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Li et al.: Impact of microRNA on Myocardial Ischemia/Reperfusion Injury

Brown and white adipose tissues contribute differently to cardiovascular risk factors, yet the precise 
mechanisms remain elusive. Exosomes-tiny vesicles containing ribonucleic acid, proteins and lipids mediate 
inter-organ communication. We hypothesized that exosomes secreted by brown and white adipose tissues carry 
distinct microRNA profiles that differentially modulate myocardial ischemia/reperfusion injury. Male rats 
underwent 30 min left forearm ischemia, followed by reperfusion. Prior to reperfusion, exosomal secretions 
from brown and white adipose tissues were directly injected into the myocardium. Cardiac function was 
assessed through echocardiography, Evans blue and 2,3,5-triphenyltetrazolium chloride dual staining, as well 
as hematoxylin and eosin and Masson trichrome staining. The microRNA content in the adipose tissue-derived 
exosomes was analyzed using microarray and bioinformatics approaches, followed by quantitative polymerase 
chain reaction for real-time microRNA expression profiling. Protein levels modulated by microRNA-34c-3p 
agomir or antagomir were examined using proteomic analysis. Exosomal secretions from brown and white 
adipose tissues exerted distinct effects on myocardial ischemia/reperfusion injury. Compared to white adipose 
tissue, exosomes from brown adipose tissue significantly upregulated 55 microRNAs and downregulated 
34 microRNAs. Genes involved in various biological processes-such as positive recirculatory aquaculture 
system signaling regulation, negative target of rapamycin signaling regulation, circadian rhythm mediation, 
autophagy and FOXO, mitogen-activated protein kinases, and Wnt signaling pathways are targeted by these 
differentially expressed microRNAs. Most notably, quantitative polymerase chain reaction analyses identified 
significant increases in microRNA-133a-3p and microRNA-378, and a decrease in microRNA-34c-3p. Further, 
microRNA-34c-3p agomir treatment led to increased expression of the cardiac gene G protein subunit alpha 
I3. Exosomes derived from brown and white adipose tissues differentially influence myocardial ischemia/
reperfusion injury, potentially due to distinct microRNA contents. Among them, miR-34c-3p stands out for its 
role in exacerbating myocardial ischemia/reperfusion injury through its target hub gene, G protein subunit 
alpha I3.
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Globally, Acute Myocardial Infarction (AMI) 
is a major source of mortality and morbidity[1]. 
While prompt revascularization therapies such 
as Percutaneous Coronary Intervention (PCI), 
Percutaneous Transluminal Coronary Angioplasty 
(PTCA), Coronary Artery Bypass Grafting (CABG), 
and early thrombolysis have proven effective 
for AMI treatment[2], these methods often induce 
reperfusion injuries. These complications manifest 
as myocardial stasis, reperfusion arrhythmia and 
microvascular dysfunction, leading to pathological 

consequences like myocardial necrosis, apoptosis, 
oxidative stress and inflammation. This 
considerably mitigates the therapeutic benefits of 
revascularization[3]. Studies indicate that ischemia-
reperfusion injuries contribute to nearly 50 % of 
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the final myocardial infarction area[4]. Therefore, 
there is an urgent need to explore the pathogenesis 
of ischemia-reperfusion injuries and identify novel 
therapeutic targets.

The cardiovascular system is affected differently 
by the two types of adipose tissue, white and 
brown[5], each having its own distinct effects. Brown 
adipose tissue has been associated with a lower 
incidence of metabolic heart diseases and is present 
in conditions such as type 2 diabetes, dyslipidemia, 
ischemic diseases, and cerebrovascular diseases, 
among others[6]. Conversely, increased visceral 
fat (white adipose tissue) correlates with elevated 
cardiovascular risk[7-9]. As the largest endocrine 
organ, adipose tissue regulates various bodily 
functions through the secretion of numerous 
hormones and cytokines[10].

