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PEDF regulates lipid metabolism and reduces
apoptosis in hypoxic H9c2 cells by inducing autophagy
related S-mediated autophagy via PEDF-R
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Abstract. Pigment epithelial-derived factor (PEDF) is
a multifunctional secreted glycoprotein, which exerts a
variety of physiological activities. PEDF may protect against
hypoxia-induced cell death associated with its antioxida-
tive effects and p53 mitochondrial translocation in cultured
cardiomyocytes and H9c2 cells. Additionally, previous studies
have suggested that autophagy is an important cell survival
mechanism. However, the effect of PEDF on autophagy and the
associated pathway in hypoxic H9c2 cells has not been fully
established. Autophagy has been reported to regulate lipid
metabolism; however, little is known about whether PEDF
is able to regulate lipid metabolism by promoting autophagy.
In the present study, western blotting results revealed
that PEDF increased the level of microtubule-associated
protein 1A/1B-light chain 3 (LC3)-II. Transmission electron
microscopy (TEM) and LC3 fluorescence demonstrated that
PEDF increased the number of autophagosomes. PEDF also
increased the viability of hypoxic H9c2 cells and decreased
the level of cleaved caspase-3 protein, as evidenced by CCK-8
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assays and western blotting, respectively. TEM and a triglyc-
eride assay kit demonstrated that PEDF-induced autophagy
may stimulate lipid degradation. Western blotting results
revealed a novel mechanism underlying PEDF-induced H9c2
cell autophagy via the PEDF-R-mediated Atg5 pathway under
hypoxic conditions. Furthermore, the results also suggest that
PEDF-induced autophagy may stimulate lipid degradation.
The survival function of autophagy suggests that modulation
of PEDF-induced autophagy may be used as a therapeutic
strategy to protect cells against lipid-associated metabolic
diseases.

Introduction

Lipotoxicity refers to excessive accumulation of lipid in cells,
including hepatocytes, pancreatic cells and cardiomyocytes,
which contributes to a loss of cellular function and cell
death (1-2). A previous study suggested that excessive lipid
levels may result in the death of mouse myocardiocytes,
possibly causing heart failure (3). Pigment epithelial-derived
factor (PEDF), a 50 kDa multifunctional glycoprotein with anti-
angiogenic, antitumor, anti-inflammatory, antioxidative and
cardioprotective properties, protects against hypoxia-induced
apoptosis and necroptosis in primary cardiomyocytes and
HOc2 cells (4-6). Autophagy is an evolutionarily conserved
and highly regulated process that is essential for maintaining
cellular homeostasis by preventing the accumulation of
damaged proteins and organelles, whilst sustaining metabo-
lism during hypoxia (7,8). However, whether PEDF regulates
lipid degradation by inducing autophagy remains to be eluci-
dated.

The autophagy-associated-gene proteins are major regula-
tors of the autophagy system, mediating several sequential steps
of the autophagic process (7,8). Autophagy-related 5 (Atg5) is a
protein required for the formation of autophagosomes (7,9) and
sequesters cytoplasmic materials prior to lysosomal delivery.
Atg5 serves a major role in autophagic processes; however,
further investigation is required to understand whether PEDF
promotes autophagy and whether this effect contributes to
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cytoprotection. Whether Atg5 is involved in PEDF-promoted
autophagy is yet to be investigated.

Previous studies have revealed that adipose triglyceride
lipase (ATGL) serves as a receptor for PEDF in retinal
epithelial cells and cardiomyocytes (10,11). PEDF-receptor
(PEDF-R), an 80 kDa receptor protein, was used in the present
study. PEDF-R has been reported to exhibit biological effects
by interacting with PEDF on cell-surface (12). PEDF-R is
the key enzyme of lipid catabolism and catalyzes the lipid
lipolysis cascade (13); a lack of PEDF-R in cardiac muscle
causes a lipolytic defect, which leads to lipid accumulation,
severe cardiac dysfunction and premature death (14). However,
whether PEDF-R is associated with autophagy and whether
PEDF-R-mediated autophagy is associated with lipid degrada-
tion requires further investigation.

