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Cardioprotective effects of dihydroquercetin
against ischemia reperfusion injury by inhibiting
oxidative stress and endoplasmic reticulum stress-
induced apoptosis via the PI3K/Akt pathway
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Dihydroquercetin (DHQ), a dihydroxyflavone, possesses potent antioxidant properties and is proposed to
be useful in the prevention and treatment of cardiovascular disease. In this study, we aimed to investigate
whether DHQ has protective effects against MIRI and to elucidate the mechanism of attenuation of oxi-
dative stress-and ERS-induced apoptosis via the PI3K/Akt pathway. Isolated rat hearts and H9c2 cardio-
myocytes were treated with or without DHQ, and then subjected to I/R and H/R, respectively. Our results
showed that DHQ pretreatment markedly alleviated cardiac dysfunction, scavenged free radicals, reduced
lipid peroxidation, and increased the activity of antioxidant enzymes ex vivo and in vitro. The result of
western blot analysis showed that DHQ inhibited the apoptotic pathway and the expression of pro-apop-
totic proteins CHOP, Caspase-12, and p-JNK. In addition, DHQ delayed the onset of ERs by reducing
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antioxidant response elements. These cardioprotective effects of DHQ were partially counteracted by the
PI3K/Akt inhibitor LY294002. The protective effects of DHQ on the inhibition of MIRI may be mediated by
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1. Introduction

Ischemic heart disease is a common multiple cardiovascular
disease in clinical settings. It is a major contributor to mor-
bidity and mortality worldwide and poses a serious threat to
human life and health." I/R is a pathological phenomenon
that causes structural damage and dysfunction or metabolic
disturbance. These changes are caused by the recovery of
blood flow to the ischemic myocardium. The mechanism of
I/R injury is very complex, and oxidative stress and ERS are the
hot spots of the current research. Excessive ROS generated at
the onset of myocardial reperfusion has been reported to
enhance oxidative stress, which is known to cause detrimental
changes.>® HO-1 is a major antioxidant/cytoprotective enzyme.
Enhanced HO-1 expression can reduce the incidence of
oxidant-induced cell damage. Nrf2, a redox-sensitive transcrip-
tion factor capable of interacting with AREs, plays a key role
in the transcriptional activation of HO-1 gene expression.
Recently, emerging evidence has revealed that the induction of
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activating the PI3K/Akt pathway to reduce oxidative stress-and ERS-induced apoptosis.

HO-1 through Nrf2 activation confers protection against oxi-
dative stress in the heart.*”” ROS is a key regulator of oxidative
stress, which is closely linked to ERS. ROS accumulation in
the ER leads to the increased expression of CHOP, which
eventually results in the induction of cell apoptosis.®® The
ERS-initiated apoptotic signaling pathway, mitochondrial
pathway, death receptor-associated pathway of another major
apoptotic pathway, and ERS-induced apoptosis play crucial
roles in MIRL.'""?

Flavonoids are the major active ingredients in traditional
Chinese medicine used for the treatment and prevention of
cardiovascular disease. Epidemiological studies have shown
that a high intake of dietary flavonoids can possibly reduce the
risk of acute myocardial infarction and reduce mortality due to
cardiovascular disease.”® DHQ (Fig. 1A) is a flavonoid that can
exert a wide range of pharmacological effects such as anti-
oxidant, anti-inflammatory, anti-viral, anti-tumor, free radical
scavenging, and other biological activities."*'® Owing to the
diversity of its pharmacological activities, the bioavailability
and biological characteristics of DHQ have attracted wide-
spread attention. DHQ exerts effective antioxidant effects,
which contribute to its cardiovascular protective effects.
Studies have shown that DHQ not only decreased the peroxi-
dase activity of cytochrome C with dioleyl cardiolipin and lipid
peroxidation/free radical production, but also regulated the
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Fig. 1 The chemical structure of dihydroquercetin (A) and the experi-
mental designs of in vitro (B) and ex vivo (C) experiments.

activity of oxidative enzymes and the overproduction of ROS
for improving I/R injury."®"” However, the mechanism under-
lying the myocardial protective effects of DHQ has not yet
been fully elucidated. Therefore, in this study, we aimed to
investigate the potential effects of DHQ on cardioprotection
against I/R injury.

