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Abstract. - OBJECTIVE: This study aimed to
investigate the therapeutic effects and underly-
ing mechanisms of Sankudiwan (SKDW) on myo-
cardial ischemia-reperfusion injury (MIRI) in a
rat model.

MATERIALS AND METHODS: Rats were sub-
jected to MIRI and treated with varying doses of
SKDW. The myocardial infarct size, cardiac func-
tion, histological changes, apoptosis, and in-
flammation were assessed using TTC staining,
echocardiography, Hematoxylin and Eosin (HE)
staining, TUNEL staining, and ELISA assays. We
further explored SKDW'’s influence on cardio-
myocyte mitochondria and inflammatory factor
expression. Moreover, oxidative stress-related
parameters and differentially expressed genes
were analyzed using bioinformatics approaches.

RESULTS: SKDW significantly reduced myo-
cardial infarct size and improved cardiac function,
demonstrating a dose-dependent therapeutic po-
tential. It ameliorated myocardial tissue damage
at the histological level, inhibited cardiomyocyte
apoptosis, and mitigated inflammatory response.
SKDW also enhanced mitochondrial energy me-
tabolism and suppressed the levels of oxidative
stress markers. Bioinformatics analysis identi-
fied key differentially expressed genes (DEGs),
including cbin1, Tgm1, Trh, and Ccl27, possibly
mediating the therapeutic effects of SKDW.

CONCLUSIONS: SKDW exerts its therapeutic
effects on MIRI through the modulation of sever-
al genes and pathways related to inflammation,
apoptosis, mitochondrial function, and oxidative
stress. Our findings provide a scientific basis for
the clinical application of SKDW in the treatment
of MIRI.
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Introduction

Myocardial Ischemia-Reperfusion Injury (MIRI)
remains a significant cause of morbidity and mor-
tality in cardiovascular diseases across the globe,
affecting millions of people each year'. Despite the
improvement in early revascularization strategies,
MIRI continues to pose substantial challenges, pri-
marily due to the paradoxical exacerbation of myo-
cardial injury following reperfusion, a process often
referred to as “reperfusion injury’”.

Clinical management of MIRI predominantly
involves interventions aimed at restoring coronary
blood flow and minimizing myocardial damage.
However, the phenomenon of “reperfusion inju-
ry” renders this a double-edged sword, leading to
further myocardial damage even after successful
revascularization®. Additionally, the current phar-
macological treatments have yielded only modest
reductions in infarct size and improvements in
long-term clinical outcomes, revealing a substan-
tial therapeutic gap in managing MIRI.

The use of traditional Chinese medicine (TCM)
in the treatment of myocardial ischemia-reper-
fusion injury (MIRI) has gained significant at-
tention due to its potential in alleviating cardiac
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injury and restoring heart function®. Multiple
components found in TCM, such as saponins, fla-
vonoids, and alkaloids, have demonstrated bene-
ficial effects in reducing inflammation, oxidative
stress, and cardiomyocyte apoptosis, key patho-
logical processes in MIRI®. Despite these promis-
ing findings, the use of TCM in MIRI treatment
is not without limitations. Many studies lack rig-
orous design and robust analysis, resulting in the
potential for bias and confounding factors®. Fur-
thermore, the specific mechanisms underlying the
therapeutic effects of TCM in MIRI are not fully
understood, mainly due to the complex nature
of TCM compounds and the intricate interplay
between different signaling pathways in MIRI.
Therefore, more high-quality studies are warrant-
ed to explore the potential benefits and underlying
mechanisms of TCM in MIRI treatment.

Sankudiwan (SKDW), an intriguing focus of
our study, is a traditional Chinese herbal formu-
lation comprised of two central medicinal herbs,
Sanqi and Crepidiastrum sonchifolium. Sanqi,
also known as Panax notoginseng, is a tradition-
al Chinese herb that has been used for centuries
in traditional Chinese medicine. It is known for
its various pharmacological effects and health
benefits. One of the key benefits of Sanqi is its
ability to promote blood circulation and relieve
blood stasis. It has been traditionally used to treat
various conditions related to poor blood circula-
tion, such as bruises, bleeding, and cardiovascu-
lar diseases’. Sanqi contains active compounds
called saponins, which have been found to have
anti-inflammatory, antioxidant, and antithrom-
botic properties®. These properties contribute to
its ability to improve blood flow and prevent the
formation of blood clots®. Crepidiastrum sonchi-
folium is an annual forb plant native to East Asia,
including China and Korea. It belongs to the As-
teraceae family and is known for its various uses
in traditional medicine and culinary applications’.
It is extensively used in herbal medicines in East
Asia, particularly for treating conditions such as
inflammation, blood circulation disorders, and
eye-related diseases’. The combination of these
herbs in SKDW enhances their therapeutic poten-
tial, synergistically promoting blood circulation,
resolving stasis, and alleviating pain. The pros-
pect of SKDW’s therapeutic effects against MIRI
motivates the investigation of its potential and the
mechanisms at play in this study.

