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Fibroblast growth factor-21 alleviates hypoxia/reoxygenation
injury in H9¢2 cardiomyocytes by promoting autophagic flux
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Abstract. Fibroblast growth factor (FGF)-21, a member
of the family of FGFs, exhibits protective effects against
myocardial ischemia and ischemia/reperfusion injurys; it is
also an enhancer of autophagy. However, the mechanisms
underlying the protective role of FGF-21 against cardiomyo-
cyte hypoxia/reoxygenation (H/R) injury remain unclear. The
present study aimed to investigate the effect of FGF-21 on
HO9c2 cardiomyocyte injury induced by H/R and the mecha-
nism associated with changes in autophagy. Cultured H9c2
cardiomyocytes subjected to hypoxia were treated with a
vehicle or FGF-21 during reoxygenation. The viability of H9c2
rat cardiomyocytes was measured using Cell Counting Kit-8
and trypan blue exclusion assays. The contents of creatine
kinase (CK) and creatine kinase isoenzymes (CK-MB), cardiac
troponin I (cTnT), cardiac troponin T (cTnl) and lactate dehy-
drogenase (LDH) in culture medium were detected with a CK,
CK-MB, cTInT, c¢Inl and LDH assay kits. The protein levels
were examined by western blot analysis. Autophagic flux was
detected by Ad-mCherry-GFP-LC3B autophagy fluorescent
adenovirus reagent. The results indicated that FGF-21 allevi-
ated H/R-induced H9¢c2 myocardial cell injury and enhanced
autophagic flux during H/R, and that this effect was antago-
nized by co-treatment with 3-methyladenine, an autophagy
inhibitor. Furthermore, FGF-21 increased the expression levels
of Beclin-1 and Vps34 proteins, but not of mechanistic target of
rapamycin. These data indicate that FGF-21 treatment limited
H/R injury in H9c2 cardiomyocytes by promoting autophagic
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flux through upregulation of the expression levels of Beclin-1
and Vps34 proteins.

Introduction

Cardiovascular disease is a significant threat to human health
and is the second leading cause of mortality following malig-
nant tumors (1). Acute myocardial infarction is one of the major
causes of morbidity and mortality in coronary artery cardio-
vascular disease, which may lead to myocardial cell damage
and heart dysfunction. Timely restoration of coronary artery
blood perfusion by antiplatelet and anticoagulant therapy,
percutaneous coronary intervention, and angioplasty treatment
technology are the most effective treatments for myocardial
ischemia at present (2-4). However, the accompanying isch-
emia/reperfusion (I/R) injury, which is associated with poor
prognosis, may cause cell death and aggravate myocardial
injury. Therefore, methods for effectively preventing and miti-
gating I/R injury have been a major topic of discussion in the
field of myocardial protection studies.

Fibroblast growth factor (FGF-21) is a member of the
FGF family (5). It regulates the metabolism of glucose and
lipids and serves important roles in obesity, diabetes mellitus,
metabolic syndrome and nonalcoholic fatty liver disease (6,7).
It may also antagonize the development of a number of
cardiovascular diseases, including atherosclerosis, coronary
heart disease, myocardial ischemia, myocardial hypertrophy,
diabetes, cardiomyopathy and hypertension (8-11). A previous
study indicated that FGF-21 may protect the heart from
ischemia (12). Other studies have suggested that FGF21
protects the heart from myocardial ischemia and I/R injury
by activating the protein kinase B (AKT) and 5-adenosine
monophosphate-activated protein kinase (AMPK) signaling
pathway through its binding with the FGF receptor 1, and that
the underlying mechanisms are associated with anti-apoptotic
and anti-inflammatory effects, antioxidant stress, and myocar-
dial cell energy metabolism and mitochondrial function
regulation, among others (13). However, the mechanisms
underlying the protective effect of FGF-21 are not completely
explained by these aforementioned interactions.

