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Abstract: Alginate oligosaccharide (AOS) has recently demonstrated the ability to protect
against acute doxorubicin cardiotoxicity and neurodegenerative disorders by inhibiting oxidative
stress and endoplasmic reticulum (ER) stress-mediated apoptosis, which are both involved in
myocardial ischemia/reperfusion (I/R) injury. In the present study, we investigated whether
pretreatment with AOS protects against myocardial I/R injury in mice and explored potential
cardioprotective mechanisms. AOS pretreatment significantly decreased the infarct size, reduced
the cardiac troponin-I concentration, and ameliorated the cardiac dysfunction. Accompanied
with the reduced cardiac injury, AOS pretreatment clearly decreased I/R-induced myocardial
apoptosis. With regard to mechanism, AOS pretreatment markedly attenuated nitrative/oxidative
stress, as evidenced by decreases in 3-nitrotyrosine content and superoxide generation, and
downregulated inducible nitric oxide synthase, NADPH oxidase2, and 4-hydroxynonenal.
Moreover, AOS pretreatment decreased myocardial apoptosis by inhibiting the ER stress-
mediated apoptosis pathway, which is reflected by the downregulation of C/EBP homologous
protein, glucose-regulated protein 78, caspase-12, and Bcl-2-associated X protein, and by the
upregulation of the anti-apoptotic protein B-cell lymphoma-2. Collectively, these findings
demonstrate that AOS renders the heart resistant to I/R injury, at least in part, by inhibiting
nitrative/oxidative stress and ER stress-mediated apoptosis.

Keywords: alginate oligosaccharide, myocardial ischemia/reperfusion injury, nitrative/oxidative

stress, endoplasmic reticulum, cardioprotection

Introduction

During the past few decades, with the advancement of emergency percutaneous
coronary intervention (PCI), more and more patients suffering from acute myocardial
infarction have received timely PCI treatment.! However, with the opening of the
culprit artery, the myocardial reperfusion might trigger a more severe problem known
as myocardial ischemia/reperfusion (I/R) injury.>* Many deleterious effects, such as
excessive reactive oxygen species (ROS) production, lipid peroxidation, DNA/RNA
damage, calcium overload, autophagy disorders, and endoplasmic reticulum (ER)
stress-mediated apoptosis, have been linked to I/R injury. These effects increase
myocardial apoptosis, which then leads to a high incidence of chronic heart failure.*®
Therefore, cardiologists are increasingly interested in strategies to alleviate myocardial
I/R injury. Among various protective strategies, antioxidant therapies, including the
use of synthetic chemical compounds and transgenic mice that overexpress antioxidant
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enzymes, have proved to be cardioprotective in the face of
I/R injury.> ! Recent studies have demonstrated that the
overproduction of ROS can activate ER stress-induced, C/
EBP homologous protein (CHOP)-mediated myocardial
apoptosis, while inhibition of ER stress, including using
chemical ER chaperones or gene-deficient mice, can be car-
dioprotective in the setting of myocardial I/R injury.'>!3

Alginate oligosaccharides (AOS) are produced by
depolymerizing alginate, an acidic polysaccharide that is
extracted from marine brown algae, using methods such
as acid hydrolysis, oxidation, and enzymatic degradation.
AOS is composed of 1,4-linked B-D-mannuronic acid (M)
and o-L-guluronic acid (G) residues." It is attractive for
biomedical applications because it is non-immunogenic and
nontoxic, and has several pharmacological benefits including
anti-inflammatory, anti-apoptotic, anti-proliferative, and
antioxidant effects.’> A recent study demonstrated that the
protective effect of AOS on neurodegenerative diseases such
as Alzheimer’s disease is due to its inhibition of oxidative
stress and ER stress-mediated apoptosis.!” Our previous
study also observed the protective effect of AOS, acquired
by an enzymatic degradation method, on acute doxorubicin
cardiotoxicity.?’ Nevertheless, the ability of AOS to protect
against myocardial I/R injury is not yet clear. In this study,
we sought to examine the effects of AOS, produced by an
enzymatic degradation method, on myocardial I/R injury in
vivo and to explore the potential mechanism of protection,
specifically the effect of AOS on nitrative/oxidative stress
and ER stress-mediated apoptosis.

