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Abstract: Background: Remote ischemic conditioning (RIC) has been shown to be a practical method for protecting
the heart from ischemic/reperfusion (I/R) injury. In the present study, we investigated whether or not the combina-
tion of RIC and Astragaloside IV (AS-1V) could improve cardioprotection against acute myocardial infarction (AMI)-
induced heart failure (HF) when compared with individual treatments. Material and Methods: A rat model of AMI was
established via permanent ligation of the left anterior descending coronary artery (LAD). Postoperatively, the rats
were randomly grouped into a sham group (n=10), a model group (n=15), an AS-IV alone group (n=15), an RIC alone
group (n=15) and a combined treatment group (AS-IV+RIC; n=15). All treatments were administered for 2 weeks.
Results: After treatment for 2 weeks, the survival rate was improved, the cardiac function was preserved and the
infarcted size was limited in AS-IV alone and RIC alone treatment groups compared to the model group, whereas the
combined treatment yielded the most optimal protective effects. Additional studies suggested that AS-IV enhanced
the cardioprotective effects of RIC by alleviating myocardial fibrosis, suppressing inflammation, attenuating apopto-
sis and ameliorating impairment of the myocardial ultrastructural. Conclusion: AS-IV enhances the cardioprotective
effects of RIC against AMI-induced HF and ventricular remodeling, which represents a potential therapeutic ap-
proach for preserving cardiac function and improving the prognosis of AMI.
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Introduction have limited their clinical application. Therefore,
the development of a novel therapy which is
both convenient to perform and well accepted

is of great importance.

Acute myocardial infarction (AMI) remains a
leading cause of morbidity and mortality in
most developed countries worldwide. It has

been estimated that approximately every 42 Ischemic preconditioning (IPC) is regarded as

seconds, an American will experience an AMI
[1]. Even though death rates have fallen due to
medical treatments and changes in risk factors
[2], patients who survive the acute AMI stage
have an increased risk of post-AMI left ventricu-
lar remodeling and heart failure (HF). Current
pharmacological strategies, such as inhibitors
of the renin-angiotensin-aldosterone system
(RAAS) and B-adreno receptor blockers, report-
edly improve outcomes to some extent [3, 4],
however, contraindications and adverse effects

the most powerful endogenous protective strat-
egy against AMI, which limits size of infarction
and improves cardiac function [5]. Experimen-
tal studies over the past few decades have led
to the identification of complex mechanisms
underlying the cardioprotection afforded by IPC
[6-8]. Nevertheless, the clinical application of
IPC is restricted due to the requirement that the
stimulus be provided prior to the onset of lethal
ischemia, which is nearly impossible to predict
[9]. Furthermore, the invasive intervention must
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be applied directly to the coronary artery, which
is only accessible during cardiac surgery or per-
cutaneous coronary intervention (PCI). In addi-
tion, IPC might cause serious complications
including coronary artery dissection, rupture of
atheromatous plaques and distal embolism.
Following researches have broadened the
adaptability of ischemic conditioning therapy to
allow transient ischemia/reperfusion (I/R) to be
applied at the onset of reperfusion (ischemic
postconditioning, IPOST) [10, 11], or at the dis-
tal tissue (remote ischemic conditioning, RIC)
[12, 13]. However, studies have demonstrated
that neither IPOST nor RIC yield adequate car-
dioprotective effects when compared to IPC
[14-186].

Astragaloside IV (AS-1V), the major active com-
ponent extracted from Huangqi (Radix Astra-
gali Mongolici), exerts diverse pharmacological
effects including suppression of inflammation,
inhibition of oxidative stress, a reduction in
apoptosis, as well as anti-viral effects [17-19].
Recently, the therapeutic effects of AS-IV on
cardiovascular diseases were fully investigat-
ed, including potential protection against I/R
injury, vascular endothelium dysfunction and
bradycardia [20-22]. Our previous studies also
revealed that AS-IV promoted angiogenesis and
prevented lipopolysaccharide-induced injury
[23, 24].

Several studies have demonstrated that the
combination of ischemic conditioning therapy
and pharmacological treatment during isch-
emia might result in more robust protection
against I/R injury [25-27], however, whether
combination therapy could enhance cardiopro-
tection during AMI-induced HF has not been
investigated despite the potential clinical sig-
nificance. Thus, the aim of this study was to
determine whether AS-IV combined with RIC
produces stronger cardioprotective effects
than each treatment administered separately
using a rat model of AMI established by the per-
manent ligation of the left anterior descending
coronary artery (LAD).

