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Hydrogen-rich solution against myocardial injury
and aquaporin expression via the PI3K/Akt signaling
pathway during cardiopulmonary bypass in rats
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Abstract. Myocardial ischemia, hypoxia and reperfusion
injury are induced by aortic occlusion, cardiac arrest and
resuscitation during cardiopulmonary bypass (CPB), which
can severely affect cardiac function. The aim of the present
study was to investigate the effects of hydrogen-rich solution
(HRS) and aquaporin (AQP) on cardiopulmonary bypass
(CPB)-induced myocardial injury, and determine the mecha-
nism of the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) signaling pathway. Sprague Dawley rats were
divided into a sham operation group, a CPB surgery group and
a HRS group. A CPB model was established, and the hemody-
namic parameters were determined at the termination of CPB.
The myocardial tissues were observed by hematoxylin and
eosin, and Masson staining. The levels of myocardial injury
markers [adult cardiac troponin I (¢Tnl), lactate dehydrogenase
(LDH), creatine kinase MB (CK-MB) and brain natriuretic
peptide (BNP)], inflammatory factors [interleukin (IL)-1§,
IL-6 and tumor necrosis factor-a (TNF-a)] and oxidative
stress indicators [superoxide dismutase (SOD), malondialde-
hyde (MDA) and myeloperoxidase (MPO)] were determined
by ELISA. Furthermore, HOC2 cells were treated with HRS
following hypoxia/reoxygenation. Cell viability and cell apop-
tosis were investigated. The expression of apoptosis regulator
Bcl-2 (Bcl-2), apoptosis regulator Bax (Bax), caspase 3, AQP-1,
AQP-4, phosphorylated (p)-Akt, heme oxygenase 1 (HO-1) and
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nuclear factor erythroid 2-related factor 2 (Nrf2) were investi-
gated using western blotting and quantitative-polymerase chain
reaction of tissues and cells. Following CPB, myocardial cell
arrangement was disordered, myocardial injury markers (cTnl,
LDH, CK-MB and BNP), inflammatory cytokines (IL-1{,
IL-6 and TNF-a) and MDA levels were significantly increased
compared with the sham group; whereas the SOD levels were
significantly downregulated following CPB compared with
the sham group. HRS attenuated myocardial injury, reduced
the expression levels of ¢cInl, LDH, CK-MB, BNP, IL-13, IL-6,
TNF-a, MDA and MPO, and increased SOD release. Levels
of Bcl-2, AQP-1, AQP-4, p-Akt, HO-1 and Nrf2 were signifi-
cantly increased following HRS; whereas Bax and caspase-3
expression levels were significantly reduced following CPB.
HRS treatment significantly increased the viability of myocar-
dial cells, reduced the rate of myocardial cell apoptosis and
the release of MDA and LDH compared with the CPB group.
A PI3K inhibitor (LY294002) was revealed to reverse the
protective effect of HRS treatment. HRS was demonstrated
to attenuate CPB-induced myocardial injury, suppress AQP-1
and AQP-4 expression following CPB treatment and protect
myocardial cells via the PI3K/Akt signaling pathway.

Introduction

Cardiopulmonary bypass (CPB) refers to the use of artificial
channels to connect the circulatory system of the body with
a heart-lung machine. Venous blood is drawn from the large
vein (or the right atrium) in vitro and oxygenated blood is
injected into the arterial system via the blood pump. During
CPB, aortic block, cardiac arrest and resuscitation may lead
to myocardial ischemia-reperfusion injury, which may result
in postoperative malignant arrhythmia and low cardiac output
syndrome (1). It has been previously estimated that ~25% of
postoperative mortality is associated with malignant cardio-
vascular events (2). During CPB, the main causes of myocardial
injury include myocardial ischemia-reperfusion injury,
systemic inflammatory response and mechanical injury (3).
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Therefore, it is important to determine the pathophysiological
changes of myocardial injury during CPB in order to develop
clinical myocardial protection strategies.

Ohsawa et al (4) demonstrated that hydrogen can effectively
remove oxygen free radicals and attenuate cerebral ischemia
and reperfusion injury. Hydrogen-rich solution (HRS) can be
obtained by dissolving hydrogen under specific pressurized
conditions to physiological saline. HRS is a good antioxidant,
and has a high hydrogen content. It is weakly alkaline has a
negative potential and contains the small molecule water (5).
HRS has been demonstrated to be safe and non-toxic, and
exhibits strong anti-inflammatory, anti-oxidative stress and
anti-apoptotic characteristics (6). HRS exerts a protective effect
on the brain, liver and intestines against ischemia-reperfusion
and myocardial injury; however, the underlying therapeutic
mechanism remains to be determined, thus restricting its
further development and potential clinical application.