Materials and methods

Preparation of AOS

AOS, a gift from Qingdao BZ Oligo Biotech Co. Ltd.
(Qingdao, People’s Republic of China), was produced from
alginate by enzymatic degradation as previously described,*!
and the detailed information was exhibited in our previous
study.? The relative molecular weight of AOS is ~1.2 kDa.
The chemical structure of AOS acquired through enzymatic
degradation is shown in Figure 1.
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Figure | Schematic representation of the molecular structure of AOS prepared by
enzymatic degradation.
Abbreviation: AOS, alginate oligosaccharide.

Animals and drug administration

Eight-week-old male C57BL/6 mice (22-25 g) were
purchased from the SLAC Laboratory Animal Company
(Shanghai, People’s Republic of China). The mice were
kept in cages under specific pathogen-free conditions at
24°C+2°C, with humidity of 40%t5%, a 12/12-hour dark/
light cycle, and free access to food and water. Mice were
allowed to adapt for 1 week before experiments began.
All experiments were carried out in strict accordance with the
approved guidelines of the China Council on Animal Man-
agement. The protocols were approved by the Animal Ethics
Committee of Qingdao University. The mice were randomly
assigned to the following groups: the sham group (SHAM),
the vehicle group (I/R), the AOS (200 mg/kg/d, 7 days) + I/R
group (A1+I/R), and the AOS (400 mg/kg/d, 7 days)+I/R
group (A2+1/R). The doses used in the experiment were based
on our previous study.”® Mice were pretreated with AOS
dissolved in normal saline at a concentration of 2.0% w/v or
with an equal volume of normal saline by gavage for 1 week.
The final administration was given 1 hour before ischemia.

Surgical procedure

After administration of the last dose of AOS or normal saline,
the myocardial I/R procedure was performed similarly to a
previous study.? Briefly, after initiating anesthesia with 2%
isoflurane inhalation without intubation, a small oblique skin
incision was made over the left chest, followed by separation
of the pectoralis major from the pectoralis minor to clearly
expose the fourth intercostal space, through which a small
hole was made with a mosquito clamp. The heart was quickly
exposed through the hole with the clamp slightly open. The
left coronary artery (LCA) was ligated with a 6/0 silk suture
slipknot, ~3—4 mm from its proximal origin, and the heart
was gently backed to the thoracic cavity with one end of
the silk suture outside of the chest. Successful myocardial
ischemia appeared visually as a pale region on the anterior
wall of the heart and was confirmed by electrocardiography,
which presented the classic ischemic hallmark of ST segment
elevation. Sham-operated animals were subjected to the same
surgical procedure except that the ligation remained untied.
After 40 minutes of ischemia, the ligation was opened in
vitro by pulling the end of the silk suture, and the heart was
reperfused for 3 or 24 hours. A total of 140 mice were used
in these experiments. Eight mice died during the myocardial
I/R injury procedure. Thirty-six mice were used to assess the
myocardial infarct size (IS). Twenty-four mice were used
to evaluate the cardiac function and measure the cardiac
troponin-I concentration. Twenty-four mice were used for
immunohistochemistry and myocardial apoptosis analysis.
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Twenty-four mice were used for measurement of ROS gen-
eration in the ischemic myocardium, and another 24 mice
were used for evaluation of protein expression.

Assessment of myocardial IS

Evans blue-triphenyltetrazolium chloride (TTC) double
staining was performed to determine the myocardial IS
24 hours after reperfusion as done in a previous study.?
In brief, the mice were re-anesthetized with 2% isoflurane
inhalation, and the chest was opened. The same suture
used for ligation around the LCA was retied. Evans blue
dye (0.2 mL; 2%) was injected into the left ventricular via
the apex and circulated throughout the body except in the
ischemia area. Afterward, the heart was quickly extracted,
frozen in liquid nitrogen for 10 seconds, and sliced into
1 mm sections from the apex to the ligation. The slices were
then incubated separately with 1% TTC solution at 37°C for
15 minutes and digitally scanned. IS, area at risk (AAR), and
left ventricle size (LV) were measured on the two sides of
each section using ImagelJ software.