The aim of the present study was to examine whether
PEDF-promoted autophagy may protect H9¢c2 cells under
hypoxic conditions, and whether PEDF stimulates lipid degra-
dation by promoting autophagy. It was also investigated whether
PEDF-promoted autophagy is regulated by Atg5 in H9c2 cells.

Materials and methods

Antibodies and reagents. Anti-microtubule-associated
protein-light chain 3 (LC3)B (cat. no. 2775) and anti-cleaved
caspase-3 (cat. no. 9662) antibodies were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA).
Alexa Fluor 488 (cat. no. 705-546-147) was purchased from
Jackson ImmunoResearch Laboratories, Inc. (West Grove,
PA, USA). Cell counting Kit-8 (CCK-8; cat. no. WO97/38985)
was purchased from Dojindo Molecular Technologies, Inc.
(Kumamoto, Japan). The LDH Cytotoxicity Assay kit was
purchased from Nanjing KeyGen Biotech Co., Ltd (Nanjing,
China). A triglyceride (TG) assay kit (GPO-POD; cat.
no. E1003) was purchased from (Applygen Technologies
Inc., Beijing, China). The in situ cell death detection kit
(cat. no. 11684795910) was purchased from Sigma-Aldrich;
(Merck KGaA, Darmstadt, Germany). Anti-Atg5 antibody
(cat. no. ab227132) was purchased from Abcam (Cambridge,
UK). Recombinant PEDF was synthesized by Cusabio
Biotech Co., Ltd. (Hubei, China). The special inhibitor of
autophagy 3-methyladenine (3-MA; cat. no. KGATGRO006;
Nanjing KeyGen Biotech Co., Ltd.) was donated from
Dr Xiaofang Yang (Laboratory of Clinical and Experimental
Pathology, Xuzhou Medical University, Jiangsu, China).

Recombinant lentivirus constructs and viral production.
Recombinant lentivirus (LV) was prepared as previously
described (15). The Lentivirus expressing PEDF or PEDF-R _
shRNA were purchased from GENECHEM, Inc. (Daejeon,
Korea). The concentrated titer of virus suspension was
2x10" Tu/l. Transient transfection of H9¢2 cells with short
interfering RNA (siRNA) targeting the PEDF-R genes
were performed using Lipofectamine 3000 according to
the manufacturer's instructions (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

Preparations of PEDF protein. Recombinant rat PEDF
(GenBank™ accession no. NM_177927) was synthesized by
Cusabio Biotech, Co., Ltd. (Wuhan, China).
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Cell culture and hypoxia. The H9c2 cells embryonic rat
heart-derived cell line was obtained from American Type
Culture Collection (ATCC; Manassas, VA, USA) and main-
tained in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum (both from Gibco; Thermo Fisher
Scientific, Inc.) and 100 mg/ml penicillin/streptomycin at 37°C
in a humidified atmosphere containing 5% CO,. Hypoxia was
achieved by culturing the cells in D-Hank's liquid with glucose
deprivation in a tri-gas incubator (Heal Force, Shanghai,
China) saturated with 5% CO,/1% O, at 37°C for 4 h.

TUNEL analysis. Cells were seeded in 48-well plates (Corning
Inc., Corning, NY, USA). Following hypoxic incubation, cells
were treated with 4% paraformaldehyde for 10 min at room
temperature, and then washed three times in PBS, (pH 7.4).
Next cells were incubated with 1% goat serum diluted in
PBS for 1 h at room temperature. Terminal dexynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling (TUNEL)
staining was then performed using an in situ cell death detec-
tion kit (Roche Molecular Diagnostics, Pleasanton, CA, USA)
according to the manufacturer's instructions. The cells were
incubated with reaction buffer containing enzyme solution
and label solution with an enzyme-to-label ratio of 159 at 37°C
for 1 h 33 min. Cells were counterstained using Hoechst stain
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for
15 min at room temperature. The cells were observed under a
fluorescence microscope (Olympus, Tokyo, Japan). A total of
30 fields of view were used. Magnification, x20.

