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Abstract. MicroRNAs (miRNAs/miRs) serve an important 
role in the pathogenesis of chronic heart failure (CHF). A 
number of reports have illustrated the regulatory effect of 
serum exosomal miRNA on myocardial fibrosis. The present 
study aimed to investigate the expression of miR‑320a 
in serum exosomes, as well as the effect of miR‑320a on 
myocardial fibroblast proliferation. Serum exosome samples 
from 10 patients with CHF and 5 healthy volunteers were 
obtained and characterized. mRNA and protein expression 
levels were measured via reverse transcription‑quantitative 
PCR and western blotting, respectively. The content of soluble 
growth stimulation expressed gene 2 (sST2) was determined 
via ELISA. HEH2 cell viability and apoptosis were detected 
by performing MTT assays and flow cytometry, respectively. 
The results demonstrated that serum miR‑320a expression 
levels and sST2 content were significantly increased in 
patients with CHF compared with healthy controls, and the 
expression of serum miR‑320a was significantly correlated 

with clinical CHF indexes. miR‑320a expression levels were 
significantly increased in exosomes isolated from patients 
with CHF compared with those isolated from healthy controls. 
Phosphoinositide‑3‑kinase catalytic α polypeptide gene 
(PIK3CA) expression levels and sST2 content were increased 
in HEH2 cells following transfection with miR‑320a mimics 
compared with NC‑mimic, whereas miR‑320a inhibitor 
displayed contrasting effects by reduced the cell viability 
and apoptosis in myocardial fibroblasts compared with 
the NC‑inhibitor group. The protein expression levels of 
collagen I, collagen III, α‑smooth muscle actin, phosphory‑
lated (p)‑mTOR (ser 2448)/mTOR, p‑Akt (ser 473)/Akt, p‑Akt 
(thr 308)/Akt and PIK3CA were significantly increased in 
miR‑320a mimic‑transfected HEH2 cells compared with 
the NC‑mimics groups. By contrast, miR‑320a inhibitor 
notably downregulated the expression levels of these proteins 
compared with the NC‑inhibitor group. Collectively, the 
results of the present study demonstrated that miR‑320a 
promoted myocardial fibroblast proliferation via regulating 
the PIK3CA/Akt/mTOR signaling pathway in HEH2 cells, 
suggesting that serum exosomal miR‑320a may serve as a 
potential biomarker for the diagnosis of CHF.

Introduction

Chronic heart failure (CHF) is one of the leading causes of 
hospitalization and re‑admissions in the elderly, accounting for 
a vast proportion of national healthcare expenditure in devel‑
oped countries (1,2). The pathophysiology of CHF is complex. 
Left ventricular remodeling serves an important role in the 
development of CHF (3), resulting in increases in the ventricular 
wall mass, heart chamber enlargement and a more spherical 
chamber conformation, which leads to a progressive decline 
in left ventricular performance (4). Among all the pathogenic 
processes of left ventricular remodeling, myocardial fibrosis 
is the key determinant, which is characterized by disordered 
collagen turnover and excessive diffuse collagen (including 
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collagen type I and III) accumulation in the interstitial and 
perivascular spaces  (5). Therefore, decreasing myocardial 
fibrosis may serve as an effective therapeutic strategy for CHF.

The PI3K/AKT/mTOR signaling pathway serves a pivotal 
role in the regulation of multiple biological processes, including 
cell proliferation, apoptosis, autophagy and metabolism (6,7). 
Certain studies have also reported that PI3K/AKT/mTOR 
signaling regulates myocardial fibrosis following injury (8,9). 
Moreover, TGF‑β induces the activation of pro‑fibrotic gene 
endothelin‑1, which initiates PI3K/Akt signaling  (10). As 
the downstream protein of Akt, elevated mTOR activity 
induces excessive collagen production, including collagen I, 
collagen III and α‑smooth muscle actin (SMA), leading to 
excessive scarring and fibrosis (11).

MicroRNAs (miRNAs/miRs) are a class of short, highly 
conserved, non‑coding RNA fragments that are involved in the 
regulation of gene expression at the post‑transcriptional level via 
inhibiting their translation (12). miRNAs regulate a wide array 
of biological processes, including cell differentiation, apop‑
tosis, inflammation and metabolism, and are involved in the 
pathogenesis of numerous diseases, including cancer (13‑15). 
Previous studies have reported that miRNAs may serve an 
important role in regulating myocardial fibrosis, with circu‑
lating miRNAs emerging as promising biomarkers (16,17). 
Therefore, the association between miRNAs and myocardial 
fibrosis has become an area of intensive research.

Exosomes are membrane‑bound extracellular vesicles 
(size, 30‑200 nm) that can carry biological information and 
transmit signals and molecules to target cells (18,19). In recent 
years, it has been reported that miRNAs could be carried 
and transferred by exosomes from donor to recipient cells 
via target cell membrane fusion (20). This exosome‑mediated 
process can regulate target gene expression, which serves 
essential roles in numerous human diseases, including 
cancer (21), Alzheimer's disease (22) and CHF (23). Notably, 
miR‑320a has attracted increasing attention in cardiovascular 
biology (24,25). However, the expression and potential roles of 
miR‑320a, particularly for miR‑320a from serum exosomes, in 
myocardial fibrosis are not completely understood. To the best 
of our knowledge, the present study was the first to investigate 
the potential use of exosomal miR‑320a as a biomarker for 
myocardial fibrosis in patients with CHF. The present study 
also assessed the effect of miR‑320a on myocardial fibroblast 
proliferation, as well as the potential underlying molecular 
mechanisms.