Measurement of cardiac function

Twenty-four hours after reperfusion, the cardiac function was
evaluated via transthoracic echocardiography (Vevo707B;
Visual Sonics Inc., Toronto, ON, Canada) and hemodynamic
measurement (Millar 1.4F, SPR 835; Millar Instruments,
Houston, TX, USA) as previously described.?® Briefly, the
mice were anesthetized using 2% isoflurane in oxygen gas,
and the heart rates were maintained at 450-500 beats/minute.
The B- and M-mode images were acquired via a 30-MHz
high-frequency scanhead, and both left ventricular ejec-
tion fraction (EF) and left ventricular fractional shortening
(FS) were measured. All measurements were carried out
by three experienced technicians who were blinded to the
animal groups. Thereafter, the right common carotid artery
was isolated, and a 1.4F Millar micromanometer catheter
was inserted and introduced into the left ventricle. The
transducer was connected to a Power Laboratory System
(AD Instruments, Castle Hill, NSW, Australia), and left
ventricular end-systolic pressure (LVESP), left ventricular
end-diastolic pressure (LVEDP), maximal slope of systolic
pressure increment (dp/dt

max-

), and maximal slope of diastolic
pressure decrement; (dp/dt . ) were obtained.

Measurement of cardiac troponin-|
concentration

After the measurement of cardiac function, the blood was col-
lected from the carotid artery with EDTA-containing syringes.
Plasma was separated from the blood by centrifugation at

4,000 rpm for 30 minutes at 4°C, immediately frozen, and
then stored at —80°C. The plasma was thawed only once for
concentration of cardiac troponin-I (cTnl) measurement. A
mouse cTnl ELISA kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, People’s Republic of China) was used to
measure the cTnl concentration. The assay was performed
according to the protocol provided by the manufacturer.

Detection of myocardial apoptosis

Three hours after reperfusion, the hearts were harvested and
fixed in 4% formalin. Myocardial apoptosis was detected
using a terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) technique. Paraffin-em-
bedded myocardial slices were stained using an in situ Cell
Apoptosis Detection Kit (POD; Roche Diagnostics Corp.,
Indianapolis, IN, USA) according to the manufacturer’s
protocol. Five microscopic fields (400x) from each slice
were acquired from the border of the ischemic area of the
heart. The percentage of cell apoptosis was expressed as a
ratio of TUNEL-positive nuclei (brown nuclei) over the total
number of nuclei.

Determination of myocardial
3-nitrotyrosine

Myocardial 3-nitrotyrosine (3-NT) was detected by immu-
nohistochemistry 3 hours after reperfusion. In brief, paraffin-
embedded sections were stained with a primary antibody
against 3-NT (Abcam). The immunostaining was performed
using the Vectastain ABC kit (Vector Laboratories) accord-
ing to the manufacturer’s protocol. After that, the sections
were visualized and images were photographed using a
light microscope.

Measurement of ROS generation

Myocardial ROS steady-state levels were detected by in situ
dihydroethidium (DHE) staining 3 hours after reperfusion.
In brief, unfixed frozen cross-sections were incubated with
DHE staining (Sigma-Aldrich, St Louis, MO, USA) at 37°C
for 30 minutes in a humidified chamber protected against
light, followed by a wash in phosphate-buffered saline
for 5 minutes. The images were confirmed and obtained
with a Leica laser scanning confocal microscope. Myo-
cardial superoxide production was measured 3 hours after
reperfusion by a lucigenin-enhanced chemiluminescence
method as previously described.?* Superoxide production
was calculated as relative light units per mg of heart weight
per second and presented as the fold change against the
sham group.
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Western blot analyses

Three hours after reperfusion, heart tissue from the AAR of
I/R injury was harvested for Western blot analysis. The total
protein content was extracted with complete protease inhibi-
tor cocktail and RIPA lysis buffer (Beyotime Biotechnology,
Nanjing, People’s Republic of China) from homogenized
heart tissue. Subsequently, equal quantities of protein (50 1g)
were added to 10% or 12% polyacrylamide gels based on
the molecular weight of target proteins, and then transferred
to a polyvinylidene fluoride membrane. Protein expression
was detected by immunoblotting with antibodies against
glucose-regulated protein 78 (GRP78; Abcam), NADPH
oxidase2 (NOX2; Abcam), caspase-12 (Abcam), 4-HEN
(Abcam), inducible nitric oxide synthase (iNOS; Cell Sig-
naling Technology [CST]), CHOP (CST), Bcl-2-associated
X protein (Bax; CST), and B-cell lymphoma-2 (Bcl-2;
CST). GAPDH served as the loading control. After three
washes, the blots were incubated with the corresponding
secondary antibodies. The protein bands were visualized by
chemiluminescence, and quantitation was carried out with a
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Bio-Rad Gel Imaging System equipped with Basic Quantity
One imaging software.