Material and methods
Rat model of AMI

A total of 90 adult male Sprague-Dawley rats
weighing 250120 g obtained from the Yang-
zhou University Comparative Medicine Centre
(Yangzhou, China, Permission No.: 201512739)
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were used in this study. The animals were
housed in clean cages in accordance with the
guidelines of the Nanjing University of Chinese
Medicine Animal Care and Use Committee and
the animal protocol was approved following a
review of the Lab Animal Use Application by the
Nanjing University of Chinese Medicine Ethics
Review.

Briefly, the induction of anesthesia was per-
formed by an intraperitoneal injection of pento-
barbital sodium (50 mg/kg) prior to surgery.
The animals were then intubated and connect-
ed to a ventilator to maintain normal respira-
tion. The surgical area was prepped and clea-
ned, and a left thoracotomy was performed. A
6-0 silk suture was placed between the pulmo-
nary and left auricle where the LAD is located.
The successful induction of AMI was confirmed
based on the observation of the pale color of
the anterior portion of the left ventricle and the
appearance of AMI on the electrocardiogram
oscilloscope. In the sham group, a silk suture
was passed through the myocardium without
occluding the LAD. After the procedure, the tho-
racic cavity was closed using 4-0 silk suture
and the excess air was evacuated using a
syringe.

Treatment protocol

The AS-IV was obtained from Nanjing Zelang
Medical Technology Co., Ltd. (Nanjing, China;
purity: greater than 98%). Postoperatively, the
rats were randomly assigned to one of five
groups including the sham group (n=10), the
model group (n=15), the AS-IV alone group
(n=15), the RIC alone group (n=15), and the
combined treatment group (AS-IV+RIC; n=15).
The AS-IV was administered intragastrically for
2 weeks (50 mg/kg/day). The rats in the RIC
alone group received repeated transient limb
ischemia with tourniquet: three cycles of left
limb ischemia for 5 min followed by reperfusion
for 5 min, the protocol was performed once a
day for 2 weeks. The combined treatment group
received both AS-1V and RIC for 2 weeks, where-
as equal doses of normal saline were adminis-
tered intragastrically once daily in the model,
sham, and RIC groups.

Measurement of echocardiography

After treatment for 2 weeks, the heart structure
and function were evaluated using a Siemens
Acuson™ SC2000 high-frequency ultrasound
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system (Siemens, Inc., Berlin, Germany). After
the rats were anesthetized with pentobarbital,
two-dimensional echocardiographic measure-
ments were obtained. The left ventricular inter-
nal diastolic diameter (LVIDd), the left ventricu-
lar internal systolic diameter (LVIDs), the left
ventricular ejection fraction (LVEF), and the left
ventricular fractional shortening (LVFS) were
measured and calculated from the M-mode
tracing.

Evaluation of myocardial infarction size

Following euthanasia, hearts were collected
from the rats and stored at -20°C for 20 min.
The hearts were then cut into 2 mm slices
across the long axis, incubated with 2%
Triphenyltetrazolium chloride (TTC, Sigma, St
Louis, USA) in phosphate-buffered saline (PBS)
at 37°C for 30 min in the dark, and then fixed in
10% paraformaldehyde overnight. The infarct-
ed site was pale white, whereas the normal tis-
sue was brick-red. The tissue slices were
imaged and the infarcted size was calculated
using Image-Pro Plus 6.0 (Media Cybernetics,
Silver. Spring, USA).

Test of histopathology and fibrosis

The rats’ hearts were harvested and weighed
after treatment for 2 weeks, washed in PBS,
fixed in 4% paraformaldehyde overnight, and
embedded in paraffin. Sections (4-um-thick)
were cut and stained with hematoxylin-eosin
(H&E) and Masson’s trichrome stain. Each sec-
tion was imaged by microscopy (Nikon, Japan).
The ratio of fibrotic area to the total area of con-
nective and myocardial tissue was also calcu-
lated using Image-Pro Plus 6.0 (Media Cyber-
netics, Silver. Spring, USA).

