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Lycium barbarum polysaccharide protects rats and
cardiomyocytes against ischemia/reperfusion injury
via Nrf2 activation through autophagy inhibition
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Abstract. The irreversible loss of cardiomyocytes is mainly
the result of ischemic/reperfusion (I/R) myocardial injury,
leading to persistent heart dysfunction and heart failure. It has
been reported that Lycium barbarum polysaccharide (LBP)
has protective effects on cardiomyocytes, but the specific
mechanism is still not completely understood. The present
study examined the protective role of LBP in myocardial I/R
injury. Rats were subjected to myocardial I/R injury and LBP
treatment. Moreover, rat myocardial HOC2 cells exposed to
hypoxia/reoxygenation (H/R) were used to simulate cardiac
injury during myocardial I/R process and were exposed to LBP,
rapamycin (an autophagy activator) or nuclear factor-erythroid
factor 2-related factor 2 (Nrf2) transfection. Morphological
examination, histopathological examination and echocar-
diography were used to determine the cardiac injury after
I/R injury. Cell viability and apoptosis were determined via
MTT and flow cytometry assays, respectively. The levels of
lactate dehydrogenase (LDH), creatine kinase (CK), cardiac
troponin T (cTnT), IL-1p, IL-6, TNF-a, malondialdehyde
(MDA) and superoxidase dismutase (SOD) in rat serum, hearts
and/or cells were assessed using ELISAs. The expression levels
of Beclin 1, LC3II/LC3I, P62 and Nrf2 were analyzed via
reverse transcription-quantitative PCR and western blotting.
The results demonstrated that LBP improved heart function
and repaired cardiomyocyte damage in I/R model rats, as well
as reduced the production of ¢cI'nT, CK, LDH, IL-1p, IL-6 and
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TNF-a. The in vitro study results indicated that LBP increased
cell viability, the apoptosis rate, and the levels of SOD and P62,
as well as reduced the levels of LDH, CK, IL-13, IL-6, TNF-a,
MDA, Beclin 1 and LC3-II/LC3-I in H/R-injured H9C2 cells.
Moreover, LBP promoted Nrf2 nuclear translocation, but
decreased Nrf2 expression in the cytoplasm. Rapamycin exac-
erbated the aforementioned effects in H/R injured HOC2 cells,
and partially reversed LBP-induced effects. Overexpressing
Nrf2 counteracted I/R-induced effects and partially resisted
rapamycin-induced effects. These findings demonstrated
that LBP exhibited a cardiac protective effect on the isch-
emic myocardium of rats after reperfusion and attenuated
myocardial I/R injury via autophagy inhibition-induced Nrf2
activation.

Introduction

Myocardial ischemia/reperfusion (I/R) injury, referring to
aggravated tissue injury or irreversible injury in myocardial
ischemic tissues following the reperfusion of blood flow (1),
is associated with serious clinical manifestations, including
myocardial hibernation, myocardial infarction and acute heart
failure (2), and is thus marked as a risk factor for morbidity
and mortality (3). The application of reperfusion in I/R aims
at restoring blood flow, through which oxygen is provided to
ischemic tissues that present with hypoxia and hypoperfusion
caused by the obstruction of arterial blood flow (4). However,
reperfusion itself can trigger a cascade of pathophysiological
reactions that contribute to the expansion of the infarct area,
accounting for up to 50% of the final infarct size of the isch-
emic myocardium (5). Despite the advances in the therapeutic
strategies (6), the onset of I/R injury remains high during
several common clinical conditions, such as coronary bypass
surgery, thrombolytic therapy, cardiopulmonary resuscita-
tion or organ transplantation (7,8). It has been shown that the
pathological mechanism of I/R is associated with decreased
ATP production and increased reactive oxygen species (ROS)
retention, which leads to profound inflammatory responses
that further induce the apoptosis, necrosis and autophagy of
cardiomyocytes (4,9).
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Lycium barbarum polysaccharide (LBP), characterized
by the composition of glucose monosaccharides and fructose
monosaccharides at a molar level of 1:2, is an active constituent
extracted from Lycium barbarum, the fruit of which is used in
the practice with traditional Chinese medicine (10). Various
studies have reported the pharmacological and biological
effects of LBP, including antioxidative (11), immune-regu-
latory (12), anti-cancer (13), neuroprotective (14) and blood
sugar/lipid-lowering properties (15). Notably, LBP is docu-
mented to exert cardio-protective effects against I/R-caused
damage in vivo by reducing the levels of myocardial lactate
dehydrogenase (LDH), increasing sodium-potassium ATPase
and calcium ATPase activities, and repressing the apoptosis
of cardiomyocytes (10). Moreover, LBP can attenuate cardiac
hypertrophy, and decrease the levels of certain inflammatory
factors, such as IL-6 and TNF-a, as well as lower the produc-
tion of ROS in heart tissues of diabetic rats (16). However,
the detailed mechanism via which LBP protects against
I/R-induced injury in cardiomyocytes remain unknown.