Emerging research suggests that brown adipose 
tissue improves cardiac function by activating 
Adenosine A2A Receptor (A2AR) receptors via 
Fibroblast Growth Factor 21 (FGF21) secretion 
and by specifically releasing dimers 12 and 
13[11,12]. In contrast, saturated fatty acids released 
by white adipocytes, particularly palmitic acid, 
induce inflammation and dysfunction related to 
obesity[13,14]. However, the underlying mechanisms 
for these divergent effects remain unclear.

Secreted by cell membranes, exosomes are lipid 
bilayer vesicles with diameters ranging from 30 
to 150 nm, playing a role in enabling inter-organ 
communication[15]. They encompass a diverse 
range of bioactive compounds, including nucleic 
acids, lipids and proteins[16-20]. New research has 
brought attention to the involvement of exosomes 
from adipose tissue in a range of pathological 
processes. For instance, exosomes secreted by 
brown adipose tissue have been shown to protect 
against myocardial ischemia-reperfusion injuries 
when stimulated by exercise[21]. On the other 
hand, white adipose tissue-derived exosomes can 
exacerbate cardiac conditions in diabetic mice[22].

This study pioneers the investigation of 
differential microRNA (miRNA) expression in 
exosomes secreted by brown and white adipose 
tissues. We discovered that miR-34C-3P and 
specific exogenous genes in white adipose tissue 
can worsen myocardial injury due to ischemia and 
reperfusion under normal conditions.

MATERIALS AND METHODS

Animal models:

Male Sprague-Dawley rats of adult age (weighing 
between 250-280 g) were procured from Specific 
Pathogen Free (SPF) Biotechnology located in 
Beijing, China. The rodents were accommodated 
within a controlled environment where the 
temperature was consistently maintained at 22°±2°, 
following a 12 h light/dark pattern. Animals had 
unrestricted access to both food and water. The 
Animal Ethics Committee of the General Hospital 
of the People's Liberation Army granted approval 
for all animal care and surgical procedures. These 
actions adhered to the guidelines set by the National 
Institutes of Health for the ethical treatment and 
utilization of experimental animals. Rats were 
allocated at random to various experimental 
groups in order to conduct subsequent assessments 
including cardiac ultrasound, Evans blue/2,3,5-
Triphenyltetrazolium Chloride (TTC) staining, 
and miRNA analysis.

Myocardial ischemia-reperfusion model:

Rats were anesthetized using 60 mg/kg sodium 
pentobarbital (i.p.) and placed in a supine position. 
A rodent ventilator was used for ventilation, and 
electrocardiogram leads were connected. The chest 
cavity was incised, and the left coronary artery 
was secured with a 6-0 suture thread. Criteria for 
successful ischemia induction included ST-segment 
elevation and pallor of the anterior myocardial 
wall. After 30 min of ischemia, reperfusion was 
confirmed by the return of normal myocardial 
color. Exosomes (100 µg in 50 µl Phosphate 
Buffer Saline (PBS)) were microinjected into the 
ischemic myocardium 5 min prior to reperfusion.

Exosome isolation:

Rats were humanely euthanized using an excessive 
amount of carbon dioxide, and this was followed by 
disinfection using 75 % alcohol. Brown and white 
adipose tissues were aseptically harvested, minced 
into approximately 1 mm3 pieces, and cultured in 
serum-free Dulbecco's Modified Eagle Medium 
(DMEM) for 24 h. Exosomes were extracted 
from the conditioned medium using Exoquick TC 
exosome isolation reagent (System Biosciences, 
Palo Alto, California, United States of America 
(USA)), following the manufacturer's protocol.
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Evans blue/TTC staining:

After a lapse of 24 h following reperfusion, the 
coronary artery was reoccluded, and a solution 
containing 1 % Evans blue dye was introduced into 
the aorta. Hearts were then harvested, frozen, and 
sectioned. At 37°, 1 % TTC solution was incubated 
in sections for 15 min. Photographs were taken 
with a Canon camera and then subjected to analysis 
utilizing the ImageJ software.