Statistical analysis

Data were expressed as the mean * standard deviation and
compared by a one-way analysis of variance and the Student—
Newman—Keuls post hoc test using GraphPad Prism 6 soft-
ware (GraphPad Software, San Diego, CA, USA). For all data,
a value of P<<0.05 was considered statistically significant.

Results
AOS pretreatment limited the

myocardial IS

The myocardial IS was assessed by Evans blue-TTC double
staining at 24 hours after I/R injury. Representative images
are shown in Figure 2A. No difference was observed in
AAR/LV among the four groups (Figure 2B). Both doses
of AOS pretreatment dramatically lessened the percentage
of IS/AAR and IS/LV when compared with the I/R group
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Figure 2 Effect of AOS pretreatment on myocardial infarct size 24 hours after I/R injury as measured by Evans blue-TTC double staining.

Notes: (A) Representative pictures of TTC staining in the four groups. Red color = AAR; white color = IS. (B-D) Graphs showing the percentage of AAR/LY, IS/AAR, and IS/LV.
Al data are shown as mean £ SD (n=8-10 independent samples per group). *P<<0.05 vs SHAM; #*P<<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS (400 mg/kg/d, 7 days).
Abbreviations: AOS, alginate oligosaccharide; I/R, ischemia/reperfusion; TTC, triphenyltetrazolium chloride; AAR, area at risk; IS, infarct size; LV, left ventricle size.
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(Figure 2C and D), but no difference was observed between
the two AOS doses.

AOS pretreatment preserved cardiac
function after I/R injury

Left ventricular function was evaluated 24 hours after I/R
injury. I/R injury caused significant cardiac dysfunction
when compared to the sham group, but both doses of AOS
pretreatment significantly preserved the cardiac function that
was impaired by the I/R injury (P<<0.05), which is evidenced
by the EF (I/R vs AI+I/R vs A2+I/R; 40.014.2 vs 50.7£5.1
vs 53.5%16.4%), FS (I/R vs A1+I/R vs A2+I/R; 20.0£2.9
vs 26.5+3.4 vs 27.7%13.6%), LVESP (/R vs AI+I/R vs
A2+I/R; 72.4£11.4 vs 86.7£11.2 vs 87.6£12.5 mmHg),
LVEDP (I/R vs A1+I/R vs A2+I/R; 10.14£2.0 vs 5.5£1.6
vs 4.5+1.1 mmHg), dp/dt_ (I/R vs A1+I/R vs A2+I/R;

5,7224852 vs 8,600£953 vs 8,790£826 mmHg/s) and dp/dt
(I/R vs A1+I/R vs A2+I/R; —4,716£837 vs —7,3371£667
vs —8,028+886 mmHg/s) (Figure 3B-G). Although these
indicators of cardiac function appeared to be better in
the A2+I/R group compared to the A1+I/R group, this
improvement was not statistically significant. Representative
echocardiograms are shown in Figure 3A.

AQOS pretreatment alleviated myocardial
tissue injury after I/R injury

Myocardial tissue injury was analyzed by measuring the
plasma cTnl, a specific biomarker of cardiac injury, which
increases at 24 hours after I/R injury. Pretreatment with AOS
for 1 week dramatically reduced the damage level when
compared to the I/R group (Figure 4). Although the concen-
tration of plasma cTnl was lower in the A2+I/R group than

A2+l/R
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Figure 3 Effect of AOS pretreatment on cardiac function 24 hours after I/R injury.