Measurement of apoptosis by TUNEL/DAPI im-
munofluorescence

The number of apoptotic cells was quantified by
terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL)
staining using a fluorescence detection kit
(Biouniquer, Nanjing China) in accordance with
the manufacturer’s instructions. Staining with
4’ 6-diamidino-2-phenylindole (DAPI; 1 mg/ml;
Sigma, St Louis, USA) was used to assess
nuclear morphology. The fluorescein isothiocy-
anate (FITC)-labeled TUNEL-positive cells were
observed by fluorescence microscopy at 400x
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maghnification. Image J software (NIH, Bethesda,
MD, USA) was used to calculate the area of
TUNEL and DAPI-positive staining.

Western blotting analysis

Apoptosis-associated proteins (Bax and Bcl-2)
and inflammation-associated proteins (TLR4
and NF-kB) were measured by Western blot-
ting. Total protein was extracted from the myo-
cardial tissue and homogenized in RIPA buffer
(Beyotime Institute of Biotechnology, Haimen,
China). Quantitative analysis of protein concen-
tration was conducted by bicinchoninic acid
(BCA, Thermo Fisher Scientific, Waltham, USA)
assay kit. 20 pg of total protein from each sam-
ple was electrophoresed and separated by
6-12% SDS-PAGE, then transferred onto polyvi-
nylidene difluoride (PVDF, Millipore, Billerica,
USA) membranes. The membranes were block-
ed with 5% Bovine serum albumin (BSA) for 60
min at room temperature, then incubated over-
night at 4°C with primary antibodies including
rabbit anti-Bax (1:1000; Abcam, Cambridge,
MA, USA), rabbit anti-Bcl-2 (1:1000; Abcam,
Cambridge, MA, USA), rabbit anti-NF-kB (1:800;
Cell Signaling Technology, USA), rabbit anti-
TLR4 (1:1000; Abcam, Cambridge, MA, USA),
and rabbit anti-B-actin (1:800; Abcam, Cam-
bridge, MA, USA). The PVDF membranes were
then washed with TBST three times and incu-
bated with HRP-conjugated secondary antibod-
ies (1:2000; Abcam, Cambridge, MA, USA) in
5% BSA at room temperature for 60 min. The
resulting bands were visualized using enhanced
chemiluminescence (ECL) detection reagents
(Thermo Fisher Scientific, Waltham, USA) accor-
ding to the manufacturer’s instructions, quanti-
fied using a chemiluminescence image analyz-
er (GE Healthcare Bio-Sciences, Pittsburgh,
USA), and analyzed using Image J software
(NIH, Bethesda, MD, USA). The protein expres-
sion was normalized using the expression of
[B-actin as a reference.

Assessment of ultrastructural impairment by
transmission electron microscopy (TEM)

The hearts from the rats in each group were
obtained following euthanasia, washed in PBS,
cut into 1 mm?3 cubes, sequentially fixed in 4%
glutaraldehyde and 4% osmium tetroxide for
24 h, dehydrated in acetone, embedded in par-
affin resin, and then ultra-thin sections were
acquired using a microtome and standard pro-
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Figure 1. Survival rate and the heart/body weight ratio after treatment for 2 weeks. A: Kaplan-Meier analysis indi-
cated the survival rates of the rats after AMI. The combination treatment group exhibited a trend towards improved
overall survival rate 2 weeks after the induction of AMI, but differences did not reach statistical significance (log-
rank: P=0.0638). B: Analysis of the heart weight/body weight ratio, data are expressed as the mean + SD. **:
P<0.01 versus sham group, ##: P<0.01 versus model group, $: P<0.05 versus combined treatment group.
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Figure 2. Cardiac function at the end of treatment. (A) M-mode echocardiographic images of the rats in all groups.
The analysis of LVIDd (B), LVIDs (C), LVEF (D), and LVFS (E) 2 weeks after treatment was also conducted, which
revealed that LVIDd and LVIDs were decreased, whereas LVEF and LVFS improved in the combined treatment group
compared with the model group and the individual treatment groups. Data are expressed as the mean + SD. **:
P<0.01 versus sham group, #: P<0.05 versus model group, ##: P<0.01 versus model group, $: P<0.05 versus com-
bined treatment group, $$: P<0.01 versus combined treatment group.

cedures (Leica, Germany). The sections were lead citrate. The sections were analyzed on
then stained with 1% uranyl acetate and 0.2% a transmission electron microscope (TEM;

4660 Am J Transl Res 2016;8(11):4657-4669



Cardioprotection of remote ischemic conditioning against AMI

RIC

AS-IV
+RIC

Hitachi, Japan) and images were acquired at
25000x magnification.