Histological staining:

Cardiac tissues were immersed in 4 % 
paraformaldehyde for a minimum of 24 h to ensure 
fixation. Following this, the tissues were embedded 
in paraffin and subsequently sliced into sections 
that were 4 µm thick. Staining with Hematoxylin 
and Eosin (HE) as well as Masson's Trichrome was 
carried out, and the resultant images were obtained 
through a Nikon Eclipse Ts optical microscope 
based in Tokyo, Japan.

Echocardiography:

The measurement of Left Ventricular Ejection 
Fraction (LVEF) and Left Ventricular Fractional 
Shortening (LVFS) was conducted through cardi-
ovascular ultrasound by skilled professionals us-
ing an unbiased technique, facilitated by Toronto 
Visual Ultrasound in Canada.

Quantitative Real-Time Polymerase Chain 
Reaction (PCR):

Total Ribonucleic Acid (RNA) was extracted using 
a specialized kit (RE-03111; FOR gene), followed 
by reverse transcription using a rapid Genomic 
Deoxyribonucleic Acid (GDNA) isolation RT Su-
permix kit (KR118, Beijing Tiangang). Relative 
expression of miRNA was quantified using Be-
STARTM-QPCR-RT and BeSTARTM-qPCR-Mas-
termix kits (Decibels Relative to Isotropic (DBI)). 
Expression levels were calculated using the 2-ΔΔCT 
method.

miRNA Sequencing and Bioinformatics:

miRNA sequencing was performed using the miR-
NA4.0 chip. Target genes with differential ex-
pression were pinpointed and examined via Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) databases, adhering to pre-
defined standards for statistical relevance.

Western blotting:

Proteins were isolated with Radio-Immunopre-
cipitation Assay (RIPA) buffer and then sepa-
rated using Sodium Dodecyl-Sulfate Polyacryla-
mide Gel Electrophoresis (SDS-PAGE). After 
being transferred onto a Polyvinylidene Fluoride 
(PVDF) membrane, non-specific interactions were 
inhibited with 5 % skim milk. 

The membranes were subsequently exposed to pri-
mary antibodies specific for Tumor Susceptibility 
Gene 101 (TSG101) and Cluster of Differentiation 
(CD)-81, followed by the appropriate secondary 
antibodies. Band patterns were captured with a gel 
imaging system (AI 600, GE Healthcare, USA) and 
quantification was done through ImageJ software.

In vivo miRNA modulation:

miRNA-agomirs or antagomirs (10 nmol) were mi-
croinjected into the myocardium at five different 
sites. After 48 h, hearts were harvested for subse-
quent ischemia-reperfusion or protein expression 
analysis.

Statistical analysis:

The data is shown as the mean±standard deviation. 
For comparing two groups, the Student's t-test was 
utilized; for multiple groups, one-way Analysis of 
Variance (ANOVA) followed by a Newman-Keuls 
test was applied. A p<0.05 was deemed to be sta-
tistically meaningful.

RESULTS AND DISCUSSION 
Electron microscopy revealed that the isolated 
vesicles display a cup-shaped or circular 
morphology, which is consistent with the typical 
appearance of extracellular vesicles (fig. 1A). 
Nanoparticle Tracking Analysis (NTA) confirmed 
that the vesicles from both groups had a uniform 
size distribution with an average diameter of 
approximately 100 nm (fig. 1B), aligning with 
known exosome dimensions. The Western blot tests 
confirmed the presence of well-known exosomal 
markers CD81 and TSG101 in both vesicle 
samples. Notably, CD81 was more abundantly 
expressed in white adipose tissue-derived vesicles, 
whereas TSG101 was higher in brown adipose 
tissue-derived vesicles (fig. 1C). These findings 
confirm the successful isolation of extracellular 
vesicles from adipose tissue.
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mir-34c-3p and mir-429 were lower (fig. 4A), as 
confirmed by qPCR.