2. Materials and methods
2.1. Materials

All cell culture materials, Dulbecco’s modified Eagle’s medium
(DMEM), foetal bovine serum (FBS), and penicillin/strepto-
mycin were purchased from Gibco (Grand Island, NY, USA).
The kits for determining the MDA content and the activity of
CK, CAT, AST, GSH-Px, and SOD were acquired from Jiancheng
Bioengineering Institute (Nanjing, China). ROS fluorimetric
assay kits were purchased from Bio Vision Inc. (CA, USA). JC-1
fluorescent dyes were purchased from Sigma-Aldrich (St Louis,
USA). TUNEL assay kit was purchased from Roche Diagnostics
GmbH (Mannheim, Germany). Protein extraction kits were
obtained from Co Win Bioscience Co., Ltd, Beijing, China.
BCA kit (Pierce Corporation, Rockford, USA) and primary anti-
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bodies against PI3K, p-PI3K, Akt, p-Akt, JNK, p-JNK, CHOP,
GRP78, ATF6, p-PERK, PERK, IRE1, elf2qa, p-eIf2a, Caspase-12,
HO-1, Nrf2, Bcl-2, Bax, Bad, and p-actin were obtained from
Santa Cruz Biotechnology, Inc. (CA, USA). Dimethyl sulfoxide
(DMSO), MTT, LY294002, and other chemicals were purchased
from Sigma-Aldrich (St Louis, MO, USA).

2.2. Cell culture and experimental protocols

Clonal cell lines of BDIX rat embryonic heart tissue-derived
H9c2 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured as pre-
viously described. Briefly, H9c2 cells were cultured in high
glucose DMEM supplemented with 10% (v/v) fetal bovine
serum, 1% penicillin/streptomycin  (v/v) and 2 mM
t-glutamine, and maintained in a humidified incubator at
37 °C in a 5% CO, atmosphere.'®'® For all the experiments,
cells were plated at an appropriate density according to the
experimental design and were grown for 36 h to reach 70% to
80% confluence before experimentation.

The H9c2 cells were randomly divided into different groups
(Fig. 1B): the control (Cont) group and the H/R group, which
was modified from a previous study.’’ Briefly, high glucose
DMEM medium was changed to glucose-free DMEM to mimic
ischemia and the cells were incubated at 37 °C for 6 h in the
environment of 5% CO,, 5% H,, and 90% N, in an anaerobic
glove box (Coy Laboratory, USA). Then it was removed and the
medium was replaced with high glucose medium and main-
tained for 16 h to mimic reperfusion. In the DHQ-treated
group (DHQ + H/R), H9c2 cells were pretreated with DHQ (2.5,
5, 10, 20, 40, 80 uM) for 12 h before H/R. However, in the DHQ
group, H9c2 cells were pretreated only with different concen-
trations of DHQ for 12 h. DHQ was freshly dissolved in DMSO
as a stock solution and diluted with DMEM when used.

2.3. Analysis of cell viability

Cell viability was measured by the MTT assay as described pre-
viously."® H9c2 cells were plated in 96 well plates at a density
of 5 x 10 cells per well with 100 pL. DMEM medium. After the
designated treatment, 20 pL. MTT (5 mg mL™") solution was
added to each well and incubated for 4 h at 37 °C. Then the
medium with MTT was removed, and DMSO (150 mL per well)
was added to dissolve the formazan crystals. The absorbance
value was detected at 570 nm on a microplate reader (TECAN
Infinite M1000, Austria).

2.4. Measurement of ROS production, LDH & MDA levels and
SOD, CAT, and GSH-Px activities

The level of intracellular ROS production was analyzed using a
total ROS detection kit according to the manufacturer’s
instructions. Briefly, H9c2 cells were cultured in 6-well plates
for 36 h. Then after all indicated treatments, the cells were har-
vested, washed with 1x washing buffer, and centrifuged for
5 min at 1000 rpm at room temperature, and the supernatant
was discarded. The cells were resuspended and then incubated
with (25 pM) 5-(and-6)-carboxy-20,70-dichlorodihydrofluore-
scein diacetate in the dark for 30 min at 37 °C and cleaned
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two times with PBS buffer. The fluorescence was analyzed
using a FACS Calibur flow cytometer (BD, Biosciences, CA, USA).

After different treatments, the supernatant was used to
measure the level of LDH, and then the cells were collected,
ultrasonicated and centrifuged at 1000 rpm for 5 min at 4 °C,
and the supernatants were used to measure the levels of MDA,
and the activities of SOD, CAT and GSH-Px. All indicators were
measured with the corresponding detection kit according to
the manufacturer's instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.5. Detection of mitochondrial membrane potential (A%,,,)

We used 5,5',6,6"-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1) (Sigma-Aldrich, St Louis, USA) to
analyze the changes in the mitochondrial transmembrane
potential. After treatment, the cells were removed and washed
two times with the PBS solution. Then 500 pL JC-1 (the final
concentration of 2 mmol L") working fluid was added and
incubated for 30 min at 37 °C in the dark, and PBS solution
was used to clean two times. The cells labeled with JC-1 were
observed under an inverted fluorescence microscope.