Autophagy is a process that involves the degradation
and digestion of mature proteins and cell structures through
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lysosomal degradation pathways, to maintain cellular homeo-
stasis and organelle recycling (13,14). In selective autophagy,
targets are recognized by autophagy receptors, including
Sequestosome 1 (p62), that initiate membrane recruitment
through interaction with microtubule-associated proteins
1A/1B light chain 3A (LC3) and other autophagy-associated
proteins. Zhao et al (15) demonstrated that acetylcholine may
increase the tolerance of the myocardium to hypoxia/reoxy-
genation (H/R) injury by activating autophagy though the
AMPK-mechanistic target of rapamycin (mTOR) pathway.
Previous studies have indicated that, by inducing autophagy,
FGF-21 may ameliorate nonalcoholic fatty liver disease and
alleviate inflammation and fibrosis in type 1 diabetic mouse
heart (7,16). Riihlmann et al (17) suggested that FGF-21
exerts neuroprotective effects on apolipoprotein E-knockout
(ApoE-KO) mice with long-term restricted caloric intake
by prolonged activation of the AMPK-mTOR signaling
pathway. However, the role of FGF-21 in autophagy during
HO9c2 cardiomyocyte H/R remains unclear. The present study
aimed to investigate the effect of FGF-21 on H9¢2 cardiomyo-
cyte injury induced by H/R and the mechanism associated
with changes in autophagy. Cultured H9c2 cardiomyocytes
subjected to hypoxia were treated with a vehicle or FGF-21
during reoxygenation. The viability of H9c2 rat cardiomyo-
cytes was measured using Cell Counting Kit-8 (CCK-8) and
trypan blue exclusion assays. The contents of creatine kinase
(CK) and CK isoenzymes (CK-MB), cardiac troponin I (¢TnT),
cardiac troponin T (cTnl) and lactate dehydrogenase (LDH)
in culture medium were detected with a CK, CK-MB, ¢TnT,
cTnl and LDH assay kits. The protein levels were examined
by western blot analysis. Autophagic flux was detected by
Ad-mCherry-GFP-LC3B autophagy fluorescent adenovirus
reagent.

Materials and methods

Cell culture. H9c2 rat cardiomyocyte cells were purchased
from the Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). They were cultured
in Dulbecco's modified Eagle's medium (DMEM; HyClone,
Thermo Fisher Scientific, Inc., Wilmington, DE, USA)
supplemented with 10% fetal bovine serum (FBS; HyClone;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified incu-
bator supplied with 5% CO,. When the cells grew to 70-80%
confluence, they were treated with serum-free DMEM for 12 h
for synchronization, following which the experiments were
conducted.

H/R cell model and drug administration. Serum medium was
removed from the synchronized cardiomyocytes, they were
rinsed three times with PBS, deoxygenated Hanks' balanced
salt solution was added (69 mM NaCl, 5 mM KCI, 0.3 mM
KH,PO,, 4 mM NaHCO;, 0.3 mM Na,HPO,, 0.5 mM MgCl,,
0.4 mM MgSO, and 1.3 mM CaCl,) and the culture flask or
plate (6-, 24- or 96-well plate) was maintained for 120 min at
37°C in an oxygen-deficient container (95% N, and 5% CO,,
O, concentration <1%). Then, the solution was replaced with
DMEM supplemented with 10% FBS in a suitable environment
(5% CO, 37°C) supplemented with 0, 12.5, 25, 50 or 100 ng/ml
FGF-21 (ProteinTech Group, Inc., Chicago, IL USA) with or
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without 5 mmol/l 3-methyladenine (3-MA; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and incubated at 37°C for
60 min for completion of the H/R model.

Viability assays. The viability of H9c2 rat cardiomyocytes was
measured using CCK-8 (Vazyme Biotech Co., Ltd., Nanjing,
China) and trypan blue exclusion assays (Beyotime Institute
of Biotechnology, Haimen, China). A total of 2x10° cells
were seeded into each well of a 96-well plate following H/R
treatment. In accordance with the protocol of the manufac-
turer, 10 ul CCK-8 solution was added and the cells were
incubated at 37°C for 4 h, following which the optical density
(OD) was measured using a microplate reader (A=450 nm).
The average OD of 5 wells was recorded, and cell viability
was calculated. The procedure was repeated at least three
times, and cells in the control group were considered to be
100% viable. The trypan blue exclusion assay was performed
as follows: 1x10° cells were cultured in each well of a 6-well
plate. Following the H/R experiment, the culture medium
was discarded and cells were washed three times with PBS,
followed by dilution with trypan blue stock in PBS (4% final
concentration). Then, 0.04% diluted trypan blue solution was
added to the 6-well plate (500 ul/well). After 3 min, the stained
cells were observed under a light microscope at x10 magnifi-
cation, the dead cells were dyed blue and the live cells were
colorless and transparent.