Statistical analysis

SPSS 22.0 and GraphPad Prism 5 software
were used for statistical analysis and for gener-
ating graphs, respectively. All values are
expressed as the mean * standard error. One-
way ANOVA and Tukey’s test were utilized to
evaluate the statistical differences between
the groups and for post hoc analyses, respec-
tively. A Kaplan-Meier survival analysis was
used to evaluate the overall survival rates of
the rats after treatment. A P-value <0.05 was
considered statistically significant.

Results

RIC therapy alone or in combination with AS-IV
treatment improved survival rate in rat after
AMI

As shown in Figure 1A, rats in the sham group
were not subjected to LAD ligation; thus, all of
the rats survived after 14 days. However, nearly
half of the rats in the model group died in the
first week. Because pneumonedema was ob-
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Figure 3. The measurement of infarcted size. A:
Post-euthanasia, each rat heart was cut into five
slices and stained with triphenyltetrazolium chlo-
ride (TTC). The red region represents the survival
myocardium, whereas the pale region represents
the infarcted site. B: The analysis of the infarcted
size in each group. The combined treatment exert-
ed a more vigorous infarct-sparing effect than the
individual treatments. Data are expressed as the
mean * SD. ##: P<0.01 versus sham group, **:
P<0.01 versus combined treatment group.

served in most of the rats during the post-mor-
tem examination, HF was deemed to be the
main cause of death. Compared with the model
group, the survival rates after AMI were 73.3%
and 66.7% in the AS-1V and RIC groups, respec-
tively. The survival rate in the combined treat-
ment group was 86.7%, which indicated that
the rats that received AS-IV and RIC had a bet-
ter prognosis compared to the rats that were
administered a single treatment. Nonetheless,
although the trend indicated improved out-
comes in the rats, it was not statistically signifi-
cant across all treatment groups (Log-rank test
P=0.0638).

RIC therapy alone or in combination with AS-
IV treatment preserved heart function of rats
after AMI

Two weeks after the induction of AMI, the
results of two-dimensional echocardiography
revealed impaired myocardial contractility,
increased LVIDd/LVIDs, and lower LVFS/LVEF in
the model group compared with the sham-
operated group. Cardiac function was improved
in the rats in all treatment groups; however, the
combined treatment group exhibited a signifi-
cant decrease (P<0.01, respectively) in LVIDd
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Figure 4. Evaluation of the pathological changes and interstitial fibrosis at 400x magnification. A: Representa-
tive images of H&E and Masson’s trichrome staining of the hearts from rats with AMI. Necrotic tissue and poorly
arranged cardiac myocytes were noted following H&E staining. In the Masson’s trichrome stained sections, blue
represents the collagen fiber. B: The quantitative analysis of areas of interstitial fibrosis after treatment. The rats in
the combined treatment group exhibited the least pathological changes and a minimal ratio of fibrotic area to total
area of connective and myocardial tissue compared with the individual treatment groups. Data are expressed as
the mean + SD. ##: P<0.01 versus sham group, **: P<0.01 versus combined treatment group, $$: P<0.01 versus

combined treatment group.

and LVIDs and an increase in LVEF and LVFS
compared with the other two treatment groups.
No significant differences in LVIDd/LVIDs and
LVFS/LVEF were observed between the RIC and
AS-IV groups, although the rats in the AS-IV
group appeared to have improved cardiac func-
tion (Figure 2). The heart weight/body weight
(HW/BW) ratio was also evaluated after the
rats were euthanized, which revealed that the
ratio was significantly lower in the combined
treatment group compared with the model,
AS-1V, and RIC groups. Similarly, the difference
between the RIC and AS-IV groups was not sta-
tistically significant (Figure 1B).

RIC therapy alone or in combination with AS-IV
treatment reduced infarcted size

Hearts were collected from the rats after eutha-
nasia, cut transversely into five slices, and
stained with TTC. The survival cardiac muscle
tissue stained brick-red, whereas the infarcted
tissue could not be stained. As shown in Figure
3, RIC therapy alone significantly reduced the
infarcted size compared to the model group
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(33.68+£3.33% vs 45.68+3.43%). AS-IV therapy
alone also reduced the infarcted size com-
pared to the model group (34.32+3.43% vs
45.68+3.43%). There were no statistically sig-
nificant differences in the infarcted size
between the RIC and AS-IV groups. However,
the infarcted size was markedly reduced in the
combination therapy group compared with the
model group (26.32+2.99% vs 45.68+3.43%),
the RIC group (26.32+2.99% vs 33.68+3.33%),
and the AS-IV group (26.32+2.99% vs 34.32+
3.43%).

