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Background: Ischemia-reperfusion (I/R) injury is a major contributor to myocardial dysfunction and tissue damage. A natural
alkaloid-Berberine having a wide range of pharmacological properties, has garnered interest for its potential cardioprotective proper-
ties. This study aimed to investigate the protective effects of berberine on myocardial tissue in a rat model of myocardial ischemia-
reperfusion (I/R) injury. Additionally, the study explored the role of the miR-184/NOTCHI1 signaling pathway in mediating these
effects.

Methods: Male Wistar rats were randomly assigned to five groups: sham-operated control, I/R injury, I/R treated with berberine, I/R
treated with inhibitor NC and I/R treated with a miR-184 inhibitor. The I/R injury was induced by ligating the left anterior descending
(LAD) coronary artery for 30 minutes, followed by 2 hours of reperfusion. Berberine was administered orally at 100 mg/kg/day for
2 weeks, and the miR-184 inhibitor was administered via intraperitoneal injection. Hemodynamic parameters were recorded using
a pressure sensor connected to a catheter inserted into the left ventricle. Myocardial infarct size was assessed using TTC staining,
while histological and molecular changes were evaluated through H&E staining, TUNEL assay, and Western blotting. The expression
levels of target genes were analyzed using quantitative real-time PCR (qQRT-PCR).

Results: Berberine significantly reduced myocardial infarct size and improved hemodynamic parameters compared to the untreated I/
R group. Additionally, berberine treatment attenuated apoptosis as evidenced by decreased TUNEL-positive cells. The miR-184
inhibitor also demonstrated protective effects by modulating key signaling pathways involved in myocardial injury. Western blot
analysis revealed downregulation of NOTCHI1 and HES1 expression in treated groups, indicating a potential mechanism for the
observed cardio protection.

Conclusion: Berberine and miR-184 inhibition offer significant protection against myocardial ischemia-reperfusion injury. These
findings suggest that targeting miR-184 and associated pathways may be a promising therapeutic strategy for reducing cardiac damage
following ischemia-reperfusion.
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Introduction