In light of the prevailing challenges in MIRI
treatment and the potential therapeutic promise of
SKDW, we embarked on this study to investigate

the therapeutic potential and mechanisms of ac-
tion of SKDW in MIRI. We aim to enhance our
understanding of the pathophysiology of MIRI
and contribute towards the development of more
effective therapeutic strategies.

Materials and Methods

Ethic Statement and Grouping

Seventy specific-pathogen-free (SPF) SD rats
(6-7 weeks old, weighing 200-220 g) were adap-
tively raised for 7 days. These rats were randomly
divided into five groups: Control, Sham, Sanku
Dropping Pill (high, medium, low dosage), and a
positive control group [Danshen dropping pills,
(DSDP)], each group consisting of 10 rats. After
7 days of consecutive gavage, the rat myocardial
ischemia-reperfusion injury (MIRI) model was
constructed (ischemia for 30 minutes, reperfusion
for 2 hours).

(1) Control group: no interventions were car-
ried out on the rats in this group.

(2) Sham group: rats were administered an
equivalent volume of 0.5% sodium carboxymeth-
yl cellulose solution for 7 days, after which surgi-
cal modeling was conducted without occlusion of
blood flow.

(3) MIRI group: rats were administered an
equivalent volume of 0.5% sodium carboxymeth-
yl cellulose solution for 7 days, after which isch-
emia was induced for 30 minutes, followed by
reperfusion for 2 hours.

(4) San Kudri Myrobalan group: rats in the low,
medium, and high dosage groups were daily ga-
vaged with San Kudri Myrobalan at 0.8 (20 times
the normal adult dosage), 1.6 (40 times the normal
adult dosage), and 3.2 g/kg (80 times the normal
adult dosage), respectively. The modeling was
conducted after the final dose administration.

(5) Positive control group (Danshen dropping
pills): rats were daily gavaged with Danshen drop-
ping pills at 0.4 g/kg for 7 days. The modeling
was conducted after the final dose administration.

After the completion of modeling, fecal tis-
sue samples were collected from each group and
stored at -80°C. After ultrasonically assessing
cardiac functions, serum and myocardial tissue
were collected from each rat. Half of the myocar-
dial tissue was fixed in 4% paraformaldehyde, and
the other half was stored at -80°C.

All experimental procedures were performed
in accordance with the ARRIVE guidelines
(www.nc3rs.org.uk/ARRIVE) and the National
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Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-
23, revised 1996). This study was approved by the
Ethics Committee of our institution (Approval
No. 2021442).

Establishment of Myocardial Ischemia-
Reperfusion Injury Rat Model

The myocardial ischemia-reperfusion injury
(MIRI) model was established using a method
adapted from the literature'’. After anesthetizing
the rats with 2% pentobarbital sodium (50 mg/
kg) injected intraperitoneally, they were placed in
the supine position on a heated pad to maintain a
body temperature of 37°C. A tracheal intubation
was performed for ventilation with a small animal
respirator, setting the tidal volume at 10 ml/kg
and maintaining the respiratory rate at 70 breaths
per minute. Subsequently, a left thoracotomy was
carried out at the fourth intercostal space to ex-
pose the heart, followed by identifying and ligat-
ing the left anterior descending coronary artery
(LAD) with a 6-0 silk suture. The left ventricle’s
anterior wall discoloration confirmed occlusion.
For the ischemia phase, the LAD was ligated for
30 minutes, then the ligature around the LAD was
released allowing for reperfusion, which was con-
firmed by the return of color to the anterior wall
of the left ventricle and lasted for 2 hours. For
the Sham group, the procedure was carried out
identically, but without ligating the LAD, there-
fore not interrupting the blood flow. At the end of
the experiment, rats were euthanized under deep
anesthesia and tissues were harvested for further
analysis. The entire procedure was performed
with aseptic precautions.