Measurement of LDH, CK and CK-MB. Following the H/R
experiment, the cell culture medium was collected at the
end of the reoxygenation stage, and levels of LDH, CK and
CK-MB in the cell culture were measured by LDH, CK and
CK-MB assay Kkits (all from Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), in accordance with the manufac-
turer's protocol.

Measurement of cTnl and cTnT. Following the H/R experi-
ment, the cell culture medium was collected at the end of
the reoxygenation stage, and levels of ¢cI'nT and cTnl were
measured with a ¢InT assay kit (Roche Diagnostics GmbH,
Mannheim, Germany) and a ¢Inl assay kit (Roche Diagnostics
GmbH) with Roche Elecsys Analyser.

Ad-mCherry-green fluorescent protein (GFP)-microtubule-
associated proteins 1A/IB light chain 38 (LC3B) autophagy
fluorescence double labeling adenovirus autophagy assay.
Ad-mCherry-GFP-LC3B autophagy fluorescent adenovirus
reagent (Beyotime Institute of Biotechnology) at a multiplicity
of infection of 80 was added to H9¢2 cardiomyocytes that were
cultured in 24-well plates (50 pl/well). After 12 h transfection
of 8x10° pfu (Plaque forming units) adenovirus, H/R was
performed. Following establishment of the H/R model, the
expression of mCherry and GFP was visualized with confocal
fluorescence microscopy at x100 magnification. Autophagy
flux was evaluated by calculating the number of yellow and
red puncta (18) with Image J (version 1.8.0; National Institutes
of Health, Bethesda, MD, USA).

Western blot analysis. Cells were rinsed with cold PBS twice
and lysed in radioimmunoprecipitation buffer containing
phenylmethylsulfonyl fluoride (all from Beyotime Institute
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Figure 1. Effects of FGF-21 on cell survival. (A) Effects of different doses of FGF-21 (0, 12.5, 25, 50 and 100 ng/ml) on the viability of cultured H9c2
cardiomyocytes, as determined by the Cell Counting Kit-8 assay. (B) Quantitatively analysis of dead cells and (C) dead cells were visualized using trypan
blue exclusion assay (blue cells). Scale bar, 100 ym. “P<0.05 vs. control group and “P<0.05 vs. H/R group. Values are presented as mean =+ standard deviation.
Experiments were repeated in triplicate. FGF-21, fibroblast growth factor-21; H/R, hypoxia/reoxygenation.

of Biotechnology). Cell protein concentrations were
measured using the BCA method (Beyotime Institute of
Biotechnology). A total of 20 pg of protein was loaded
on 10% SDS-PAGE gels and then transferred to polyvi-
nylidene fluoride membranes (Roche Diagnostics Co.,
Ltd., Shanghai, China). Following blocking in 5% non-fat
milk for 1 h at room temperature, the membranes were
probed with primary antibodies (all dilutions were 1:1,000)
at 4°C overnight; the following primary antibodies were
used: Anti-Beclin-1 (11306-1-AP; ProteinTech Group,
Inc.), anti-LC3 (14600-1-AP; ProteinTech Group, Inc.),
anti-P62 (ab5641; Epitomics; Abcam, Cambridge, UK),
anti-phosphatidylinositol 3-kinase (PI3K) catalytic
subunit type 3 (Vps34; 20584-1-AP; ProteinTech Group,
Inc.), Phospho-mTOR (Ser2448) antibody (2971; Cell
Signaling Technology, Danvers, MA, USA), mTOR anti-
body (2972; Cell Signaling Technology) and anti-GAPDH
(13937-1-AP; ProteinTech Group, Inc.). The membranes
were then incubated for 2 h with secondary antibodies at
37°C (HRP-conjugated Affinipure goat anti-rabbit IgG;
1:7,000; BA1056; Wuhan Boster Biological Technology
Ltd., Wuhan, China). Bands were visualized using an
ECL chemiluminescent agent (CW0048; CWBio, Beijing,
China). An automatic chemical luminous imaging analysis
system was used for capturing images. The image analysis
software ImageJ (version 1.8.0; National Institutes of
Health) was used for analyzing the results, and expression
of the protein was determined relative to that of GAPDH.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). All experimental data are expressed as
mean + standard deviation. P<0.05 was considered to indicate
a statistically significant difference, as determined using
one-way analysis of variance with Tukey's range test.