Western blotting. Western blotting was performed following
standard procedures (6). The cells were lysed in radioimmu-
noprecipitation assay lysis buffer: 100 mmol/l Tris-HCI, 4%
SDS, 20% glycerine, 200 mmol/l dithithreitol and protease
inhibitors (pH 6.8). Total cellular protein was denatured by
boiling for 10 min with an equal volume of 2 3 Tris-glycine
SDS buffer. Protein concentration was determined using a
bicinchonic acid assay. An equal amount of protein (50 ng)
for each sample was resolved via 8-15% SDS-PAGE and
transferred onto a nitrocellulose membrane (EMD Millipore,
Billerica, MA, USA). The membrane was blocked with 5%
nonfat milk/PBS-Tween-20 for 2 h at room temperature and
subsequently incubated with anti-microtubule-associated
protein-light chain 3B (LC3B) (cat. no. 2775; 1:1,000) and
anti-cleaved caspase-3 (cat. no. 9662; 1:1,000) antibodies over-
night at 4°C, respectively. Subsequently, fluorescent-labeled
secondary antibodies were added at room temperature for 2 h
and then scanned by the Odyssey Infrared Imaging System
with Odyssey 3.0 software (both from LI-COR Biosciences,
Lincoln, NE, USA).

Immunofluorescence. H9c2 cells were cultured in 48-well
plates at a density of 1x10* cells/ml. Following hypoxic treat-
ment for 4 h (6), H9¢2 cells were washed twice with PBS
and fixed with freshly prepared 4% paraformaldehyde at
room temperature for 15 min (6). Antigen accessibility was
increased by treatment with 2% Triton X-100 at room temper-
ature for 10 min. H9¢c2 cells were subsequently blocked with
3% bovine serum albumin (cat. no. VIC018; Vicmed Co., Ltd.,
Xuzhou, China) at room temperature for 30 min. Following
incubation with anti-microtubule-associated protein-light
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chain 3B (LC3B) (cat. no. 2775, 1:1,000) and anti-cleaved
caspase-3 (cat. no. 9662; 1:1,000) primary antibodies at 4°C
overnight, respectively. Then cells were washed and incu-
bated with anti-mouse secondary antibody (cat. no. A21207,
1:200; Thermo Fisher Scientific, Inc.) under light-protected
conditions for 1 h at room temperature. H9c2 cells were
then washed three times with PBS for 5 min, captured and
analyzed using TCS SP8 STED 3X (Leica Microsystems
GmbH, Wetzlar, Germany).

Transmission electron microscopy (TEM). H9¢c2 cells were
fixed with 4% paraformaldehyde and 2.5% glutaraldehyde
at room temperature overnight. Subsequently, samples were
incubated while protected from light with 1% osmium
tetroxide at room temperature for 1 h. Following washing in
distilled water, the samples were dehydrated in graded ethanol
concentrations and then embedded in molds with fresh resin.
Ultrathin sections (70 nm) were obtained with an EM UC7
(Leica Microsystems GmbH), the samples ultrathin sections
were then incubated in 2% uranyl acetate for 0.5 h and stained
with lead citrate for 10 min at room temperature. Finally, the
samples were observed with a Tecnai G2 T12 at room tempera-
ture (FEI; Thermo Fisher Scientific, Inc.).

HO9c2 cell viability test. HOc2 cells were seeded in 96-well
plates at a density of 1x10* cells/ml. Following hypoxic treat-
ments (6), H9¢c2 cells viability was analyzed using the CCK-8
kit according to the manufacturer's protocol. Absorbance
was measured at 450 nm with a microplate reader (BioTek
Synergy 2; BioTek Instruments, Inc., Winooski, VT, USA).