Triphenyl Tetrazolium Chloride (TTC)
Staining

Sprague-Dawley rats were anesthetized, and
their hearts were extracted, flash-frozen at -20°C
for 20 minutes, and then sectioned into 5-6 slic-
es (2 mm thick each). The slices were incubated
in 2% TTC solution, covered, and heated at 37°C
for 15-30 minutes. Post incubation, images were
captured for myocardial infarction area analysis
using Image-Pro Plus 6.0 software.

Echocardiographic Assessment of Rat
Hearts

For this procedure, one rat was randomly se-
lected from each group. The selected rats were
anesthetized and secured in a supine position.
Hair from the left anterior chest area was re-
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moved using a 10% sodium sulfide solution to
ensure optimal imaging quality. A blinded op-
erator performed echocardiographic evaluations
of the left ventricular function. Measurements
taken included: left ventricular end-diastolic di-
ameter (LVEDd), left ventricular end-systolic
diameter (LVESd), end-diastolic left ventricular
volume (LVEDV), end-systolic left ventricular
volume (LVESV), left ventricular ejection frac-
tion (LVEF), and left ventricular fractional short-
ening (LVFS). These parameters provide a com-
prehensive assessment of the functional status of
the left ventricle.

TUNEL and Hematoxylin and Eosin (HE)
Staining of Rat Heart Tissue

To conduct the histopathological analysis,
hearts were extracted, and the ventricular cham-
ber was rinsed with saline. The external morphol-
ogy of the hearts was observed visually. Ventric-
ular samples were then excised and fixed in 4%
polyformaldehyde. Post-fixation, tissues under-
went dehydration and were subsequently embed-
ded in paraffin. The paraffin-embedded tissue
samples were then sectioned. Hematoxylin and
Eosin (HE) staining was performed on the sec-
tions to analyze the infiltration of inflammatory
cells. This process ensured comprehensive histo-
logical examination and enabled the identification
of changes in the heart tissue due to the disease
and subsequent treatment.

Transmission Electron Microscopy
Analysis of Cardiomyocyte Mitochondria
For each group, one rat was randomly selected.
The rats were anesthetized, and the hearts were
swiftly removed and immersed in 2.5% glutaral-
dehyde solution (Sigma-Aldrich, St. Louis, MO,
USA) at 4°C for 24 hours for primary fixation.
Tissue samples from the left ventricle were then
excised, approximately 1 mm in size, and kept
in the same fixative at 4°C until further process-
ing. Post-fixation was performed in 1% osmium
tetroxide (OsO,; Sigma-Aldrich, St. Louis, MO,
USA) for 2 hours at room temperature, followed
by a series of dehydration steps in graded ethanol
concentrations (50%, 70%, 90%, and 100%) and
propylene oxide. The samples were then embed-
ded in Epon 812 resin (Sigma-Aldrich, St. Louis,
MO, USA) and polymerized at 60°C for 48 hours.
Ultrathin sections (70 nm) were cut using an ul-
tramicrotome (Leica Microsystems, Wetzlar, Ger-
many) and collected on 200 mesh copper grids.
The grids were stained with uranyl acetate and
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lead citrate (Sigma-Aldrich, St. Louis, MO, USA)
to enhance the contrast. Images of the mitochon-
dria were captured using a transmission electron
microscope (Hitachi, Tokyo, Japan) to study their
morphology, division, and aggregation. Special
attention was paid to any observable alterations
in the cardiomyocyte autophagy status. Image
acquisition and analysis were performed by a re-
searcher blinded to the experimental groups.