2.6. Isolated rat hearts Langendorff perfusion and
experiment grouping design

The SD rats were anesthetized with 20% urethane (i.p.). Then,
the heart was rapidly excised and the aorta was mounted on a
Langendorff perfusion apparatus with oxygenated Krebs—
Henseleit (K-H) solution including 120 mM NaCl, 25 mM
NaHCO;, 4.7 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSO,,
1.25 mM CaCl,, and 11 mM glucose that saturated with 95%
0,-5% CO,, pH 7.4 at 37 °C. The heart and the left ventricular
pressure was measured using a pressure transducer
(AD Instruments, Sydney, NSW, Australia) that was connected
to a water-filled wrap balloon inserted into the left ventricle
achieving a LVEDP between 2 and 8 mmHg. All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Guangdong
Pharmaceutical University and approved by the Animal Ethics
Committee of Guangdong Pharmaceutical University. All data
were recorded using Power Lab and analysed using Chart V
7.3.3 (AD Instruments). The index of the myocardial function
was determined from the LVSP, the maximum derivatives of
the ventricular pressure (+dp/dtm.c) and the heart rate. The
perfusion liquid was collected for detecting the level of LDH
using the kits. All of the hearts were equilibrated with K-H
solution for 20 min before the application of experimental
protocols.

The following experimental treatments were performed (n =
12 hearts per group) (Fig. 1C): (1) in the control group (Cont),
using K-H solution with oxygenation to perfuse the isolated
heart for 120 min; (2) in the ischemia/reperfusion group (I/R),
after 15 min of stabilisation, perfusion was stopped to induce
cardiac ischemia for 45 min and then reperfusion was per-
formed for another 60 min; (3) in the DHQ treatment group
(DHQ + I/R), the isolated hearts were perfused with K-H solu-
tion containing DHQ (5, 10, 20 uM) for 20 min and then sub-

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

jected to I/R; (4) in the PI3K inhibitor LY294002 group (LY +
DHQ + I/R), the isolated hearts were perfused with KH solution
containing 20 pM LY and 20 pM DHQ for 20 min each and
then subjected to I/R, and (5) in the DHQ group (DHQ), after
15 min of stabilisation, the hearts were perfused 20 pM DHQ
for 20 min. According to the preliminary experiment and with
reference to the relevant literature, the concentration of the
inhibitor used had no effect on the cardiac function of the
heart I/R injury.

2.7. Preparation of samples and measurement of
biochemical variables

The heart tissues after the Langendorff processing were
homogenized (10% w/v) with phosphate buffer (pH 7.4) and
centrifuged at 5000 rpm for 15 min. The supernatant was
used to estimate the reactive oxygen species levels. For the
in vitro sample, the cells were washed twice in ice-cold PBS,
resuspended in 1 mL of 0.1 M phosphate buffer (pH 7.4) and
homogenized. Homogenized renal samples were tested for CK,
AST, SOD, CAT, T-AOC, GSH-Px, ROS, and MDA activities using
specific assay kits (NJJC Bio, Nanjing, China) according to the
manufacturer’s instructions.

2.8. Heart histopathological examination

The rat hearts were fixed with 4% paraformaldehyde for more
than 48 h. Then, the left ventricles of the hearts were dissected
and embedded in paraffin blocks, sectioned, stained with
hematoxylin and eosin (HE), and examined under a light
microscope (CKX41, 170 Olympus, Tokyo, Japan) by a patho-
logist, who was blinded to the groups under study.