Aquaporin (AQP) is a membrane protein responsible for the
transport of water and small molecules between cells. A recent
study demonstrated that AQP has an important role in regulating
the transport in membranes and intracellular water content. At
present, 13 types of AQP proteins (AQP-0-AQP-12) have been
identified in mammals (7). AQP-1 is concentrated in microvas-
cular endothelial cells and cardiomyocytes in myocardium (8).
Furthermore, AQP-1 is highly expressed in cardiomyocytes and
vascular endothelial cells in rabbits with chronic myocardial
ischemia (9). In addition, AQP-4 protein also has an important
role in myocardial edema (10). A previous study demonstrated
that AQP-4 expression was downregulated following myocar-
dial injury, thus having a protective effect (11).

The phosphatidylinositol 3'-kinase (PI3K)/protein kinase
B (Akt) signaling pathway is an important signaling pathway
for the regulation of cell survival, growth and proliferation,
and has an important role in the regulation of the myocardial
ischemia-reperfusion injury protective mechanism (12-15).
Akt is in the central regulator of the PI3K/Akt pathway, and
affects numerous downstream effector molecules which
manage anti-ischemia-reperfusion injury (16-18). The present
study aimed to investigate the effects of HRS on CPB-induced
myocardial injury, AQP expression and the underlying
mechanism of the PI3K/Akt signaling pathway, thus providing
a novel approach for the investigation into myocardial thera-
peutic strategies.

Materials and methods

Animalsandcells.Atotalof24male Sprague Dawleyrats,weighing
350-400 g, 10-weeks-old were obtained from the Experimental
Animal Center of China Medical University [Shanyang, China;
production license no. SCXK (Lia0)-2013-0001; application
license no. SYXK (Lia0)-2013-0007]. The present study was
approved by the China Medical University Laboratory Animal
Welfare and Ethics Committee and adhered to the guidelines
of The Institutional Animal Care and Use Committee; no.
2015048R. Rat myocardial HOC2 cells were purchased from the
Cell Bank of Type Culture Collection of Chinese Academy of
Sciences cell repository (Shanghai, China).

Hydrogen-rich water preparation. Hydrogen-rich water
(HRS) was prepared as previously reported (19): Under high
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pressure (0.8 MPa), hydrogen was dissolved in saline for 24 h
at room temperature to reach saturation level and stored in a
medical vacuum bag at 4°C until further use.

Experimental protocols. Rats were randomly divided into 3
groups: i) Sham operation group (n==8); ii) CPB group (n=8);
and iii) CPB+HRS group (n=_8). In the sham group, intuba-
tion and mechanical ventilation were performed on the right
femoral artery only, and the right internal jugular vein was
catheterized without bypass. In the CPB group, the CPB model
was established; CPB+HRS group was treated with HRS
(6 ml/kg) via the tail vein. The sham and CPB groups were
injected with 0.9% NaCl solution (6 ml/kg).

HOC2 cells were divided into the following experimental
groups: 1) CPB group; ii) HRS + CPB group (HRS group),
ii1) LY294002 (cat. no. PHZ1144, Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), a PI3K inhibitor + CPB
(PI3K group); and iv) LY294002 + CPB + HRS (LHRS
group). In the CPB group, CPB was simulated by hypoxia
and reoxygenation; the HRS group was treated with 0.8 mM/1
HRS for 3 days and a further HRS dose was administered
prior to hypoxia and during reoxygenation. In the PI3K group,
40 uM/1 PI3K inhibitor, LY294002 was added to H9C2 cells.
In the LHRS group, both HRS and PI3K inhibitor, LY294002
(40 uM/1) were added.

Establishment of CPB models. Following anesthesia via an
intraperitoneal injection of pentobarbital sodium, mechanical
ventilation was performed using a small-animal ventilator
(HX-100E, Shanghai xinman scientific equipment Co., Ltd.)
with tracheal intubation by transparent method (20). ECG,
deep rectal temperature and arterial pressure were monitored
in real time using the Datex-Ohmeda S/5 Entropy Module
(DRE, Inc., Louisville, KY, USA). CPB was performed using
a venous drainage tube, a blood container, a constant flow
peristaltic pump, a membrane oxygenator (extracorporeal
membrane oxygenation), an arterial infusion tube, a warming
blood device and a filter. The blood container was placed
in front of the peristaltic pump and connected to the right
internal jugular vein drainage tube. The membrane oxygenator
was set up behind the pump and connected to the perfusion
end of right femoral artery via the warming blood device with
a pipe. There was a bypass pipe between the blood container
and membrane oxygenator (ideograph is presented in Fig. 1A).
When activated clotting time reached 400-500 sec, CPB began.
At the beginning of CPB, the flow rate was 35 mlI*kg'min"', and
this gradually increased to 100-120 mlkg"' min™. The blood
volume was maintained at 1-2 ml. When CPB began, the respi-
rator was terminated. Oxygen was provided by an oxygenator
(Fi0,=1.0). a-stat blood gas management was performed using
a small-animal ventilator. Following 1 h of CPB, mechanical
ventilation was restored. The flow rate was gradually reduced
and finally terminated, and each pipe was then removed from
the heart. Mechanical ventilation was continuous, and rectal
temperature was maintained at 36.5-37.5°C. The remaining
blood from the blood container was slowly infused, and
stable circulation was maintained. Arterial blood (0.2 ml) was
collected at the following time intervals during the surgery for
blood gas analysis: Prior to CPB (T,), time of aortic occlusion
(T,), time of restoring aorta (T,), time of CPB termination
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Figure 1. Establishment of the CPB rat model and the determination of hemodynamic changes. (A) Establishment of the CPB rat model. Hemodynamic changes
exhibited by the sham, CPB and HRS groups were categorized as (B) rectal temperature, (C) pH, (D) PaO,, (E) PaCO,, (F) HR, (G) MAP, (H) HB, (I) LVDP
and (J) +dP/dt,,,,. Data between two groups were compared using the Student's t-test. Data among groups were compared using one-way analysis of variance.
“P<0.05 vs. sham group; “P<0.05 vs. CPB group. CPB, cardiopulmonary bypass; HRS, hydrogen rich solution; +dP/dt,,,, the highest rate of change of pressure
development; PaO,, oxygen partial pressure; PaCO,, carbon dioxide partial pressure; HR, heart rate; MAP, mean arterial pressure; HB, hemoglobin; LVDP,