Enzyme-Linked Immunosorbent Assay
(ELISA)

In our study, serum and myocardial tissue bio-
markers were analyzed using ELISA kits. Serum
biomarkers including cardiac troponin I (cTnl),
interleukins (IL-6, I1L-10, 1L-13, and IL-4), tu-
mor necrosis factor-alpha (TNF-a), creatine ki-
nase (CK), aspartate aminotransferase (AST),
lactate dehydrogenase (LDH), nitric oxide (NO),
malondialdehyde (MDA), superoxide dismutase
(SOD), and myeloperoxidase (MPO) were as-
sessed using specific ELISA kits, following the
manufacturer’s instructions. Similarly, myocardi-
al tissue biomarkers, including NO, MDA, SOD,
MPO, and CK, were also quantified using spe-
cific ELISA kits. All the assays were conducted
strictly adhering to the protocols provided with
the respective kits (Nanjingjiancheng, China).
To ensure the accuracy of the results, all sam-
ples were analyzed in triplicate. The absorbance
was measured at the specified wavelength using
a microplate reader, and the concentration of each
biomarker was calculated from the standard curve
generated for each assay.

Quantitative Reverse Transcription
Polymerase Chain Reaction (RT-qPCR)

The expression levels of specific genes (TNF-a,
IL-4, IL-6, IL-10, and 1L-13) in myocardial tissue
were measured using RT-qPCR. The total RNA
was extracted from the tissue samples using the
RNeasy Mini Kit (Qiagen, Germany). Comple-
mentary DNA (cDNA) was synthesized from
the total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems,
USA). Subsequently, gPCR was conducted using
the PowerUp SYBR Green Master Mix (Applied
Biosystems, USA) on a StepOnePlus Real-Time
PCR System (Applied Biosystems, USA). The
primer sequences for TNF-a, 1L-4, 1L-6, 1L-13,
and GAPDH were designed and synthesized by
Integrated DNA Technologies (USA). Each reac-
tion was performed in triplicate, and the results
were analyzed using the 2*"-AACT method.

Transcriptomic Analysis and Pathway
Enrichment

In this research, we utilized transcriptome se-
quencing to analyze gene expression alterations
in rat myocardial tissue samples post-SKDW
treatment for MIRI. We extracted total RNA from
the samples via the TRIzol Reagent (Invitrogen,
USA) and evaluated its integrity using the Bioan-
alyzer 2100 system (Agilent Technologies, USA).
Using the NEBNext Ultra RNA Library Prep Kit
(New England Biolabs, USA), we prepared librar-
ies following the manufacturer’s protocol, and
performed sequencing on an Illumina Novaseq
platform (Illumina, USA). The raw reads gener-
ated were cleaned and mapped to the rat reference
genome (Rnor 6.0) using Hisat2. We then con-
ducted GSEA to identify significantly enriched
pathways in DEGs using the KEGG database,
with all bioinformatics analyses performed using
R (version 3.6.3) and Bioconductor, and a false
discovery rate (FDR) controlled by the Benjamini
and Hochberg’s approach. An adjusted p-value of
< 0.05 was deemed statistically significant.

Statistical Analysis

All statistical analyses were conducted us-
ing IBM SPSS Statistics software (International
Business Machines Corp., Armonk, NY, USA)
and GraphPad Prism (GraphPad Software, Inc.,
LaJolla, CA, USA). Data are represented as mean
+ standard deviation (SD) of three independent
replicate experiments. Significance was deter-
mined by one-way analysis of variance (ANOVA)
followed by the Student’s #-test. Statistical signif-
icance was set at *p < 0.05, **p < 0.01, ***p <
0.001, in comparison with the control group.

Results

Evaluation of SKDW's Therapeutic
Impact on Myocardial Ischemia-
Reperfusion Injury (MIRI)

To evaluate the therapeutic effect of SKDW on
MIRI, we administered three different doses of
SKDW (high, medium, and low), with the clini-
cally recognized effective treatment, DSDP, serv-
ing as the positive control. TTC staining results
indicated no myocardial infarction in the control
group, minimal infarction in the Sham group,
while the most extensive myocardial infarction
was observed in the Model group. SKDW signifi-
cantly reduced the infarct size in a dose-depen-
dent manner. The high-dose SKDW (SKDW-H)
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treatment demonstrated the most efficacy, com-
parable to the DSDP group (Figure 1A, C). Echo-
cardiogram results showed a significant decrease
in fractional shortening (FS) and ejection fraction
(EF) in the model group compared to both the
control and sham groups. However, SKDW ad-
ministration displayed a dose-dependent recovery
of cardiac function, with no significant difference
noted between the high-dose SKDW (SKDW-H)
and DSDP groups (Figure 1B, D, E). Further-
more, in comparison to the Control and Sham
groups, cardiac troponin I (cTnl) was significant-
ly upregulated in the Model group. Meanwhile,
SKDW showed a dose-dependent reduction in its

expression (Figure 1F). These results suggest that
SKDW exhibits therapeutic potential for MIRI,
with the high-dose SKDW (SKDW-H) showing
the greatest effectiveness.