2.9. Western blot analysis

Cultured H9c2 cells were harvested and washed with PBS,
lysed with cell lysis buffer containing 1% phenylmethyl-
sulfonyl fluoride, and myocardial tissue protein was homogen-
ated and extracted from the left ventricle of the hearts using
extraction buffer containing 1% phenylmethylsulfonyl fluor-
ide. Then the supernatant was collected after centrifugation
for 15 min at 12000 rpm and 4 °C, and the protein concen-
tration was measured using a BCA kit. Equal amounts of
protein from each sample were separated by 10% SDS-PAGE,
and transferred onto nitrocellulose membranes (Millipore
Corporation, Bedford, MD, USA) in Tris—glycine buffer at 100 V
for 55 min in an ice box. The membranes were blocked in 5%
(w/v) non-fat milk powder in Tris-buffered saline containing
0.1% (v/v) Tween-20 (TBST) for 2 h at room temperature and
incubated overnight at 4 °C with primary antibodies from
Santa Cruz Biotechnology (PI3K, p-PI3K, AKT, p-AKT, GRP78,
PERK, p-PERK, ATF6, IRE1, CHOP, JNK, p-JNK, Caspase-12,
HO-1, Nrf2, Bcl-2, and Bax and all ratios were 1:500). The
membranes were washed thrice with TBST, incubated with
appropriate secondary HRP-conjugated antibodies (1:1000)
for 2 h on a shaking table, and washed with TBST three times
for 45 min. An enhanced chemiluminescence solution was
used to develop the blots for 5 min. The results were observed
using Image Lab software (Bio-Rad, USA). The different protein
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levels were expressed as a percentage of the control, as calcu-
lated by Gel-Pro Analyzer software.

2.10. Statistical analysis

All experiments were repeated three times at least. The experi-
mental results are expressed as mean + SD. A one-way analysis
of variance followed by a Student-Newman-Keuls test for pair-
wise comparisons was applied in the intergroup analysis. P <
0.05 was considered statistically significant.

3. Results
3.1. Effects of DHQ against H/R-induced H9c2 cell injury

The MTT assay was used to detect the protective effects of
DHQ on cell viability. We initially evaluated the general toxicity
or cell proliferation of DHQ. The cells were treated with a
series of concentrations (2.5, 5, 10, 20, 40, and 80 pM) of DHQ
for 24 h. As shown in Fig. 24, cell viability had no significant
differences between these groups. Then, the ability of DHQ to
inhibit H/R-induced H9c2 cell injury was assessed. H/R signifi-
cantly reduced cell viability. Pretreatment with 20 uM DHQ sig-
nificantly maintained cell viability at approximately 75%
(Fig. 2B) and reduced LDH release (Fig. 2C). Other DHQ con-
centrations showed no additional benefits. Therefore, we used
a concentration of 20 pM DHQ for subsequent experiments
in vitro.

3.2. DHQ enhanced antioxidant capacity in H9c2 cells

It has been reported that oxidative stress damage plays a key
role in the initiation of injury or apoptosis during MIRI.
Therefore, the effects of DHQ against H/R-induced oxidative
stress damage were further evaluated in vitro. The experimental
results are shown in Fig. 3A-D. H/R-induced oxidative stress
damage in H9c2 cells is demonstrated by an increase in MDA
levels and a decrease in SOD, CAT, and GSH-Px activities.
However, DHQ pretreatment significantly ameliorated these
effects. ROS production was examined by flow cytometry in
DCFHDA-labeled H9c2 cells (Fig. 3E). ROS significantly
accumulated in H/R-damaged H9c2 cells. DHQ pretreatment
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effectively reduced H/R-induced ROS production. DHQ treat-
ment alone had no effect on these indicators when compared
with the control treatment. Based on these results, we con-
cluded that DHQ could effectively alleviate H/R-induced oxi-
dative stress injury in H9c2 cells.

3.3. Effects of DHQ on mitochondrial transmembrane
potential (AY,,,)

The mitochondrion is the major organelle related to cell
energy supply and cellular apoptosis. The loss of A%, leads to
membrane depolarization and triggers the apoptosis cascade.
We evaluated the effect of DHQ on A¥,, by JC-1 staining. As
shown in Fig. 3F, H/R disrupted A%, of H9c2 cells as observed
by an increase in green fluorescence in cells. Pretreatment
with DHQ protected myocardial cells against H/R-induced
A%, loss in a dose-dependent manner.

3.4. DHQ prevents I/R-induced myocardial injury

The levels of two myocardial enzymes, namely AST and CK,
were detected. As shown in Fig. 4A, I/R-induced myocardial
damage resulted in a significant increase in the levels of myo-
cardial enzymes. However, DHQ pretreatment before I/R sig-
nificantly ameliorated these effects.

After H&E staining, the pathological changes of myocardial
tissue were observed by light microscopy. As shown in Fig. 4B,
no obvious abnormalities were observed in the control group,
whereas severe myocardial damage characterized by myocar-
dial fiber fracture, a widened interstitium, the local wavy cyto-
plasm dissolution phenomenon, and membrane rupture was
observed in the I/R group. Pretreatment with DHQ significantly
improved the above pathological changes. Notably, the specific
inhibitor of Akt, LY294002, inhibited the cardioprotective
effects of DHQ to a large extent, indicating that the Akt signal-
ing pathway is involved in the effects of DHQ.