Notes: (A) Representative echocardiographic images in the four groups; (B) EF; (C) FS; (D) LVESP; (E) LVEDP; (F) dp/dt__; (G) dp/dt_ . All data are shown as mean + SD
(n=6 independent animals per group). *P<0.05 vs SHAM; #P<<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS (400 mg/kg/d, 7 days).

Abbreviations: AOS, alginate oligosaccharide; I/R, ischemia/reperfusion; EF, left ventricular ejection fraction; FS, left ventricular fractional shortening; LVESP, left ventricular end-
systolic pressure; LVEDP, left ventricular end-diastolic pressure; dp/dt, _, maximal slope of systolic pressure increment; dp/dt,_ , maximal slope of diastolic pressure decrement.
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apoptosis after I/R injury

To investigate the effect of AOS on myocardial apoptosis
following I/R injury, we conducted a TUNEL assay to detect
DNA fragmentation in the cardiac tissue 3 hours after reper-
fusion. As shown in Figure 5SA and B, the I/R group showed
more TUNEL-positive nuclei (expressed as a percentage of
total nuclei) than the sham group. Conversely, pretreatment
with AOS resulted in an obvious reduction of TUNEL-
positive cells compared with the I/R group, but there was no
significant difference between the two AOS doses.

AOS pretreatment attenuated myocardial

nitrative/oxidative stress after I/R injury

To examine the effect of AOS on myocardial nitrative/
oxidative stress following I/R injury, we evaluated the
generation of ROS and expression of specific proteins
associated with nitrative/oxidative stress at 3 hours after
reperfusion. Myocardial I/R injury markedly upregulated
the expression of myocardial 3-NT and iNOS (Figure 6A
and B), which were all downregulated by AOS pretreat-
ment. Myocardial DHE fluorescence intensity, superoxide
production (Figure 6C and D), and the expression of NOX2
(Figure 6E) and 4-hydroxynonenal (4-HNE; Figure 6F)
were all upregulated in the face of I/R injury, but all were
downregulated by AOS pretreatment. Similarly, although the

Figure 5 Effect of AOS pretreatment on myocardial apoptosis 3 hours after I/R
injury as determined by TUNEL staining.

Notes: (A) Representative photomicrographs of TUNEL staining at 400X magnification
in the four groups. Apoptotic cardiomyocyte nuclei appear brown, and normal nuclei
appear blue. (B) The graph shows the percentage of TUNEL-positive cells. All data
are shown as mean £ SD (n=6 independent samples per group).*P<<0.05 vs SHAM;
#P<<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS (400 mg/kg/d, 7 days).
Abbreviations: AOS, alginate oligosaccharide; I/R, ischemia/reperfusion; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.

expression levels of these proteins were lower in the A2+I/R
group than in the A1+I/R group, this difference did not reach
statistical significance.

AQOS pretreatment attenuated ER stress-

mediated apoptosis after I/R injury

To examine the effect of AOS on the ER stress-mediated
apoptosis pathway following myocardial I/R injury, we
evaluated the associated protein expression 3 hours after
reperfusion via Western blot analysis. As shown in Figure 7A
and B, I/R injury upregulated the expression of Bax and
downregulated the expression of B-cell lymphoma-2 (Bcl-2)
compared with the sham group, while both doses of AOS
pretreatment markedly reversed these changes. There was no
difference between the two AOS dose groups. Representative
Western blot images are shown in Figure 7C. The specific
markers of ER stress (ie, CHOP, GRP78, and caspase-12
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Figure 6 Effect of AOS pretreatment on the level of nitrative/oxidative stress 3 hours after I/R injury.
Notes: (A) Representative photomicrographs of 3-nitrotyrosine at 400X magnification detected by immunohistochemistry. (B) Representative Western blot and quantitative
analysis of INOS. (C) Representative images of in situ dihydroethidium staining at 400x magnification acquired by confocal microscopy. (D) Myocardial superoxide generation
detected by lucigenin-enhanced chemiluminescence (E) Representative Western blot and quantitative analysis of NOX2. (F) Representative Western blot and quantitative
analysis of 4-HNE. All data are shown as mean £ SD (n=6 independent samples per group). *P<<0.05 vs SHAM; #P<<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS
(400 mg/kg/d, 7 days).
Abbreviations: AOS, alginate oligosaccharide; I/R, ischemia/reperfusion; iNOS, inducible nitric oxide synthase, NOX2, NADPH oxidase2; 4-HNE, 4-hydroxynonenal.
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Figure 7 Effect of AOS pretreatment on the expression of Bax and Bcl-2 3 hours after I/R injury as detected by Western blot analysis.