left ventricular diastolic pressure.
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(T5) and 2 h following CPB (T,). Blood loss during blood gas
analysis was supplemented with 6% hydroxyethyl starch.

Hemodynamic changes. All rats had awakened 60-90 min
following anesthesia. Hemodynamics were detected using
the Datex-Ohmeda S/5 Entropy Module (DRE, Inc.). Rectal
temperature, pH, arterial CO, partial pressure (PaCO,),
oxygen partial pressure (Pa0O,), heart rate (HR), mean arterial
pressure (MAP), left ventricular diastolic pressure (LVDP),
the highest rate of change of pressure development (+dP/dt,,,)
and hemoglobin (Hb) were recorded.

Specimen collection and processing. Arterial and venous
blood samples were respectively collected at CPB for 6 h
following the sacrifice of rats via administration of an over-
dose of anesthesia of sodium pentobarbital. Venous blood
was sterilely obtained, anticoagulated with heparin and then
centrifuged at 1,000 x g for 5 min at 4°C. Blood plasma was
isolated, packed separately, and stored at -80°C for further use.
Following this, the myocardial tissue was isolated from the
rat and one part was fixed in 4% paraformaldehyde and the
other part was stored at -80°C for subsequent western blotting
and polymerase chain reaction (PCR) analysis. The sera were
separated by centrifugation at 1,000 x g for 10 min at 4°C, and
then stored at -80°C.

Determination of myocardial water content. The moisture on
the surface of left ventricle (~100 mg) was blotted, hydrated
at 100°C for 24 h, and then baked for weighing. According to
the Ellis formula: Myocardial water content=(wet weight-dry
weight)/wet weight x100%.

Establishment of hypoxia-reoxygenation model. The hypoxic
solution was used to simulate the CPB process in H9C2
myocardial cells. The hypoxic solution (pH 6.5) consisted of:
NaCl (137 mM), KCI (12 mM), MgCl, (0.49 mM), CaCl,-2H,0
(0.9 mM), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(4 mM), deoxyglucose (10 mM), sodium sulfite (0.75 mM) and
sodium lactate (20 mM). During hypoxia, the cells were placed
in 95% N, and 5% CO, for 2 h at 37°C. During reoxygenation,
the cells were incubated in normal culture medium for 4 h at
37°C.

Myocardial morphology as observed by hematoxylin & eosin
(H&E) staining. Myocardium was washed with 0.9% physi-
ological saline, immersed in 10% neutral formaldehyde for
48 h at room temperature, dehydrated, embedded in wax and
then sliced into 5 mm-thick sections using a ultramicrotome
(LKB-8800, GE Healthcaew, Chicago, IL, USA). Following
H&E staining (with 10% hematoxylin for 10 min, differenti-
ated with 1% hydrochloric acid and ethanol for 3-5 sec, stained
with 0.5% eosin for 1 min) at room temperature. Each tissue
was observed under 4-6 randomly selected visual fields using
a light microscope (magnification, x200, Lecia DM55008B;
Lecia Microsystems GmbH, Wetzlar, Germany).

Masson staining. Paraffin sections (5 ym) were dewaxed using
distilled water and then stained using 5% Regaud dye hema-
toxylin staining with Masson stain for 5-10 min (All staining
treatments were carried out at room temperature). Sections
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were then washed and stained using 0.7% Ponceau Fuchsin
acid solution for 5-10 min; using 2% acetic acid aqueous
solution soak for a moment, samples were differentiated in
1% phosphomolybdic acid aqueous solution for 3-5 min. The
sections were directly stained with 2% aniline blue for 5 min.
Following dehydration with a ethanol series, cleaning with
xylene and mounting with neutral resins, digital images were
captured using a light microscope (maginification, x200, Lecia
DM5500B; Lecia Microsystems GmbH).