Results

Cytoprotective effects of FGF-21 in cells during H/R injury.
After 2 h of hypoxia treatment, H9¢c2 cells were incubated
in 0, 12.5, 25, 50, and 100 ng/ml FGF-21 for 1 h at the
time of reoxygenation, and the viability of the cells was
measured using the CCK-8 assay. The results demonstrated
that, compared with the control group, cell viability was
significantly decreased in the H/R group; treatment with
25 or 50 ng/ml FGF-21 increased the viability of cells with
H/R [H/R vehicle group = 35.77+6.514%; H/R + FGF-21
(25 ng/ml) group = 52.77£6.394%; and H/R + FGF-21
(50 ng/ml) group = 77.30+4.899%; n=3; P<0.05; Fig. 1A].
These data suggest that an appropriate concentration of
FGF-21 may improve cell survival. Subsequent experiments
were conducted with 50 ng/ml FGF-21.

The trypan blue exclusion assay indicated that, compared
with the control group, the rate of damaged cells was signifi-
cantly increased in the H/R group; however, FGF-21 (50 ng/ml)
significantly decreased the number of dead cells following
exposure to H/R (Fig. 1B and C).
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Figure 2. Effects of FGF-21 on signatures of cell injury. Cell injury was measured by (A) LDH, (B) CK, (C) CK-MB, (D) ¢TnT and (E) ¢Tnl release. "P<0.05
vs. control group and “P<0.05 vs. H/R group. Values are expressed as mean + standard deviation. Experiments were repeated in triplicate. FGF-21, fibroblast
growth factor-21; H/R, hypoxia/reoxygenation; LDH, lactate dehydrogenase; CK, creatine kinase; CK-MB, creatine kinase isoenzymes; ¢InT, cardiac troponin

T; cTnl, cardiac troponin I.

H/R increased levels of LDH, CK, CK-MB, ¢I'nT and ¢Tnl
in the cell culture medium at the end of reoxygenation, which
was rescued by FGF-21 (Fig. 2). These results suggest that
FGF-21 significantly alleviates H/R-induced H9¢2 myocardial
cell injury.

FGF-21 enhances autophagic flux of cardiomyocytes during
H/R. The western blot analysis results demonstrated that,
compared with the control group, the formation of lipid
modified microtubule-associated proteins 1A/1B light chain
(LC3-II) and expression levels of the Beclin-1 protein in
cardiomyocytes were significantly increased in the H/R group.
The expression of p62 was significantly decreased, compared
with the control group. p62 is a receptor that facilitates selec-
tive autophagy by interacting simultaneously with cargoes and
the LC3 protein on the autophagosome to maintain cellular
homeostasis. The formation of LC3-II and expression levels
of Beclin-1 were additionally increased and the expression
of p62 was also additionally decreased in the FGF21-treated
group compared with those in the H/R group. However, this

effect was partly abolished by 3-MA. Following addition of
the autophagic inhibitor 3-MA, the formation of LC3-II and
expression levels of Beclin-1 were downregulated and the
expression of p62 was upregulated compared with those in the
FGF-21-treated group (Fig. 3).