Notes: (A and B) Quantitative analysis of Bax and Bcl-2 protein expression. (C) Representative Western blots of Bax, Bcl-2, and GAPDH. All data are shown as mean £ SD
(n=6 independent samples per group). *P<<0.05 vs SHAM; #P<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS (400 mg/kg/d, 7 days).

Abbreviations: AOS, alginate oligosaccharide; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; I/R, ischemia/reperfusion.

protein) were significantly elevated in the I/R group
compared to the sham group (Figure 8A—C). Both doses of
AOS pretreatment significantly lowered this increase in the
three protein indicators of ER stress. No differences were
detected between the two different AOS doses. Representa-
tive Western blot images are shown in Figure 8D.

Discussion

Evidence suggests that nitrative/oxidative stress and ER
stress-mediated apoptosis play critical roles in myocardial I/R
injury, and they have also been verified to be pivotal targets
for cardioprotection.*!>!3 Meanwhile, both ours and others’
studies have demonstrated that AOS, an antioxidant oligo-
saccharide, attenuates the level of oxidative stress and ER
stress-mediated apoptosis in neurodegenerative diseases and
acute doxorubicin cardiotoxicity.'”*° However, it is unknown
whether AOS can protect against myocardial I/R injury and
whether these inhibitory effects of AOS are involved in
cardioprotection in the setting of I/R injury. In the current
study, we found that AOS displayed cardioprotective effects
in the face of I/R injury. Most importantly, we acquired the
first direct evidence that inhibiting nitrative/oxidative stress

and ER stress-mediated apoptosis was associated with the
cardioprotection.

Increased IS, elevated myocardial enzyme concentration,
and cardiac dysfunction are characteristics of myocardial I/R
injury.?* In the present study, mice hearts insulted with I/R
injury showed increased IS, plasma c¢Tnl level, and cardiac
dysfunction, which all agreed with previous studies.**
However, both low-dose AOS (200 mg/kg/d, 7 days) and
high-dose AOS (400 mg/kg/d, 7 days) pretreatment for
1 week significantly decreased the IS and plasma cTnl
level. These data hint that AOS may have cardioprotective
effects on I/R injury. Meanwhile, we also found that AOS
pretreatment could preserve cardiac function after I/R injury.
To further explore the underlying mechanisms potentially
contributing to the protective effect of AOS pretreatment,
we assessed the levels of nitrative/oxidative stress and ER
stress-mediated apoptosis.

Nitrative/oxidative stress plays an established deleterious
role in the myocardial apoptosis observed in I/R injury.?5
Nitrative stress, a crucial response that leads to I/R injury,
is initiated and mediated by the highly toxic peroxynitrite.
Previous studies have demonstrated that inhibition of
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Figure 8 Effect of AOS pretreatment on the expression of ER stress-related proteins 3 hours after I/R injury detected by Western blot.

Notes: (A-C) Quantitative analyses of CHOP, GRP78, and caspase- |2 protein expression. (D) Representative Western blots of CHOP, GRP78, caspase-12, and GAPDH.
All data are shown as mean * SD (n=6 independent samples per group). *P<<0.05 vs SHAM; #*P<<0.05 vs I/R. Al: AOS (200 mg/kg/d, 7 days); A2: AOS (400 mg/kg/d, 7 days).
Abbreviations: AOS, alginate oligosaccharide; ER, endoplasmic reticulum; I/R, ischemia/reperfusion; CHOP, C/EBP homologous protein; GRP78, glucose-regulated protein 78.