ELISA detection. The expression of the following markers of
myocardial injury were determined in myocardial tissue using
ELISA kits against the following proteins in accordance with
the manufacturer's protocol: Cardiac troponin I (cTnI; cat.
no. SEA478Ra; Cloud-Clone Corp., Wuhan, China), lactate
dehydrogenase (LDH; cat. no. SEB864Ra; Us Cloud-Clone
Corp.), creatine kinase MB (CK-MB; cat. no. SEA479Ra;
Cloud-Clone Corp.), brain natriuretic peptide (BNP; cat.
no. CEA541Ra; Cloud-Clone Corp.); inflammatory cyto-
kines: interleukin (IL)-1f (cat. no. SEA563Ra; Cloud-Clone
Corp.), IL-6 (cat. no. SEA079Ra; Cloud-Clone Corp.), tumor
necrosis factor o (TNF-a; cat. no. SEA133Ra; Cloud-Clone
Corp.); oxidative stress: superoxide dismutase (SOD; cat.
no. SES134Ra; Cloud-Clone Corp.), malondialdehyde (MDA;
cat. no. CEA597Ge; Cloud-Clone Corp.) and myeloperoxidase
(MPO; cat. no. SEA601Ra; Cloud-Clone Corp.). Diluted
standard substance (50 ul, of the aforementioned ELISA kits),
detected samples (50 pl) and biotin-labeled antibody (50 pl)
were added to 96-well plates and incubated at 37°C for 1 h,
washed with washing buffer from the aforementioned ELISA
kits and then shaken for 30 sec. This process was repeated
three times. Streptavidin-horseradish peroxidase (HRP) was
then added to each well and incubated at 37°C for 30 min,
washed and shaken for 30 sec. This process was repeated three
times. Substrates A and B (each 50 ul) were added to each
well, shaken and incubated at 37°C for 10 min in the dark. The
microplate was then removed and the reaction was terminated.
Optical density (OD) values were then determined at 450 nm
in each well.

Western blot assay. The samples underwent ultrasonic
focalization decomposition and centrifuged in a pre-chilled
tissue lysate at 16,000 x g for 30 min at 4°C. Subsequently,
the supernatant was collected and protein quantification was
performed by bicinchoninic acid assay (cat. no. 23230, Pierce;
Thermo Fisher Scientific, Inc.), and equal amounts of protein
lysate (40 pg) were separated by 12% SDS-PAGE. The protein
was semi-dried prior to polyvinylidene difluoride membrane
transfer. Following this, membranes were blocked for 2 h at
room temperature in TBS with 20% Tween-20 (TBST) buffer
and then incubated overnight at 4°C with antibodies against:
Bcl-2 (1:500; cat. no. ab59348; Abcam, Cambridge, MA, USA),
Bax (1:1,000; cat. no. ab32503; Abcam), caspase-3 (1:500;
cat. no. ab13847; Abcam), AQP-1 (1:1,000; cat. no. ab15080;
Abcam), AQP-4 (diluted to 1 ug/ml, cat. no. ab46182; Abcam),
PI3K (1:1,000; cat. no. ab191606; Abcam), P-PI3K (1:500;
cat. no. ab138364; Abcam), Akt (1:10,000; cat. no. ab179463;
Abcam), p-Akt (1:500; cat. no. ab131443; Abcam) heme
oxygenase-1 (HO-1; diluted to 4 ug/ml, cat. no. ab13248;
Abcam) and GAPDH (1:2,500; cat. no. ab9485; Abcam).
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Following this, membranes were washed with TBST buffer
three times and then incubated with Goat anti-Mouse HRP
IgG H&L (1:2,000; cat. no. ab6789, Abcam) for HO-1 and
Goat anti-Rabbit HRP IgG H&L (1:2,000; cat. no. ab205718,
Abcam) to for others for 1 h at 4°C. Following four washes
with tris-buffered saline with 0.1% Tween-20, cells were
developed using a Novex™ ECL Chemiluminescent Substrate
Reagent kit (cat. no. WP20005 Invitrogen; Thermo Fisher
Scientific, Inc.) and gel imaging system. Gray value was deter-
mined using Quantity One software (ImageJ, v1.8.0, National
Institutes of Health).

Cell transfection. H9C2 cells were transfected with a plasmid
containing JAK?2 small interfering (si)RNA (10 uM, sc-270385,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and then
seeded into 6-well culture plates at a density of 2x10° cells/well
with high-glucose Dulbecco's modified Eagle's medium (Gibco;
Thermo Fisher Scientific, Inc.) in a 5% CO, incubator for 24 h
at 37°C. A total of 100 pl transfection medium mixed with
20-80 pM JAK?2 siRNA (solution A) and then mixed with
2-8 ul siRNA transfection reagent of Lipofectamine® 2000
(Thermo Fisher Scientific, Inc.). Following mixing, solutions
A and B solution were incubated for 45 min at room tempera-
ture, cells were rinsed with 2 ml siRNA transfection medium,
and then 0.8 ml siRNA transfection medium was added to the
mixture of solutions A and B, and cells were incubated in a
CO, incubator for 7 h at 37°C. Following a 24 h incubation
at 37°C, cells were used for further experiments. In the HRS
group, cells were treated with HRS at hypoxia for 2 h at room
temperature and then given reoxygenation for 4 h at room
temperature.