To monitor autophagic flux, tandem fluorescent
mCherry-GFP-LC3B was performed on H9¢2 cardiomyocytes
(Ad-LC3-H9c¢2). Normal Ad-LC3-H9c2 cells exhibited basal
autophagy with few autophagosomes and autolysosomes.
Ad-LC3-H9c2 cells subjected to H/R exhibited increased
autophagosomes and few autolysosomes, suggesting that
autophagic flux was increased during myocardial H/R. In the
FGF-21-treated group, Ad-LC3-H9c2 cells subjected to H/R
possessed more autophagosomes and autolysosomes compared
with those in the untreated group, indicating that FGF-21
treatment additionally enhanced autophagic flux. However,
co-treatment with FGF-21 and the autophagic inhibitor 3-MA
decreased autophagosomes and autolysosomes compared
with those in the FGF-21-treated group. In addition, in the
3-MA-treated group, Ad-LC3-H9c2 cells subjected to H/R



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 43: 1321-1330, 2019

A LC3-l
GAPDH o —— s s S
Control Vehicle FGF-21 3-MA FGF-21+3-MA
H/R
Beclin-1 T S ——— a—
GAPDH e e D G S
Control Vehicle FGF-21 3-MA FGF-21+3-MA
HR
E PE2 o - — — -
GAPDH s i T 4 T

Control Vehicle FGF-21 3-MA FGF-21+3-MA
H/R

1325

w

2.0 #

LC3-1l/GAPDH
(folds of control)
5

+H

0.54

0.04
Control Vehicle FGF-21 3-MA FGF-21+3-MA

H/R

1.5+ #

o

1.0 4

0.5 4

Beclin-1/GAPDH
(folds of control)

0.0
Control Vehicle FGF-21 3-MA FGF-21+3-MA

H/R

1.59

m

1.0 # &

0.5+ #

p62/GAPDH
(folds of control)
*

Control Vehicle FGF-21 3-MA FGF-21+3-MA
H/R

Figure 3. Effects of FGF-21 on autophagy makers in H9¢c2 cardiomyocytes. (A) Western blot analysis of LC3-II protein levels. (B) Densitometric analysis
of LC3-II levels. (C) Western blot analysis of Beclin-1 protein levels. (D) Densitometric analysis of Beclin-1 levels. (E) Western blot analysis of p62 protein
levels. (F) Densitometric analysis of p62 levels. "P<0.05 vs. control group, “P<0.05 vs. H/R group and ¥P<0.05 vs. H/R + FGF-21 group. Values are presented
as mean + standard deviation. Experiments were repeated in triplicate. FGF-21, fibroblast growth factor-21; H/R, hypoxia/reoxygenation; 3-MA, 3-methylad-
enine; LC3-I1, lipid modified microtubule-associated proteins 1A/1B light chain; p62, sequestosome 1.

exhibited fewer autophagosomes and autolysosomes compared
with that in the untreated group, indicating that FGF-21 treat-
ment attenuated autophagic flux (Fig. 4). These data suggest
that FGF-21 induced upregulation of autophagic flux during
H/R injury.

FGF-21-mediated autophagy enhances cell survival. CCK-8
and trypan blue exclusion assays revealed that 3-MA partly
abolished the effect of FGF-21 on the myocardial viability
rate in the H/R + FGF-21 group (Fig. 5). These results suggest
that 3-MA may reverse the protective effect of FGF-21 against
HO9c2 cardiomyocyte survival during H/R injury.

Compared with the H/R + FGF-21 group, levels of LDH,
CK, CK-MB, ¢TnT and c¢Tnl in cell culture medium at the end
of reoxygenation in the H/R + FGF-21+3-MA group were
significantly increased (Fig. 6), which additionally supports
the hypothesis that 3-M A may reverse the protective effect of
FGF-21 against H9¢2 cardiomyocyte H/R injury.

Effect of FGF-21 on H/R-induced changes in mTOR and Vps34
signaling. Acetylcholine may increase the tolerance of the
myocardium to H/R injury by activating autophagy through the

AMPK-mTOR pathway (15). A previous study demonstrated
that FGF21 exerted neuroprotective effects on ApoE-KO
mice with long-term restricted caloric intake by prolonging
activation of the AMPK-mTOR signaling pathway (17). The
present study examined the expression of the phosphorylated
(p)-mTOR protein and total mTOR protein in each group of
cells: No significant differences between the control, H/R and
H/R + FGF-21 groups were observed (Fig. 7A-C), indicating
that FGF-21-induced autophagy in H/R cardiomyocytes may
not occur through the mTOR signaling pathway.