peroxynitrite formation, either by detoxifying peroxynitrite
or by inhibiting iNOS generation, reduces I/R injury.?’*
The results attained in our study affirmed that the levels of
3-NT and iNOS, markers of nitrosative stress, were signifi-
cantly increased in the I/R group, which is consistent with
previous studies. However, pretreatment with low-dose AOS
(200 mg/kg/d, 7 days) and high-dose AOS (400 mg/kg/d,
7 days) for 1 week reduced this stress by downregulating
the cardiac expression of 3-NT and iNOS. Overproduction
of ROS has long been considered to be the main cause of
oxidative stress and to serve as the vital mediator of myocar-
dial I/R injury.?!*2 Consistent with these studies, our study
found that myocardial I/R injury induced the overproduction
of ROS, reflected by increased DHE fluorescence intensity
and superoxide production, which was attenuated by AOS
pretreatment. Previous studies have demonstrated that
NOX2, which has the primary function of ROS generation,
is activated by various stimuli, including myocardial I/R
injury.**** Meanwhile, the expression of the endogenous toxic
aldehyde 4-HNE, a specific electrophilic reactive aldehyde
that inhibits protein function by modifying key enzymes, is
increased in the face of myocardial I/R injury.*3¢ Both of

these proteins are usually recognized as markers of oxidative
stress, so we analyzed them directly by Western blot analysis.
Our study presents results that I/R injury does cause excessive
oxidative stress by upregulating the expression of NOX2 and
4-HNE, which were both inhibited by AOS pretreatment.
These findings indicate that attenuation of nitrative/oxidative
stress induced by myocardial I/R injury might contribute to
the cardioprotective effect of AOS.

There is increasing evidence that excessive, prolonged
ER stress plays a vital role in inducing cell death, especially
apoptosis.'*37 The present study found that the significant
increase in myocardial apoptosis of the I/R group was
reduced by AOS pretreatment. In response to ER stress,
GRP78, an ER chaperone protein, is activated. The level of
GRP78 is considered to be a specific indicator of ER stress,
and previous reports have demonstrated that myocardial
I/R injury induces a significant upregulation of GRP78
level.** This was consistent with our findings. However,
pretreatment with low-dose AOS (200 mg/kg/d, 7 days) and
high-dose AOS (400 mg/kg/d, 7 days) for 1 week down-
regulated GRP78 expression, indicating a decrease in ER
stress. Meanwhile, CHOP and caspase-12 are two specific

Drug Design, Development and Therapy 2017:1 |

submit your manuscript

2395

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Guo et al

Dove

mediators of the ER stress-mediated apoptosis pathways.*
CHOP-deficient mice exhibited reduced cardiomyocyte
apoptosis in response to ER stress after I/R injury.!* CHOP-
mediated apoptosis is involved in the downregulation of
the anti-apoptotic protein Bcl-2, the upregulation of the
pro-apoptotic protein Bax, and the translocation of Bax
protein from the cytosol to the mitochondria.*'** Similarly, in
response to ER stress, caspase-12, an ER membrane resident
and pro-apoptotic molecule, activates caspase cascades that
predominantly induce cell death.* In accordance with previ-
ous studies,'>* our results found that the expression levels of
CHOP and caspase-12 significantly increased in the setting
of I/R injury. In contrast, both low-dose AOS (200 mg/kg/d,
7 days) and high-dose AOS (400 mg/kg/d, 7 days) pretreat-
ment markedly reversed these detrimental effects. Although
we observed more beneficial effects on cardioprotection in
the high-dose AOS pretreatment group than that in the low-
dose AOS pretreatment group, these benefits did not reach
statistical significance.

The current study is partly descriptive, and the limitations
of this study are obvious. 1) Although the attenuation of
nitrosative/oxidative stress can decrease ER stress-mediated
apoptosis, we did not identify the exact mechanism through
which AOS pretreatment inhibits ER stress-mediated apop-
tosis. 2) In this study, only two different doses of AOS were
used to detect the cardioprotective effects, and no differ-
ence was observed between these two doses. It is possible
that higher or lower doses of AOS could have significantly
stronger or weaker cardioprotective effects.

In summary, the present study provides strong in vivo evi-
dence, for the first time, that AOS effectively mitigates acute
myocardial I/R injury in mice at least in part by reducing
nitrosative/oxidative stress and ER stress-mediated apoptosis.
Future studies will focus on elucidating the exact mechanisms
governing these inhibitory effects and the pharmacokinetics
of AOS. Our data indicate that AOS may serve clinically as a
novel therapeutic strategy against myocardial I/R injury.
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