fibroblasts. CFs were used for experiments between passages 3 and 5. CFs were incubated with Ang II
(10−6 M, Sigma, MO, U.S.A.) for 24 h to induce the fibrotic phenotype. CFs were assigned to four groups, including
PBS group, Ang II group, Apelin-13 group, Ang II+Apelin-13 (10 μM) group.

Western blot analysis
The LV or cultured CFs were sonicated in RIPA lysis buffer and homogenized. The debris was removed, and the
supernatant was obtained by centrifugation at 12000×g for 10 min at 4◦C. Approximately 30–50 μg protein was sep-
arated by electrophoresis, transferred to a PVDF membrane, and probed with primary antibodies against collagen I,
collagen III, transforming growth factor-β (TGF-β), and α-smooth muscle actin (SMA) (Abcam, MA, U.S.A.); PI3K,
Akt, and p-Akt (Cell Signaling Technology, MA, U.S.A.); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Abcam) was used as an internal control. Images were analyzed using the Image-Pro Plus software.

Real-time polymerase chain reaction
RNA was isolated from cultured CFs using TRIzol (Thermo Fisher Scientific, Shanghai, China). Total RNA (0.5 μg)
was reverse transcribed to cDNA. Real-time polymerase chain reactions were performed on an ABI Prism 7900 sys-
tem. TaqMan probes to detect apelin, APJ, collagen I, collagen III, TGF-β, and α-SMA were purchased from Roche.
All samples were amplified in triplicates for 45 cycles in a 384-well plate. The relative level of mRNA expression was
expressed as 2−��Ct . The primers are shown in Table 1.

Measurement of NADPH oxidase activity
The NAD(P)H oxidase activity in the heart was measured by enhanced lucigenin chemiluminescence. Briefly, the
LV or CFs were sonicated in RIPA lysis buffer and homogenized. The debris was removed, and the supernatant was
obtained by centrifugation at 12000×g for 10 min at 4◦C. NAD(P)H (100 μM) was added to the supernatant as
a substrate to react with NAD(P)H oxidase and generate superoxide anions. The light emission produced by the
reaction of lucigenin (5 μM) with superoxide anions was measured with a microplate reader (BioTek, VT, U.S.A.)
once every minute for 10 min. The values represented the NAD(P)H oxidase activity and were expressed as the mean
light units (MLUs) per minute per milligram of protein. The total protein in the supernatant was measured by a BCA
protein assay kit (BioChannel Biotechnology Co., Ltd, Nanjing, China).
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Measurement of superoxide anions
Superoxide anions level in the heart was determined by lucigenin-derived chemiluminescence. Briefly, the LV or
CFs were sonicated in RIPA lysis buffer and homogenized. The debris was removed, and the supernatant was ob-
tained by centrifugation at 12000×g for 10 min at 4◦C. The reaction with superoxide anions was started by adding
dark-adapted lucigenin (5 μM) to each supernatant to cause photon emission, which was measured with a microplate
reader (BioTek, VT, U.S.A.) once every minute for 10 min. The values representing the superoxide anions level were
expressed as the MLU per minute per milligram of protein. The total protein in the supernatant was measured by a
BCA protein assay kit (BioChannel Biotechnology Co., Ltd, Nanjing, China).

PI3K overexpression
For overexpression experiments, adenovirus carrying PI3K (Ad-PI3K) coding sequence (GeneChem, Shanghai,
China) was diluted in PBS and added into the medium. The adenovirus carrying green fluorescent protein (GFP,
Ad-GFP) was used as a control. Generally, CFs were infected with adenovirus at 50 multiplicity of infection (MOI)
for 24 h.

Statistical analyses
Data were presented as mean +− standard error of the mean. Using GraphPad Prism 5.0 (GraphPad software Inc.,
CA, U.S.A.), statistical significance among multiple groups was evaluated by one-way analysis of variance with the
Bonferroni post-hoc test. A two-tailed P-value <0.05 was considered statistically significant.