Materials and methods

Reagents and antibodies. The MTT and PKH67 Green 
Fluorescent Cell Linker kits were obtained from Sigma‑Aldrich 
(Merck KGaA). FBS and penicillin‑streptomycin solution 
were purchased from HyClone (Cytiva). DMEM was obtained 
from Gibco (Thermo Fisher Scientific, Inc.). The human 
soluble growth stimulation expressed gene 2 (sST2) ELISA 
kit (cat. no. ml060123) was obtained from ML Bio Solutions. 
The miRcute miRNA First‑Strand cDNA Synthesis kit 
(cat. no. KR201) and the miRcute miRNA qPCR Detection 
kit (SYBR‑Green, cat.  no.  FP401) were purchased from 
Tiangen Biotech Co., Ltd. Primary antibodies targeted against 
tumor susceptibility 101 (TSG101; cat. no. ab125011), CD63 

(cat.  no.  ab134045), CD9 (cat.  no.  ab223052), Collagen  I 
(cat.  no.  ab6308), Collagen  III (cat.  no.  ab6310), α‑SMA 
(cat.  no.  ab32575) and phosphorylated (p)‑Akt (ser  473; 
cat. no. ab194201) were purchased from Abcam. The anti‑Akt 
primary antibody (cat.  no.  AF6261) was purchased from 
Affinity Biosciences. The HRP‑conjugated goat anti‑rabbit 
IgG secondary antibody (cat. no. SA00001‑2) and anti‑β‑actin 
primary antibody (cat. no. 20536‑1‑AP) were obtained from 
ProteinTech Group Inc. The primary antibodies targeted 
against p‑mTOR (Ser2481; cat. no. 2974), p‑mTOR (Ser2448; 
cat.  no.  2971), mTOR (cat.  no.  2972) and p‑Akt (Thr308; 
cat. no. 9275) were obtained from Cell Signaling Technology, 
Inc. The anti‑phosphoinositide‑3‑kinase catalytic α poly‑
peptide gene (PIK3CA) primary antibody (cat. no. PB0351) 
was obtained from Boster Biological Technology. The 
anti‑GAPDH primary antibody (TA‑08) was bought from 
OriGene Technologies, Inc. miR‑320a, forward, 5'‑AAA​AGC​
TGG​GTT​GAG​AGG​GCG​A‑3' and the Universal primer as a 
reverse; PIK3CA, forward, 5'‑GAC​TGT​GTG​GGA​CTT​ATT​
GAG​G‑3' and reverse, 5'‑TGA​TGT​AGT​GTG​TGG​CTG​TTG​
A‑3'; GAPDH, forward, 5'‑GGT​GTG​AAC​CAT​GAG​AAG​
TAT​GA‑3' and reverse, 5'‑GAG​TCC​TTC​CAC​GAT​ACC​AAA​
G‑3'; and U6, forward, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and 
reverse, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3' were synthe‑
sized by Shanghai Gene Pharma Co., Ltd. Lipofectamine® 
2000 transfection reagent (cat. no. 11668027) was purchased 
from Thermo Fisher Scientific, Inc.

Inclusion and exclusion criteria of the patients and healthy 
volunteers. A total of 10  patients with CHF (mean age, 
64.6 years; age range, 51‑73 years; 7 male patients and 3 female 
patients) and 5 healthy volunteers (mean age, 56.6 years; age 
range, 51‑62 years; 3 male volunteers and 2 female volunteers) 
were recruited at the First Affiliated Hospital of Guangxi 
University of Chinese Medicine (Guangxi Zhuang Autonomous 
Region; P.R. China). The date range of recruitment from June 
2017 to June 2017. The inclusion criteria of the patients with 
patients were based on the 2014 Chinese CHF Diagnosis and 
Treatment guidelines (26). The exclusion criteria of the CHF 
patients included: i) Pregnancy; ii) received treatment with 
chemotherapeutic agents; and iii) diagnosed with any other 
diseases, including primary vascular heart diseases, congenital 
heart diseases, rheumatic diseases and tumors.

Healthy volunteers had no coronary disease, vascular 
disease or evidence of cardiomyopathy. In patients with CHF, 
left ventricular ejection fraction (LVEF) and left ventricular 
end‑diastolic diameter (LVEDD) were assessed using 
Color Doppler Ultrasonic Diagnostic Equipment (General 
Electric). New York Heart Association (NYHA) classifica‑
tion of patients  (27) with CHF was based on the patient's 
limitations during physical activity according to the 2014 
Chinese CHF Diagnosis and Treatment guidelines. Serum 
levels of NT‑proB‑type natriuretic peptide (NT‑proBNP) 
were determined with a commercially available electroche‑
miluminescence immunoassay (cat. no. 08836736190; Roche 
Diagnostics) according to the manufacturer's protocol.

The present study was approved by the Institutional Review 
Board of the First Affiliated Hospital of Guang Xi University 
of Chinese Medicine [approval no. (2015)012]. All participants 
provided written informed consent.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  873,  2021 3

Serum sample collection. Upon admission to the hospital, 
~10 ml venous blood samples were obtained from healthy 
volunteers and patients with CHF. Serum samples were 
collected using pro‑coagulation tubes, allowed to stand for 2 h 
and then centrifuged at 3,000 x g for 10 min at room tempera‑
ture. At least 4 ml serum was collected from each sample and 
stored at ‑20˚C.

Exosome isolation and particle size identification. Serum was 
centrifuged at 2,000 x g for 20 min at 4˚C in order to sediment 
debris. Subsequently, an exoRNeasy Serum‑Plasma Midi kit 
(Qiagen GmbH) was used according to the manufacturer's 
protocol. Briefly, 4 ml serum for each group and XBP reagent 
were added into the separation column and centrifuged 
at 500 x g for 1 min at room temperature, and the supernatant 
was collected as exosome residues. Subsequently, 10 ml XWP 
reagent was added into the column and centrifuged at 500 x g 
for 5  min at room temperature, and the supernatant was 
discarded. Finally, 1 ml XE reagent was added into the column 
and exosomes were collected by centrifugation at 5,000 x g 
for 5 min at room temperature. The size of the exosomes 
was quantified using ZetaView PMX110 Nanoparticle Size 
Analyzer (Particle Metrix GmbH) and the corresponding 
software (ZetaView PMX 110, version 8.04.02).

Transmission electron microscopy. The exosomes isolated 
from each group (from 4 ml serum) were then re‑suspended 
in 1 ml 1X PBS. Subsequently, 20 µl sample was dropped 
onto a copper grid and left to subside for ~1 min at room 
temperature. Filter paper was used to absorb the remaining 
fluid, followed by fixation in 2.5% glutaraldehyde Sorensen's 
phosphate buffer for 1 h at 4˚C. Samples were dehydrated with 
different concentrations (70‑100%) of acetone and embedded 
in Epon 812 at 60˚C for 24 h. Sections of 60‑nm thickness 
were prepared using an ultra‑microtome. Then, the sections 
were lightly counter‑stained with uranyl acetate (for 25 min) 
and lead citrate (for 5 min) at room temperature and were 
observed using a FEI Tecnai G2 Spirit Bio‑Twin transmission 
electron microscope (Thermo Fisher Scientific, Inc.).