The Beclin-1/Vps34 complex formed by Vps34 and
Beclin-1 may modulate the formation of the autophagic
membrane. The present study suggested that FGF-21 increased
the expression level of the Beclin-1 protein in H/R cardio-
myocytes (Fig. 3). The autophagy inhibitor 3-MA used in the
present study is an inhibitor of Vps34; therefore, expression
levels of the Vps34 protein were examined in each group. The
results demonstrated that, compared with the control group,
the expression levels of the Vsp34 protein were significantly
increased in the H/R group, and it was additionally increased
in the H/R + FGF-21 group. However, co-treatment with
FGF-21 and the autophagic inhibitor 3-MA decreased the
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expression level of the Vsp34 protein compared with that in
the H/R + FGF-21 group. In addition, compared with the H/R
group, the expression level of the Vsp34 protein was signifi-
cantly attenuated in the H/R + 3-MA group (Fig. 7D and E).
These results suggest that the Vps34 protein serves a role in
FGF-21-enhanced autophagy in H/R cardiomyocytes.

Discussion

Cardiomyocyte H/R models are designed to mimic in vivo
myocardial I/R. At present, a number of previous studies
have used this cell model for studying the mechanism of H/R
injury (19-21). In the present study, compared with the control
group, the survival rate of cardiomyocytes in the H/R group
was significantly decreased and levels of CK, CK-MB, cInT,
cI'nl and LDH were significantly increased in the culture
medium, indicating that the H/R model was successfully
established.

Numerous studies have demonstrated that levels of
autophagy increase in the heart during I/R in animal models
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and in isolated cardiomyocytes during H/R (22,23). Whether
autophagy has a protective or deleterious role in the I/R
injury process in the heart is unclear at present. Low levels of
autophagy triggered by mild-to-moderate hypoxia or ischemia
are protective and appear to prevent activation of apoptosis by
degrading and removing damaged mitochondria (24,25). It has
also been suggested that autophagy enhances and exacerbates
myocardial injury during reperfusion, indicating that exces-
sive autophagy is detrimental to the heart (14). Ling et al (26)
identified that H/R blocked autophagic flux in cardiomyocytes,
causing accumulation of autophagosomes. However, the
experiments in the present study indicated that autophagic flux
was improved in cardiomyocytes during H/R, which may be
associated with the duration of the H/R stages. In previous
studies, the time intervals selected for establishing the H/R
models were varied (23,27,28); for example, each stage of the
hypoxia and reoxygenation model described by Ling et al (26)
was 3 h. In our preliminary experiment, the highest survival
rate was observed in the H9¢2 cardiomyocytes treated with
hypoxia for 2 h and reoxygenation for 1 h; therefore, the 2/1 h
model was selected. The results from this model indicated
that prolonged H/R may inhibit cardiomyocyte autophagic
flux. Besides, in the model in the present study, the applica-
tion of 3-MA during reoxygenation inhibited autophagic flux,
aggravated cell damage and increased cell death, indicating
that reoxygenation-induced autophagic flux in cardiomyocytes
may occur as a compensatory response to H/R injury and
serve a protective role in cells.