3.5. DHQ enhances the antioxidant capacity in cardiac tissues

During I/R, oxygen-derived free radicals are thought to play an
important role in the genesis of tissue injury. The effects of I/R
treatment on antioxidant enzyme activities were further evalu-
ated in Langendorff-perfused rat hearts. As shown in Fig. 5A,

LDH (U/L)

£024 o .’
BRI Cont  HR DHQ+HR DHQ

DHQ (uv)

Fig. 2 Effects of DHQ on cell viability and LDH release induced by H/R in H9c2 cardiomyocytes. (A). H9c2 cells were treated with different concen-
trations of DHQ for 24 h, and cell viability was measured by MTT assay. (B). H9c2 cardiomyocytes were treated for 12 h with DHQ (2.5, 5, 10, 20, 40,
80 pM), and then exposed to 6 h of hypoxia and 16 h of reoxygenation. The cell viability was measured by MTT assay. (C). LDH release was measured
using the corresponding detection kit. The data are expressed as means + SD from three independent experiments. *#P < 0.01 versus control group;

*P < 0.05, **P < 0.01 versus H/R group.
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I/R significantly reduced the activities of GSH-Px, SOD, and
CAT in the rat myocardium (P < 0.01), and the expression levels
of T-AOC in the heart compared with those of normal control
rats. DHQ pretreatment before I/R significantly ameliorated
these effects. Furthermore, I/R induced an increase in MDA pro-
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Fig. 3 Effects of DHQ on the activation of antioxidant enzymes, intracellular ROS production, and A¥,, induced by H/R in H9c2 cells in vitro. (A)
The effects of DHQ on the MDA level; (B) the effects of DHQ on SOD activity; (C) the effects of DHQ on GSH-Px activity; (D) the effects of DHQ on
CAT activity; (E) the effects of DHQ on intracellular ROS levels evaluated using a FACSCalibur flow cytometer; (F) the representative images of JC-1
red/green cells and merges showed that DHQ decreased green fluorescence and increased the ratio of red to green fluorescence intensity. The data
are expressed as means + SD from three independent experiments. *#P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus the H/R group.

duction and intracellular ROS levels (Fig. 5B), which were
decreased by pretreatment with DHQ. DHQ-induced protective
effects were largely inhibited by LY294002. These results
suggested that DHQ could considerably enhance the anti-
oxidant capacity of cells against I/R-induced oxidative stress.
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Fig. 4 Effects of DHQ on I/R induced myocardial injury ex vivo. A. Effects of DHQ treatment on the AST and CK level; B. histological changes in the
rat hearts were measured by HE staining (200x). The data are expressed as means + SD from three independent experiments. **P < 0.01 versus
control group; **P < 0.01versus the I/R group; 5P < 0.01 versus DHQ + I/R.

3.6. DHQ improved cardiac function of I/R hearts

We detected whether DHQ pretreatment improved systolic and
diastolic function by using LY294002, a specific inhibitor of
PI3K/AKT. As shown in Fig. 6A-D, compared with the I/R group,
pretreatment with 20 pM DHQ showed the best effect in improv-
ing functional recovery, which was demonstrated by significant
increases in LVSP, +dP/dt,,.x, and heart rate throughout the reper-
fusion period. However, the baseline mechanical parameters in
the DHQ group were not significantly different from those in the
control group. Treatment with the PI3K/Akt inhibitor LY294002
showed that LY294002 could inhibit the ameliorating effects of
DHQ on the myocardial contractile function of I/R hearts.

3.7. DHQ increased the expression level of phosphorylation
of PI3K and Akt, thereby providing cardioprotection

To investigate the cardioprotective effect of DHQ on MIRI and
elucidate the underlying mechanism, we used H/R-induced

Food Funct.

H9c2 cardiomyocytes and Langendorff-perfused rat hearts
in vitro to mimic MIRI in clinical settings. The results showed
that DHQ pretreatment increased the expression level of PI3K
and Akt phosphorylation compared with H/R and I/R groups
(Fig. 7A and B). Analytical results of the Bel-2 family of apopto-
sis-related proteins showed that the Bcl-2 protein level was
decreased and the Bax level was increased in H/R and I/R
groups, which in turn resulted in a lower Bel-2/Bax ratio than
that in the normal control group. Pretreatment with DHQ sig-
nificantly increased the Bcl-2/Bax ratio by increasing Bcl-2
expression and decreasing Bax expression (Fig. 7C and D).