Coronary heart disease (CHD), also known as coronary artery disease, is a major public health concern globally.' It
results from the accumulation of atherosclerotic plaques in the coronary arteries, leading to reduced blood flow to the
heart muscle. This condition often manifests as acute myocardial infarction (AMI) or angina pectoris, both of which can
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have severe health implications.? Globally, CHD is the leading cause of death, with an estimated 9.4 million deaths
attributed to it in 2019, according to the World Health Organization (WHO).> The disease’s prevalence is linked to
various risk factors, including hypertension, diabetes, smoking, and high cholesterol levels.* The global burden of CHD
is particularly concerning in high-income countries where lifestyle factors such as poor diet, lack of physical activity, and
high rates of smoking contribute significantly to its prevalence.” However, as socioeconomic conditions improve in low-
and middle-income countries, the incidence of CHD is also rising in these regions.® This shift underscores the need for
effective prevention and treatment strategies on a global scale. In China, CHD has become a pressing health issue, with
its incidence steadily increasing over recent decades. According to recent epidemiological studies, CHD is now a leading
cause of morbidity and mortality in the country.” Due to its high mortality rate, AMI is often referred to as the “number
one killer” of human health.® The advancements in coronary artery bypass surgery, percutaneous coronary intervention
(PCI), and other revascularization techniques have significantly improved the outcomes for AMI patients by restoring
blood flow to the ischemic myocardium.” However, while these procedures are essential for salvaging acutely ischemic
myocardium, the process of reestablishing blood flow can paradoxically lead to myocardial damage, a phenomenon
known as ischemia-reperfusion (I/R) injury. Mitigating I/R injury while maximizing the benefits of reperfusion therapy
remains a critical challenge in the treatment of AMIL'® Berberine, an isoquinoline alkaloid extracted from Coptidis
rhizoma, is widely recognized in traditional Chinese medicine for its heat-clearing, detoxifying, and antibacterial
properties.'’ The molecular structure of berberine, with a formula of C20H18NO4, has been extensively studied for
its pharmacological effects, particularly in the cardiovascular system. Beyond its traditional uses, berberine has demon-
strated a wide range of cardiovascular benefits, including positive inotropic effects, antiarrhythmic properties, vasodila-
tion, blood pressure reduction, and myocardial protection against ischemia.'*'* Additionally, berberine has shown
potential in managing metabolic conditions such as type-1I diabetes and obesity. Its cardiovascular benefits have led to
its clinical application in treating heart failure, arrhythmias, and hypertension, as documented in various studies.'* Given
berberine’s extensive cardiovascular effects, it is hypothesized that it may also play a protective role in myocardial
ischemia-reperfusion injury."> Previous study indicated that berberine protected Kawasaki disease-induced human
coronary artery endothelial cells dysfunction by inhibiting of oxidative and endoplasmic reticulum stress.'> The
Notchl signaling pathway, an evolutionarily conserved pathway, plays a crucial role in various cellular processes,
including cell growth, proliferation, differentiation, and organ development. Recent studies suggested that berberine
regulates many oncogenic and tumor suppressor miRNAs implicated in different phases of cancer and stable coronary
heart disease.'® Notch1 signaling is also implicated in pathological processes related to oxidative stress and inflamma-
tion, both of which are key components of ischemia-reperfusion injury. Recent research suggests that microRNAs
(miRNAs) may exert cardioprotective effects by modulating the Notchl signaling pathway.'” Specifically, certain
miRNAs have been found to activate the Notchl pathway, thereby contributing to cardio-protection.'® Despite these
findings, the involvement of the miRNA/Notchl signaling pathway in the cardioprotective effects of berberine has not
been thoroughly investigated.'® In light of these considerations, the present study aims to explore the potential
cardioprotective effects of berberine in a rat model of ischemia-reperfusion injury.? The study focuses on assessing
berberine’s impact on the miRNA/Notch1/Hes! signaling pathway within the myocardium. By elucidating the mechan-
isms through which berberine confers protection against ischemia-reperfusion injury, this research seeks to advance our
understanding of berberine’s therapeutic potential in the context of acute myocardial infarction and broader cardiovas-
cular diseases. The findings of this study could pave the way for the development of novel therapeutic strategies targeting
the miRNA/Notchl pathway, ultimately improving outcomes for patients suffering from ischemia-reperfusion injuries.

Materials and Methods

All animal experiments conducted in this study were performed in accordance with the Declaration of Helsinki. The
study was approved by the Animal Ethics Committee of Huai’an Second People’s Hospital, which ensured that all
procedures involving animal subjects were carried out with the highest ethical standards. The study adhered to all
relevant regulations regarding the use of laboratory animals, including obtaining prior approval from the Institutional
Animal Care and Use Committee (IACUC) and following the 3Rs principles—Replacement, Reduction, and Refinement.
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This commitment to ethical standards was integral to ensuring the validity of the research findings while upholding the
highest standards of animal welfare.

Agents

Berberine (CoH;§NO,) and triphenyl tetrazolium chloride (TTC) were both obtained from Sigma-Aldrich (St. Louis,
USA). Berberine was prepared by dissolving in saline for oral administration, while TTC was dissolved in saline for use
in infarct size determination through staining.