The miRNA with the most significant changes 
between brown and white adipose tissue-derived 
vesicles, miR-34C-3P, was further investigated for 
its role in myocardial ischemia-reperfusion injury. 
Agomirs and antagomirs for miR-34C-3P were 
introduced into the ventricles of rats subjected 
to ischemic myocardial reperfusion. Evans/TC 
and histological staining (fig. 4B and fig. 4C) 
demonstrated that miR-34C-3P agomir increased 
the infarct size, tissue edema, inflammatory cell 
infiltration, and fibrosis, whereas its antagomir 
had the opposite effects. TargetScan prediction 
revealed G Protein Subunit Alpha I (GNAI) as a 
potential target gene of miR-34C-3P, and Western 
blotting confirmed changes in the expression of 
GNAI protein (fig. 4D). These findings suggest 
that miR-34C-3P aggravates myocardial ischemia-
reperfusion injury through the modulation of 
GNAI expression.

Over the past three decades, epidemiological studies 
have established that visceral adipose tissue 
(commonly known as white fat) is a significant 
marker for cardiovascular and metabolic diseases, 
as well as overall mortality risk[23-25]. These 
findings have been consistently validated through 
imaging techniques like Computed Tomography 
(CT) and Magnetic Resonance Imaging (MRI). 
Yet, the mechanisms underlying the detrimental 
impact of visceral fat on cardiovascular health 
remain elusive[26-28]. 

The Evans/TC staining indicated successful 
establishment of a rat model for ischemia-
reperfusion myocardial injury (fig. 2). The area of 
infarction in the Ischemia/Reperfusion (I/R)+BAT-
exosome group was notably reduced compared 
to the I/R+PBS group (p<0.01). Conversely, the 
infarct area in the I/R+WAT-exosome group was 
notably larger than in the I/R+PBS group (p<0.01). 
Further, the I/R+BAT-exosome group demonstrated 
a significant improvement in left ventricular 
function (p<0.05), whereas the I/R+WAT-exosome 
group showed a significant decline (p<0.01). 
These findings suggest that brown adipose tissue-
derived extracellular vesicles exert protective 
effects against myocardial ischemia-reperfusion 
injury, whereas those from white adipose tissue 
exacerbate it.

To explore the underlying mechanisms, miRNA 
sequencing was performed on both brown and 
white adipose tissue-derived vesicles. A total of 
55 miRNAs were significantly unregulated, and 
34 were downregulated in brown adipose tissue 
relative to white adipose tissue (fig. 3A and fig. 
3B). Candidate target genes corresponding to these 
differentially expressed miRNAs were discovered 
via a cross-analysis of Miranda and TargetScan 
databases. The GO and KEGG pathway analysis 
for these target genes were also performed (fig. 
3C-fig. 3E). Additionally, Hub gene targets were 
identified using Hubba software for protein-
protein interaction analysis. Among differentially 
expressed miRNAs, mir-133a-3p and mir-378a-5p 
were notably higher in brown adipose tissue, while 

Fig. 1: Comparative analysis of exosome characteristics in white and brown adipose tissues, (A): Electron microscopic examination reveals  
differences in shape and size between exosomes; (B): NTA provides a quantitative assessment of exosome size; (C): Western blotting is employed to 
determine the expression levels of key exosomal markers like CD81, TSG101 and calnexin
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Fig. 2: Differential impact of exosomes from white and brown adipose tissues on myocardial ischemia-reperfusion injury, (A): Evaluation of  
infarct size percentage via Evans blue/TTC staining (n=6); (B): Cardiac ultrasound measures of LVEF and LVFS (n=6); (C): HE staining at 40×  
magnification and (D) Masson's trichrome staining at 40× magnification
Note: Statistical significance is indicated as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001