Pathological changes and fibrosis in myocar-
dial tissue after treatment

H&E and Masson’s trichrome staining were
used to observe the pathological changes and
fibrosis in the myocardial tissue. As shown in
H&E staining (Figure 4A), necrotic tissue could
be found in the model group, and surviving
myocardial cells in the infarct border zones
exhibited greater irregularity and disarray in
comparison to the sham group. However, all of
the treated groups exhibited improvements

Am J Transl Res 2016;8(11):4657-4669
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Figure 5. The expression of inflammatory factors after treatment. A: Western blotting analysis of the expression of
TLR4 and its downstream protein NF-kB with B-actin as the internal control. B: Quantified western blot results of
TLR4, which was normalized to the housekeeping gene B-actin. C: Quantified western blot results of NF-kB, which
was normalized to the housekeeping gene B-actin. TLR4 and NF-kB were downregulated in all treatment groups to
varying degrees, but the combined treatment yielded optimal anti-inflammatory effects. Data are expressed as the
mean + SD. **: P<0.01 versus the sham group, ##: P<0.01 versus the model group, $: P<0.05 versus the com-
bined treatment group, and $$: P<0.01 versus the combined treatment group.

compared to the model group, including limited
areas of necrosis, compact arrangement of the
myocardial cells, and decreased inflammatory
cells, with the combined treatment group dis-
playing the highest degree of improvement.
Further, the results of the Masson’s trichrome
staining demonstrated that both RIC and AS-IV
efficiently decreased fibrosis and collagen
deposition after AMI compared to the model
group. Nonetheless, the combined treatment
significantly alleviated (P<0.01) fibrosis and col-
lagen deposition compared to the individual
treatment groups (Figure 4A and 4B).

RIC therapy alone or in combination with AS-IV
treatment downregulated inflammatory cyto-
kines after AMI

To determine if RIC therapy alone or in combi-
nation with AS-IV treatment suppressed the
infammatory response in rats with AMI,
Western blotting was performed to determine
the expression of TLR4 and its downstream
protein NF-kB in myocardial tissues obtained
from the rats. Figure 5 shows that the model
group had significantly higher levels of these
two pro-inflammatory cytokines when com-
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pared to the sham-operated group; however,
TLR4 and NF-kB were downregulated by both
RIC therapy and AS-IV treatment alone as well
as in combination. Nonetheless, no statistically
significant differences in the protein levels
were detected between the RIC and AS-IV treat-
ment groups. However, the combination thera-
py significantly decreased the levels of TLR4
and NF-kB compared to the model group and to
the individual treatments.

RIC therapy alone or in combination with AS-IV
treatment decreases myocardium apoptosis
after AMI

After treatment for 14 days, the expression of
apoptosis-related factors was evaluated by
Western blotting. The results indicated that the
expression of Bax, a pro-apoptotic factor, was
significantly downregulated, whereas the
expression of Bcl-2, an anti-apoptotic factor,
was significantly upregulated in both treatment
groups (P<0.01, respectively), which contribut-
ed to an increased Bcl-2/Bax ratio compared
with the model group (Figure 6C-F). Further-
more, we found that when RIC was combined
with AS-IV treatment, a synergistic effect was
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Figure 6. Assessment of myocardial apoptosis after treatment. (A) Representative graph of TUNEL/DAPI immuno-
fluorescence at 400x magnification 2 weeks after AMI. The green fluorescence represents TUNEL-positive cells,
whereas the blue fluorescence represents DAPI-positive cells. (B) The ratio of myocardial apoptosis (TUNEL-positive
cells/DAPI-positive cells). Apoptosis was significantly inhibited by the combined treatment. (C) Expression of the
apoptosis-related proteins Bcl-2 and Bax were measured by western blotting analysis, B-actin served as the internal
control. Quantified western blot results of Bcl-2 (D), Bax (E), and the Bcl-2/Bax ratio (F) are provided. The combined
treatment led to the downregulation of Bax and the upregulation of Bcl-2, which in turn led to an increased ratio of
Bcl-2/Bax compared with the untreated and individual treatment groups. Data are expressed as the mean + SD.
**: P<0.01 versus the sham group, ##: P<0.01 versus the model group, and $$: P<0.01 versus the combined
treatment group.