Xiao et al (15) revealed that the autophagic process
modulated by LBP attenuated hepatic inflammatory responses
and cell apoptosis in rats with non-alcoholic steatohepatitis.
Autophagy is an evolutionarily conserved mechanism in charge
of controlling intracellular protein and organelle via lyso-
some-dependent degradation (17). The key regulatory factors
of autophagy are Beclin-1, LC3 and sequestosome 1 (SQSTM1
or P62, one of the particular substrate protein of autophago-
some). Beclin 1,a mammalian ortholog of yeast Atg6, mediates
the formation of autophagosomes and, thus, contributes to
autophagy initiation (18). The conversion of LC3-I to LC3-1I is
an important autophagy marker. (19). Furthermore, a decrease
in P62 induces the formation of autolysosomes. Under normal
conditions, autophagy stays at basal level in the heart; however,
dysregulated and enhanced autophagy is observed during the
occurrence of cardiovascular diseases, such as myocardial I/R
injury (20). Accordingly, reducing excessive I/R injury-induced
autophagy via trimetazidine inhibits myocardial apoptosis and
oxidative stress, diminishes myocardial infarct area and restores
cardiac function (21). Additionally, nuclear factor-erythroid
factor 2-related factor 2 (Nrf2) in adenocarcinoma alveolar basal
epithelial (A549) cells is negatively associated with autophagy
induced by particulate matter (PM) 2.5 (22).

Therefore, the present study aimed to investigate and
evaluate the efficacy and mechanism of LBP in myocardial I/R
injury, where the involvement of autophagy and its relationship
with Nrf2 were also elucidated.

Materials and methods

Ethics statement. All animal experiments were performed
in accordance with the Guidelines for the Care and Use of
Laboratory Animals (23). This study was approved by the Ethic
Committee of Experimental Animals of Zhejiang Provincial
Animal Center (approval no. DC201901203; Hangzhou, China).
Every effort was made to minimize pain and discomfort to
the animals. The animals experiments were performed in
Zhejiang Provincial Animal Center.

Establishment of I/R rat models. In total, 24 male
Sprague-Dawley rats, aged 7-8 weeks old and weighing

250-280 g, were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd., and housed in controlled conditions
(22-25°C, 55% humidity and a 12:12 h circadian cycle). All
rats were fed ad libitum with commercial food and sterile
water in Zhejiang Provincial Animal Center, and were accli-
mated for 2 days prior to the commence of the experiment.
Rats were then randomly assigned into four groups (n=6 for
each group): Sham group, LBP group, I/R group and I/R +
LBP group. LBP (purity, 51.87%) was obtained from Xi'an
Natural Field Bio-Technique Co., Ltd. The specific steps of
the extraction of the LBP were as follows: The deionized
water extract of Lycium barbarum was filtered through
filter paper to eliminate dregs. After being concentrated to
the volume under vacuum, the crude extract was diluted to
deionized water, precipitated with 95% ethanol, followed by
precipitation and centrifugation (3,000 x g for 25 min at 4°C).
Finally, LBP (the precipitate) was harvested and minced into
powder.

The specific treatment of rats in each group is listed in
Fig. 1A. The rats in the LBP and I/R + LBP groups were
treated with 500 mg/kg/day LBP (24,25) for 7 days (once
a day) via oral administration (26), before sham operation
and myocardial I/R injury, respectively. Those in the Sham
group and I/R group received 0.9% sodium chloride in the
same manner. On the 8th day, the rats were anesthetized
via an intraperitoneal injection of 1.5% tribromoethanol
(250 mg/kg; cat. no. T48402; Sigma-Aldrich; Merck KGaA).
After successful anesthesia, the rats were placed in the supine
position on the animal operating table. For the induction of
ischemia, the chest of each rat was opened through a left
parasternal incision, and the heart exposed at the left 3rd-4th
intercostal space. Then, the left anterior descending coronary
artery 1.5-2 mm below left atrial appendage was ligated by
tying a slipknot with 5/0 silk sutures. The heart was reposi-
tioned into the chest, the blood and gas in the chest were then
squeezed out, and the chest was closed quickly. After 30 min
of induction, the slipknot was untied and the myocardium
underwent the reperfusion for 120 min. The rats in the sham
operation group underwent the same surgical operation,
but the coronary artery was not ligated. After 120 min of
reperfusion, each rat was anesthetized as aforementioned,
and transthoracic echocardiography was performed. Then,
all rats were sacrificed via dislocation under anesthesia.
Subsequently, the blood of the rats was collected from the
abdominal aorta and the serum obtained via centrifugation
(at 1,500 x g for 10 min.) was stored at -80°C for further
analysis. The hearts of rats were harvested and rinsed with
ice-cold PBS (cat. no. P4417; Sigma-Aldrich; Merck KGaA),
and the ventricular tissues were immediately stored at -80°C.