Western blotting. Western blotting was performed as previ‑
ously described (28). Briefly, serum exosomes or cells were 
lysed with RIPA protein extraction buffer (Beijing Solarbio 
Science & Technology Co., Ltd.) and incubated for 30 min 
at 4˚C. Cell debris was removed by centrifugation at 4˚C for 
8 min at 13,400 x g. Protein concentrations of the superna‑
tant were determined using a BCA protein assay reagent kit 
(Beijing Solarbio Science & Technology Co., Ltd.) according 
to the manufacturer's protocol. Proteins (30 µg per lane) were 
separated via 10% SDS‑PAGE and transferred to PVDF 
membranes (0.45  µm). After blocking with 5% skimmed 
milk in TBST (0.1%  Tween‑20) at room temperature for 
1 h, the membranes were incubated at 4˚C overnight with 
primary antibodies targeted against: TSG101 (1:1,000), CD63 
(1:1,000), CD9 (1:2,000), Collagen  I (1:200), Collagen  III 
(1:800), a‑SMA (1:200), PIK3CA (1:400), Akt (1:1,000), p‑Akt 
(ser 473, 1:1,000), p‑Akt (thr308, 1:1,000), mTOR (1:1,000), 
p‑mTOR (ser 2481, 1:1,000), p‑mTOR (ser 2448, 1:1,000), 
GAPDH (1:1,000) and β‑actin (1:1,000). Following washing 
three times with TBST, the membranes were incubated with a 

secondary antibody for 1 h at room temperature, then washed 
three more times with TBST. Protein bands were visual‑
ized using enhanced chemiluminescence detection agents 
(EMD Millipore). Protein expression was semi‑quantified 
using ImageJ version 1.5.2 software (National Institutes of 
Health) with β‑actin or GAPDH as the loading control.

Bioinformatics and statistics. National Center for 
Biotechnology Information Gene Expression Omnibus (GEO) 
datasets (29) and the Human MicroRNA Disease Database 
(HMDD) version 3.2 (30) were searched using ‘Non‑coding 
RNA profiling by array and CHF’ as the key word. The results 
were individually analyzed using the GEO2R analytical 
tool, which is a R‑based interactive web tool that identifies 
differentially expressed miRNAs under various experimental 
conditions. Subsequently, sample groups were assigned 
to CHF and control groups, and the top 195 differentially 
expressed miRNAs in HMDD were selected. Moreover, the 
datasets of GEO were deal with R version 3.4.4 for Windows. 
Altered gene expression levels displaying significant changes 
(P<0.05 and |LogFC|>2) were considered as differentially 
expressed. volcano plot was generated using the ggplot2 pack‑
ages in R‑3.4.4. The 30 most markedly differentially expressed 
miRNAs from GEO dataset were screened and the heat map 
was generated using gplots and RColorBrewer packages in 
R‑3.4.4. Subsequently, the datasets of miRNAs collected from 
HMDD and the top 30 miRNAs from GEO were assessed 
using a Venn diagram package in R‑3.4.4.

An advanced search for the association between these 
miRNAs and CHF was performed, and miR‑320a was selected 
for subsequent experiments. The target genes of miR‑320a were 
predicted using Target Scan version 7.2 (31), miRwalk (32) and 
microRNA Data Integration Portal (miRDIP) databases (33) 
with different algorithms. In order to decrease false‑positive 
results, only genes that appeared in all three databases were 
used for subsequent analysis. The target genes were then 
analyzed using Database for Annotation, Visualization and 
Integrated Discovery (DAVID; version 6.8) (34) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (35). Pathways 
were selected as functional annotation categories for this 
analysis. Only pathways that displayed significant differ‑
ences (P<0.05) were functionally annotated. A binding site of 
miRNA‑320a was identified in the 3'‑untranslated region of 
PIK3CA was predicted using TargetScan version 7.2 (31).

Cell culture. The human fetal myocardial fibroblast cell line 
(HEH2) was purchased from Shanghai Tongwei Biotechnology 
Co., Ltd. Cells were cultured in DMEM supplemented with 1% 
penicillin‑streptomycin and 10% FBS at 37˚C with 5% CO2.

Exosome labeling and transfer to HEHE2 cells. Exosomes 
from CHF and healthy patient groups were labeled with PKH67 
green fluorescent membrane linker‑dye (Sigma‑Aldrich; 
Merck  KGaA) according to the manufacturer's protocol. 
Purified exosomes were labeled with PKH67 dye by adding 
500 µl Diluent C and 4 µl diluted PKH67 dye and incubated 
for 4 min at room temperature. Labeled purified exosomes 
were washed in PBS, pelleted at 100,000 x g for 60 min at 
4˚C and resuspended in PBS to a final volume of 200 µl. The 
protein concentration of exosomes was quantified using a BCA 
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protein assay reagent kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. PKH67‑stained 
exosomes (40 µg) were incubated for 1 h or 24 h with HEH2 
cells at 37˚C (except the control group) and then washed twice 
with PBS. All cells were then fixed with 4% formaldehyde 
for 20 min at room temperature. The nuclei were stained 
with DAPI (Beijing Solarbio Science  &  Technology  Co., 
Ltd.). Fluorescence was visualized using an IX53 confocal 
microscope (Olympus Corporation).

Cell viability assay. HEH2 cell viability was assessed by 
performing MTT assays. Cells were seeded (4x103 cells/well) 
into 96‑well plates and cultured for 24 h. Following trans‑
fection, 20 µl MTT solution was added into each well and 
incubated for 4 h at 37˚C. Subsequently, the culture medium 
was carefully aspirated and 150 µl DMSO was added to each 
well to dissolve the purple formazan. The absorbance of 
each well was measured at a wavelength of 490 nm using a 
microplate reader. Cell viability in the control group was set 
as 100%.