Myocardial Ischemia-Reperfusion Rat Model and Various Interventions

Male Wistar rats, aged 12 weeks and weighing between 220-250 grams, were selected for the myocardial ischemia-
reperfusion (I/R) model. Rats were maintained under a standard 12 h light: 12 h darkness cycle, and were housed in
a controlled temperature (2442 °C) and humidity (50+£5%) environment. Rats were fed with standard rat laboratory chow
and water ad libitum. For the induction of myocardial ischemia-reperfusion, the rats were first anesthetized using
intraperitoneal injections of ketamine (85 mg/kg) and xylazine (9 mg/kg). Following anesthesia, a 20 G catheter was
carefully inserted into the trachea and connected to a ventilator to maintain respiration. A midline incision was made to
expose the heart by carefully cutting the pericardium with blunt-ended scissors. The left anterior descending (LAD)
coronary artery, located approximately 2 mm below the left auricle, was temporarily ligated using a 60 polypropylene
suture and a tapered needle. This ligation induced myocardial ischemia by blocking blood flow for 30 minutes. After the
ischemic period, the suture was loosened to allow reperfusion of the myocardium for 2 hours. The rats were randomly
divided into four experimental groups (n=5 per group): (1) the sham surgery group, where rats underwent thoracotomy
without ligation of the LAD artery; (2) the I/R group, where rats underwent LAD artery ligation for 30 minutes followed
by 2 hours of reperfusion without any additional treatment; (3) the I/R + Berberine group, where rats received oral
administration of berberine at a dose of 100 mg/kg daily for 2 weeks prior to LAD artery ligation and reperfusion; (4) the
I/R + inhibitor NC group, where rats were administered inhibitor NC (Riobio, Guangzhou, China) via intraperitoneal
injection at 200nmoL daily for 2 weeks prior to LAD artery ligation and reperfusion; and (5) the I/R + miR-184 Inhibitor
group, where rats were administered miR-184 inhibitor (Riobio, Guangzhou, China) via intraperitoneal injection at
200nmoL daily for 2 weeks prior to LAD artery ligation and reperfusion. Using anesthetics or euthanasia methods during
the experimental process to alleviate the pain of animals. At the conclusion of the reperfusion period, the rats were
euthanized with a high dose of sodium pentobarbital (75 mg/kg, intraperitoneally). The chest cavity was reopened, and
the heart was carefully excised. The heart was then divided into two sections: the apex was reserved for histological
analysis, and the base was used for biochemical assays to assess tissue parameters.

Hemodynamic Detection

To assess the cardiac dysfunction induced by ischemia-reperfusion (I/R) injury, comprehensive hemodynamic measure-
ments were conducted on the experimental rats. The procedure began with the careful isolation of the right common
carotid artery (CCA). A small incision was made on the exposed right CCA to allow the insertion of a polyethylene
catheter. This catheter was carefully advanced into the left ventricle to enable accurate measurement of cardiac
parameters. Once the catheter was properly positioned within the left ventricle, it was connected to a high-precision
pressure sensor capable of capturing detailed hemodynamic data. The sensor was interfaced with LabChart-7 software,
provided by ADI Instruments, to facilitate the real-time recording and analysis of various cardiac function variables.
Several key hemodynamic parameters were continuously monitored throughout the procedure. These included the left
ventricular systolic pressure (LVSP), which reflects the pressure generated during ventricular contraction; the maximum
rate of rise of left ventricular pressure (+dp/dtmax), an indicator of the contractile strength of the heart; and the maximum
rate of decline of left ventricular pressure (-dp/dtmax), which provides insight into the rate of ventricular relaxation. The
electrophysiological recording device used for this purpose was sourced from BioPAC Systems, USA, ensuring high
accuracy and reliability of the recorded data. These measurements were crucial for evaluating the extent of cardiac
dysfunction caused by the I/R injury, providing detailed insights into the heart’s mechanical performance under the
experimental conditions.
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Quantitative Real-Time PCR (qRT-PCR) Analysis