3.8. Effects of DHQ against myocardial I/R injury both in
Langendorff-perfused rat hearts and H9c2 cardiomyocytes

To evaluate the role of ERS in the cardioprotective effects of
DHQ, the ERS-responsive marker GRP78 and the ERS sensors
ATF6, PERK, eif2a, and IRE1 were investigated both in

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Effects of TAB on anti-oxidant enzyme activity and MDA and ROS levels in isolated hearts. I/R treatment down-regulates the expression of
antioxidative components (A. T-AOC, SOD, CAT, GSH-PX) and up-regulates the levels of MDA and ROS (B. MDA, ROS), and these effects were
reversed by DHQ pre-treatment. The data are expressed as means + SD from three independent experiments. **P < 0.01 versus control group; **P <

0.01versus the I/R group; $°P < 0.01 versus DHQ + I/R.

Langendorff-perfused rat hearts and in H9c2 cardiomyocytes.
As shown in Fig. 8A and B, the expression level of GRP78
increased in the I/R-treated group compared with that in the
control group. Significant increases were also observed in the
phosphorylation of PERK and eif2a, and in the protein
expression of IRE1 and ATF6 to varying degrees. However, both
Langendorff-perfused rat hearts and H9c2 cardiomyocytes pre-
treated with DHQ showed a significant reduction in the

This journal is © The Royal Society of Chemistry 2018

expression levels of GRP78, p-PERK, p-eif2a, IRE1, and ATF6
compared with the I/R group. Excessive ERS is a key mediator
in determining cellular apoptosis, and it results in the acti-
vation of ERS-related apoptosis proteins such as CHOP,
Caspase-12, and p-JNK. The results showed that CHOP,
Caspase-12, and p-JNK protein levels increased in the H/R- or
I/R-treated group compared with the levels in the control
group. Langendorff-perfused rat hearts and H9c2 cardiomyo-
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5-20 pM for 20 min prior to ischemia. (A—D) Time-course of cardiac functional indexes in isolated hearts during I/R. (A) Left ventricular systolic
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data are expressed as means + SD from three independent experiments. n > 10 in each group. *P < 0.05, **P < 0.01 versus I/R, P < 0.05, %P < 0.01
versus DHQ + I/R.
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Fig. 8 Effects of DHQ and LY294002 on ERS and the ERS-mediated apoptosis signaling pathway in H9c2 cells and Langendorff-perfused rat hearts.
The expression levels of PERK, p-PERK, eif2a, p-eif2a ATF6, IRE1, GRP78, CHOP, Caspasel2, JNK, p-JNK and p-actin were detected using an immu-
noblotting assay in vitro (A) and ex vivo (B). The relative protein expression levels of p-PERK/PERK, p-eif2a/eif2a, ATF6/p-actin, IRE1/p-actin, GRP78/
B-actin, CHOP/B-actin, Caspasel2/f-actin and p-IJNK/INK are expressed in the bar graphs. The data are expressed as the means + SD from three
independent experiments. #¥P < 0.05, ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus the H/R and I/R group; $P < 0.05, *°P < 0.01 versus

DHQ + I/R; ¥8P < 0.01 versus control group.

cytes pretreated with DHQ showed a significant reduction in
the expression levels of CHOP, Caspase-12, and p-JNK com-
pared with the I/R and H/R groups, respectively (Fig. 8A
and B). Nevertheless, the effects of DHQ against I/R-induced
cardiomyocyte apoptosis in isolated hearts were almost abol-

This journal is © The Royal Society of Chemistry 2018

ished by pretreatment with LY294002. Collectively, these
results indicated that ERS was involved in I/R-induced myocar-
dium injury and mediated cardiomyocyte apoptosis. DHQ pre-
conditioning markedly suppressed ERS and ERS-associated
apoptosis and activated the PI3K/Akt pathway.
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3.9. DHQ-induced HO-1 expression and nuclear
accumulation of Nrf2 proteins both in Langendorff-perfused
rat hearts and H9c2 cardiomyocytes

The upregulation of HO-1 expression plays a key role in pro-
tecting cells against toxicity caused by various oxidative
insults. Nrf2 is the major transcription factor that binds to
ARE and enhances ARE-driven expression of target genes.
Therefore, we attempted to examine HO-1 expression and the
nuclear accumulation of Nrf2 proteins in H9c2 cells and
Langendorff-perfused rat hearts. As shown in Fig. 9A and B,
the expression level of HO-1 and the nuclear levels of Nrf2
increased in the DHQ-treated group compared with those in
the H/R and I/R groups. However, LY294002 effectively sup-
pressed the DHQ-mediated upregulation of HO-1 and Nrf2
expression.