Results
Expression levels of apelin and APJ in the heart of MI rats
The expression of apelin in the heart of MI rats was higher than sham rats. In addition, the level of APJ was increased
in the heart of MI rats (Figure 1).

Effects of apelin-13 on cardiac function in rats with MI
In rats with MI, LV+dP/dtmax, LVSP, EF, and FS were reduced, and apelin-13 treatment enhanced the decreases of
LV+ dP/dtmax, LVSP, EF, and FS in rats with MI. LVEDP, LVESD, LVEDD, LVVs, and LVVd increased in rats with MI,
which were reversed by apelin-13 treatment (Figure 2).

Effects of apelin-13 on cardiac fibrosis in rats with MI
The Masson’s staining results showed that cardiac fibrosis increased in rats with MI, which was prevented by apelin-13
(Figure 3A). The mRNA levels of collagen I, collagen III, and TGF-β increased in the heart of rats with MI, which
was inhibited by apelin-13 treatment (Figure 3B). The protein levels of collagen I, collagen III, and TGF-β increased
in the heart of MI rats, and apelin-13 treatment attenuated the increases in the protein levels of collagen I, collagen
III, and TGF-β in the heart of MI rats (Figure 3C).

Effects of apelin-13 on fibrosis in CFs
The mRNA expression levels of collagen I, collagen III, TGF-β, andα-SMA were higher in the Ang II group compared
with the phosphate-buffered saline (PBS) group in CFs. Treatment with apelin-13 inhibited the increases in the mRNA
levels of collagen I, collagen III, TGF-β, andα-SMA induced by Ang II administration in CFs (Figure 4A). The protein
levels of collagen I, collagen III, TGF-β, andα-SMA were higher in the Ang II group, which was inhibited by apelin-13
treatment in CFs (Figure 4B).

Levels of PI3K/Akt
The levels of PI3K and p-Akt increased in Ang II-treated CFs, and these increases were blocked by apelin-13CFs.
However, no significant difference in the Akt level was found in the four groups (Figure 5).

Effects of PI3K overexpression
PI3K expression level in Ad-PI3K-treated CFs was 3.14-times of that in control CFs (Figure 6A). PI3K overexpres-
sion reversed the effects of apelin-13 on Ang II-induced increases in the mRNA levels of collagen I, collagen III,
TGF-β, and α-SMA in CFs (Figure 6B,C). Furthermore, PI3K overexpression reversed the effects of apelin-13 on
Ang II-induced increases in the protein levels of collagen I, collagen III, TGF-β, and α-SMA in CFs (Figure 6D).
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Figure 1. Apelin and APJ expression in the heart of MI rats

(A) The expression of apelin was increased in the heart of MI rats. (B) The expression of APJ was increased in the heart of MI rats.

The results are expressed as mean +− standard error (n=8). *P<0.05 versus the Sham group.

Effects of apelin-13 on ROS in CFs
NADPH oxidase activity and superoxide anions levels were higher in the heart of MI rats. Apelin-13 reduced the
increases in the levels of NADPH oxidase activity and superoxide anions in the heart of MI rats (Figure 7A). The levels
of NADPH oxidase activity and superoxide anions were higher in CFs treatment with Ang II, and these increases were
blocked by apelin-13 administration (Figure 7B). The PI3K overexpression reversed the effects of apelin-13 on Ang
II-induced increases in the levels of NADPH oxidase activity and superoxide anions in CFs (Figure 7C).

Discussion
CHF is preceded by ventricular remodeling, and cardiac fibrosis is a major driver of disease progression in CHF
[4]. Excessive fibrosis causes large infarct scars, resulting in cardiac dilatation and cardiac dysfunction [5,6]. Apelin
is a detrimental mechanism that promotes liver fibrosis mainly via up-regulating the expression of collagen I and
platelet-derived growth factor receptor β. On the contrary, apelin is beneficial for renal fibrosis and pulmonary fi-
brosis [24]. The present study showed that apelin-13 improved cardiac dysfunction, impaired cardiac hemodynamics,
and attenuated fibrosis of CFs in HF via inhibiting the PI3K/Akt signaling pathway.