HE Staining Assessment of the
Therapeutic Effect of SKDW on Infarcted
Myocardial Tissue

To further elucidate the therapeutic efficacy of
SKDW, histological changes in the infarcted myo-
cardial tissue were observed using Hematoxylin
and Eosin (HE) staining. In the Control and Sham
groups, rat myocardial tissues exhibited well-ar-
ranged muscle fibers and evenly distributed cell

(A) TTC (B)

Control

Echocardiography ©)

Infarct volume(%)

Figure 1. Evaluation of Sankudiwan (SKDW) therapeutic impact on myocardial ischemia-reperfusion injury (MIRI). A,
TTC-stained myocardial tissues from seven experimental groups: control, sham, model, low-dose SKDW (SKDW-L), me-
dium-dose SKDW (SKDW-M), high-dose SKDW (SKDW-H), and positive control (DSDP). B, Echocardiogram images dis-
playing the cardiac function of the different groups. C, Quantitative analysis of the infarct size area. D, Fractional shortening
(FS) and (E) Ejection fraction (EF) data obtained from the echocardiography. F, Cardiac troponin I (cTnl) expression levels
determined by ELISA. ns: not significant, *p < 0.05, and **p < 0.01.
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Control

Figure 2. Hematoxylin and Eosin (HE) staining assessment of the therapeutic effect of SKDW on infarcted myocardial tissue.
HE-stained myocardial tissues from seven experimental groups: control, sham, model, low-dose SKDW (SKDW-L), medi-
um-dose SKDW (SKDW-M), high-dose SKDW (SKDW-H), and positive control (DSDP).

nuclei. Conversely, the model group showed dis-
organized muscle fiber arrangement and an abun-
dance of clustered cell nuclei. Post-SKDW treat-
ment, a marked improvement was seen in muscle
fiber arrangement, and a reduction in nuclear
clustering was observed. Notably, myocardial tis-
sue from the high-dose SKDW (SKDW-H) group
bore a resemblance to that of the DSDP group.
These results confirm that SKDW can ameliorate
myocardial tissue damage at the histological level
(Figure 2).

Assessment of SKDW's Influence on
Cardiomyocyte Apoptosis Using TUNEL
Staining

Further, we employed TUNEL staining to
evaluate the impact of SKDW on cardiomyocyte
apoptosis. The findings revealed that nearly no
TUNEL-positive cells were detectable in the con-
trol and sham groups, signifying minimal apop-
tosis. However, the model group exhibited a sig-
nificant number of apoptotic cells. Compared to
the model group, SKDW treatment resulted in a
dose-dependent reduction in the quantity of apop-
totic cells. Importantly, no statistically significant
difference was noted in the number of apoptotic
cells between the high-dose SKDW (SKDW-H)
group and the DSDP group. These results suggest
that SKDW can dose-dependently inhibit cardio-
myocyte apoptosis (Figure 3).

Exploring the Therapeutic Mechanism of
SKDW on Cardiomyocyte Mitochondria

To understand the therapeutic mechanisms
of SKDW, we further evaluated its influence on
cardiomyocyte mitochondria. In the Control and
Sham groups, cardiomyocyte mitochondria ex-
hibited fusiform and round shapes, with clearly
discernible cristae structures. However, in the
Model group, the mitochondria appeared shrunk-
en or swollen, with obscured mitochondrial mem-
brane clarity. Upon treatment with SKDW, im-
provements in mitochondrial morphology were
evident, with the most pronounced effects ob-
served in the SKDW-H group (Figure 4). These
findings suggest that the therapeutic effects of
SKDW could potentially be attributed to its in-
fluence on mitochondrial energy metabolism in
cardiomyocytes.