gRT-PCR assay was employed to quantify the expression levels of target mRNAs in myocardial tissues. A total of RNA
was extracted from the myocardial tissues using the TRIzol® (Takara Inc). The quality and quantity of RNA accepted
with absorbance ratios (A260/A280) between 1.8 and 2.0, indicating pure RNA samples. The reverse transcription was
carried out in a thermal cycler under the following conditions: 37°C for 15 minutes, 85°C for 5 seconds, and then held at
4°C. The cDNA was quantified using a spectrophotometer to ensure accurate input for subsequent qPCR analysis. A total
of 4 pg of the extracted RNA was reverse transcribed into cDNA using the PrimeScript SYBR Premix Ex Taq™ II kit,
also supplied by Takara Inc. The reverse transcription was carried out in a thermal cycler under the following conditions:
37°C for 15 minutes, 85°C for 5 seconds, and then held at 4°C. The cDNA was quantified using a spectrophotometer to
ensure accurate input for subsequent qPCR analysis. The PCR reaction mixture consisted of 10 pL. of PrimeScript SYBR
Premix Ex Taq™ II (2x), 0.8 uL of each forward and reverse primer (10 uM), 2 uL of cDNA template, and 6.4 pL of
RNase-free water, making a total volume of 20 pL per reaction. The specific primers for the target mRNAs, as shown in
Table 1, were designed and supplied by Takara Inc. to ensure specificity and optimal amplification efficiency for each
gene analyzed. The qRT-PCR was performed under the following cycling conditions: initial denaturation at 95°C for
30 seconds, followed by 40 cycles of 95°C for 5 seconds and 60°C for 34 seconds. Melt curve analysis was conducted at
the end of the amplification to verify the specificity of the PCR products. During the amplification process, the expression
levels of the target mRNAs were normalized to GAPDH, a commonly used housekeeping gene, to account for any
variations in RNA input. The relative expression levels of the mRNAs were then calculated using the 2042“? method,
a widely accepted approach for quantifying gene expression changes relative to a control or baseline condition. This
method provided a reliable quantification of the gene expression levels, facilitating the analysis of the impact of various
treatments on the myocardial tissues at the molecular level.

TTC Staining

The hearts were sliced into 4-mm sections and promptly submerged in a 1% TTC solution dissolved in phosphate buffer
for a duration of 20 mins at room temperature. Following three washes, the slices were captured in photographs, and
ImageJ (Image-Pro Plus 6.0) was employed to compare infarct area with total area.”’

Hematoxylin and Eosin (H&E) Staining

The apex of the heart was promptly excised, washed with ice-cold 0.9% saline solution, and then fixed in a 4%
paraformaldehyde solution at pH 7.4. Subsequently, the fixed tissues were embedded in paraffin wax. Sections of the
paraffin-embedded tissues, with a thickness of 4 pm, were prepared and subjected to H&E staining.*

TUNEL Assay

The heart was cut in half, and the other half was fixed in a 4% paraformaldehyde solution for 60 minutes, followed by
permeabilization with 0.1% Triton X-100 for 10 minutes. Subsequently, the hearts were washed three times with PBS.
The In Situ Cell Death Detection Kit from Beyotime was used for the experimental procedure.”® Images were captured
using an Olympus fluorescence microscope at a magnification of 400x.

Western Blotting Assay
We extracted total protein from rat heart tissues using 1% PMSF and determined the protein sample concentrations using
the BCA method. Each sample’s protein (30pg) underwent 10% SDS-PAGE at 80V for 2.5 hours and was subsequently

Table | Specific Primers for Target mRNAs Used in gRT-PCR Analysis

Forward Reverse

miR-184 | GGTGGACGGAGAACTGAT | GAGGAGGAAGAAGGGTAGGA
ué CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
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transferred onto PVDF membranes. After blocking the membranes with skimmed milk solution for 1 hour, we first
incubated the membranes with primary antibodies against NOTCHI1 (Abcam, ab52627, 1:1000) and HES1 (CST,#11988,
1:1000) at 4°C overnight, followed by incubation with secondary antibodies (thermo, 31460, 1:10000) for 120 minutes at
37°C. Protein bands were developed using ECLPIus reagent, and images were captured in gel imaging system. The
relative expression levels of proteins were calculated with GAPDH as the internal reference protein and compared to the
control group.

Statistical Analysis

All data were presented as mean + standard deviation. One-way analysis of variance was performed followed by multiple
comparisons using Tukey’s method. GraphPad Prism version 6.01 (GraphPad Software, La Jolla, CA) was used for all
statistical analysis and graphical construction, with a significance level set at 0.05.