Evaluation of rat heart function. After 2 h of reperfusion,
transthoracic echocardiography was performed using an ultra-
sonic imaging system (Vevo 1100; FUJIFILM VisualSonics,
Inc.). The two-dimensional B-mode and M-mode traces
were collected along the short axis of the left ventricle. Left
ventricular end-systolic diameter (LVEDs), left ventricular
end-diastolic diameter (LVEDA), ejection fraction (EF) and
fractional shortening (FS) were analyzed offline using the
advanced cardiovascular measurements package (Vevo 770;
VisualSonics, Inc.) in a blinded manner.
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Figure 1. LBP counteracts I/R-induced heart malfunction, histopathological abnormalities and inflammation in rats. (A) A diagram of the establishment of
the I/R model and LBP treatment. (B) LVEDs, (C) LVEDd, (D) EF and (E) FS in I/R- and LBP-treated rats were determined via transthoracic echocardiog-
raphy. (F) Representative images of heart sections of I/R-injured rats treated with LBP were analyzed via Evan's blue and 2,3,5-triphenyl-tetrazolium chloride
double-staining. The percentages of (G) AAR/LV and (H) INF/AAR were estimated. AAR/LV reflects the extent of myocardial ischemia, while NF/AAR
reflects the level of dead myocardium. (I) The histopathological changes in the heart of I/R-injured rats treated with LBP was examined via H&E staining (scale
bar, 200 pm; magnification, x100). The levels of (J) LDH, (K) CK, (L) ¢InT, (M) IL-1p, (N) IL-6 and (O) TNF-a in I/R-injured rats treated with LBP were
measured using ELISAs. “P<0.01, “"P<0.001 vs. Sham; "P<0.05, "*P<0.01, **"P<0.001 vs. LBP; 7P<0.01, #*#P<0.001 vs. I/R. Sham, rats received sham operation;
I/R, ischemia/reperfusion; LBP, Lycium barbarum polysaccharide; LVEDs, left ventricular end-systolic diameter; LVEDd, left ventricular end-diastolic diam-
eter; EF, ejection fraction; FS, fractional shortening; LDH, lactate dehydrogenase; CK, creatine kinase; AAR, area at risk; INF, infarcted area; LV, left ventricle.
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Evan's blue and 2,3,5-triphenyl-tetrazolium chloride (TTC)
double-staining. After cannulation of the aorta, the hearts
were perfused with 1% Evan's blue solution (cat. no. G1810;
Beijing Solarbio Science & Technology Co., Ltd.) for 10 min at
37°C. After being frozen for 20 min, the hearts were transected
into 2-mm thick sections and then stained with 1% TTC (cat.
no. 17779; Sigma-Aldrich; Merck KGaA) at 37°C for 15 min
in PBS. The analyzes of the size of the infarcted area (INF),
area at risk (AAR) and the whole left ventricle (LV) were
performed using ImageJ software (1.52s version; National
Institutes of Health). The infarct size was presented as a ratio
of INF to AAR.

H&E staining. After being fixed with 4% paraformaldehyde
(cat. no. 16005; Sigma-Aldrich; Merck KGaA) at room
temperature for 24 h, dehydrated with gradient alcohol and
transparentized using xylene (cat. no. 95682; Sigma-Aldrich;
Merck KGaA), the ventricular tissues were paraffinized (cat.
no. 1496904; Sigma-Aldrich; Merck KGaA) and sliced into
5-um thick sections, which were then dewaxed using xylene and
rehydrated using gradient alcohol. Hematoxylin (cat. no. H3136;
Sigma-Aldrich; Merck KGaA) was used to stain the sections at
room temperature for 12 min. Next, the sections were differenti-
ated using hydrochloric alcohol and then stained with eosin (cat.
no. E4009; Sigma-Aldrich; Merck KGaA) at room temperature
for 5 min. Lastly, neutral balsam (cat. no. N861409; Shanghai
Macklin Co., Ltd.) was used to seal the sections. After being
dried at 37°C for 4 h, the sections were observed and patho-
logically examined under an inverted microscope (ZEISS
Primovert; Carl Zeiss AG) at x100 magnification.

Cell culture. Rat cardiomyocytes, HOC2, were obtained
from the American Type Culture Collection (ATCC; cat.
no. CRL-1446), and cultured in ATCC-formulated DMEM
(cat. no. 30-2002; ATCC) supplemented with 10% FBS (cat.
no. 30-2020; ATCC) at 37°C with 5% CO,.

Cell transfection. Nrf2 overexpression plasmid was
constructed using a pcDNA3.1 vector (cat. no. V79520;
Thermo Fisher Scientific, Inc.), and its transfection into
H9C2 cells was performed using Lipofectamine® 3000
transfection reagent (cat. no. L3000015; Thermo Fisher
Scientific, Inc.). Briefly, HOC2 cells were seeded at a density
of 1x10* cells/well in 96-well plates. When the cells reached
80% confluence, Lipofectamine 3000 transfection reagent
(0.15 ul) and Nrf2 overexpression plasmid (0.2 ug) were mixed
with Opti-MEM (cat. no. 31985062; Thermo Fisher Scientific,
Inc.) supplemented with P3000 reagent (0.4 #g) and added into
the cells, subsequent to which the cells were incubated with
plasmid-lipid complex at 37°C for 48 h. The empty pcDNA3.1
vector was served as a negative control (NC). After 48 h of
transfection, cells were collected for further experiment.

Myocardial I/R cellular model construction and drug treat-
ment. LBP (purity, 51.87%) was diluted using PBS in order
to prepare the working solutions with different concentrations
(15, 30 and 60 pg/ml). To investigate the effects of LBP on
myocardial I/R injury, HOC2 cells with or without transfec-
tion of Nrf2 overexpression plasmid underwent hypoxia via
incubation with glucose-free serum in an anaerobic environ-

ment (1% O,, 5% CO, and 94% N,) at 37°C for 24 h. This
was followed by subjection to the reoxygenation process
under normoxic conditions (21% O,, 5% CO, and 74% N,)
at 37°C for 4 h. LBP (15, 30 and 60 pg/ml) or rapamycin
(RAPA; an autophagy enhancer; 100 gmol/l; cat. no. 37094;
Sigma-Aldrich; Merck KGaA) were added at the start of
reoxygenation at 37°C during the 4 h (27,28). To determine the
interaction between LBP and RAPA, HOC2 cells received a
combined treatment of LBP (15 yg/ml) and RAPA (100 g#zmol/1)
at the start of reoxygenation at 37°C during the 4 h.