MTT colorimetry. The cells in logarithmic growth phase
were inoculated into 96-well culture plates at a density of
2,000-5,000 cells/well and 100 ul cells/well. A total of 20 ul
of MTT solution (5 mg/ml) was added to each well, and cells
were cultured for a further 4 h at 37°C. Following this, the
supernatant was removed, cells were shaken for 10 min and
then the crystals were fully dissolved using dimethyl sulfoxide
(150 pl). Optical density (OD) at 450 nm was determined via
ELISA assay, and the cell survival and inhibition rates were
investigated using the respective formulae: Cell survival
rate=(OD value of the intervention group/OD value of the
normal control group) x100; inhibition rate=1-OD value of the
intervention group/OD value of the control group.

Annexin V/PI staining. The Annexin V-PI (BD 556547, USA)
method was used to detect the apoptosis rate of HOC2 cells
via flow cytometry. Cells were harvested with 0.05% trypsin,
washed three times with cold PBS (4°C), and collected by
centrifugation at 110 x g for 5 min at 4°C. Following this, cells
were resuspended in 200 gl binding buffer and incubated with
Annexin V (10 ug/ml) and PI (10 gg/ml) in the dark for 15 min
at room temperature. Then cells were detected with a flow
cytometer (BD, USA).

Terminal deoxynucleotidyl-transferase-mediated dUTP
nick end labeling (TUNEL) assay. Apoptotic rates of heart
tissues were investigated using the In situ cell death detection
kit-POD (Sigma-Aldrich; Merck KGaA; cat. no. 11684817910)
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according to the manufacturer's instructions. Heart tissues
were fixed in 10% formaldehyde for 24 h at room temperature,
and then dehydrated, embedded, sliced and incubated with
0.9% NaCl for 5 min at room temperature. Samples were then
rinsed twice with PBS, mixed with biotinylated nucleotides
and terminal deoxynucleotidyl transferase, covered with
plastic coverslips and then incubated at 37°C for 60 min. A
total of 50 pul of TUNEL reaction mixture was added to the
sections and then incubated for 60 min at 37°C in a humidi-
fied atmosphere in the dark. The slides were rinsed three
times in PBS for 5 min at room temperature. Samples were
then mounted with PBS and then analyzed using fluorescence
microscope (magnification, x200).

4',6-diamidino-2-phenylindole (DAPI) staining. Heart tissues
were fixed in 10% formaldehyde for 24 h at room temperature,
and then dehydrated, embedded and sliced into 5 gm sections.
DAPI dye solution (I mg/ml, cat. no. C0060; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) was applied
to samples and stained for 10 min at room temperature.
The dye solution was rinsed off and filter paper was used to
remove excess water; a drop of fluorescent sealing solution
(Anti-Fluorescence Attenuation Envelope Containing DAPI,
cat. no. S2110, Beijing Solarbio Science & Technology Co.
Ltd.) was added and sample were analyzed using a fluores-
cence microscope and an excitation wavelength of 360 nm
(magnification, x200).

Reverse transcription-quantitative PCR (RT-qPCR). Primers
were designed according to the sequences of Bax, Bcl-2
and caspase 3 reported in Genbank (National Center for
Biotechnology, Bethesda, MD, USA), and were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). Total RNA was
isolated from myocardial samples or HOC2 cells using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse
transcribed into cDNA using 5X PrimeScript RT Master Mix
2 ul (RRO36A, Takara Biotechnology Co., Ltd., Dalian, China)
and 8 ul total RNA. The RT reaction was conducted at: 37°C
for 15 min and then at 85°C for 5 sec. cDNA was then stored
at 4°C until use. A SYBR® Premix Ex Tag™ kit (RR820A;
Takara Biotechnology Co., Ltd.) was used for detection. The
following thermocycling conditions were used for RT-qPCR:
Initial denaturation at 95°C for 30 sec; 40 cycles of 95°C
for 5 sec and 60°C for 30 sec. Relative gene expression data
were analyzed using the 2-22°4 method (21). The primers used
for qPCR were as follows: Bax forward, 5-GTGGATACA
GACTCCCCC-3' and reverse, 5-AGCGGCTGTTTGTCT
GGA-3'; Bcl-2 forward, 5-TGATAACCGGGAGATCGT-3'
and reverse, S'"TCTCTGAAGACGCTGCTC-3'"; caspase-3
forward, 5'"TGAATGGAAACAACCAGT-3' and reverse,
5'"TCAAGCACCTGACCCTTA-3"; AQP-1 forward, 5'-CTG
AGGAAAGGCAGCTAGA-3" and reverse, 5"-TCTGGACTC
AAGCTTTCTGG-3'; AQP-4 forward, 5-TTAAGATCAGGG
TGCTCC-3" and reverse, 5'-AATGTGCCCCACTATTCC-3";
and GAPDH forward, 5" AACTTTGGCATTGTGGAA-3' and
reverse, 5'-CACATTGGGGGTAGGAAC-3".

