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Background: Puerarin has protective effects on ischemia-reperfusion injury, but the underlying mechanisms are not fully re-
vealed. This study explored the effect of puerarin on the expression of Bcl-2 associated athanogene 3 (BAG3)
in an in vitro model of anoxia/reoxygenation injury (A/RI) in neonate rat primary cardiomyocytes and the func-
tions of BAG3 in A/RI.

Material/Methods: BAG3 expression in cardiomyocytes with or without puerarin pre-treatment was quantified using qRT-PCR and
Western blot analysis. The effects of BAG3 on A/RI were studied by measuring the activity of lactate dehydro-
genase (LDH) and creatine phosphate kinase (CPK), the concentration of malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px). The effects of BAG3 on autophagy and apoptosis of
the cardiomyocytes after A/RI were further studied.

Results: Puerarin significantly promoted BAG3 expression in the rat primary cardiomyocytes after A/RI. Enforced BAG3
expression presented similar effects as puerarin pre-treatment in attenuating A/Rl in terms of CPK, LDH, MDA,
SOD, GSH-Px, ROS generation, and cell viability. BAG3 overexpression significantly stimulated autophagy in
cardiomyocytes after A/Rl, which presented protective effects on A/Rl in terms of cell viability and apoptosis.
Autophagy inhibition partly abrogated the protective effects of BAG3.

Conclusions: Puerarin can directly increase BAG3 transcription and translation in cardiomyocytes after A/RI. The elevated
BAG3 expression presents protective effects on A/RI at least through enhancing autophagy and reducing apop-
tosis, which is a novel protective mechanism of puerarin in ARI.
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Background

Acute myocardial infarction (AMI) can result in irreversible inju-
ry and necrosis of myocardial cells [1,2]. Although early reper-
fusion to the ischemic area can rescue the ischemic myocardi-
um, it also leads to ischemia-reperfusion injury, which might
be a result of inflammation and re-introduction of oxidative
stress [3-5]. In fact, ischemia-reperfusion injury is one of the
major problems in treatment of myocardial infarction [6-8].

Puerarin is an isoflavone found in a number of plants and
herbs, such as the kudzu root [9], and is used to treat cardio-
cerebrovascular diseases [10]. Some recent studies suggest
that puerarin has protective effects on cerebral and myocardi-
alischemia [11,12] as well as brain and cardiac tissues against
ischemia and reperfusion injury [13-15]. The possible mecha-
nisms include the antioxidant role of puerarin as a scavenger
of active oxygen radicals [16], inhibiting the inflammatory re-
sponse [13,17], and stimulating the production of nitric oxide
and phosphorylation of endothelial nitric oxide synthase [9,18].
In fact, there might be some other unidentified mechanisms
since a natural compound usually activates or inhibits multi-
ple target genes directly or indirectly.

The Bcl-2 associated athanogene (BAG) family of proteins func-
tion as co-chaperones via assisting molecular chaperones to
recruit target proteins [19]. BAG3 is a member of this family
predominantly expressed in skeletal and cardiac muscle [20].
It can interact with Bcl-2 to inhibit apoptosis [20]. In addition,
it is also involved in autophagy regulation in cardiomyocytes
via interacting with the heat-shock protein family of proteins
and HspB8 to facilitate the removal of misfolded and degrad-
ed proteins [19,21]. In this study, the effect of puerarin on
the expression of BAG3 in an in vitro model of anoxia/reoxy-
genation injury (A/RI) in neonate rat primary cardiomyocytes
was investigated. In addition, the protective effect of BAG3 on
A/RI and possible underlying mechanisms was further studied.

Material and methods

Cell culture

Procedures involving animals were reviewed and approved
by the Animal Care and Use Committee of Tengzhou Central
People’s Hospital. All animal studies were performed in accor-
dance with the ethical standards according to the Declaration of
Helsinki. Primary cardiomyocytes were prepared from ventricles
of 2-day-old Sprague-Dawley rats purchased from Nanchang
University School of Medical according to the methods in-
troduced in one previous study [22]. Briefly, the ventricles of
the rat pups were minced into pieces, dissociated into single-
cell suspension, and pre-plated onto 60-mm primaria culture
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dishes pre-coated in 1% gelatin (37°C, 30 min). The non-ad-
herent cardiomyocytes were collected and plated on gelatin-
coated 60-mm culture dishes at a density of 1x10° cells per
dish and cultured in DMEM supplemented with 15% FCS, 100
U/ml of penicillin, and streptomycin. During the first 3 days
of culture, 5-bromo-2’-deoxyuridine was added to the culture
medium to inhibit the growth of residual fibroblasts.