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA from H9C2 cells was isolated using TRIzol®
reagent (cat. no. 15596026; Thermo Fisher Scientific, Inc.). The
total RNA used as templates for cDNA was reverse transcribed
into cDNA using the SuperScript™ IV First-Strand Synthesis
System (cat. no. 18091050; Thermo Fisher Scientific, Inc.) at
37°C for 10 min. The amplification of cDNA was performed
using a PCR detection device (CFX Connect; Bio-Rad
Laboratories, Inc.) with PowerUp SYBR Green Master mix
(cat. no. A25742; Thermo Fisher Scientific, Inc.). Primers for
Nrf2 (forward, 5'-AAACCCAGTGTGACCAACGT-3' and
reverse, 5'-GCACACGTGTGGTACTCAGA-3") and GAPDH
(forward, 5"TGGATAGGGTGGCCGAAGTA-3' and reverse,
5'"TACAAGGGGAGCAACAGCTG-3') were used. The ther-
mocycling conditions were as follows: Initial denaturation at
95°C for 10 min; 40 cycle of denaturation at 95°C for 15 sec,
and annealing and elongation at 60°C for 60 sec without final
extension. The relative expression levels of genes were calcu-
lated using the >224 method (29), and GAPDH was used as the
internal reference.

Western blotting. Total protein from H9C2 cells was extracted
using RIPA buffer (cat. no. 89900; Thermo Fisher Scientific,
Inc.) and the concentration was determined using a BCA kit
(cat. no. A53227; Thermo Fisher Scientific, Inc.). The protein
(40 ug) and marker (4 pl) (cat. no. PR1910; Beijing Solarbio
Science & Technology Co., Ltd.) were separately loaded and
electrophoresed via 12% SDS-PAGE (cat. no. P0672; Beyotime
Institute of Biotechnology), followed by transfer onto PVDF
membranes (cat. no. P2438; Sigma-Aldrich; Merck KGaA),
which were blocked using 5% skim milk in TBS with
1% Tween-20 (TBST; cat. no. TA-125-TT; Thermo Fisher
Scientific, Inc.) at room temperature for 1 h. The membranes
were then incubated at 4°C overnight with the primary anti-
bodies for Nrf2 (cat. no. ab89443; 68 kDa; 1:1,000; Abcam),
Beclin 1 (cat. no. ab207612; 52 kDa; 1:2,000; Abcam),
LC3-II/LC3-I (cat. no. ab48394; LC3-I1I, 17 kDa; LC3-I,
19 kDa; 1:1,000; Abcam), LaminA (cat. no. 4777; 74 kDa;
1:2,000; Cell Signaling Technology, Inc.) and GAPDH
(cat. no. ab181602; 36 kDa; 1:10,000; Abcam). After being
washed with TBST, the membranes were incubated with
the HRP-conjugated secondary antibodies, including goat
anti-rabbit IgG (cat. no. A32731; 1:10,000; Thermo Fisher
Scientific, Inc.) or goat anti-mouse IgG (cat. no. A32733;
1:1,000, Thermo Fisher Scientific, Inc.). The protein bands
were visualized using an ECL reagent kit (cat. no. WP20005;
Thermo Fisher Scientific, Inc.) and the grey value of each
band was analyzed with Imagel software (1.52s version;
National Institutes of Health).
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MTT assay. 1/R-treated HOC2 cells were seeded at a density of
1x10* cells/well in 96-well plates with transfection, as well as
treatment of LBP and RAPA in combination or alone. Then, 20 p1
MTT solution (cat. no. VO00888; Sigma-Aldrich; Merck KGaA)
was added and incubated with the cells at 37°C for 4 h. Next,
100 1 DMSO (cat. no. D2650; Sigma-Aldrich; Merck KGaA)
was used to dissolve the formazan generated during the incuba-
tion. The absorbance at 570 nm was recorded using a microplate
reader (ELx808; BioTek Instruments, Inc.).

Annexin-V/PI staining assay. Cell apoptosis was determined
using an Annexin V-FITC/PI apoptosis detection kit (cat.
no. E-CK-A211; Elabscience Biotechnology, Inc.). Briefly, the
I/R-treated H9C2 cells with transfection, as well as treatment
of LBP and RAPA in combination or alone, were digested
using trypsin, centrifuged at 3,000 x g for 5 min at 4°C and then
washed with PBS (twice for the processes of centrifugation and
washing, respectively). Then, the cells were re-suspended using
binding buffer and incubated with Annexin V-FITC solution
(5 p1) and PI solution (10 ul) at room temperature for 15 min in
the dark. Lastly, the cells were transferred to a flow cytometer
(Cytoflex; Beckman Coulter, Inc.) and the apoptotic rates of the
cells were analyzed using CytExpert software (version 2.2.0.97,
Beckman Coulter, Inc.).