In rats with left coronary artery ligation, the LV function reduced as indicated by the decreases in
EF, infarct thickness, +− LV dP/dt, LV developed pressure, and end-diastolic pressure [25]. Apelin in
the hypothalamic paraventricular nucleus can improve the cardiac function of rats with thoracic surgi-
cal trauma [26]. (3R)-5,6,7-Trihydroxy-3-isopropyl-3-methylisochroman-1-one protected cardiomyocytes against
isoproterenol-induced MI, potentially via the apelin/apelin receptor signaling pathway [27]. The apelin/APJ system
is vital in the regulation of myocardial contractility and blood pressure [27]. In the present study, the results showed
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Figure 2. Effects of apelin-13 on cardiac function in rats with MI

Apelin-13 reversed MI-induced the decreases in the maximum of the first derivative of left ventricular pressure (LV +dP/dtmax), LVSP,

EF and FS, and the increases in the LVEDP, LVESD, LVEDD, LVVs, LVVd. The results are expressed as mean +− standard error (n=8).

*P<0.05 versus the Sham + Saline group; #P<0.05 versus the MI + Saline group.
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Figure 3. Effects of apelin-13 on cardiac fibrosis in rats with MI

(A) Apelin-13 attenuated cardiac fibrosis (blue) in MI rats. (B) Apelin-13 reduced the mRNA levels of collagen I, collagen III, and

TGF-β in the heart of MI rats. (C) Apelin-13 reduced the protein levels of collagen I, collagen III, and TGF-β in the heart of MI rats.

The results are expressed as mean +− standard error (n=8). *P<0.05 versus the Sham + Saline group; #P<0.05 versus the MI +

Saline group.
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Figure 4. Effects of apelin-13 on fibrosis induced by Ang II in CFs

(A) Apelin-13 reduced the mRNA levels of collagen I, collagen III, TGF-β, and SMA in the CFs induced by Ang II. (B) Apelin-13

reduced the protein levels of collagen I, collagen III, TGF-β, and SMA in the CFs induced by Ang II. The results are expressed as

mean +− standard error. *P<0.05 versus the PBS group; #P<0.05 versus the Ang II group.
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Figure 5. Levels of PI3K/Akt signaling molecules

The levels of PI3K and p-Akt were increased in Ang II-treated CFs, and these increases were blocked by apelin-13. The results are

expressed as mean +− standard error. *P<0.05 versus the PBS group; #P<0.05 versus the Ang II group.

that LV +dP/dtmax, LVSP, EF, and FS reduced in rats with MI, and apelin-13 treatment enhanced the decreases in
LV +dP/dtmax, LVSP, EF, and FS. LVEDP, LVESD, LVEDD, LVVs, and LVVd increased in rats with MI, which were
reversed by apelin-13 treatment. These results indicated that apelin-13 improved cardiac dysfunction and impaired
cardiac hemodynamics in rats with HF, which is supported by previous study that apelin-13 treatment improved left
ventricular function of MI rats [28].

Cardiac remodeling is an important mechanism for the occurrence and development of CHF [29]. CFs played a key
role in postinfarction remodeling, which can ultimately lead to pathological fibrosis and HF [8]. Apelin ameliorated
the expression of Ang II-induced TGF-β in primary cardiomyocytes, accompanied by reduced hypertrophy [30]. The
present study found that the expression levels of collagen I, TGF-β, andα-SMA increased in the hearts of rats with MI,
which were inhibited by apelin-13 treatment. The mRNA levels of collagen I, collagen III, TGF-β, and α-SMA were
higher in the Ang II group compared with the PBS group in CFs. Treatment with apelin-13 inhibited the increases
in the mRNA levels of collagen I, collagen III, TGF-β, and α-SMA induced by Ang II administration in CFs. These
results demonstrated that the increase in cardiac fibrosis in rats with HF was attenuated by apelin-13 treatment.