Quantification of apoptosis. Apoptotic cells were quanti‑
fied by analyzing PI staining via flow cytometry. Following 
transfection, cells were collected, washed with PBS and 
resuspended in 100 µl binding buffer. Subsequently, cells were 
double‑stained with Annexin V and PI using the Annexin V‑PI 
apoptosis detection kit (Vazyme Biotech Co., Ltd.) according 
to the manufacturer's protocol. Apoptotic cells were analyzed 
using a flow cytometer (Beckman Coulter FC500 Cytometer; 
Beckman Coulter, Inc.). Annexin V+/PI‑ staining indicated 
that cells were undergoing apoptosis (early stage of apoptosis), 
Annexin V+/PI+ staining indicated that cells were undergoing 
late stage of apoptosis, necrosis or had already died, and 
Annexin V‑/PI‑ staining indicated that cells were alive and 
not undergoing measurable apoptosis. Results were processed 
using CXP analysis software (version 2.1) from Beckman 
Coulter. For each analysis, 20,000 events were collected.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from serum samples 
or HEH2 cells using an miRcute miRNA extraction kit 
(Tiangen Biotech Co., Ltd., cat. no. DP501). Total RNA was 
reverse transcribed into cDNA using the miRcute miRNA 
First‑Strand cDNA Synthesis kit (Tiangen Biotech Co., Ltd, 
cat. no. KR201) according to the manufacturer's protocol. 
Subsequently, qPCR was performed using miRcute miRNA 
qPCR Detection kit (SYBR‑Green, Tiangen Biotech Co., Ltd, 
cat. no. FP401) and the ABI7500 Real Time PCR System (both 
Applied Biosystems; Thermo Fisher Scientific, Inc.). Cycling 
protocols were 2 min at 94˚C followed by 40 cycles of 20 sec 
at 94˚C, 34 sec at 60˚C and a final extension of 7 min at 72˚C. 
miRNA and mRNA expression levels were quantified using 
the 2‑ΔΔCq method and normalized to the internal reference 
genes U6 and GAPDH, respectively (36).

miR‑320a mimics and inhibitor transfection. HEH2 cells 
(5x104  cells/well) were seeded into 24 wells for 24 h and 
transfected with miR‑320a inhibitor (40 nM; 5'‑UCG​CCC​
UCU​CAA​CCC​AGC​UUU​U‑3'), miR‑320a mimics (40 nM; 
forward, 5'‑AAA​AGC​UGG​GUU​GAG​AGG​GCG​A‑3' 

and reverse, 5'‑GCC​CUC​UCA​ACC​CAG​CUU​UUU​U‑3'), 
NC‑mimics (40 nM; forward, 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UTT‑3' and reverse, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​
ATT‑3') or NC‑inhibitor (40  nM; 5'‑CAG​UAC​UUU​UGU​
GUA​GUA​CAA‑3') for 6 h at 37˚C using Lipofectamine 2000 
transfection reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. miR‑320a 
mimics were double‑stranded RNA oligos, whereas miR‑320a 
inhibitors were single‑stranded. The inhibitor was modified 
by 2'‑O‑methylation. At  72 h post‑transfection, miR‑320a 
expression levels were assessed via RT‑qPCR.

ELISA. The content of soluble growth stimulation expressed 
gene 2 (sST2) in serum samples and HEH2 cells was deter‑
mined by performing ELISAs. Briefly, cells were seeded 
(2x105 cells/well) into 6‑well plates and allowed to adhere 
overnight. Following transfection, 500 µl PBS was added to 
1x106 cells, followed by lysis by ultrasonication. Cell debris 
was removed via centrifugation at 4˚C for 10 min at 10,000 x g. 
The content of sST2 in the supernatants of HEH2 cells and 
serum samples obtained from CHF and healthy control 
groups were detected by performing ELISAs according to the 
manufacturer's instructions.

Statistical analysis. Statistical analyses were performed using 
Microsoft Excel (Microsoft Corporation) and GraphPad 
Prism software (version 5; GraphPad Software, Inc.). Data 
are presented as the mean  ±  SEM. All experiments were 
performed in triplicate. Comparisons between two groups 
were analyzed using the unpaired Student's t‑test. Comparisons 
among multiple groups were analyzed using one‑way ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Bioinformatics prediction of miRNA. The gene expression 
profile of GSE104150, ‘Association of miR‑197‑5p, a circulating 
biomarker for heart failure, with myocardial fibrosis and adverse 
cardiovascular events among patients with stage C or D heart 
failure’, was obtained from GEO datasets. The GSE104150 
dataset contained blood from humans and was comprised of 16 
samples, including 7 healthy control tissues and 9 CHF tissues. 
After the GSE104150 dataset was analyzed, 185 genes were 
selected for inclusion in a volcano plot (Fig. 1A). A heatmap 
displaying the top 30 differentially expressed genes was gener‑
ated (Fig. 1B). A differential expression miRNA analysis was 
performed using GEO and HMDD, resulting in the identifica‑
tion of 195 and 30 miRNAs, respectively. Among the identified 
miRNAs, both GEO and HMDD identified these 2 miRNAs as 
being differentially expressed (Fig. 1C and D). As hsa‑miR‑320a 
are reported to have closely related to cardiac diseases (24,25), 
miR‑320a was selected for further investigation.

Correlation analysis of the expression levels of serum 
miR‑320a and clinical characteristics in patients with CHF. 
To confirm the prediction in the present study, the serum 
expression levels of miR‑320a in healthy volunteers and 
patients with CHF were detected. The expression of miR‑320a 
was significantly elevated in patients with CHF compared 
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with healthy controls (P<0.05; Fig. 2A). Furthermore, the 
present study also assessed the serum levels of sST2, which 
is a biomarker of cardiac remodeling and fibrosis (37). The 
results demonstrated that the serum levels of sST2 were also 
significantly increased in patients with CHF compared with 
healthy controls (P<0.01; Fig. 2B).