ELISA. The ventricular tissues and HIC2 cells were centrifuged
at 1,000 x g for 20 min at 4°C for the collection of supernatants.
The levels of LDH (cat. no. JL13677-96T), creatine kinase
(CK; cat. no. JL34658-96T), sera cardiac troponin T (cTnT;
cat. no. JL18321-96T), IL-1f (cat. no. JL20884-96T), IL-6 (cat.
no. JL20896-96T), TNF-a. (cat. no. JL13202-96T), malondialde-
hyde (MDA; cat. no. JL13297-96T) and superoxidase dismutase
(SOD; cat. no. JL22893-96T) in the supernatant were calculated
using their corresponding ELISA kits (Jonln; http:/www.jonln.
com/), according to the manufacturer's instructions. Briefly,
HOC?2 cells with transfection, as well as treatment of LBP and
RAPA in combination or alone, were centrifuged at 1,000 x g
for 20 min at 4°C, and the supernatant was collected, 50 ul of
which was transferred to the enzyme-coated plates. Then, the
HRP-labeled antibody (50 pl) was added into the plates, which
were incubated at 37°C for 60 min. After being washed with
the buffer solution (350 ul) five times, the substrate reagent was
added into the plates and the plates were further incubated at
37°C for 15 min in the dark. The reaction was terminated by
the addition of sulfuric acid (in a final volume of 50 ul) and the
optical density value was recorded with a microplate reader
(ELx808; BioTek Instruments, Inc.) at 450 nm.

Statistical analysis. Statistical analysis was performed using
SPSS software (version 20.0; IBM Corp.). All data are expressed
as the mean + SD. One-way ANOVA along with Tukey's post
hoc test was used for comparison among multiple groups. P<0.05
was considered to indicate a statistically significant difference.
All experiments were repeated independently in triplicate.

Results
LBP counteracts I/R-induced heart malfunction, histo-

pathological abnormalities and inflammation in rats. The
transthoracic echocardiography analysis demonstrated that

I/R-treated rats exhibited increased LVEDs and declined EF
and FS (P<0.01, P<0.001; Fig. 1B-E), while LVEDd remained
unchanged. Moreover, LBP reversed the aforementioned
changes (P<0.01, P<0.001; Fig. 1B-E). The results of Evan's
blue and TTC double staining revealed that LBP significantly
abrogated I/R-induced size increases of the infarct area, as
suggested by the decreased INF/AAR (P<0.001; Fig. 1F-H).
The histopathological examination via H&E staining identi-
fied that I/R-induced myocardial distortion and injury were
alleviated by LBP (Fig. 11).

As I/R can induce cardiomyocyte damage along with
the increase on the activities of enzymes, such as LDH and
CK, inflammatory responses and oxidative stress (30-32), the
levels of both enzymes and these corresponding factors were
quantified in I/R-treated rats. As demonstrated in the analyses
with ELISAs, the levels of LDH, CK, c¢TnT, IL-1p, IL-6 and
TNF-a were increased after the construction of the I/R model
(P<0.001), while LBP treatment reversed these trends in
rats with I/R (P<0.001; Fig. 1J-O). Thus, LBP may attenuate
I/R-induced effects on these factors.

LBP counteracts the I/R-induced decrease of viability, promo-
tion of apoptosis, cardiomyocyte damage, inflammation and
oxidative stress in H9C2 cells. The effects of LBP on cardio-
myocytes were determined after the construction of cellular
I/R model. Since the cytoprotective effects of LBP at different
concentrations (15, 30 and 60 pxg/ml) on oxygen glucose depri-
vation/reoxygenation-induced hippocampal neurons have been
confirmed previously (27), the current study evaluated whether
LBP could also protect HOC2 cells from I/R-induced injury at
these concentrations. The result of MTT assay demonstrated that
the construction of cellular I/R model decreased the viability of
HOC2 cells (P<0.001), the trend of which was partially abrogated
by LBP (15,30 and 60 pg/ml) treatment (P<0.05, P<0.01; Fig. 2A).

To determine the association between the apoptosis and
the effects of LBP on I/R-treated cardiomyocytes, flow cytom-
etry was conducted. It was found that a significantly increased
apoptosis occurred after the construction of cellular I/R
model (P<0.001), while LBP (15, 30 and 60 pxg/ml) treatment
partially reversed this enhancement induced by I/R (P<0.001;
Fig. 2B and C).

Serum levels of LDH and CK were assayed to assess
cellular damage. The construction of the cellular I/R model was
associated with the increased contents of LDH, CK and MDA,
the enhanced release of IL-1, IL-6 and TNF-a and decreased
SOD activity (P<0.001), while all of these I/R-induced changes
were partially reversed by the treatment of LBP (15, 30 and
60 ug/ml), according to the results of ELISAs (P<0.05, P<0.01,
P<0.001; Fig. 2D-J). Taken together, these results suggested
that LBP protects cardiomyocytes against I/R-induced
decrease of viability, promotion of apoptosis, cardiomyocyte
damage, inflammation and oxidative stress.

LBP inhibits I/R-induced autophagy in H9C2 cells. Autophagy
in cardiomyocytes is demonstrated to be promoted in an anoxia
duration-dependent manner in response to anoxia/reperfu-
sion (28). Therefore, to investigate whether the protective
effects of LBP on cardiomyocytes against I/R-induced injury
were associated with the modulation of autophagy, the current
study analyzed the expression levels of autophagy-related
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Figure 2. LBP counteracts I/R-induced decrease of viability, promotion of apoptosis, cardiomyocyte damage, inflammation and oxidative stress in HOC2 cells.
(A). The viability of I/R-induced H9C2 cells treated with LBP (15, 30 and 60 pg/ml) was determined using an MTT assay. (B) The apoptosis of I/R-induced
HOC2 cells treated with LBP (15, 30 and 60 pg/ml) was determined via (C) flow cytometry. The levels of (D) LDH, (E) CK, (F) IL-18, (G) IL-6, (H) TNF-a,
(I) MDA and (J) SOD in I/R-induced HIC2 cells treated with LBP (15, 30 and 60 ug/ml) were measured using ELISAs. ““P<0.001 vs. Blank; "P<0.05, "'P<0.01,
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LBP, Lycium barbarum polysaccharide.