observed. Apoptosis in the border zone of the
myocardium was also examined by TUNEL/
DAPI immunofluorescence (Figure 6A). The
apoptotic index of the model group was signifi-
cantly higher than the corresponding index in
the sham group (Figure 6B). When treated with
RIC or AS-1V alone or with a combination of the
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two treatments, the number of TUNEL-positive
cells observed in the infarcted myocardium
declined to varying degrees compared with the
model group; however, the combination therapy
yielded the most robust protective effect, which
was consistent with the altered trend in Bcl-2
and Bax expression.
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Figure 7. Observation of the ultrastructure performed by TEM at 25000% maghnification. (A) The sham group. The
myofilaments were neatly arranged and normal mitochondria were observed. (B) The model group. The structure of
the myofilaments was barely visible, the mitochondria were markedly swollen, the mitochondrial cristae were frac-
tured (arrows), and the fusion of the mitochondria (arrowheads) was likewise detected. The AS-IV (C) and RIC groups
(D) exhibited fewer swollen mitochondria, and the structure of the myofilaments was somewhat improved. (E) The
combined treatment group. The injury to the mitochondria and myofilaments was drastically reduced.

RIC therapy alone or in combination with AS-IV
treatment ameliorated myocardium ultrastruc-
tural impairment after AMI

To obtain further insight into the contribution of
RIC and AS-IV in regards to their apparent pro-
tective effects during AMI, ultrastructure mor-
phometric assessments of the myocardium
were conducted in each group by TEM at a mag-
nification of 25000x% (Figure 7). As indicated,
the myofilaments were arranged in an orderly
manner and the mitochondrial structure was
undamaged in the sham-operated group. How-
ever, the structure of the myofilaments was dis-
rupted, the mitochondria were markedly swol-
len, the mitochondrial cristae were fractured,
and vacuolar degeneration and fusion of the
mitochondria were noted in the model group.
Additionally, the density of the mitochondria
was decreased compared to the sham group,
which collectively suggests that the ultrastruc-
tural impairment was severe in the model
group. Treatment with RIC and AS-IV dramati-
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cally reduced the extent of the mitochondrial
injury, decreased the ratio of mitochondrial
swelling, and improved the organization of the
myofilament alignment. Hence, the combina-
tion therapy yielded optimal effectiveness, in
that irregular arrangement of the myofilaments
was rarely observed and the mitochondrial inju-
ry was minimal, which correlated with the
apparent macro pathological changes.

Discussion

Recent studies have indicated that RIC is a
potentially effective strategy for alleviating left
ventricular remodeling induced by AMI [28].
Compared to IPC, the application of RIC is
thought to be more feasible in clinical practice
because the protocol can be applied to a
remote site using a blood pressure cuff, by
increasing the pressure 20 mmHg greater than
the patient’s systolic blood pressure (SBP), and
by leaving the cuff inflated for a specified
amount of time prior to deflation [29]. Despite
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the major advantages of RIC, its capacity for
cardioprotection appears inferior to IPC and
IPOST [14-16]. Hence, increasing the cardiopro-
tection afforded by RIC should be clinically
relevant.

In the present study, treatment with RIC and
AS-1V alone or in combination improved the
overall survival rate 2 weeks after the induction
of AMI. Further, although the rats in the com-
bined therapy treatment group demonstrated
the most optimal outcomes, the differences
between the treatment groups were not statis-
tically significant. The results of echocardiogra-
phy revealed that RIC therapy combined with
AS-IV offered the most robust protection
against the deterioration of systolic dysfunction
and ventricular dilation. Consistently, the mea-
surement of infarcted size by TTC staining sug-
gested that the combination treatment exerted
powerful infarct-sparing effects. All the data
obtained support the hypothesis that AS-IV
reinforces the cardioprotective effects of RIC in
terms of attenuating cardiac remodeling and
improving the outcome after AMI.