4. Discussion

Apoptosis of cardiac myocytes induced by oxidative stress and
ERS plays a pivotal role in the pathogenesis of cardiovascular
disease, including ischemic heart disease, I/R injury, and
heart failure.>* Therefore, the prevention of oxidative stress
and ERS-induced apoptosis may serve as a beneficial interven-
tion for the treatment of these diseases.*>**

Flavonoids, a well-known component of traditional Chinese
herbal medicine used to prevent myocardial injury, have
potent anti-apoptotic effects.””'® DHQ is a major ingredient of
flavonoids and it belongs to the flavanonol subclass. Many
plants, including “medicinal and edible” vegetables and fruits,
have been reported to contain DHQ. Our laboratory previously
showed that DHQ has an effective role in treating coronary
heart disease by inhibiting ISO-induced myocardial tissue
ischemia.>® However, the mechanism underlying the myocar-
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dial protection of DHQ has not yet been fully elucidated.
Therefore, we explored the protective effects and the detailed
molecular mechanisms of DHQ on the myocardium.

Oxidative stress is a phenomenon where an imbalance of
ROS and free radicals leads to detrimental effects on the body.
It is widely recognized as a major mechanism in the develop-
ment of I/R injury.>® ROS are the main factors that induce oxi-
dative stress, which in turn results in cell damage to biological
macromolecules, affects the normal physiological state of cells,
and initiates oxidative stress reaction. The present study
showed that H/R and I/R significantly increased ROS levels,
caused H9c2 cell damage and pathological changes, and
increased MDA production, the end-product of lipid peroxi-
dation.?® Treatment with DHQ reduced ROS levels and alle-
viated H9c2 cell and cardiac muscle tissue injuries. In
addition, DHQ treatment enhanced SOD activity. Our results
are consistent with previous reports that DHQ has an effective
role in the treatment of coronary heart disease in ISO-induced
rat myocardial ischemia.*”

Nrf2, a ubiquitously expressed mammalian transcription
factor, is a key component in cellular defense against harmful
stressors. HO-1 upregulation is mediated by the activation,
nuclear translocation, and selective ARE binding of Nrf2. We
demonstrated that DHQ pretreatment protects H9c2 cells and
Langendorff-perfused rat hearts against H/R- and I/R-induced
toxicity through the upregulation of HO-1 expression. In
addition, DHQ significantly upregulated Nrf2 activation, which
was correlated with a significant upregulation of HO-1
expression. In agreement with our findings, a previous study
demonstrated that DHQ protected cells from oxidative stress
by regulating the Nrf2 activity and the protein expression of
the antioxidant enzyme NQO1 via the Akt, ERK, and JNK sig-
naling pathways.?® Other reports also demonstrated that DHQ
exerted hepatoprotective effects against ConA-induced liver

CON1
€3 DHOQ+HIR
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Fig. 9 Effect of DHQ treatment on HO-1/Nrf2 activation in H9c2 cells and Langendorff-perfused rat hearts. (A). The expression levels of HO-1 and
Nrf2 proteins were detected in H9c2 cells. The relative protein expression levels of HO-1/$-actin and Nrf2/f-actin are expressed in the bar graphs.
(B). The expression levels of HO-1 and Nrf2 proteins were detected in the Langendorff-perfused rat hearts. The relative protein expression levels of
HO-1/p-actin and Nrf2/p-actin are expressed in the bar graphs. The data are expressed as the means + SD from three independent experiments. *P <
0.05, **P < 0.01 versus control group; #P < 0.05 versus the H/R or I/R group; 5P < 0.01 versus DHQ + I/R.

Food Funct.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8fo01256c

Published on 20 November 2018. Downloaded by Stockholms Universitet on 1/21/2019 6:17:25 AM.

Food & Function

Endoplasmic
reticulum

Apoptosis

View Article Online

Paper

i RSZRS—— HO-1

Nucleus.