markers. The western blotting results revealed that the
construction of the cellular I/R model increased the protein
expression levels of Beclin 1 and LC3-II/LC3-I, and decreased
those of P62 (P<0.001), whereas treatment of LBP at 60, 30
and 15 pug/ml was able to decrease the protein expression
levels of Beclin 1 and LC3-II/LC3-I and to increase those
of P62 in H9C2 cells after 24-h anoxia and 4-h reperfusion
(P<0.05, P<0.01, P<0.001; Fig. 3A-D), indicating that LBP
inhibits I/R-induced autophagic activity.

RAPA partially reverses the inhibitory effect of LBP on
autophagy in I/R-treated H9C2 cells. To verify if the inhibi-
tion of autophagy was involved in the cytoprotective effects of
LBP on I/R-induced cardiomyocytes, an autophagy promoter,
RAPA, and the lowest concentration (15 pg/ml) of LBP were
used to determine the interaction between autophagy and
LBP. RAPA treatment alone increased the protein expression
levels of Beclin 1 and LC3-II/LC3-I and decreased those
of P62, compared with the I/R group (P<0.001). Moreover,
LBP (15 pg/ml) decreased the expression levels of Beclin 1
and LC3-II/LC3-I and the increased expression of P62 in
I/R-induced HI9C2 cells (P<0.001; Fig. 4A-D). It was also
found that LBP (15 pg/ml) treatment reversed RAPA-induced
expression changes of these genes (P<0.001; Fig. 4A-D).

RAPA partially reverses LBP-induced increase of viability and
inhibition of apoptosis, cardiomyocyte damage, inflammation

and oxidative stress in I/R-treated H9C2 cells. Furthermore,
based on the results of MTT assay and flow cytometry, it was
observed that RAPA treatment alone decreased cell viability
and increased apoptosis, compared with the I/R group
(P<0.001), and partially reversed the LBP (15 pg/ml)-induced
increase in viability and inhibition of apoptosis in I/R-induced
H9C2 cells (P<0.01, P<0.001; Fig. SA-C). The results of
ELISAs showed that after RAPA treatment, the levels of LDH,
CK, IL-1B,IL-6, TNF-a and MDA were elevated, while that of
SOD was lowered, in comparison with those in the I/R group
(P<0.001). Moreover, the LBP (15 ug/ml)-induced changes
on the levels of these factors were partially reversed (P<0.05,
P<0.01; Fig. 5D-J) by RAPA treatment.

RAPA reverses LBP-induced promotion on Nrf2 nuclear
translocation in I/R-induced H9C?2 cells. A previous study
reported the increase of Nrf2 expression during autophagic
deficiency (22). As shown in Fig. 6A and B, Nrf2 mRNA and
protein expression levels in the nucleus were increased with
the treatment of LBP (15 pg/ml) treatment (P<0.001), but were
decreased by RAPA treatment (P<0.001). On the contrary,
LBP treatment (15 pg/ml) was associated with a decreased
Nrf2 mRNA and protein expression levels in the cytoplasm
(P<0.001), whilst an opposite trend was observed after RAPA
treatment (P<0.01, P<0.001; Fig. 6C and D). These results
indicated that LBP facilitated the translocation of Nrf2 into
the nucleus, while RAPA had an opposite effect and partially
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Figure 5. RAPA partially reverses the LBP-induced increase of viability and inhibition of apoptosis, cardiomyocyte damage, inflammation and oxidative
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Figure 6. LBP reverses RAPA-induced inhibition on Nrf2 nuclear expression in I/R-induced H9C2 cells. The nuclear (A) mRNA and (B) protein expression
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reversed the effects of LPB on the expression levels of both
nuclear and cytoplasmic Nrf2 (P<0.001; Fig. 6A-D), suggesting
that LPB may inhibit I/R-induced autophagy by facilitating the
nuclear translocation of Nrf2.

Nrf2 partially abrogates RAPA-induced decrease of viability,
promotion of apoptosis, cardiomyocyte damage, inflammation
and oxidative stress in I/R-treated H9C2 cells. The transfection
efficiency of Nrf2 overexpression plasmid in normal H9C2 cells
is showed in Fig. 7A. The results demonstrated that the Nrf2
overexpression plasmid significantly increased Nrf2 expression
in H9C2 cells (P<0.001).

Subsequently, the Nrf2 overexpression plasmid was intro-
duced into I/R-induced and RAPA-treated cardiomyocytes
to determine the interaction between Nrf2 and autophagy.
Firstly, in comparison with the I/R group, the transfection of
Nrf2 overexpression plasmid increased the mRNA and protein
expression levels of Nrf2, while RAPA treatment led to a
decrease (P<0.001; Fig. 7B and C). Furthermore, the effects of
Nrf2 overexpression plasmid on Nrf2 expression was inhibited
by RAPA (P<0.001; Fig. 7B and C). Then, it was observed that
Nrf2 overexpression increased cell viability, inhibited apoptosis,
decreased the contents of LDH, CK and MDA, suppressed the
release of IL-1f, IL-6 and TNF-a, and enhanced SOD activity,
compared with the I/R group (P<0.001; Fig. 7D-M). However,
these effects induced by Nrf2 overexpression were partially
reversed by RAPA treatment (P<0.01; Fig. 7E-N).