After the occurrence of AMI, necrotic cardio-
myocyte death induced by hypoxia and isch-
emia invokes a series of events referred to as
myocardium fibrosis, which can prevent further
damage and rupture of the ventricular wall via
preservation of the remaining cells and replace-
ment of the dead cells [30, 31]. However, this
compensative fibrosis takes place not only in
the infarct border zone but also in the remote,
undamaged myocardium, which leads to reduc-
ed chamber compliance and increased ventric-
ular stiffness and thereby progressive develop-
ment of HF [32]. Therefore, the ability to confine
fibrosis to some degree represents an attrac-
tive target for therapeutic intervention. Prior
reports in different systems with various mech-
anisms have indicated that AS-IV has anti-
fibrotic properties [33-35], whereas only a lim-
ited number of studies have focused on the
anti-fibrotic role of RIC. In the present study, our
data indicate that the combined use of RIC and
AS-1V treatment yielded a beneficial anti-fibrotic
effect, which contributed to improved recover-
ies after AML.

The TLR4/NF-kB signaling pathway is a crucial
pro-inflammatory factor that is involved in the
pathological progression of AMI, myocardial
fibrosis, and ventricular remodeling [36-38].
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Moreover, excessive inflammation or fibrosis
has been linked to an increased incidence of
arrhythmia and other AMI-related pathologies
[39, 40]. In the present research, we observed
the upregulation of inflammatory factors in rats
with AMI and subsequent myocardial remodel-
ing, which was in accord with previous research
[41, 42]. We also demonstrated that each treat-
ment downregulated the increased expression
of TLR4/NF-kB; however, the lowest expression
levels were observed with the combined treat-
ment, which indicated that AS-IV might aug-
ment the cardioprotective properties of RIC
with respect to the anti-inflammatory activity.

It should be noted that apoptosis has been
shown to play a pivotal role in HF after AMI. In
addition, the gradual reduction in cardiomyo-
cytes is related to progressive thinning of the
infarcted site, ventricular dilatation, and the
occurrence of symptomatic HF [43]. Increas-
ing evidence suggests that ischemic-induced
apoptosis contributes to other forms of pro-
grammed cell death, including autophagic myo-
cardial cell death [44, 45]. The results of our
study suggest that the combined treatment
yielded more robust inhibition of apoptosis
after the onset of AMI in a rat model compared
to the individual treatments. The latent mecha-
nism might involve the upregulation of Bcl-2
and the inhibition of Bax, which was confirmed
to play a critical role in the process of apoptosis
[46]. Similarly, the ratio of myocardial apoptosis
in the border regions, as demonstrated by
TUNEL/DAPI immunofluorescence, correlated
with the expression of apoptotic factors.

In addition, ultrastructural impairment, which
reflects injury to the mitochondria and myofila-
ments, was also evaluated in the current study.
A growing number of studies have reported per-
suasive evidence that mitochondrial dysfunc-
tion might be closely involved in the progres-
sion of hypertrophy and HF [47]. As shown in
our research, AS-IV treatment enhanced the
protective effects of RIC with respect to mito-
chondrial injury compared to the untreated
group. In fact, myofilament injury, which is
associated with the contractility of cardiac
muscle fibers, was the mildest in the combined
treatment group compared with the other treat-
ment groups.

To the best of our knowledge, this is the first
study to demonstrate the efficacy of RIC thera-
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py alone and in combination with AS-IV in a
chronic AMI model, which is clinically relevant.
Our findings indicate that the combination of
RIC and AS-IV could be a promising and effec-
tive strategy against the progression of heart
remodeling and HF after AMI. However, our
study had several limitations. First, the coordi-
nated therapeutic effects might involve multi-
ple signaling pathways and there could be over-
lap and crosstalk in these signaling pathways
caused by the activation of both therapies;
thus, further studies are required to determine
the definitive relationship between the differ-
ent pathways. Second, the intensity of the car-
dioprotective effects induced by RIC was asso-
ciated with tissue volume and a protocol that
entailed a specific ischemic stimulus, duration
of ischemia, and times of the cycles [48].
Hence, whether different RIC protocols will
yield different protective effects against post-
AMI ventricular remodeling requires further
investigation. Third, the evaluation of survival
rate in this study did not yield statistically sig-
nificant differences due to the limited sample
Slze.

In conclusion, the results of the present study
demonstrate that AS-IV enhanced the cardio-
protective effects of RIC after AMI with respect
to alleviating myocardial fibrosis, suppressing
inflammation, reducing apoptosis, and amelio-
rating myocardial ultrastructural impairment,
which led to a further reduction in myocardial
injury and improved outcomes compared with
the individual treatments. However, the mecha-
nism behind the protective effects of the com-
bined pharmacological treatment and RIC
requires further investigation.
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