LVEF, LVEDD, NT‑proBNP, sST2 and NYHA classifica‑
tion are diagnostic markers for CHF (38‑41). The association 
between serum miR‑320a expression levels and the clinical 
characteristics of patients with CHF was analyzed in the present 
study. The expression of serum miR‑320a was significantly 
correlated with the clinical characteristics of patients with 
CHF. Serum miR‑320a expression levels were positively corre‑
lated with LVEDD (r=0.841; P<0.01; Fig. 2C), sST2 (r=0.688; 
P<0.05; Fig. 2D), NT‑proBNP (r=0.848; P<0.01; Fig. 2F) and 
NYHA classification (r=0.827; P<0.01; Fig. 2E), but negatively 
correlated with LVEF (r=‑0.760; P<0.05; Fig. 2G).

Exosome sample identification and the expression levels of 
miR‑320a in exosomes and exosome‑depleted supernatants. 
Subsequently, the characteristics of exosomes were deter‑
mined by performing particle‑size analysis, transmission 

electron microscopy and western blotting. Exosomes in 
the serum displayed a double layer membrane and ranged 
from 40‑200 nm in size (Fig. 3A and C). CD63, CD9 and 
TSG101, which are protein markers of exosomes (42), were 
used to evaluate exosomes via western blotting (Fig. 3B). The 
results revealed that CD63, CD9 and TSG101 were positively 
expressed in the exosomes of the healthy control and CHF 
groups. Collectively, these results suggested that exosomes 
were successfully extracted from the serum. To characterize 
the primary expression pattern of miR‑320a in serum, 
its expression levels in exosomes and exosome‑depleted 
supernatants (residues) were determined. The expression 
level of miR‑320a was significantly increased in normal 
(NOR) and CHF exosomes compared with NOR and CHF 
exosome‑depleted supernatants (residues), respectively, 
suggesting that miR‑320a was primarily expressed in the 
exosomes (Fig. 3D).

Transfection of exosomes into cardiac fibroblasts and the 
expression of miR‑320a in HEH2 cells. PKH lipophilic dyes, 
which are highly fluorescent and stain exosomes membranes 
by intercalating their aliphatic portion into the exposed lipid 

Figure 1. Bioinformatics prediction of miRNA. (A) Volcano plot displaying the differential expression of miRNAs in CHF and healthy control groups using 
the ggplot2 package in R. The x axis presents the mean fold‑change in miRNA expression between CHF and healthy control groups [log2 (Fold Change) and 
P<0.05]. (B) Heat map of the expression levels of the top 30 differentially expressed miRNAs drawn using gplots and RColorBrewer packages. Red, green 
and black indicate upregulation, downregulation and no change, respectively (C) Venn diagram of the differentially expressed miRNAs in GEO and HMDD. 
(D) Differentially expressed miRNAs identified by GEO and HMDD. miRNA/miR, microRNA; CHF, chronic heart failure; GEO, Gene Expression Omnibus; 
HMDD, Human MicroRNA Disease Database.
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bilayer (43), were employed to evaluate the ability of exosomes 
to transfer miR‑320a into cardiac fibroblasts. The results 
revealed that the NOR and CHF exosomes were successfully 
absorbed by HEH2 cells in a time‑dependent manner (Fig. 4A). 
Subsequently, the present study detected the expression levels 
of miR‑320a in HEH2 cells following incubation with serum 

exosomes from NOR and CHF groups for 12 h. Compared 
with the control group, the expression levels of miR‑320a in 
NOR and CHF exosomes were significantly upregulated (both 
P<0.01), and the expression levels of miR‑320a in the CHF 
exosomes group were significantly higher compared with the 
NOR exosomes group (P<0.01) (Fig. 4B).

Figure 2. Correlation analysis of the expression levels of serum miR‑320a and clinical characteristics in patients with CHF. miR‑320a expression levels and the 
content of sST2 in serum samples collected from patients with CHF and healthy controls were detected via reverse transcription‑quantitative PCR and ELISA, 
respectively. LVEF and LVEDD parameters were measured using Color Doppler Ultrasonic Diagnostic Equipment. New York Heart Association classifica‑
tion of patients with CHF was based on their limitations during physical activity according to the 2017 Chinese CHF Diagnosis and Treatment guidelines. 
Serum levels of NT‑proBNP were determined by performing an electrochemiluminescence immunoassay. (A) miR‑320a expression levels and (B) the content 
of sST2 in serum samples collected from patients with CHF and healthy controls. Correlation between miR‑320a and (C) LVEDD, (D) sST2, (E) NYHA 
classification, (F) NT‑proBNP or (G) LVEF. Data are presented as the mean ± SEM from at least three independent experiments. Comparisons between two 
groups were analysed using one‑way ANOVA followed by Tukey's post hoc test. Pearson's correlation coefficient was used to assess correlations. *P<0.05 and 
**P<0.01 vs. control. miR, microRNA; CHF, chronic heart failure; sST2, soluble growth stimulation expressed gene 2; LVEDD, left ventricular end‑diastolic 
diameter; NYHA, New York Heart Association; NT‑proBNP, NT‑proB‑type natriuretic peptide; LVEF, left ventricular ejection fraction.
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Effects of miR‑320a on cell viability, intracellular sST2 
content and apoptosis in HEH2 cells. To determine the 
effect of miR‑320a on cardiac fibroblast proliferation, 
HEH2 cells were transfected with miR‑320a mimics or 
inhibitor. Compared with the NC‑inhibitor group, cell 
viability was significantly decreased following transfec‑
tion with miR‑320a inhibitor for 72 h (P<0.05; Fig. 5A). By 
contrast, compared with the NC‑mimics group, miR‑320a 
overexpression did not significantly alter HEH2 cell 
viability (P>0.05). Following transfection with miR‑320a 
mimics or inhibitor, the percentage of apoptotic myocardial 
fibroblasts was significantly increased compared with the 
NC‑mimics and NC‑inhibitor group, respectively (both 
P<0.01; Fig. 5C and D). Notably, compared with miR‑320a 
mimics‑transfected cells, miR‑320a knockdown significantly 
increased the percentage of apoptotic cells (P<0.01). In addi‑
tion, the sST2 content was significantly elevated following 
transfection with miR‑320a mimics compared with the 
NC‑mimics group (P<0.01; Fig. 5B). Following transfection 
with miR‑320a inhibitor, the sST2 content was significantly 
decreased in HEH2 cells compared with the NC‑inhibitor 
group (P<0.01).