Discussion

Myocardial I/R injury causes structural and functional changes
at the levels of organs, tissues and cells, which leads to cellular
destruction (33). During the progression of I/R, ischemia causes
the accumulation of H* and Ca?*, the collapse of mitochondrial
membrane potential and the depletion of ATP, leading to the
formation of ROS, which in turn activates pro-inflammatory
pathways and promotes inflammatory responses (34). The
promoted inflammatory responses further induce damage to
the tissues surrounding the infarct area by enhancing apop-
tosis within the cardiomyocyte (34). LBP is a cardio-protective
agent with functions that counteract I/R-induced LDH release,
inhibition of ATPase activity and promotion of apoptosis in
myocardial I/R injury (10). The present study demonstrated
that LBP modulated autophagy marker expression so as to
exert the protective effects on I/R-treated rats and cardiomyo-
cytes.

Decreased viability and enhanced apoptosis occur in
hypoxia/reperfusion (H/R)-treated cardiomyocytes, which is
experimentally used to construct a model of myocardial I/R
injury at cellular levels (35). A previous study reported that
LBP could partially reverse the effects of H/R on decreasing
the viability and promoting the apoptosis of HOC2 cells (36).
The current study established I/R models both in vivo and
in vitro, during which LBP treatment at 15, 30 and 60 pg/ml
was used. The results demonstrated that LBP counteracted
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Figure 7. Nrf2 partially reverses RAPA-induced decrease of viability, promotion of apoptosis, cardiomyocyte damage, inflammation and oxidative stress in
I/R-induced HIC2 cells. (A) The transfection efficiency of Nrf2 overexpression plasmid in normal HOC2 cells. The (B) mRNA and (C and D) protein expression
levels of Nrf2 in I/R-induced HIC2 cells with transfection of Nrf2 overexpression plasmid, RAPA treatment or the combined management were quantified by reverse
transcription-quantitative PCR and western blotting. GAPDH was used as internal reference. (E) The viability of I/R-induced HOC2 cells undergoing transfection
of Nrf2 overexpression plasmid, RAPA treatment or the combined management was determined using an MTT assay. (F) The apoptosis of I/R-induced HIC2 cells
after the transfection of Nrf2 overexpression plasmid, RAPA treatment or the combined management was detected via (G) flow cytometry. The levels of (H) LDH,
(I)CK,(J) IL-1B,(K) IL-6, (L) TNF-a, (M) MDA and (N) SOD in I/R-induced H9C2 cells undergoing transfection of Nrf2 overexpression plasmid, RAPA treatment
or the combined management were calculated using ELISAs. “P<0.01, “"P<0.001 vs. I/R; "'P<0.01, ""P<0.001 vs. NC; **P<0.01, **P<0.001 vs. RAPA; #P<0.01,
#P<0.001 vs. Nrf2. NC, empty pcDNA3.1 vector as negative control; Nrf2, nuclear factor-erythroid factor 2-related factor 2; I/R, ischemia/reperfusion; LBP,
Lycium barbarum polysaccharide; RAPA, rapamycin; LDH, lactate dehydrogenase; CK, creatine kinase; MDA, malondialdehyde; SOD, superoxidase dismutase.
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I/R-induced heart malfunction and histopathological abnor-
malities in vivo. Moreover, in line with a previous finding
concerning the effects LBP on the phenotypic changes of
I/R-induced cardiomyocytes (36), the present study observed
that LBP exerted antagonistic effects against the decreased
viability and the increased apoptosis in H/R-induced H9C2
cells.

CK serves a crucial role in regulating ATP preservation,
which is positively correlated with an improved contractile
function in I/R-induced rats (37,38). During the progression
of I/R, the release of CK, as well as LDH and ¢ITnT, two main
inducible factors of myocardial injury, from the myocar-
dium into the blood are increased. As such, inhibiting the
releases of LDH and CK can exert a cardio-protective effect
on I/R-induced ischemic hearts of rats (32). Furthermore,
suppressing inflammatory cytokines (IL-1p, IL-6 and TNF-a)
produced during I/R-induced inflammatory responses in the
myocardium is also contributory to cardio-protection against
I/R injury (39). I/R also induces the production of excessive
ROS, which then oxidizes cellular proteins, membrane lipids
and nucleic acids (40) and further leads to the aggravation
of myocardial I/R injury, with increased MDA level and
decreased SOD (35). Decreased MDA and increased SOD
levels have been indicated to be associated with ameliorated
myocardial I/R injury (41). A prior study has revealed that
LBP, as an oxidative agent, reduces cardiotoxicity induced by
doxorubicin and leads to the decreased CK and MDA levels
and increased those of SOD (42). LBP can also decrease the
expression levels of inflammatory factors (IL-6 and TNF-a)
in heart tissues, based on the results of a study where the
effects of LBP on cardiac hypertrophy in diabetic rats were
discussed (16). Similar to the effects of LBP shown in these
findings, the present study identified that LBP counteracted
the effects of I/R both in vivo and in vitro by abolishing the
I/R-induced changes on the levels of all these aforemen-
tioned indexes or factors, suggesting that LBP alleviated the
cell injury, inflammatory responses and oxidative stress in
I/R-induced cardiomyocytes.