Lactate dehydrogenase (LDH) release assay. H9c2 cells were
seeded in 96-well plates (1x10* cells/ml). Following hypoxic
treatments the activity of LDH within H9c2 cells released
into the medium was assessed as previously described (6) by
a microplate reader (BioTek Synergy 2) analysis at 440 nm,
using an LDH Cytotoxicity Assay kit according to the manu-
facturer's instructions .

TG assay. H9c2 cells were seeded in 96-well plates at a
concentration of 1x10* cells/ml. The levels of intracellular TG
were assessed using a TG assay kit according to the manufac-
turer's instructions.

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. Statistical analysis was performed using
repeated-measures or one-way analysis of variance followed
by the Tukey's test for multiple comparisons. P<0.05 was
considered to indicate a statistically significant difference.

Results

PEDF induces autophagy via PEDF-R within hypoxic H9c2
cells. To investigate whether PEDF promotes H9c2 cell
autophagy via PEDF-R under hypoxic conditions, the level
of autophagy marker protein LC3 in H9¢2 cells was detected
under normoxic and hypoxic conditions. A total of <4 h of
hypoxic conditions resulted in a significantly increase in the
expression of LC3-1T in H9¢2 (P<0.05). Furthermore, overex-
pression of PEDF significantly increased LC3-1I expression
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(P<0.05; Fig. 1A). In addition, LC3 staining (green) was
used to further test PEDF-induced autophagy. As presented
in Fig. 1B, a significant increase in LC3 puncta was detected in
PEDF-treated H9¢c2 cells compared with cells under hypoxic
conditions only (P<0.05). To further confirm that PEDF treat-
ment induced H9c2 cell autophagy under hypoxic conditions,
TEM analyses were performed. H9¢c2 cells treated with PEDF
exhibited a marked increase in the number of autophagosomes
compared with cells under hypoxic conditions only (P<0.05;
Fig. 1C). Collectively, the findings of the present study indicate
that PEDF is able to promote H9¢2 cell autophagy via PEDF-R
under hypoxic conditions.

PEDF-induced autophagy contributes to lipid degradation.
It has previously been reported that PEDF stimulates cardiac
triglyceride degradation via ATGL (11). In addition, it has been
demonstrated that autophagy may regulate lipid metabolism (16).
In the present study, the association between PEDF-promoted
autophagy and lipid metabolism was investigated. As presented
in Figs. 2A and 4H of hypoxia led to an increase in lipid drop-
lets (LDs), whereas PEDF-treatment resulted in decreased LDs
(P<0.05). To investigate the effects of PEDF-induced autophagy
on LDs, H9c2 cells were treated with 3-methyladenine (3-MA).
The addition of 3-MA resulted in a marked increase in LDs
(P<0.05), which suggests that PEDF may induce lipid degrada-
tion via autophagy. In addition, the TG content was significantly
increased within H9¢2 cells under hypoxic conditions (P<0.05).
Treating H9¢2 cells with PEDF significantly decreased TG
levels, whereas the addition of 3-MA resulted in increased TG
content (P<0.05; Fig. 2B). Collectively, these findings suggest
that PEDF stimulates H9c2 cell lipid degradation by promoting
autophagy.

PEDF protects H9c2 cells against hypoxia-induced apop-
tosis by inducing autophagy. Following the establishment of
PEDF-induced autophagy, the protective role of PEDF-induced
autophagy in hypoxic H9c2 cells was investigated. CCK-8
and LDH release assays revealed similar results (P<0.05;
Fig. 3A and B). Under hypoxic conditions, the viability of
HOc2 cells was decreased. PEDF overexpression attenuated
the hypoxia-mediated reduction in cell viability, whereas
the autophagy inhibitor 3-MA attenuated this effect. The
protective effects of PEDF may be achieved via reducing
HO9c2 cell apoptosis. TUNEL staining was used to assess
H9c2 cell apoptosis and it was demonstrated that PEDF
significantly reduced H9c2 cell apoptosis compared with in
hypoxia only (P<0.05; Fig. 3C). Conversely, 3-MA promoted
hypoxia-induced cell death (P<0.05; Fig. 3C). It was also
demonstrated that PEDF significantly suppressed the levels
of cleaved caspase-3, whereas the addition of 3-MA increased
its expression (P<0.05; Fig. 3D). These findings indicate that
PEDF-induced autophagy may be increase cell survival under
hypoxic conditions by reducing hypoxia-induced apoptosis.