Cell transfection

The ready-to-use lentival-BAG3 expression particles were pur-
chased from Santa Cruz Biotech (sc-72602-V, Santa Cruz, CA,
USA). To overexpress BAG3, the primary cardiomyocytes were
infected with the lentiviral particles with the presence of 8 pg/
ml polybrene according to manufacturer’s protocol (Sigma-
Aldrich, St Louis, MO, USA).

Anoxia and reoxygenation injury (A/RI) model

The cardiomyocytes with or without BAG3 overexpression
were exposed to anoxia via adding fresh anoxia medium
(NaH,PO, 0.9 mmol/l, NaHCO, 6.0 mmol/l, NaCl 98.5 mmol/,
KCl 10.0 mmol/l, MgSO, 1.2 mmol/l, CaCl, 1.8 mmol/l, sodium
lactate 40 mmol/|, HEPES 20 mmol/l and pH 6.8) and then incu-
bated in an incubator containing 95% N, and 5% CO, for 4 hours.
After that, the medium was changed to a reoxygenation medium
containing NaCl 129.5 mmol/l, NaH2PO, 0.9 mmol/|, NaHCO, 20
mmol/|, KCl 5.0mmol/I, CaCl, 1.8mmol/l, MgSO, 1.2 mmol/l, glu-
cose 5.5 mmol/l, and HEPES 20 mmol/l (pH 7.4), and then the
cells were cultured in normoxia (5% CO,) for 2 hours. In the neg-
ative control group, the cells were consistently cultured in fresh
growth culture medium in normoxia for 6 hours. To study the
protective effects of puerarin on A/RI, the cells were pre-treat-
ed with 50, 100, or 200 pM puerarin (Fangming Pharmaceutical,
Heze, Shandong, China) 24 hours before A/RI.

To study the effect of autophagy on A/RI, the primary cardio-
myocytes without BAG3 overexpression were treated with 50
UM rapamycin (Rapa, Sigma-Aldrich) or 5 mM 3-methylade-
nine (3-MA, Sigma-Aldrich) 1 hour before A/RI. In addition, to
investigate whether inhibition of autophagy abrogates the
protective effect of puerarin, the cells with BAG3 overexpres-
sion or pre-treated with 200 pM puerarin were treated with 5
mM 3-MA 1 hour before A/RI. Then, the cells were subjected
to analysis of autophagy, cell viability, and apoptosis.

QRT-PCR analysis of BAG3 expression

Total RNA from primary cardiomyocytes after indicating treat-
ments were extracted using Trizol reagent (Invitrogen, Carlsbad,
CA, USA) according to manufacturer’s instructions. Then, com-
plementary DNA (cDNA) was synthesized using the PrimeScript
RT reagent kit (TaKaRa, Dalian, China). To measure the level
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of BAG3 mRNA, gqRT-PCR was performed by using the follow-
ing primers: forward, 5’-CTCCATTCCGGTGATACACGA-3’, reverse,
5-TGGTGGGTCTGGTACTCCC-3’ and SYBR Premix Ex Taq Il (TaKaRa)
in an ABI 7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). GAPDH was used as the internal control.
The expression of BAG3 was calculated by the 2-AACt method.

Western blot analysis

Cell samples were firstly lysed using a lysis buffer (Beyotime,
Shanghai, China). Then, the concentration of total protein in
the samples were quantified using a BCA protein assay kit
(Beyotime). The samples were separated on 10% SDS-PAGE
gel and then transferred to PVDF membranes. The membranes
were then blocked in 5% nonfat milk in TBST at room temper-
ature for 1 hour and then incubated with anti-BAG3 (1:500,
ab135892, Abcam, Cambridge, MA, USA), anti-LC3B (1:3000,
ab51520, Abcam), anti-p62/SQSTM1 (1:1000, #8025, Cell
Signaling, Danvers, MA, USA), or anti-B-actin (1:1000, ab8227,
Abcam) overnight at 4°. After washing with TBST, the mem-
branes were incubated with HRP-conjugated secondary an-
tibodies for another 1 hour at room temperature. Then the
protein signals were visualized using the ECL Western blot-
ting substrate (Promega, Madison, WI, USA) and the band in-
tensity was quantified using ImageQuant 5.2 (GE Healthcare,
Piscataway, NJ, USA). The relative gray-scale value of BAG3 ver-
sus B-actin in negative control group was set as 1.