Statistical analysis. Data were expressed as the mean + standard
deviation and analyzed using SPSS version 13.0 software
(SPSS, Inc., Chicago, IL, USA). Mean values were compared
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among groups using one-way analysis of variance followed by a
Tukey's post-hoc test. Bivariate analysis was determined using
linear regression and Pearson's correlation analysis. P<0.05 was
considered to indicate a statistically significant difference.

Results

Changes in rat hemodynamics. All rats were awake 60-90 min
following anesthesia. The hemodynamics were detected by
the Datex-Ohmeda S/5 Entropy Module (DRE, Inc.). During
CPB, levels of rectal temperature (Fig. 1B), pH (Fig. 1C),
PaCO, (Fig. 1D) and were stable, and PaO, (Fig. 1E) did
not exhibit a significant difference compared with the sham
group. Furthermore, levels of HR (Fig. 1F), MAP (Fig. 1G),
LVDP (Fig. 11), +dP/dt,,,, (Fig. 1J) and Hb (Fig. 1H) exhib-
ited a significant decrease compared with the sham group;
however, following treatment with HRS, these parameters
were significantly increased when compared with the sham
group (P<0.05).

HRS protects against myocardial injury in CBP rats. To inves-
tigate the effects of HRS treatment during CPB, myocardial
cells were stained with H&E. H&E staining revealed that
myocardial cells were arranged in order in the sham group,
with clear boundaries and intact nuclei (Fig. 2A). Myocardial
cells in the CPB group were arranged disorderly, with
unclear boundaries, myofiber ruptures and nuclei degradation
(Fig. 2A). In the HRS group, HRS ameliorated myocardial
injury. Masson trichrome staining of myocardial cells revealed
myocardial fibrosis and marked damage in the CPB group,
and myocardial fiber damage was attenuated in the HRS
group (Fig. 2B). The levels of LDH, CK-MB and cTnl were
significantly increased in CPB group compared with the sham
group (P<0.05; Fig. 2C-E), HRS treatment reversed the LDH,
CK-MB and cTnl back toward normal levels. There was no
significant difference in BNP levels (Fig. 2F). These findings
suggest that HRS protects myocardial cells from CPB.

HRS attenuates mitochondrial oxidative stress and secretion
of inflammatory factors in CPB rats. The results of the ELISA
analyses demonstrated that levels of MDA and MPO were
significantly enhanced in the CPB group compared with the
sham group (P<0.05; Fig. 3A and B); whereas the level of SOD
was significantly reduced in the CPB group compared with the
sham group (Fig. 3C). Following HRS treatment, the levels of
MDA and MPO were significantly reduced when compared
with the CPB group (P<0.05; Fig. 3A and B). The expression
levels of inflammatory factors (IL-1f3, IL-6 and TNF-a) were
significantly increased in the CPB group compared with the
sham group (P<0.05; Fig. 3D-F); whereas following HRS treat-
ment, the levels of IL-1f, IL-6 and TNF-a were significantly
reduced (Fig. 3D-F). Therefore, the current findings suggest
that treatment with HRS attenuates mitochondrial oxidative
stress and secretion of inflammatory factors in the CPB rat.

HRS protects the heart from CPB-induced apoptosis. To
analyze the effects of HRS on apoptosis levels in the CPB group,
TUNEL assays were performed, and the results demonstrated
that the number of TUNEL-positive cells was significantly
greater in the CPB group compared with the sham group, and
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the number of TUNEL-positive cells significantly decreased
following HRS intervention compared with the CPB group
(P<0.05; Fig. 4A and B). Furthermore, the expression levels
of apoptosis-associated proteins were investigated. The levels
of Bax and caspase-3 in heart tissue were significantly higher
following CPB (P<0.05; Fig. 4C-G); whereas Bcl-2 expression
was significantly suppressed in the CPB group compared with
the sham group (P<0.05; Fig. 4C, H and I). Following HRS
treatment, Bax and caspase-3 expression levels were signifi-
cantly reduced (P<0.05; Fig. 4C-G), and the expression level
of Bcl-2 was increased following HRS treatment (P<0.05;
Fig. 4C, H and I). Therefore, these findings suggest that CPB
induces apoptosis in heart tissue; however, HRS treatment
attenuates this effect.

HRS inhibits AQP protein expression following CPB in rats.
In order to verify the mRNA and protein expression levels of
AQP-1 and AQP-4 following CPB, western blot assays and
RT-qPCR analyses were performed. Results of western blot
assays were consistent with those obtained by the RT-qPCR
analyses. Compared with sham group, AQP-1 and AQP-4
mRNA and protein expression levels significantly increased
following CPB treatment compared with the sham group
(P<0.05; Fig. 5). Compared with the CPB group, AQP-1 and
AQP-4 mRNA and protein expression levels were suppressed
following treatment with HRS (P<0.05; Fig. 5). Thus, the
results suggest that administration of HRS can inhibit myocar-
dial edema otherwise induced by CPB.