Previous studies have suggested that several FGFs may
protect the myocardium from ischemic and/or I/R injury:
Palmen ez al (29) identified that FGF-1 may enhance ischemic
tolerance of the myocardium, promote recovery of cardiac func-
tion following I/R injury and decrease the level of myocardial
cell death; in addition, earlier studies by our group have detected
that FGF-2 may antagonize myocardial apoptosis, decrease the
area of infarction, ameliorate impaired heart function, improve
arrhythmia and protect cardiomyocytes against myocardial
ischemia and I/R injury (30-32). Singla et al (33) revealed that
FGF-9 may protect mice with diabetes from myocardial infarc-
tion. The cardioprotective effects of FGF-21 have recently
attracted considerable attention: A previous study has identified
that the myocardial infarct size is significantly increased in
FGF-21-KO mice compared with that in wild-type mice (34). In
addition, injection of the FGF-21 adenovirus expression vector
(Ad-FGF-21) into wild-type mice skeletal muscle with myocardial
infarction increased the density of capillaries in the infarct zone,
decreased myocardial apoptosis and improved the ventricular
systolic and diastolic function (35). Upon injection of FGF-21
small interfering RNA, the study identified that the aforemen-
tioned myocardial protective effect of FGF-21 was reversed (12).
In addition, intravenous injection of FGF-21 in FGF-21-KO mice
antagonized myocardial apoptosis induced by I/R, decreased
the infarct size and improved cardiac function (34). The effect
of exogenous FGF-21 on infarct size and cardiac function was
also demonstrated in an isolated heart perfusion model (36). Cell
experiments have also suggested that exogenous FGF-21 may
alleviate morphological changes in H9¢2 cardiomyocytes, depress
nuclear fragmentation and decrease the rate of apoptosis (37).
Underlying mechanisms include anti-apoptosis activities, regula-
tion of energy metabolism, antioxidant stress and regulation of
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mitochondrial function (34-39). Consistent with the results of
a previous study (11), the present study identified that FGF-21
attenuated cardiomyocyte H/R injury and that co-treatment with
FGF-21 and 3-MA during reoxygenation significantly attenuated
autophagic flux and the protective effect on cardiomyocytes,
indicating that the protective effect of FGF-21 may be associated
with enhanced autophagy.

Autophagy may be regulated by the Beclin-1/Vps34
complex, AMPK/mTOR, and PI3K/AKT/mTOR signaling
pathways. Rithlmann ef al (17) demonstrated that FGF-21 may
serve a neuroprotective role by activating the AMPK/mTOR
signaling pathway in ApoE-KO mice with long-term restricted
caloric intake. In addition, Zhao et al (15) identified that
acetylcholine increased the tolerance of the myocardium to
H/R injury, which was activated through autophagy by the
AMPK-mTOR pathway. However, in the experimental results
of the present study, no significant change occurred in p-mTOR
and mTOR proteins following the application of FGF-21 during
reoxygenation, suggesting that FGF-21-enhanced autophagy
and protection of the myocardium from H/R injury does not
occur through the mTOR pathway.

Beclin-1 was the earliest mammalian autophagy gene
identified, which is localized on human chromosome

17g21 (40). Beclin-1 is expressed in the Golgi apparatus and
primarily regulates autophagy-associated proteins through
the formation of the Vps34 complex, which localizes these
autophagy-associated proteins into the structure of precursor
precursors, thereby regulating autophagy (41). Ling et al (26)
identified that the application of 3-MA or short hairpin-Beclin-1
decreased the expression of the autophagy-associated gene
Beclin-1, partly abolishing the protective effect of polydatin
against cardiomyocyte death during H/R, and myocardial
infarct size during I/R. Similar results were also observed in
the present study using 3-MA to inhibit the expression of the
autophagy-associated genes Beclin-1 and Vps34. The results
revealed that H9c2 cardiomyocyte injury was significantly
increased in the H/R + FGF-21 + 3-MA group compared
with that in the H/R + FGF-21 treatment group, suggesting
that FGF-21-associated cardioprotection occurs through the
Beclin-1/Vps34 complex pathway to enhance autophagy.
However, mechanisms of cross-talk between autophagy and
Vps34 remain unclear and should be explored in future studies.

Initiation of autophagy causes the conversion of LC3-I to
LC3-II. An increase in LC3-II band intensity and a decrease
in LC3-I expression are considered to be hallmarks of
autophagy. In the present study, the LC3-I levels were not
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examined, which was a limitation. 3-MA is an autophagy
inhibitor and used widely, but Bafilomycin A may also stop
autophagosomes degradation; this reagent will be included
in future studies. The PI3K-AKT pathway has been indicated
to serve a critical role in autophagy. Previous studies have
suggested that FGFs activates AKT and increases the level
of p-AKT (31,42). As AKT is a regulator of autophagy, how
FGF-21 affects p-AKT will be observed in future studies.
The aim of the present study was to investigate the protective
effect of exogenous FGF21 on the myocardium; as no specific
agonists or inhibitors of FGF21 were identified, the protein
and mRNA expression levels of FGF21 in H/R-treated H9c2
cardiomyocytes were not examined. The present study also
lacks in vivo experiments to improve understanding of the
role of FGF21 in heart disease; this will be explored in future
studies.
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