Autophagy preserves cardiac structure and function
at baseline by inhibiting misfolded proteins and damaged
organelles in physiological condition, and is further activated
during stress, thereby limiting cardiac injury in numerous
pathological conditions (43,44). For example, autophagy
maintains cardiac function under ischemia and starvation
conditions, and reduces myocardial damage (45). However, an
excessive activation in autophagy under ischemia/reperfusion
has been reported, where autophagy may facilitate myocardial
injury (46-49). Moreover, an increase in autophagy activity
has been observed in the subacute and chronic stages of
cardiac ischemia in a mouse model with myocardial infarc-
tion (50,51). Autophagy is a mechanism induced by the
oxidative stress in myocardial I/R injury and causes the death
of cardiomyocyte (4). Pharmacological inhibition of autophagy
can help prevent I/R-induced heart failure by improving
cardio-function and alleviating myocardial injury by reversely
regulating I/R-induced increases of LDH, CK, ROS and MDA
and decreases of SOD (21). Thus, appropriate inhibition of
autophagy could be a novel therapeutic method for I/R injury.

Hence, in the present study, RAPA, an activator of
autophagy, was hypothesized to abolish the cardio-protective

effects of LBP against I/R injury. LBP was previously found to
counteract the oxygen glucose deprivation/reperfusion-induced
upregulated expression of LC3-II/LC3-I and Beclin 1 and
downregulated expression of P62 to suppress autophagic cell
death in primary hippocampal neurons (27). In accordance with
this finding in which the autophagy-repressive effect of LBP
has been indicated, the present study demonstrated that LBP
counteracted the effects of I/R on decreasing the expression of
LC3-II/LC3-I and Beclin 1 and increasing that of P62. More
notably, LBP exerted inhibitory effects on RAPA-potentiated
autophagy in I/R-treated H9C2 cells, while RAPA partially
reversed the suppressive effects of LBP on autophagy, which
collectively indicated that the cardio-protective effects of LBP
against I/R-induced injury is, at least partially, dependent on
the inhibition of autophagy.

Inhibited Nrf2 expression is evidenced in PM2.5-induced
autophagy of A549 cells, according to a study by Dai et al (22).
Similar to Dai's findings, the present study identified that
both nuclear translocation and nuclear expression of Nrf2
were inhibited by RAPA-induced autophagy in I/R-treated
cardiomyocytes, which suggests that LBP-induced autophagy
inhibition can lead to Nrf2 activation. Furthermore, previous
studies have shown that the activation of Nrf2 induced by
LBP reduces ROS production and lipid peroxide level, but
elevates SOD levels in human skin fibroblast cells (52), as
well as attenuates hyperoxic acute lung injury by inhibiting
the infiltration of IL-1p and IL-6 into the lungs of mice (53).
Likewise, the present study revealed that LBP facilitated the
nuclear translocation of Nrf2.

Nrf2, a member of the cap ‘n’ collar subfamily of
basic-region leucine zipper (54), is involved in the regula-
tion of antioxidant responses by inducing the expression of
antioxidative genes, such as heme oxygenase-1, glutathione
peroxidase and SOD (55). The activation of Nrf2 can exert
a cardio-protective effect via both the suppression of oxidi-
zation and inflammation, and the potential regulation of
autophagy (56). Increased Nrf2 expression in the nucleus is
associated with the alleviation of H/R-induced impaired
viability and enhanced apoptosis of cardiomyocytes (57), as
well as improved cardiac function, reduced myocardial infarc-
tion area, decreased levels of CK, LDH and MDA and increased
SOD levels in I/R-treated rats (58). Moreover, it is associated
with the inhibited production of IL-6 and TNF-a (59). Based
on the present results, it was found that Nrf2 expression inhib-
ited apoptosis and the levels of CK, LDH, IL-1f3, IL-6, TNF-a
and MDA, and increased SOD levels; the effects of which
were similar to the aforementioned studies. Taken together,
the current results indicated that LBP inhibited autophagy to
activate Nrf2 so as to exert its cardio-protective effects against
I/R-induced injury.

However, there are several potential limitations to the
present study. For instance, there was lack of more direct
evidence to confirm autophagy using imaging tools, such
as scanning electron microscopy and transmission electron
microscopy. Most polysaccharides cannot be completely
digested by the human digestive system, so the natural poly-
saccharides mainly exert their benefits on health by slowing
gastric emptying, regulating the gut microbe structure,
influencing microbial fermentation as substrates, improving
bowel function, as well as protecting the immune system (60).
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As a natural polysaccharide, LPB may also not be digested
completely by the human alimentary system. Natural polysac-
charides are favorable for the proliferation of short chain fatty
acid-producing bacteria, the presence of which can improve
the intestinal microenvironment (61). For example, fermented
Yupingfeng polysaccharides can effectively improve the
intestinal flora homeostasis (62). Additionally, modulating
the gut microbiota is a potential treatment for cardiovascular
diseases (63). A previous study reported that LBP reduced
intestinal permeability and inflammatory cytokine levels,
maintained a healthy intestinal microenvironment, and allevi-
ated myocardial injury 13). Therefore, the mechanism of the
protective effect of LBP on myocardial I/R injury may be
associated with its role in the regulation of intestinal micro-
environment

In conclusion, the present study identified that LBP
counteracts H/R-induced decrease of viability, promotion of
apoptosis, inflammation and oxidative stress in cardiomyo-
cytes by inhibiting autophagy via the activation of Nrf2, thus
attenuating myocardial I/R injury.
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