HRS inhibits apoptosis via the PISK/Akt signaling pathway
following CPB in rats. To investigate whether the PI3K/Akt
signaling pathway regulates apoptosis, the levels of several
important factors in the signaling pathway were determined.
The results revealed that PI3K, p-Akt and HO-1 levels were
increased in the CPB group (P<0.05); however, treatment with
HRS significantly attenuated these effects (Fig. 6A and B).
The results suggest that HRS protects against CPB-induced
cell apoptosis, and this may be regulated via the PI3K/Akt
signaling pathway.

HRS enhances viability of myocardial cells. The cell viability
in each group was investigated via MTT assays following
reoxygenation. The results of the MTT assays revealed that
HRS treatment increased the viability of myocardial cells
following HRS treatment (P<0.05; Fig. 7A). Therefore, HRS
was demonstrated to enhance the viability of myocardial cells.

HRS protects myocardial cells from apoptosis in vitro. The
Annexin V-PI method was used to investigate the apoptosis rate
of myocardial cells. As revealed in Fig. 7B and C, HRS treat-
ment significantly suppressed the apoptotic rate of myocardial
cells following HRS treatment (P<0.05). Furthermore, western
blot analyses revealed that Bax and caspase-3 expression levels
were suppressed (Fig. 7D-F), and the expression of Bcl-2
protein was enhanced in the HRS group (Fig. 7D and G).
These results suggest that HRS can protect myocardial cells
from undergoing apoptosis.

HRS inhibits myocardial cell apoptosis via the PI3K/Akt
signaling pathway. The mechanism underlying the anti-apoptotic
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Figure 6. HRS suppressed apoptosis via the PI3K/Akt signaling pathway following CPB in rats. (A and B) Total protein was isolated, and the expression levels
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effect of HRS treatment was further investigated. The expres-
sion levels of Akt were similar to that of the CPB group.
Additionally, HRS may promote the phosphorylation of Akt. In
the LHRS group, the levels of p-Akt were significantly reduced
compared with the HRS group (Fig. 8A and B). Furthermore,

the expression of the downstream regulatory gene HO-1 was
significantly reduced in the LHRS group compared with the
HRS group (Fig. 8A and C). Therefore, the results suggest that
HRS can suppress hypoxia/reoxygenation-induced heart injury
via the PI3K/Akt signaling pathway.
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Figure 7. HRS enhanced the viability of myocardial cells and suppressed the apoptosis rate of myocardial cells in vitro. To further investigate the underlying
therapeutic mechanism of HRS, HOC2 cells were used and HRS and LY294002 (PI3K signaling pathway inhibitor) treatments were applied. (A) An MTT
assay was performed to determine cell viability. (B and C) Flow cytometry was performed to determine the cell apoptotic rate. (D) Western blot assays
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Figure 8. HRS suppressed myocardial cell apoptosis via the PI3K/Akt signaling pathway. (A) Western blot assays were performed. The levels of (B) p-Akt,
(C) HO-1, (D) PI3K and (E) Akt were quantified. Data among multiple groups were compared using one-way analysis of variance. "P<0.05 vs. CPB group;
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PI3K, phosphatidylinositol 3-kinase; Akt, proein kinase B; p-, phosphrylated; HO-1, heme oxygenase 1.

Discussion

Myocardial injury is one of the common complications
following CPB, inducing a decrease in the diastolic and
systolic functions of myocardium, arrhythmia, myocar-
dial energy metabolism disturbance and microcirculation
disorder (3). Myocardial injury may lead to heart failure, thus
severely threatening the postoperative recovery of patients.
The PI3K/Akt pathway has an important role in the oxidative
stress and apoptosis of myocardial cells, and HRS inhibits
myocardial injury via the PI3K/Akt pathway (22-24). The
incidence of complications and mortality following open heart
surgery with CPB is closely associated with the severity of
myocardial injury during surgery. HRS has antioxidant stress,
anti-apoptosis and anti-inflammation effects (25,26). In the
present study, a CPB model was established in vivo and in vitro
to investigate the protective effect of HRS. The results of the
present study revealed that HRS suppressed the expression of
inflammatory factors in the rats, reduced the apoptotic rate of
myocardial cells and inhibited the expression of aquaporins,
through the PI3K/Akt signaling pathway.

Previous studies investigating ischemia-reperfusion injury
during CPB have focused on the liver, kidney, intestine and
brain, without cardiac arrest or cardiac resuscitation, and
could not study heart and lung injury (27-30). In accordance
with previous studies (31,32), the present study made a number
of modifications, and established rat models of CPB. Thus, the
present study of myocardial protection with CPB is more in
line with clinical practice.