Evaluation of the Therapeutic Effects
of SKDW on Inflammatory Factor
Expression

To further evaluate the therapeutic effects of
SKDW, we used ELISA and RT-qPCR to mea-
sure the expression levels of several inflammato-
ry factors in the blood and myocardial tissues. In
the control and sham groups, the expression levels
of TNF-a, IL-4, IL-6, and IL-13 were relatively
low in both the rat serum and myocardial tissues.
However, their expression levels markedly in-
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creased in the model group. Interestingly, the ad-
ministration of SKDW demonstrated a dose-de-
pendent reduction in these inflammatory factors
compared to the model group. On the contrary,
the expression of IL-10 was comparatively high in
the control and sham groups but significantly de-
creased in the model group. This downward trend
was effectively countered by a dose-dependent in-
crease in IL-10 expression with SKDW treatment.
These results suggest that SKDW can significant-
ly suppress the levels of inflammatory factors in
both myocardial tissues and blood (Figure 5), fur-
ther confirming its therapeutic potential.

Assessment of the Effect of SKDW on
Oxidative Stress

Oxidative stress plays a pivotal role in the mo-
lecular mechanism of myocardial ischemia-reper-
fusion injury (MIRI). Consequently, we evaluated
several oxidative stress-related parameters in the
blood serum and myocardial tissues. In the serum
of the control and sham groups, the levels of NO,
MDA, MPO, FG, LDH, and AST were relatively
low, while the SOD level was high. Conversely,
the model group exhibited a substantial increase
in the levels of NO, MDA, MPO, FG, LDH, and
AST, alongside a significant reduction in SOD.
The administration of SKDW led to a dose-de-
pendent inhibition of NO, MDA, MPO, FG, LDH,
and AST levels, while simultaneously enhancing
SOD levels. Similarly, in the myocardial tissues,
the control and sham groups presented with low
expression levels of NO, MDA, MPO, and CK

and higher expression levels of SOD. However,
the model group showed a pronounced increase
in the expression of NO, MDA, MPO, and CK.
SKDW, in a dose-dependent manner, suppressed
the expression of NO, MDA, MPO, and CK in
myocardial tissue, while enhancing SOD expres-
sion (Figure 6). These results suggest that SKDW
could mitigate the oxidative stress condition in
both myocardial tissues and systemically, rein-
forcing its therapeutic potential.

Identification of Key Differentially
Expressed Genes Mediating the
Therapeutic Effects of SKDW on MIRI

To further delineate the molecular mechanism
underlying the treatment of myocardial isch-
emia-reperfusion injury (MIRI) by SKDW, we
performed RNA sequencing to detect differen-
tial gene expressions among the groups. Our data
revealed that 1,927 genes were upregulated and
2,713 genes were downregulated in the model
group compared to the Sham group. When com-
pared to the Model group, the SKDW-L group
showed an upregulation of 1,267 genes and a
downregulation of 2,713 genes. The SKDW-M
group exhibited an upregulation of 1,369 genes
and a downregulation of 2,351 genes. Intriguing-
ly, the SKDW-H group only showed an upregu-
lation of 167 genes and a downregulation of 195
genes compared to the model group (Figure 7).

Gene Ontology (GO) analysis indicated that the
upregulated genes in the model group compared
to the sham group were primarily associated with

Control
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Figure 3. TUNEL staining assessment of the therapeutic effect of SKDW on infarcted myocardial tissue. TUNEL stained
myocardial tissues from seven experimental groups: Control, Sham, Model, low-dose SKDW (SKDW-L), medium-dose
SKDW (SKDW-M), high-dose SKDW (SKDW-H), and positive control (DSDP). ns: not significant, *p < 0.05, and **p < 0.01.
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Control

Figure 4. Exploring the therapeutic mechanism of SKDW on cardiomyocyte mitochondria.

oxidoreductase activity and catalytic activity.
In contrast, downregulated genes were main-
ly involved in signal transduction and immune
response. The downregulated genes in the SK-
DW-H group compared to the model group were
mostly involved in immune response and extra-
cellular region, while upregulated genes were
predominantly associated with plasma membrane
and homophilic cell adhesion via plasma mem-
brane (Figure 8).

KEGG pathway analysis showed that upregu-
lated genes in the model group compared to the
sham group were mainly implicated in the bio-
synthesis of secondary metabolites, thermogen-
esis, oxidative phosphorylation, and microbial
metabolism in diverse environments. On the oth-
er hand, downregulated genes were primarily in-
volved in cytokine-cytokine receptor interaction,
phagosome, and chemokine signaling pathways.
In the SKDW-H group compared to the model
group, the downregulated genes were primarily
involved in cytokine-cytokine receptor interac-
tion, while upregulated genes were mostly associ-
ated with hematopoietic cell lineage, peroxisome,
and chemokine signaling pathway (Figure 9).