Results
Effects of Berberine Intervention on Myocardial Tissue in Myocardial

Ischemia-Reperfusion Rats

The myocardial ischemia-reperfusion model in rats demonstrated a substantial increase in the area of ischemic
myocardial tissue, as visualized by the TTC staining (Figure 1A). In the sham group, where no ischemia was induced,
the myocardial tissue sections showed no signs of ischemia, appearing uniformly stained. In contrast, the MIR group
displayed large, pale, non-stained areas indicative of ischemic damage, which was significantly more extensive compared
to the sham group. Quantitative analysis of the ischemic area (Figure 1B) revealed a marked increase in the ischemic
zone in the MIR group compared to the sham group (p < 0.001). However, in the group treated with berberine (MIR
+BBR), there was a significant reduction in the ischemic area. The TTC staining in these rats showed a smaller pale
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Figure | Effects of Berberine intervention on myocardial tissue in a rat model of myocardial ischemia-reperfusion. (A) TTC staining of the heart tissues of control rats, the
myocardial ischemia-reperfusion rats with and without berberine intervention. (B) Bar graph illustrating the myocardial ischemia-reperfusion area in the heart tissues of
control rats, the myocardial ischemia-reperfusion rats with and without berberine intervention. (C) Body weight of control rats, and myocardial ischemia-reperfusion rats
with and without berberine intervention. (D) H&E staining of the heart tissues of control rats, the myocardial ischemia-reperfusion rats with and without berberine
intervention. N = 5. **P< 0.001.
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region, indicating that berberine effectively reduced myocardial ischemic damage. Quantification of the ischemic area in
the MIR+BBR group confirmed this observation, with a significant decrease compared to the untreated MIR group
(Figure 1B). The body weight of rats was measured over the course of the experiment. The body weights of the rats in the
sham, MIR, and MIR+BBR groups were monitored over 14 days (Figure 1C). No significant differences were observed
in the body weight trajectories among the groups, indicating that the berberine treatment did not adversely affect the
overall growth or health of the animals during the experimental period. Histological analysis of myocardial tissue
sections stained with Hematoxylin and Eosin (H&E) further supported the protective effects of berberine. Myocardial
tissue in the sham group exhibited normal architecture with well-organized muscle fibers. In contrast, the MIR group
displayed significant structural disorganization, including extensive fiber disruption and increased interstitial space,
indicative of severe myocardial injury. However, the MIR+BBR group showed a notable preservation of myocardial
structure, with reduced fiber disruption and interstitial expansion compared to the MIR group (Figure 1D). This suggests
that berberine treatment mitigated the histological damage associated with myocardial ischemia-reperfusion. The present
results demonstrate that berberine significantly reduces myocardial ischemic injury in the MIR rat model, as evidenced
by decreased ischemic area and preserved myocardial architecture, without affecting the overall body weight of the
animals.

Berberine Intervention Restore Various Myocardial Functional Indicators

The MIR is a condition characterized by a temporary reduction in blood flow to the heart muscle (ischemia) followed by
the restoration of blood flow (reperfusion). This process often leads to significant cardiac dysfunction, as indicated by
changes in several key myocardial functional indicators. Following MIR in rats, a marked increase in left ventricular end-
diastolic pressure (LVEDP) is observed (Figure 2A). LVEDP is a critical measure of the heart’s diastolic function, and an
elevated LVEDP reflects increased pressure in the left ventricle at the end of diastole, suggesting that the heart is
struggling to fill properly due to the damage caused by ischemia-reperfusion. In contrast, other essential myocardial
functional indicators decrease following MIR, including the maximal rate of pressure increase (+dp/dt), heart rate (HR),
left ventricular systolic pressure (LVSP), maximal rate of pressure decrease (-dp/dt), and coronary flow (CF): +dp/dt
(Figure 2B) measures the heart’s contractile strength, and its reduction indicates weakened contractions post-MIR. HR
reflects the number of heart beats per minute, and a decrease in HR suggests impaired cardiac function due to MIR
(Figure 2C) while LVSP results represents the pressure generated by the left ventricle during systole, and its reduction
signifies compromised pumping ability (Figure 2D). Additional, -dp/dt measures the heart’s rate of relaxation, with
a lower value indicating impaired diastolic function (Figure 2E) and CF is indicative of the blood flow through the
coronary arteries, and a decrease suggests reduced blood supply to the heart muscle, which is vital for recovery post-MIR
(Figure 2F). Berberine (BBR) intervention has demonstrated promising results in mitigating the adverse effects of MIR in
this rat model. The administration of Berberine significantly restores these myocardial functional indicators. These
findings highlight Berberine’s potential as a therapeutic agent in restoring myocardial function after ischemia-reperfusion
injury, positioning it as a promising candidate for further research and potential clinical application.