Measurement of biochemical parameters

After A/R treatment, the culture media or cell lysate superna-
tants were collected. Then, the activity of lactate dehydroge-
nase (LDH) and creatine phosphate kinase (CPK) in cell culture
and the concentration of cellular malondialdehyde (MDA), su-
peroxide dismutase (SOD), and glutathione peroxidase (GSH-
Px) were determined using commercially available assay kits
(USCN Life Science, Wuhan, China) according to the manufac-
turer’s instruction.

Measurement of intracellular reactive oxygen species
(ROS)

To determine the effect of puerarin and BAG3 on ROS gen-
eration in the cardiomyocytes after ARI, the Cellular Reactive
Oxygen Species Detection Assay Kit (ab113851, Abcam) was
used. The fluorescence intensity of each group was determined
using a FACS Calibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer’s instructions.

Analysis of cell viability and cell apoptosis

Viability of the cell after A/R treatment was determined us-
ing the Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan)
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according the manufacturer’s instructions. To measure the
proportion of apoptotic cells, the Annexin V-FITC Apoptosis
Detection Kit (V13241, Invitrogen) was used in combination
with a FACS Calibur flow cytometer (BD Biosciences).

Statistical analysis

Data are presented as means + standard deviation (SD) based
on at least 3 repeats. One-way ANOVA was performed to com-
pare means in multiple group experiments. Comparison be-
tween groups was performed using the unpaired t test. A two-
sided p value of <0.05 was considered statistically significant.

Results

Puerarin enhances BAG3 expression in rat primary
cardiomyocytes after A/RI

The important role of BAG3 in the homeostasis of myocytes
has been gradually recognized [20]. In this study, we firstly ex-
plored the influence of puerarin on BAG3 expression after A/RI.
The results showed that elevated BAG3 is a natural response
of cardiomyocytes after A/RI (Figure 1A, 1B). Puerarin pre-
treatment significantly enhanced the transcription and trans-
lation of BAG3 (Figure 1A, 1B). In addition, there is a dose-de-
pendent effect of puerarin on the expression of BAG3 (Figure
1A, 1B). BAG3 expression in cardiomyocytes pre-treated with
200 pM puerarin was about 2 times higher than that in the
A/RI group (Figure 1A, 1B).

BAG3 overexpression decreases LDH and CPK activity and
increases cell viability

Then, we investigated the role of BAG3 on injury and viabili-
ty of cardiomyocytes after A/RI. The primary cardiomyocytes
were firstly transfected with BAG3 lentiviral particles for over-
expression (Figure 2A). A/RI significantly promoted the activity
of both LDH and CPK in the supernatants of cell culture, sug-
gesting cardiomyocyte injury (Figure 2B). In contrast, the su-
pernatants of cardiomyocytes pre-treated with 200 uM puer-
arin or with BAG3 overexpression had significantly lower LDH
and CPK activity than the A/RI group (Figure 2B), which indi-
cates attenuated cardiomyocyte injury. We also investigat-
ed the effect of BAG3 on cell viability after A/RI. The results
showed that BAG3 overexpression significantly restored the
loss of cell viability due to A/RI (Figure 2C).
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Figure 1. Puerarin enhances BAG3 expression in rat primary cardiomyocytes after A/RI. (A, B) QRT-PCR analysis (A) and Western blot
analysis (B) of BAG3 expression in rat primary cardiomyocytes without A/RI and in the cells with or without pre-treatment of
puerarin (50/100/200 pM) after A/RI. * Comparison with NC; # comparison with A/RI. * and # p<0.05, ** and #*# p<0.01.
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Figure 2. BAG3 overexpression decreases LDH and CPK activity and increases cell viability. (A) Western blot analysis (B) of BAG3
expression in rat primary cardiomyocytes infected with BAG3 expression lentiviral particles. (B) The activity of lactate
dehydrogenase (LDH) and creatine phosphate kinase (CPK) activity in the culture medium of cardiomyocytes without A/RI
or with 200 uM puerarin pre-treatment or BAG3 overexpression after A/RI. C. The relative cell viability of cardiomyocytes
without A/RI or with 50/100/200 pM puerarin pre-treatment or BAG3 overexpression after A/RI. * Comparison with NC;