Effect of miR‑320a on target gene (PIK3CA) expression in 
HEH2 cells. To investigate the potential mechanisms under‑
lying miR‑320a‑induced myocardial fibroblast proliferation, 
bioinformatics tools (TargetScan, miRwalk and miRDIP) 
were used to predict the target genes of miR‑320a. The 
results identified 592 possible target genes of miR‑320a 
(Fig. 6A). Enriched pathways and processes significantly 
associated with each predicted target gene were identified by 
performing DAVID and KEGG analyses. Several common 
signaling pathways were identified, including the ‘PI3K/Akt 
signaling pathway’, ‘insulin signaling pathway’ and ‘endo‑
cytosis’ (Fig. 6B). Among these pathways, PI3K/Akt, which 
has been demonstrated to be closely associated with myocar‑
dial fibrosis (44), was further investigated. Predicted genes 
of PI3K/Akt pathway were shown in Fig. 6D. PIK3CA, an 
integral part of the PI3K/Akt pathway (45), was selected for 
subsequent investigation.

A predicted binding site of miRNA‑320a was identified in 
the 3'‑untranslated region of PIK3CA (Fig. 6C). Furthermore, 
the effects of miR‑320a mimics and inhibitor on miR‑320a 
expression were confirmed via RT‑qPCR. miR‑320a mimics 
significantly increased the expression of miR‑320a in HEH2 

Figure 3. Characterization of exosomes extracted from serum samples, and the expression levels of miR‑320a in exosomes and exosome‑depleted superna‑
tant. Exosomes were extracted from serum samples of patients with CHF and normal controls using the exoRNeasy Serum‑Plasma Midi kit. (A) Exosomes 
from NOR control group were observed via transmission electron microscopy. (B) Exosome biomarkers, including CD63, CD9 and TSG101, were identified 
via western blotting in CHF and normal groups (two patients each group, CHF1‑2 and Normal 1‑2, respectively). (C) Particle sizes of extracted exosomes 
from CHF and normal groups (two patients each group) were confirmed via Nanoparticle Size Analyzer. (D) Relative expression levels of miR‑320a in 
exosomes and exosome‑depleted supernatants (residues) were determined via reverse transcription‑quantitative PCR. Data are presented as the mean ± SEM 
from at least three independent experiments. Comparisons among multiple groups were analysed using one‑way ANOVA followed by Tukey's post hoc test. 
##P<0.01 vs. Normal exosomes; ††P<0.01 vs. CHF exosomes. miR, microRNA; CHF, chronic heart failure; TSG101, tumor susceptibility 101.
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cells compared with the NC‑mimics group (P<0.01), whereas 
miR‑320a inhibitor significantly decreased miR‑320a expres‑
sion compared with the NC‑inhibitor group (P<0.01) (Fig. 7A). 
Furthermore, the effect of miR‑320a mimics or inhibitor 
transfection on PIK3CA expression in HEH2 cells was detected 
to verify PIK3CA as the direct target gene of miR‑320a. 
miR‑320a overexpression significantly upregulated the expres‑
sion of PIK3CA compared with the NC‑mimics group (P<0.01), 
whereas miR‑320a knockdown significantly downregulated 
the expression of PIK3CA in HEH2 cells compared with the 
NC‑inhibitor group (P<0.01) (Fig. 7B). In addition, the correla‑
tion between miR‑320a and PIK3CA was analyzed. The results 
revealed that there was a significant positive correlation between 
miR‑320a and PIK3CA expression (r=0.923; P<0.01; Fig. 7C).

miR‑320a promotes myocardial fibroblast proliferation via 
regulating the PIK3CA/Akt/mTOR signaling pathway. To 
further investigate the mechanism underlying miR‑320a in 
myocardial fibroblast proliferation, the involvement of the 
PIK3CA/Akt/mTOR signaling pathway was investigated. Cells 
transfected with miR‑320a mimics displayed significantly 
increased PIK3CA protein expression levels compared with the 

NC‑mimics group (P<0.01; Fig. 8). The expression of PIK3CA 
was significantly decreased in miR‑320a inhibitor‑transfected 
HEH2 cells compared with NC‑inhibitor‑transfected HEH2 
cells (P<0.01). miR‑320a overexpression significantly 
increased the ratios of p‑Akt (ser  473)/Akt and p‑Akt 
(ser 308)/Akt compared with the NC‑mimics group (both 
P<0.01). By contrast, miR‑320a knockdown significantly 
decreased the ratios of p‑Akt (ser 473)/Akt (P<0.01) compared 
with the NC‑inhibitor group. When compared with the 
NC‑inhibitor group, the ratio of p‑Akt (ser 308)/Akt was also 
reduced after miR‑320a inhibitor transfection, although the 
difference was not significant (P>0.05). Furthermore, the 
ratio of p‑mTOR (ser 2448)/mTOR was significantly elevated 
following miR‑320a mimics transfection compared with 
the NC‑mimics group (P<0.01), but notably downregulated 
following miR‑320a inhibitor transfection, although this 
was not significant compared with the NC‑inhibitor group 
(P>0.05). Moreover, the ratio of p‑mTOR (ser 2481)/mTOR 
was not changed after miR‑320a mimic and inhibitor trans‑
fection (P>0.05), suggesting that p‑mTOR (ser 2481) may 
not be the target protein of miR‑320a. The western blotting 
results revealed that the expression levels of the downstream 

Figure 4. Transfection of exosomes into cardiac fibroblasts and the expression of miR‑320a in HEH2 cells. (A) Following incubation with PKH67‑stained 
exosomes for 12 h, cells were visualized via fluorescence microscopy. Scale bar, 100 µm. (B) Following incubation with NOR or CHF exosomes for 12 h, 
the expression levels of miR‑320a were quantified via reverse transcription‑quantitative PCR. Data are presented as the mean ± SEM from at least three 
independent experiments. Comparisons among multiple groups were analysed using one‑way ANOVA followed by Tukey's post hoc test. **P<0.01 vs. control; 
##P<0.01 vs. normal exosomes; miR, microRNA.
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proteins of mTOR, including collagen I and collagen III, were 
significantly increased following transfection with miR‑320a 
mimics compared with NC‑mimics (both P<0.01), whereas 
transfection with miR‑320a inhibitor significantly decreased 
the expression levels of collagen I and collagen III in HEH2 
cells compared with the NC‑inhibitor group (both P<0.01. In 
addition, compared with the NC‑mimics and NC‑inhibitor 
groups, the expression of α‑SMA was significantly increased 
(P<0.01) and decreased (P<0.01) following transfection with 
miR‑320a mimics and miR‑320a inhibitor, respectively.