We speculated that SKDW may exert its effects
by modulating the expression of certain genes.
Therefore, we utilized Venn diagrams to identify
shared differentially expressed genes among the
different groups. Specifically, we intersected up-
regulated/downregulated gene sets from model/
sham with the downregulated/upregulated gene
sets from SKDW/Model to pinpoint key genes in-
volved in the therapeutic effects of SKDW. Our

results demonstrated that the gene cblnl was a
shared gene among the downregulated gene sets
in the SKDW-H/Model and SKDW-M/Model and
the upregulated gene set in model/sham. Sim-
ilarly, Tgml, Trh, and Ccl27 were shared genes
among the upregulated gene sets in the SKDW-H/
Model and SKDW-M/Model and the downregu-
lated gene set in Model/Sham (Figure 10). Hence,
we posit that SKDW may exert its therapeutic
effects by modulating the expression of cbinl,
Tgml, Trh, and Ccl27.

Discussion

Our findings underscore the dose-dependent
therapeutic impact of SKDW on MIRI. This is
marked by reduced myocardial infarction, en-
hanced cardiac function, and minimized myocar-
dial tissue damage and cardiomyocyte apoptosis.
Specifically, SKDW significantly diminished in-
farct size, displayed a dose-dependent recovery
of cardiac function, and led to a dose-dependent
reduction in cInl, a marker of cardiac injury.
Furthermore, SKDW treatment induced notable
improvements in myocardial tissue arrangement
and reduced nuclear clustering, along with a sub-
stantial decrease in cardiomyocyte apoptosis. Ad-
ditionally, through bioinformatics analysis, our
study unraveled differential gene expressions that
may mediate the therapeutic effects of SKDW on
MIRI. Importantly, cblnl, Tgml, Trh, and Ccl27
were identified as potential key genes, suggesting
that the therapeutic effects of SKDW might be
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Figure 5. Evaluation of the therapeutic effects of SKDW on inflammatory factor expression. A-E, ELISA analysis of serum
levels of inflammatory factors including TNF-a, IL-13, IL-10, IL-6, and IL-4, respectively, shown by the histogram, from
Control, Sham, Model, SKDW-L, SKDW-M, SKDW-H, and DSDP groups. F-J, RT-qPCR analysis of the expression levels
of TNF-a, IL-13, IL-10, IL-6, and IL-4 in the myocardial tissues represented by the histogram. ns: not significant, *p < 0.05,
and **p <0.01.

achieved by modulating the expression of these
genes. These results offer further insights into
the underlying molecular mechanism of SKDW’s
therapeutic potential in the context of MIRI. Tak-
en together, these results validate the potential
therapeutic benefits of SKDW against MIRI, par-
ticularly in its high-dose form.
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Inhibiting cardiomyocyte apoptosis is of par-
amount importance in mitigating myocardial
ischemia-reperfusion injury (MIRI), as apoptosis
is a principal form of cell death in MIRI, lead-
ing to loss of functional myocardium and even-
tually heart failure!'. Several key pathways have
been identified as contributing factors to cardio-
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Figure 6. Assessment of the effect of SKDW on oxidative stress. A-G, ELISA analysis of serum levels of oxidative indicators including NO, MDA, MPO, SOD,
FG, LDH, and AST, respectively, shown by the histogram, from Control, Sham, Model, SKDW-L, SKDW-M, SKDW-H, and DSDP groups. H-L, ELISA analysis
of the expression levels of NO, MDA, MPO, SOD and CK in the myocardial tissues, represented by the histogram. ns: not significant, *p < 0.05, and **p < 0.01.
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Figure 7. DEGs analyzed by heat map.

myocyte apoptosis in MIRI, including the in-
trinsic mitochondrial pathway, extrinsic death
receptor pathway, and endoplasmic reticulum
stress pathway'?. These pathways, often activat-
ed by oxidative stress and inflammation, disrupt
cellular homeostasis, leading to cardiomyocyte
apoptosis'®. In comparison to existing literature
that primarily focuses on individual targets or
pathways, our research provides a comprehensive
investigation into the multi-targeted therapeutic
effects of Sankudiwan (SKDW). Our findings
show that SKDW not only reduces myocardi-
al tissue damage and cardiomyocyte apoptosis
but also improves cardiomyocyte mitochondrial
morphology, furthering our understanding of the
compound’s efficacy against MIRI. These results
highlight the potential of SKDW as a promising
therapeutic agent for MIRI, warranting further
clinical exploration.