# comparison with A/RI. * and # p<0.05, ** and # p<0.01.

BAG3 overexpression reduces ROS generation and
decreases MDA content but increases SOD and GSH-Px
concentration in cells after A/RI

ROS generation is also a marker of cell injury. In this study,
we demonstrated that A/RI resulted in significantly increased
ROS generation (Figure 3A, 3B), which suggests consequent
oxidative stress damage. However, BAG3 overexpression sig-
nificantly reduced ROS generation after A/RI (Figure 3A, 3B).
Then, we examined the change of the myocardial lipid perox-
idative product MDA and concentration of SOD and GSH-Px, 2
important antioxidases in cardiomyocytes after A/RI. The results
showed that A/RI significantly increased MDA, but decreased
both SOD and GSH-Px (Figure 3C-3E). BAG3 overexpression
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reduced the level of MDA and partly restored the concentra-
tion of SOD and GSH-Px (Figure 3C-3E).

BAG3 overexpression increases autophagy and reduces
apoptosis after ARI, which act as a protective mechanism
of cell survival

BAG3 is a protein related to both autophagy and apoptosis reg-
ulation [20,21,23]. Therefore, we decided to study the involve-
ment of autophagy in the protective effect of puerarin on A/RI.
Increased autophagy is a spontaneous response of cardiomyo-
cytes after A/RI (Figure 4A). BAG3 overexpression significantly
enhanced the level of autophagy after A/RI (Figure 4A). 3-MA, an
autophagy inhibitor that blocks autophagosome formation, can
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Figure 3. BAG3 overexpression reduces ROS generation and decreases MDA content but increases SOD and GSH-Px activity in cells
after A/RI. (A) Flow cytometric histograms of DCF fluorescence indicating reactive oxygen species (ROS) generation in
cardiomyocytes without A/RI or with 200 pM puerarin pre-treatment or BAG3 overexpression after A/RI. (B) Column bar
graph of cell fluorescence for DCF. Data were expressed as the mean +SD for 3 independent experiments. (C-E) Alteration
of MDA (C), SOD (D) and GSH-Px (E) in cardiomyocytes without A/RI or with 200 uM puerarin pre-treatment or BAG3
overexpression after A/RI. * Comparison with NC; # comparison with A/RI. * and # p<0.05, ** and #* p<0.01.

significantly suppress spontaneously increased autophagy due
to A/RI and puerarin or BAG3-induced autophagy (Figure 4B).
Elevating the level of autophagy by using rapamycin significantly
promoted cell viability (Figure 4C). However, inhibiting autoph-
agy partly abrogated the effect of BAG3 on promoting cell via-
bility (Figure 4C). By performing flow cytometry analysis of cell
apoptosis, we also observed that enhancing autophagy atten-
uated cell apoptosis, while reducing autophagy promoted cell
apoptosis (Figure 4D). Inhibiting autophagy partly abrogated the
effect of BAG3 on reducing cell apoptosis after A/RI (Figure 4D).

Discussion

The protective effect of puerarin on myocardial ischemia and
cardiac tissues against ischemia and reperfusion injury have
been reported in previous studies [15,24,25]. The possible mech-
anisms include inhibition of the L-type calcium current of ven-
tricular myocytes [25], opening of mitochondrial ATP-sensitive
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potassium channels, inhibition of mitochondrial permeability
transition pore opening, and inhibiting the production of pro-
inflammatory cytokines [15,26]. Another recent study found
that puerarin can increase the expression of protein kinase C
epsilon, a critical cardioprotective protein, thereby attenuat-
ing A/RI injury [24]. In this study, we also confirmed that pro-
tective effects of puerarin on A/RI in terms of CPK, LDH, SOD,
GSH-Px, ROS generation, and cell viability.