Discussion

The miR‑320 family is conserved, but only exists in verte‑
brates, from Xenopus to humans (46). This miRNA family 
consists of five members, and miR‑320a regulated the 
abundant biological processes in cardiovascular diseases, 

including atherogenesis  (47), drug‑induced cardiotox‑
icity (48) and arrhythmia (49). The present study investigated 
the effect of miR‑320a on myocardial fibroblast prolif‑
eration in HEH2 cells, as well as the underlying molecular 
mechanisms.

Due to their stability in human plasma and serum, miRNAs 
are potential biomarkers for a number of diseases, such as 
CHF and autism spectrum disorder (24,50). In the present 
study, the results obtained from the bioinformatics predic‑
tion revealed that miR‑320a may be differentially expressed 
between patients with CHF and healthy controls. To improve 
the reliability of the bioinformatics prediction, the expression 
of serum miR‑320a in the CHF and healthy control groups 
was detected. The results demonstrated that the expression 
of serum miR‑320a in patients with CHF was significantly 
elevated compared with the healthy control group, which 
confirmed the bioinformatics prediction. To further investigate 

Figure 5. miR‑320a knockdown decreases cell viability and intracellular sST2 content, as well as enhances apoptotic cell death in HEH2 cells. HEH2 cells were 
transfected with NC‑mimics, NC‑inhibitor, miR‑320a mimics or miR‑320a inhibitor for 72 h. (A) Cell viability was determined by performing the MTT assay. 
(B) sST2 content in HEH2 cells was assessed by performing ELISAs. Cell apoptosis (C) was determined via flow cytometry and quantified. (D) The apoptosis 
rate of cells including early and late stage of apoptotic cells. Data are presented as the mean ± SEM from at least three independent experiments. Comparisons 
between two groups were analysed using the unpaired Student's t‑test. **P<0.01 vs. NC‑mimics; #P<0.05 and ##P<0.01 vs. NC‑inhibitor; ††P<0.01 vs. miR‑320a 
mimics. miR, microRNA; sST2, soluble growth stimulation expressed gene 2; NC, negative control.
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Figure 6. PIK3CA is a direct target of miR‑320a. (A) miR‑320a target genes were predicted using TargetScan, miRwalk and miRDIP bioinformatics tools. 
(B) Enriched KEGG pathways of target genes of miR‑320a. (C) Predicted miR‑320a binding site in the 3'‑UTR region of PIK3CA. (D) Predicted genes of 
the PI3K/Akt pathway. PIK3CA, phosphoinositide‑3‑kinase catalytic α polypeptide gene; miR, microRNA; miRDIP, microRNA Data Integration Portal; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; UTR, untranslated region.

Figure 7. Expression of miR‑320a and PIK3CA in HEH2 cells. Cells were seeded into 6‑well plates and transfected with NC‑mimics, NC‑inhibitor, miR‑320a 
mimics or miR‑320a inhibitor for 72 h. (A) miR‑320a and (B) PIK3CA expression levels were quantified via reverse transcription‑quantitative PCR. (C) Pearson's 
correlation analysis was performed to assess the correlation between miR‑320a and PIK3CA expression levels. Data are presented as the mean ± SEM 
from at least three independent experiments. Comparisons between two groups were analyzed using the unpaired Student's t‑test. **P<0.01 vs. NC‑mimics; 
##P<0.01 vs. NC‑inhibitor. miR, microRNA; PIK3CA, phosphoinositide‑3‑kinase catalytic α polypeptide gene; NC, negative control.
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the correlation between serum miR‑320a and CHF, the key 
biomarkers for the diagnostic evaluation and risk stratification 

of patients with CHF, including LVEF, LVEDD, sST2, 
NT‑proBNP and NYHA classification, were also evaluated. 

Figure 8. miR‑320a regulates the PIK3CA/Akt/mTOR signaling pathway in HEH2 cells. Cells were seeded into 6‑well plates and transfected with NC‑mimics, 
NC‑inhibitor, miR‑320a mimics or miR‑320a inhibitor for 72 h. α‑SMA, collagen I, collagen III, PIK3CA, p‑Akt (ser 473), p‑Akt (thr 308), Akt, p‑mTOR 
(ser 2481), p‑mTOR (ser 2488), mTOR and β‑actin protein expression levels were (A) determined by western blotting and (B) semi‑quantified. Data are 
presented as the mean ± SEM from three independent experiments. Comparisons between two groups were analyzed using the unpaired Student's t‑test. 
**P<0.01 vs. NC‑mimics; ##P<0.01 vs. NC‑inhibitor. miR, microRNA; PIK3CA, phosphoinositide‑3‑kinase catalytic α polypeptide gene; NC, negative control; 
α‑SMA, α‑smooth muscle actin; p, phosphorylated.
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LVEF is the measurement of the volume of blood is being 
pumped out of the left ventricle of the heart. Patients with 
an LVEF ≤40% can be categorized as experiencing heart 
failure (51). Furthermore, LVEDD is a predictive factor for 
mortality from heart failure and is closely associated with 
myocardial fibroblast proliferation (40). sST2 is the circulating 
form of the IL‑33 receptor and serves an important role in the 
pathology of CHF (52). NT‑proBNP is secreted by myocytes 
as a reaction to various stimuli, and the serum concentration 
of NT‑proBNP is consistent with the clinical severity of CHF, 
serving as a sensitive marker of CHF (53). The present study 
demonstrated that serum miR‑320a expression was positively 
correlated with sST2, LVEDD, N‑terminal pro‑BNP and 
NYHA classification, but negatively correlated with LVEF. 
These results suggested that miR‑320a may be a risk factor for 
patients with CHF. Furthermore, circulating miRNAs exist in 
two distinct forms, including free and exosomal miRNAs (54). 
Previous studies have demonstrated that exosomal miRNAs 
mediated multiple intracellular signaling pathways and served 
an important role in cardiac fibroblasts in the pathogenesis 
of various diseases  (55‑57). To clarify whether miR‑320a 
was transported by exosomes, exosomes were successfully 
extracted from serum samples of patients with CHF and 
healthy controls. The expression of miR‑320a in exosomes 
isolated from patients with CHF was significantly elevated 
compared with the healthy control group. Furthermore, 
miR‑320a was more abundant in serum exosomes compared 
with exosome‑depleted supernatants (residues), indicating that 
exosomes were the primary carriers of miR‑320a in serum. 
Therefore, exosomal miR‑320a might be a useful diagnostic 
factor for patients with CHF.