Oxidative stress and inflammatory response
play pivotal roles in the pathogenesis of myocar-
dial ischemia-reperfusion injury (MIRI), leading
to the initiation of cardiomyocyte apoptosis and
consequent loss of myocardial tissue'*. Many tra-
ditional Chinese medicines, such as Salvia mil-
tiorrhiza, Panax notoginseng, and Astragalus
membranaceus, have been demonstrated to exert
protective effects against MIRI, mainly through
their antioxidant, anti-apoptotic, and anti-inflam-
matory properties'®. However, compared to these
studies'*'* focusing on single herbs, our investi-
gation delves into the multi-faceted effects of
Sankudiwan (SKDW), an herbal compound. Our
results elucidate that SKDW not only attenuates
myocardial tissue damage and cardiomyocyte

apoptosis but also improves the morphology of
cardiomyocyte mitochondria. This highlights the
potential of SKDW as a promising therapeutic
strategy for MIRI.

Our RNA sequencing results, in conjunction
with GO and KEGG pathway analyses, have re-
vealed several key genes — cbinl, Tgml, Trh, and
Ccl27 — that may underpin the therapeutic effect of
SKDW on MIRI. Cblnl, primarily expressed in the
cerebellum, plays an integral role in synapse integ-
rity and function and has been associated with car-
diac function, implying its potential involvement
in cardioprotection’s. Tgml is involved in pro-
cesses such as inflammation, fibrosis, and wound
healing, suggesting that its upregulation by SKDW
might contribute to the repair and regeneration of
myocardial tissue following ischemia-reperfusion
injury”. Thyrotropin-releasing hormone (Trh) has
been reported to exert cardioprotective effects, po-
tentially by inhibiting apoptosis, enhancing myo-
cardial contractility, and ameliorating reperfusion
injury'®. Ccl27, which regulates inflammation and
immune response, could be instrumental in SK-
DW’s anti-inflammatory action”. These findings
add new dimensions to our understanding of SK-
DW’s therapeutic mechanism in MIRI, warranting
further exploration.

Limitations

Despite the promising results, this study does
have certain limitations. First, it was conducted
exclusively in a rat model, which may not en-
tirely mimic the human condition, considering
interspecies differences. Additionally, our study
lacks longitudinal data to assess the long-term



Multi-targeted therapeutic effects of Sankudiwan (SKDW) in myocardial ischemia-reperfusion injury

Model/Sham(UP)

SKDW-H /Model(Down)

2 o GO Term Envichment

-

oeee.;
sgasal

Statstios of GO Teem Envichmant
(Signican

w—

eees.: W
seserl g

Gevseo

SKDW-M/Model(Down)

‘Siatiics o GO Term Envichment
cant

-l
-

]

eeee.: W
sassuld gp
eseees W
ssaesd gog

e

Model/'Sham(Down) SKDW-H /Model(UP) SKDW-M/Model(UP) SKDW-L /Model(UP)
Figure 8. GO analysis of DEGs from different groups.
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Figure 9. KEGG analysis of DEGs from different groups.

effect and safety of SKDW treatment. Further-
more, the specific molecular mechanisms through
which SKDW exerts its therapeutic effects re-
main unclear and warrant more comprehensive
investigation. For future research, we recommend
validating these preliminary findings in larger,
multicentric trials, and potentially in different
animal models. Translating these findings into
clinical practice will also require rigorous clinical

trials to assess the safety, tolerability, and efficacy

of SKDW in patients with myocardial infarction.
Conclusions

Our study suggests that SKDW alleviates

MIRI in rats by modulating several key bio-
logical processes and pathways, shedding new
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Figure 10. Venn analysis of DEGs from different groups.

light on the potential use of this traditional Chi-
nese medicine in MIRI management. However,
more detailed mechanistic studies and clinical
trials are needed to confirm these findings and
to guide the safe and effective use of SKDW in
clinical settings.
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