Non-physiological blood circulation causes systemic
inflammatory response syndrome during CPB (33).
Furthermore, organ ischemia-reperfusion injury and surgical
trauma are also important triggering factors of inflammatory

response (34,35). Various inflammatory factors are produced
during CPB, which may induce myocardial injury directly
or indirectly (36). A previous study demonstrated that
TNF-a levels increased following myocardial ischemia, and
further increased following reperfusion, thereby aggravating
myocardial injury (37). Another previous study revealed that
suppression of TNF-a expression may attenuate myocardial
injury (38). IL-6 is associated with reperfusion injury, and its
expression is associated with the severity of left ventricular
dysfunction and low cardiac output following thrombolytic
therapy for myocardial infarction (39,40). The results of the
present study suggested that CPB significantly increased
plasma TNF-a and IL-6 levels. CPB induces systemic inflam-
mation, and myocardial water content increased following
the initiation of CPB; thus, suggesting that CPR aggravated
myocardial injury and affected cell membrane permeability.
Furthermore, energy metabolism disorders may lead to cardio-
myocyte edema.

Hydrogen is a therapeutic antioxidant, which can selectively
suppress OH-free radicals, and its effect is predominantly
dependent on the antioxidant properties of hydrogen for the
protection of organs from oxidative damage (4). The present
study demonstrated that hydrogen may inhibit the release of
cell adhesion molecules and inflammatory cytokines, as well
as increase the level of anti-inflammatory factors. HRS is
associated with metabolism, thereby regulating cell detoxifica-
tion, cell hydration, and the immune system (41-43). Animal
experiments and clinical trials have previously confirmed
that HRS significantly inhibits heart, liver, lung and intestinal
ischemia-reperfusion injury; as well as inhibiting inflamma-
tory responses and apoptotic rates (6,26,44). The present study
suggested that HRS may inhibit CPB-induced myocardial
injury by reducing LDH, CK-MB, IL-1p, IL-6, TNF-a, MDA
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and MPO levels; enhancing the release of SOD and decreasing
the expression of proteins associated with apoptosis. These
results suggest that HRS has a protective effect on CPB-induced
myocardial injury, and the mechanism underlying its protec-
tive effect is via anti-inflammatory and anti-apoptotic effects.

Cardiomyocyte edema is a predominant pathological
change associated with myocardial injury (45). AQP-mediated
transport of water molecules accounts for approximately
1/3 of total water transport in cardiomyocytes (46). Under
pathological conditions, the transmembrane transport of water
molecules in cardiomyocytes predominantly depends upon the
transport of AQPs (11). In the AQPs family, AQP-1 is most
widely distributed among cardiomyocytes (47). Ding et al (9)
demonstrated that AQP-1 expression is upregulated in cardio-
myocytes and vascular endothelial cells in rabbit models of
chronic myocardial ischemia. Myocardial ischemia and the
severity of myocardial edema are consistent with AQP-1
expression (48), thus suggesting that a possible regulatory
role of AQP-1 associated with myocardial edema induced by
chronic myocardial ischemia. AQP-4 is another important
AQP in the heart, and is predominantly distributed in inter-
calated discs, endothelial cells, sarcolemma and serosa in the
heart (49,50). When myocardial edema induced by myocardial
infarction and water content in cardiomyocytes is increased,
AQP-4 expression is upregulated in cardiomyocytes (51).
AQP-4 mRNA and protein expression has been revealed to
be associated with the area of myocardial infarction, thus
suggesting that AQP-4 is involved in myocardial edema
following myocardial infarction, and that the permeability
of AQP-4 to water is greater than AQP-1 (52). In the present
study, AQP-1 and -4 expression level were increased following
the initiation of CPB, and markedly increased following CPB.
HRS was revealed to suppress the expression of AQPs, thus
suggesting that HRS can inhibit CPB induced myocardial
edema.

In the present study of the myocardial IR model, the
PI3K/Akt pathway has an important role in myocardial injury,
such as inflammation and apoptosis. Soy isoflavone has a
protective role in myocardial ischemia-reperfusion injury in
ovariectomized rats via activation of the estrogen receptor in the
PI3K/Akt/eNOS signaling pathway (53). Therefore, the present
study hypothesized that HRS may increase the activity of the
PI3K/Akt pathway and induce the transcription and expression
of the HO-1 gene. Firstly, the levels of p-Akt were investigated
in the myocardium of each group, which is an important
marker of PI3K/Akt activity. Consistent with previous studies
HRS significantly enhanced the activity of PI3K/Akt (54,55).
Following this, a cell hypoxia-reoxygenation model, a simu-
lated CPB model and a PI3K inhibitor model were established.
The results demonstrated that LY294002 not only reversed the
protective effect of HRS on myocardial injury following CPB,
but also suppressed the inhibition of AQP1, AQP4 and HO-1.
These results demonstrated that the mechanism underlying the
protective effect of HRS on myocardium and the inhibition of
AQP protein expression may be associated with the activation
of the PI3K/Akt pathway.

In conclusion, the present study revealed that the PI3K/Akt
signaling pathway has an important role in the mechanism
of CPB-induced myocardial injury. Furthermore, the results
suggest that HRS may attenuate CPB-induced mitochondrial
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oxidative stress injury and apoptosis via the PI3K/Akt
signaling pathway, thus leading to protective effects against
myocardial injury.
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