PEDF-induced autophagy is dependent on the Atg5 pathway.
As presented in Fig. 4, the addition of PEDF increased Atg5
expression and the effect of PEDF treatment was inhibited by
PEDF-R siRNA (P<0.05). These findings suggest that, under
hypoxic conditions, PEDF may promote autophagy via the
PEDF-R-induced Atg5 pathway.
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Figure 1. PEDF promotes autophagy via PEDF-R in hypoxic H9¢2 cells. H9c2 cells were maintained in normoxic or hypoxic conditions for 4 h with or without
PEDF (10 nM). RNA interference assays were used to silence PEDF-R. (A) Samples were collected for western blotting to analyze the expression of LC3-1I protein
(B) LC3 staining was assessed by fluorescence microscopy. Quantitative analysis of H9c2 cells containing LC3 puncta. Scale bar, 20 zm. (C) Representative
images of transmission electron microscopy of H9¢2 cells autophagy. Typical autophagosomes (arrows) were observed. Scale bar, 1 ym. "P<0.05. Ctrl, control;
LC3, microtubule-associated protein 1A/1B-light chain 3; PEDF-R, pigment epithelial-derived factor receptor; siPEDF, short interfering PEDF RNA.
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Figure 2. PEDF-induced autophagy contributes to lipid degradation. H9¢2 cells were maintained in normoxic or hypoxic conditions for 4 h with or without
PEDF (10 nM). RNA interference assays were used to silence PEDF-R expression and autophagy inhibitor 3-MA (5 mM) was added. (A) Representative
images of transmission electron microscopy analysis of H9c2 cells LDs. Typical LDs (arrows) were observed. Scale bar, 1 ym. (B) TG levels were quantified
with a TG assay kit. “P<0.05. Ctrl, control; LDs, lipid droplets; PEDF-R, pigment epithelial-derived factor receptor; 3-MA, 3-methyladenine; siPEDF, short
interfering PEDF RNA; TG, triglyceride.
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Figure 3. PEDF protects H9c2 cells against hypoxia-induced apoptosis by inducing autophagy. CCK-8 and LDH release assays were employed to assess
(A) cell viability and (B) the rate of cell death. (C) Effect of PEDF on H9c2 cells apoptosis. TUNEL (green) staining was performed within each group.
Nuclei were stained with DAPI (blue). Scale bar, 50 ym. (D) Samples were collected and the expression of C-Casp-3 protein was analyzed by western blotting.
"P<0.05. 3-MA, 3-methyladenine; C-Casp-3, cleaved caspase-3; CCK-8, Cell Counting Kit-8; Ctrl, control; LDH, lactate dehydrogenase; PEDF-R, pigment

epithelial-derived factor receptor; siPEDF, short interfering PEDF RNA.
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Figure 4. PEDF-induced autophagy is dependent of the Atg5 pathway.
HO9c2 cells were maintained in normoxic or hypoxic conditions for 4 h with
or without PEDF (10 nM). RNA interference assays were used to silence
PEDF-R. Samples were collected and analyzed for the expression levels
of Atg5 protein by western blotting. n=4. Atg5, autophagy related 5; Ctrl,
control; PEDF-R, pigment epithelial-derived factor receptor; siPEDF, short
interfering PEDF RNA.