MI was associated with decreased activities of PI3K and signal transducer and activator of transcription 3 (STAT3)
in aging rats compared with young rats [31]. The Akt signaling pathway was enhanced in CFs after Ang II treatment
[32]. Apelin-13 blocked cisplatin-induced H9C2 cell apoptosis via the regulation of mitogen-activated protein ki-
nases (MAPKs) and PI3K/Akt signaling pathway [33]. The present study showed that the levels of PI3K and p-Akt
increased in Ang II-treated CF, and these increases were blocked by apelin-13. PI3K overexpression reversed the ef-
fects of apelin-13 on Ang II-induced increases in the mRNA levels of collagen I, collagen III, TGF-β, and α-SMA in
CFs. The results indicated that apelin-13 alleviated fibrosis induced by Ang II via inhibiting the PI3K/Akt signaling
pathway. However, previous study revealed that apelin-13 promoted the phosphorylation of PI3K and Akt to induce
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Figure 6. Effects of PI3K overexpression

(A) The level of PI3K was increased in CFs treated with Ad-PI3K. (B,C) The increases in the mRNA levels of collagen I, collagen

III, TGF-β, and α-SMA induced by Ang II were reversed after PI3K overexpression in CFs. (D) The increases in the protein levels

of collagen I, collagen III, TGF-β, and SMA induced by Ang II were reversed after PI3K overexpression in CFs. The results are

expressed as mean +− standard error. *P<0.05 versus the PBS group; #P<0.05 versus the Ang II group; &P<0.05 versus the Ang II

+ apelin-13 group.
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Figure 7. Effects of apelin-13 on reactive oxygen species levels

(A) The increases in the levels of NADPH oxidase activity and superoxide anions induced by Ang II were reduced after apelin-13

treatment in the heart of MI rats. (B) The increases in the levels of NADPH oxidase activity and superoxide anions induced by Ang II

were reduced after apelin-13 treatment in the CFs. (C) The PI3K overexpression reversed the effects of apelin-13 on Ang II-induced

increases in the levels of NADPH oxidase activity and superoxide anions in CFs. The results are expressed as mean +− standard

error. *P<0.05 versus the Sham + Saline group (A) or PBS group (B,C); #P<0.05 versus the MI + Saline group (A) or Ang II group

(B,C); &P<0.05 versus the Ang II + apelin-13 group.

cardiomyocyte hypertrophy of H9C2 [20]. These findings indicated that apelin-13 showed protective effects in CFs
on attenuating fibrosis via inhibiting PI3K/Akt pathway; while apelin-13 had adverse effects in cardiomyocytes on
promoting hypertrophy via enhancing PI3K/Akt signaling.

Oxidative stress, defined as an excess production of reactive oxygen species (ROS), has been shown to play impor-
tant roles in the pathophysiology of HF and cardiac remodeling [34]. Apelin/APJ played important roles in oxidative
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stress-related inflammatory diseases [35]. Whether apelin can attenuate HF via inhibiting ROS is not well known. In
the present study, NADPH oxidase activity and superoxide anions levels were higher in the heart of MI rats and in CFs
treatment with Ang II, and these increases were blocked by apelin-13 administration. The PI3K overexpression re-
versed the effects of apelin-13 on Ang II-induced increases in NADPH oxidase activity and superoxide anions in CFs.
The results demonstrated that apelin-13 attenuated oxidative stress via inhibiting the PI3K/Akt signaling pathway.

In conclusion, apelin-13 improved cardiac dysfunction, attenuated impaired cardiac hemodynamics, and alleviated
fibrosis in rats with HF, and apelin-13 attenuated fibrosis of CFs induced by Ang II via inhibiting the PI3K/Akt
signaling pathway to attenuate oxidative stress.
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