Effects of miR-184 Expression Inhibition on Myocardial

Transcriptome analysis has revealed that miR-184 is highly expressed in ischemic myocardial tissue following MIR
(Figure 3A). This elevated expression suggests that miR-184 plays a significant role in the pathological processes
associated with ischemia-reperfusion injury in the heart. Pre-treatment with berberine has been shown to effectively
reduce the expression level of miR-184 in ischemic myocardial tissue (Figure 3B). This downregulation of miR-184,
facilitated by berberine, indicates that the compound may exert its cardioprotective effects by modulating the expression
of specific miRNAs involved in myocardial injury. Further corroborating these findings, the results of TTC staining,
demonstrate that the downregulation of miR-184 significantly reduces the ischemic area in the myocardial tissue of the
MIR rat model (Figure 3C). Quantitative analysis of the ischemic zone size confirms this observation, with a marked
reduction in the ischemic area following miR-184 inhibition (Figure 3D). These results suggest that miR-184 contributes
to the extent of ischemic damage in myocardial tissue and that its inhibition, particularly through berberine treatment, can
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Figure 2 Berberine intervention can restore various myocardial functional indicators in a rat model of myocardial ischemia-reperfusion. (A) LVEDP, (B) +dp/dt, (C) HR, (D)
VSP, (E) -dp/dt, and (F) CF in control rats, the myocardial ischemia-reperfusion rats with and without berberine intervention. N = 5. *P < 0.01 and ***P < 0.0001.

mitigate the effects of myocardial ischemia-reperfusion injury. This highlights the therapeutic potential of targeting miR-

184 in the treatment of ischemic heart disease.

Effects of the miR-184/NOTCH| Signaling Pathway on Myocardial Cell Apoptosis

Myocardial cell apoptosis is significantly increased in rats subjected to myocardial ischemia reperfusion (MIR), as shown
by the increased incidence of apoptosis in the MIR+NC-inhibitor group compared to the sham group (Figure 4A and B).
This increase in apoptosis suggests that MIR induces substantial cell death in myocardial tissue, contributing to cardiac
dysfunction. However, inhibition of miR-184 expression effectively reduces the level of myocardial cell apoptosis in
these rats. The reduction in apoptosis observed in the MIR+miR-184-inhibitor group (Figure 4A and B) highlights the
potential protective role of miR-184 inhibition against MIR-induced myocardial injury. Additionally, the protein expres-
sion levels of NOTCH1 and HESI, two critical components of the NOTCH1 signaling pathway, are upregulated in the
myocardial cells of MIR rats, indicating activation of this pathway in response to ischemia-reperfusion injury (Figure 4C
and D). Interestingly, the inhibition of miR-184 expression reverses the upregulation of NOTCHI and HES1 protein
levels, as evidenced by the lower expression levels in the MIR+miR-184-inhibitor group compared to the MIR+NC-
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Figure 3 Effects of miR-184 expression inhibition on myocardial tissue in a rat model of myocardial ischemia-reperfusion. (A) Transcriptomic analysis in the heart tissues
between control rats and myocardial ischemia-reperfusion rats. (B) Validation of miRNA expression levels in heart tissues of control rats, the myocardial ischemia-
reperfusion rats with and without miR_184 inhibitor intervention. (C) TTC staining of the heart tissues of control rats, the myocardial ischemia-reperfusion rats with and
without miR-184 inhibitor intervention. (D) Bar graph illustrating the myocardial ischemia-reperfusion area in the heart tissues of control rats, the myocardial ischemia-
reperfusion rats with and without miR-184 inhibitor intervention. N = 3. ¥*P< 0.00| and ***P < 0.0001.