There might be some other unidentified mechanisms, since a
natural compound usually activates or inhibits multiple target
genes directly or indirectly. BAG3 is an important protein con-
tributing to homeostasis of cardiomyocytes [20]. In this study,
we firstly explored the regulative role of puerarin on the ex-
pression of BAG3. The results showed that puerarin significantly
promoted BAG3 expression after A/Rl in the rat primary cardio-
myocytes. Enforced BAG3 expression presented similar effects
as puerarin treatment in attenuating A/RI, suggesting the pro-
tective effects of puerarin is at least partly mediated by BAG3.
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Figure 4. BAG3 overexpression increases autophagy and decreases apoptosis after ARI, which acts as a protective mechanism of

cell survival. (A) Western blot analysis of LC3 and p62 expression in cardiomyocytes without A/RI or with 100/200 pM
puerarin pre-treatment, BAG3 overexpression or rapamycin pre-treatment after ARI. (B) Western blot analysis of LC3 and p62
expression in cardiomyocytes without A/RI, with A/Rl and 3-MA pre-treatment or with 200 pM puerarin pre-treatment or
BAG3 overexpression in combination with 3-MA after A/RI. (C, D) CCK-8 assay of relative cell viability (C) and flow cytometry
analysis of cell apoptosis (D) of cardiomyocytes after indicating treatments. * Comparison with NC; # comparison with A/RI.

* and * p<0.05, ** and #* p<0.01.

A/RI is closely associated with free radicals and other reactive
oxygen species [26], leading to peroxidation of the lipids of cell
membranes. The level of MDA formation correlates with lipid
peroxidation and thus indirectly reflects the degree of cell dam-
age [27]. CPK is released from damaged myocardial cells and
the elevated activity of CPK is also a cardiac-specific marker of
acute myocardial infarction [14]. Following cell damage, the ac-
cumulation of damaged proteins usually triggers the signaling
of necrosis and apoptosis. Some recent studies suggest that
induction of autophagy leads to inhibition of apoptosis after
myocardial ischemia/reperfusion injury [28]. Autophagy is a
highly conserved recycling process of cytoplasmic components,
such as long-lived proteins and organelles to maintain cellu-
lar homeostasis [29]. Previous studies reported that BAG3 is a
protein involved in autophagy modulation. Carra et al. found
that BAG3 can promote macroautophagy via association with
HspB8 [21]. BAG3 overexpression leads to facilitated degra-
dation of huntingtin protein Htt43Q, while BAG3 knockdown
suppresses the degradation via HspB8 [30]. In addition, BAG3
overexpression promotes the formation of LC3-Il, but BAG3
knockdown presents an inverse effect [30]. In fact, HspB8 can
recognize the misfolded proteins. The HspB8-BAG3 complex
helps to eliminate damaged or unstable proteins through mac-
roautophagy machinery [30]. Besides this mechanism, BAG3

can also be coupled with the chaperone Hsp70 and the co-
chaperone ubiquitin ligase carboxyl terminal of Hsp70/Hsp90
interacting protein (CHIP), thereby facilitating the sequestra-
tion of misfolded proteins into autophagosomes [31]. In ad-
dition, BAG3 has also been reported as an apoptosis inhibitor
through multiple mechanism, such as synergizing with Bcl-2
and with Bcl-XL [20], modulating the NF-xB pathway [32], and
downregulating miR-29b, which leads to upregulation of the
anti-apoptosis protein Mcl-1[33]. Besides BAG3, a recent study
reported that puerarin attenuates pressure overload-induced
cardiac hypertrophy via blockade of PI3K/Akt and JNK signal-
ing pathways [34]. In fact, blockade of PI3K/Akt can decrease
the activation of mTOR, an important inhibitor of autophagy
induction [35]. This might also be a mechanism by which pu-
erarin induces higher levels of autophagy.

Therefore, we decided to further investigate the role of BAG3
in A/RI of the cardiomyocytes. Our data showed that BAG3
overexpression significantly stimulated autophagy in cardio-
myocytes after A/RI, which also presented protective effects
on A/Rl in terms of cell viability and apoptosis. Autophagy in-
hibition partly abrogated the protective effects of BAG3. These
data demonstrated that the protective effects of puerarin on
ARI is partly mediated by enhancing BAG3 expression, which
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functions as a stimulator of autophagy. Currently, puerarin has
been approved by the State Food and Drug Administration in
China for clinical therapy of cardiovascular and other diseas-
es [10]. This study found that autophagy simulating might
be an important mechanism underlying the therapeutic ef-
fect of puerarin on anoxia/reoxygenation injury. Therefore, in
the future, it is meaningful to investigate the use of autoph-
agy stimulator in combination with puerarin to enhance the
therapeutic effects.
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