- ROS

Fig. 10 Summary scheme of the mechanisms underlying DHQ's inhibition of I/R or H/R-induced oxidative stress and ER stress. I/R or H/R treatment
induces the overexpression of GRP78 and the accumulation of reactive oxygen species. The activation of GRP78 is able to induce a cascade of
events that include the upregulation of ERS sensors ATF6, IRE1, and phosphorylation of PERK, resulting in the induction of apoptosis through CHOP,
Caspase-12, and JNK-dependent pathways. DHQ attenuates the upregulated GRP78 expressions and increases the HO-1 expression through activat-
ing the phosphorylation of PI3K and Akt, thus blocking the signalling pathways of ERS and the associated apoptosis.

injury via the upregulation of HO-1 activity through the MAPK/
Nrf2 signaling pathway in macrophages/Kupffer cells.** DHQ
has been reported to induce HO-1 expression in several cell
types and therefore, understanding the molecular mechanisms
of DHQ-induced HO-1 activation is important for the thera-
peutic application of DHQ.

Lewen found that the ER calcium pump is sensitive to
oxidative damage in a mouse model of I/R and the proteins in
the ER were oxidized, which indicated that the ER may be an
important target of ROS attack.’® In addition, ERS-related
apoptosis is an important pathway for the progress of I/R.*!
Our study showed that DHQ significantly reduced the relative
protein levels of the ERS-responsive marker GRP78 and ERS
sensors ATF6, PERK, eiF2a, and IRE1. Moreover, the down-
stream apoptotic proteins, including CHOP, Caspase-12,
pJNK, and Bax, were inhibited, and the expression of Bcl-2
both in H9c2 cells and Langendorff-perfused rat hearts was
increased, suggesting that DHQ significantly inhibited ERS
and its related apoptosis in I/R injury.

In this study, we found that the DHQ-induced HO-1
expression and ERS pathway in H9c2 cells and Langendorff-
perfused rat hearts are regulated by PI3K/Akt signaling. The
PI3K/Akt signaling pathway is a significant signal transduction
pathway for survival, and it is necessary for providing protec-
tive effects on ischemic preconditioning and various pharma-
cological mediators.**?* In the present study, the PI3K/Akt sig-
naling pathway inhibitor LY294002 abolished the cardioprotec-
tive effects of DHQ, suggesting that the cardioprotective effects
of DHQ were related to the activation of the PI3K/Akt pathway.
Moreover, the DHQ-induced HO-1 expression and ERS pathway
are attenuated by the pharmacological inhibition of PI3K/Akt.
Similar results were also observed in other pharmacological
mediator studies.>*** Therefore, we suggest that the DHQ-
induced HO-1 expression and ERS pathway are likely to be
mediated by the activation of PI3K/Akt.

This journal is © The Royal Society of Chemistry 2018

In conclusion, MIRI is mainly caused by oxidative stress-
and ER stress-induced apoptosis. We determined the protec-
tive effects of DHQ against I/R injury and demonstrated the
suppression of ER stress and oxidative stress by DHQ via the
PI3K/AKT pathway in vitro and ex vivo (Fig. 10). DHQ could be
a promising therapeutic agent against ischemic cardiovascular
disease. However, further studies are warranted to elucidate
the mechanisms involved in the cardioprotective action of
DHQ in detail.

Abbreviations

TCM Traditional Chinese medicine
DHQ Dihydroquercetin
MIRI Myocardial ischemia reperfusion injury

I/R Ischemia/reperfusion

H/R Hypoxia/reoxygenation

ER Endoplasmic reticulum

ERS Endoplasmic reticulum stress

LDH Lactate dehydrogenase
HO-1 Heme oxygenase-1
Nrf2 NF-E2-related factor

ARE Antioxidant response elements
ROS Reactive oxygen species

MDA Malondialdehyde

SOD Superoxide dismutase

CK Creatine kinase

CAT Catalase

AST Aspartate aminotransferase

GSH-Px Glutathione peroxidase

UPR Unfolded protein response
PERK  Pancreatic ER kinase-like

ATF6 Activating transcription factor 6
IRElae  Inositol-requiring enzyme-1a
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JNK c-JunN-terminal kinase

PI3K Phosphoinositide 3-kinase

Akt Protein kinase B

CHOP  C/EBP homologous protein

GRP78  Glucose-regulated protein 78 kDa

elf2a The o subunit of eukaryotic initiation factor 2

Bcel-2 B cell lymphoma 2

Bax BCL2-associated X protein

Bad Boxing after dark

LVEDP Left ventricular end-diastolic pressure

LVSP Left ventricular systolic pressure

HE Hematoxylin and eosin

TUNEL Terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling

JC-1 5,5',6,6"-Tetrachloro-1,1',3,3"-tetraethyl-
benzimidazolyl-carbocyanine iodide

MTT 3-(4,5-Dimethylthiazol-2yl-)-2,5-diphenyl tetrazolium
bromide

DMSO  Dimethylsulfoxide

ANOVA  Analysis of variance
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