Fig. 3: Identification and bioinformatics profiling of diverse miRNAs in exosomes from brown and white adipose tissues. (A): Heat maps depicting 
variance in miRNA content between exosomes derived from brown and white adipose tissues; (B): Volcano plots illustrate the differentially expressed 
miRNAs in exosomes from both tissue types; (C): GO and KEGG analysis for targeted genes of upregulated miRNAs; (D): GO and KEGG analysis 
for targeted genes of downregulated miRNAs and (E): The top 10 hub genes, with upregulated genes and downregulated genes 
Note: (B) (  ): Up; (  ): None and (  ): Down

A C
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Bioinformatics analysis further revealed several 
signaling pathways and key genes associated with 
ischemic reperfusion myocardial injury. Our results 
point to the potential regulatory roles of these 
miRNAs and pathways in myocardial damage, 
thereby underscoring the possible therapeutic 
implications of brown and white adipose tissues in 
metabolic and cardiovascular diseases[39].

Our study also highlights the importance of miR-
34C-3P in ischemic myocardial reperfusion injury. 
This miRNA was not only markedly altered 
between brown and white adipose tissues but also 
appeared to regulate the key gene G Protein Subunit 
Alpha I3 (GNAI3), contributing to the exacerbation 
of ischemic reperfusion injuries. Hence, miR-
34C-3P could serve as a new therapeutic target 
for managing ischemic reperfusion injuries in 
myocardial tissues[40-42].

In summary, our research provides a novel 
understanding of the role of exocrine secretions 
from visceral adipose tissue in myocardial 

Several studies have posted different theories. 
Some suggest that visceral adipose tissue 
accelerates heart aging by affecting fibroblast aging 
through skeletal protein production. Others point 
to the role of exocrine secretions from visceral 
fat in atherosclerosis by modulating macrophage 
activity[29-35]. Our study adds a new dimension to 
this ongoing discussion by focusing on the effects 
of exocrine secretions from visceral adipose tissue 
during normal ischemic reperfusion in myocardial 
injuries.

Interestingly, our findings indicate that the 
composition of miRNAs differs substantially 
between brown and white adipose tissues, affecting 
the myocardial ischemia-reperfusion injury in 
distinct ways. For instance, miR-133a-3p and miR-
378 were found to be highly upregulated in brown 
adipose tissue and had protective roles during 
ischemic reperfusion, corroborating previous 
reports. Conversely, high levels of miR-34C-3P 
in white adipose tissue appeared to exacerbate 
ischemic reperfusion injuries[36-38]. 

Fig. 4: Quantitative PCR analysis and the modulatory role of miR-34c-3p in myocardial ischemia-reperfusion injury. (A): Expression profiles of 
the five miRNAs showing the greatest fold change; (B): Assessment of infarct size percentage using Evans blue/TTC staining (n=6); (C): HE and 
Masson's trichrome staining, both at 40× magnification; (D): Protein expression levels of the miR-34c-3p target gene (GNAI3) in hearts transfected 
with miR-34c-3p agomir and antagomir (n=6)
Note: Statistical significance was indicated as **p<0.01, ***p<0.001 and ****p<0.0001
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ischemia-reperfusion injury, and it sheds light 
on possible therapeutic avenues for metabolic 
and cardiovascular diseases. Further studies are 
needed to elucidate the precise mechanisms by 
which these miRNAs and associated pathways 
exert their effects. 

In this study, we have elucidated the distinct 
roles played by exosomes originating from 
brown and white adipose tissues in the context 
of myocardial ischemia-reperfusion injury. We 
also identified unique miRNA profiles associated 
with these exosomes. Specifically, our findings 
suggest that the exosome/miR-34c-3p/GNAI3 
axis derived from white adipose tissue may offer 
a novel therapeutic target for treating myocardial 
ischemia-reperfusion injury.
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