inhibitor group (Figure 4C and D) (Supplementary Figure 1). These findings suggest that miR-184 may contribute to

myocardial cell apoptosis through the NOTCHI signaling pathway and that targeting miR-184 could be a therapeutic
strategy to mitigate myocardial apoptosis and the associated cardiac damage in myocardial ischemia-reperfusion injury.

Discussion

This study delves into the cardioprotective effects of berberine in a rat model of myocardial ischemia-reperfusion (I/R)
injury, emphasizing the role of the miR-184/NOTCHI signaling pathway in mediating these effects. The findings
contribute to a growing body of evidence that highlights berberine’s potential as a therapeutic agent for myocardial
injury across various experimental models. Previous research has consistently supported berberine’s efficacy in mitigat-
ing myocardial ischemia-reperfusion injury through diverse mechanisms. Almowallad S et al indicated the potential
treatment strategy of berberine in cardiovascular diseases via targeting SIGMAR1, GRP78, and CASP3 using in silico
prospective screening approaches.”* In addition, BBR could repress HMGB1-mediated TLR4/NF-kB signalling pathway
through miR-340-5p to suppress cardiomyocyte apoptosis and inflammation.” Jia et al demonstrated that berberine
alleviates myocardial injury by attenuating inflammatory responses and oxidative stress.”® This aligns with evidence
showing that oxidative stress and inflammation are critical contributors to myocardial damage during ischemia-

reperfusion events. Zhu et al further elaborated on berberine’s protective effects by revealing its role in inhibiting the
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Figure 4 Effects of the miR-184/NOTCHI signaling pathway on myocardial cell apoptosis. (A) TUNEL assay analysis of heart tissues of control rats, the myocardial ischemia-
reperfusion rats with inhibitor NC and with miR_184 inhibitor intervention at 100um. (B) Bar graph illustrating the apoptosis in the heart tissues of control rats, the
myocardial ischemia-reperfusion rats with and without miR-184 inhibitor intervention. (C) Western blot analysis of NOTCHI and HESI| proteins in the heart tissues of
control rats, the myocardial ischemia-reperfusion rats with and without miR-184 inhibitor intervention. (D) Bar graph illustrating the protein levels of NOTCHI and HESI in
the heart tissues of control rats, the myocardial ischemia-reperfusion rats with and without miR-184 inhibitor intervention. N = 3. *P< 0.05, **P< 0.01 and ***P < 0.0001.

PI3K/AKT signaling pathway.?’ This pathway is pivotal for cell survival and metabolic processes, suggesting that
berberine’s inhibition of this pathway helps preserve myocardial integrity during stress. Moreover, Wang et al provided
evidence that berberine protects against cardiac injury by modulating apoptosis through the activation of Smad7,
a protein involved in cell death regulation.”® Additionally, Zhu et al highlighted berberine’s role in modulating the
mitophagy-mediated HIF-10/BNIP3 pathway, further underscoring its multifaceted cardioprotective properties.*’
A natural compound berberine, known for its diverse pharmacological activities, has been recognized for its potential
cardioprotective effects.