Circulating exosomes transport miRNAs to the target 
organs, serve an important role in disease progression and 
facilitate myocardial fibroblast proliferation in CHF (58). 
The present study indicated that exosomes transported 
miR‑320a to myocardial fibroblasts (HEH2 cells), indicating 
the potential of exosomal miR‑320a to regulate myocardial 
fibrosis progression. To verify this hypothesis, miR‑320a 
mimics and inhibitors were transfected into HEH2 cells. It 
has been reported that myocardial fibroblast proliferation 
is a determining factor in maintaining cardiac extracellular 
matrix and fibrotic myocardial remodeling in CHF, thus 
inhibiting this proliferation may serve as a reliable strategy 
to improve CHF (59). The results of the present study demon‑
strated that miR‑320a knockdown significantly decreased 
cell viability and increased apoptotic rates in HEH2 cells 
compared with the NC‑inhibitor group. As one of the most 
specific parameters for CHF detection, sST2 is closely associ‑
ated with myocardial fibrosis and ventricular remodeling (60). 
In the present study, compared with the corresponding NC 
groups, intracellular sST2 content was significantly increased 
following miR‑320a mimics transfection, but decreased 
following miR‑320a inhibitor transfection. These results 
suggested that miR‑320a may promote proliferation of HEH2 
cells. To elucidate the mechanisms underlying miR‑320a, 
TargetScan, miRwalk and miRDIP were used to predict the 
biological target genes of miR‑320a. The results revealed 
that PIK3CA, the gene encoding the p110α subunit of PI3K, 
was one of the target genes of miR‑320a. Compared with the 
NC‑mimics group, miR‑320a overexpression significantly 

upregulated the mRNA and protein expression levels of 
PIK3CA in HEH2 cells, which partially confirmed the predic‑
tion. Furthermore, KEGG analysis was performed to predict 
the associated signaling pathways. The results indicated that 
the PI3K/Akt pathway, which serves an important role in 
controlling myocardial fibrosis (61,62), was one of the targets 
of miR‑320a. Therefore, the potential downstream proteins 
that may participate in the miR‑320a/PIK3CA axis in HEH2 
cells were investigated in the present study. mTOR is a key 
regulator of protein synthesis in cardiomyocytes (63), serving 
an essential role in various cardiac diseases accompanied by 
cardiac fibrosis via promoting collagen expression, apoptosis, 
inflammation and autophagy (64,65). As an upstream positive 
regulator of mTOR, Akt activates mTOR via a TSC complex 
subunit 2‑independent mechanism by phosphorylating its four 
residues (66). In the present study, miR‑320a mimics signifi‑
cantly upregulated the ratios of p‑mTOR (ser 2448)/mTOR, 
p‑Akt (ser 473)/Akt and p‑Akt (ser 308)/Akt compared with 
the NC‑mimics group. Furthermore, compared with the 
NC‑inhibitor group, miR‑320a inhibitor notably downregu‑
lated p‑mTOR (ser 2448)/mTOR, p‑Akt (ser 473)/Akt and 
p‑Akt (ser 308)/Akt ratios in HEH2 cells, indicating that 
miR‑320a promoted Akt/mTOR signal transduction. Previous 
studies have reported that the markers of myofibroblast prolif‑
eration, including α‑SMA, collagen I and collagen III (67,68), 
were the downstream proteins of mTOR. The results of the 
present study suggested that compared with the corresponding 
NC groups, the expression levels of these three proteins 
were significantly upregulated following miR‑320 mimics 
transfection, but significantly decreased following miR‑320 
inhibitor transfection, suggesting that miR‑320 overexpres‑
sion facilitated myocardial fibroblast proliferation via the 
PIK3CA/Akt/mTOR signaling pathway.

The present study had three primary limitations. First, the 
present study only investigated the expression of miR‑320a 
in patients with CHF and demonstrated its effects on the 
PIK3CA/AKT/mTOR pathway in HEH2 cells. Future studies 
should employ other approaches to verify the effects and roles 
of miR‑320a in CHF and myocardial fibroblast proliferation. 
Secondly, the present study only detected the percentage of 
apoptotic cells via flow cytometry. To verify the results of 
the present study, caspase signaling should be assessed to 
further determine the apoptotic effect of miR‑320a. Thirdly, 
the effects of the mimics or inhibitor used in the present study 
may have been too strong to accurately represent the physi‑
ological effects of miR‑320a. Therefore, future studies should 
use exosomes isolated from patients with CHF to determine 
whether exosomes display a similar effect to the mimics and 
inhibitor used in the present study.

In summary, the present study demonstrated that the 
expression of miR‑320a was significantly higher in serum and 
exosomes isolated from patients with CHF compared with 
healthy controls. The results also indicated that exosomes were 
the primary carriers of miR‑320a. Furthermore, compared with 
the NC‑inhibitor group, miR‑320a inhibitor transfection signifi‑
cantly decreased HEH2 cell viability and sST2 serum levels, 
and significantly increased apoptosis. The promotive effect of 
miR‑320a on myocardial fibroblast proliferation may be asso‑
ciated with regulation of the PIK3CA/Akt/mTOR signaling 
pathway. Therefore, the results of the present study suggested 
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that miR‑320a may serve as a molecular target for the develop‑
ment of diagnostic and therapeutic strategies for CHF.
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