Discussion

In the present study, it was confirmed that PEDF-promoted
autophagy stimulates lipid degradation. In addition, PEDF was
demonstrated to protect H9c2 cells against hypoxia-induced
apoptosis by promoting autophagy. The results of the
present study indicate a potential mechanism of PEDF
promoted-autophagy that is dependent on the Atg5 pathway
via PEDF-R.

Autophagy is a highly conserved and genetically progra-
mmed process, which maintains metabolic and cellular
homeostasis by recycling intracellular components for use
in macromolecular synthesis and inhibits the accumulation
of aggregated proteins and damaged organelles that may be
toxic (17-20). The results of the present study revealed that
PEDF promotes autophagy via PEDF-R. This mechanism
is dependent on the Atg5 pathway; the Atg5 protein serves
a role in the early stage of autophagosome formation (7,9).
PEDF treatment resulted in an increase in Atg5. PEDF-R, a
lipase-linked cell membrane receptor for PEDF (10), binds
to PEDF and stimulates triglyceride degradation (12). PEDF
may therefore stimulate the activity of PEDF-R, generating
intracellular signaling molecules and ultimately upregulating
Atg5 under hypoxic conditions. The results of the present
study suggest that PEDF upregulates the expression of Atg5
via PEDF-R to promote autophagy. However, further investi-
gation is required to confirm the mechanisms underlying the
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induction of Atg5 initiated by PEDF-R in hypoxic H9¢c2 cells
treated with PEDF.

During acute myocardial infarction, TG accumulation due
to reduced oxygen availability results in H9c2 cell toxicity
and serves a crucial role in the progression of cardiomyopathy
and heart failure (2,21). Various diseases associated with
excess lipid accumulation, including obesity and diabetes,
have been reported to feature lipotoxicity (1,22). Therefore,
inhibiting TG accumulation may contribute to the treatment
of these diseases. In the present study, the number of LDs was
significantly increased under hypoxic conditions, whereas
H9c2 cells overexpressing PEDF had a markedly lower
number of LDs. Conversely, the addition of 3-MA resulted in
an increase in LDs. TG levels in H9¢2 cells increased under
hypoxic conditions and decreased in response to PEDF.
Treatment with 3-MA resulted in increased TG levels. In
the present study, it was demonstrated that PEDF-induced
autophagy may stimulate TG degradation within hypoxic
HOc2 cells. The results demonstrated a previously unreported
association between PEDF-induced autophagy and lipid
metabolism. However, further investigation is required to
fully elucidate the molecular mechanisms of PEDF-induced
autophagy in the regulation of lipid metabolism in response
to hypoxia.

Autophagy is an important cell survival mechanism
that eliminates aggregated proteins and unwanted organ-
elles (23,24) and is associated with cardiovascular diseases,
inflammation, hypoxia, and oxidized lipoproteins (25-27).
Previous studies have demonstrated that PEDF serves a protec-
tive role in hypoxic H9c2 cells via its antioxidative effect, as
well as inhibiting p53 mitochondrial translocation (5,6). To
the best of the authors' knowledge, the effect of PEDF on
autophagy in hypoxic H9¢c2 cells have not previously been
investigated. In the present study, treatment with PEDF mark-
edly increased the H9c2 cell viability compared with hypoxia
alone, whereas the addition of 3-MA significantly weakened
this effect. However, treatment with 3-MA could reverse the
downregulation of PEDF on, the level of cleaved caspase-3.
The results of the present study confirm that the autophagy
facilitated by PEDF serves a protective role in H9¢2 cells via
inhibiting the hypoxia-induced apoptosis. The findings of the
present study are generally consistent with an earlier report
that autophagy may be a harmful form of procedural cell death
under pathological conditions (28). Inconsistencies in the find-
ings may be due to experimental factors, including the cell
type employed, the application of the model in vivo or in vitro
and treatment conditions. The results of the present study
suggest that PEDF may enhance hypoxia-induced autophagy
and has the potential to be a novel therapeutic approach for the
treatment of H9¢2 cell injury.
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