In our study, berberine treatment significantly reduced the myocardial ischemic area and alleviated tissue damage
resulting from I/R injury. These findings corroborate previous research documenting berberine’s ability to mitigate
myocardial injury and enhance cardiac function in various ischemic heart disease models.*® Notably, berberine inter-
vention restored critical myocardial functional indicators disrupted by I/R, such as left ventricular end-diastolic pressure
(LVEDP), +dp/dt, HR, ventricular systolic pressure (VSP), -dp/dt, and coronary flow (CF). The improvement in these
parameters suggests that berberine not only prevents myocardial injury but also supports recovery of cardiac function
following ischemic events. Previous studies have indicated that berberine can counteract sunitinib-induced cardiac
dysfunction by normalizing calcium regulation through SGK1 activation.>’ Beyond its direct effects on myocardial
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tissue, berberine also influences the miR-184/NOTCHI1 signaling pathway, which plays a significant role in the
pathophysiology of I/R injury. Our study found that berberine led to a downregulation of miR-184 expression. This
reduction was associated with a decreased ischemic area and diminished myocardial cell apoptosis. miR-184 is known to
contribute to I/R injury by modulating target genes involved in crucial cellular processes, such as apoptosis and
inflammation. Consistent with these studies, Chang et al demonstrated that berberine treatment protects against cardiac
dysfunction and remodeling in type-2 diabetic rats by activating 5’-adenosine monophosphate-activated protein kinase.*
One notable target of miR-184 is the NOTCH1 receptor, which is involved in a range of cellular functions including
development, differentiation, and tissue homeostasis.>*>* In multiple myeloma, miR-184 expression is increased and
promotes MM cell proliferation and colony formation by regulating Notchl expression.*® In the context of myocardial
ischemia-reperfusion injury, NOTCHI signaling plays a critical role in the underlying pathophysiological mechanisms.*®
Studies have shown that the activation of NOTCHI signaling is significantly altered during myocardial ischemia-
reperfusion,®” with its activation being associated with cardioprotective effects, including the regulation of cell survival,
inflammation, and angiogenesis. Specifically, NOTCH]1 activation has been shown to mitigate myocardial ischemia-
reperfusion injury by reducing cell death, inflammation, and oxidative stress.>® Conversely, dysregulation of NOTCH1
signaling has been linked to increased myocardial injury,>® inflammation, and apoptosis, suggesting that miR-184/
NOTCHI signaling could serve as a valuable biomarker for assessing myocardial injury severity and predicting patient
outcomes.*’ Our findings align with previous research that implicates the dysregulation of miR-184 and aberrant
NOTCHI signaling in the pathogenesis of myocardial ischemia-reperfusion injury. This study adds to the existing
body of literature by further elucidating the cardioprotective effects of berberine, particularly through its modulation of
the miR-184/NOTCHI1 signaling pathway. The observed restoration of myocardial function, reduction in tissue damage,
and regulation of this critical pathway highlight the therapeutic potential of berberine in managing ischemic heart disease.
Nevertheless, further investigations, including clinical trials, are warranted to fully understand the underlying mechan-
isms and establish the translational value of berberine-based interventions in the treatment of myocardial ischemia-
reperfusion injury. While the results of this study are promising, future research will address several important areas.
First, the findings will be extended to human models to better understand how they translate to the complex pathophy-
siology of myocardial ischemia-reperfusion injury in clinical settings. Additionally, future studies will explore the long-
term effects of berberine, including its impact on chronic heart failure. Finally, optimizing the dosage and administration
regimen of berberine will be a focus to ensure its efficacy and safety for human use. Comprehensive clinical trials will be
essential for fully elucidating the mechanisms involved and confirming the clinical benefits of berberine-based therapies
for myocardial ischemia-reperfusion injury.

Conclusion

Our study demonstrates that berberine significantly mitigates myocardial ischemia-reperfusion injury in a rat model, and
the relationship between berberine and miR-184/NOTCHI1 signaling pathway needs further research. The observed
improvements in myocardial function, reduction in tissue damage, and modulation of critical signaling pathways
highlight berberine’s potential as a therapeutic agent for myocardial ischemia-reperfusion injury. However, to fully
understand its clinical applicability and efficacy, further research, including well-designed clinical trials, is essential.
These studies should address the limitations identified, explore additional mechanisms of action, and determine the
optimal therapeutic strategies for berberine in the context of ischemic heart disease.
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