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Abstract. Several studies have previously reported that endo-
thelial cells contributed to pathological fibrosis in proliferative 
diabetic retinopathy (PDR) through endothelial‑mesenchymal 
transition (EndMT); however, the precise mechanism of this 
interaction has not been completely elucidated. The present 
study investigated the expression of microRNA (miR)‑29a/b 
cluster in human retinal microvascular endothelial 
cells  (HRMECs) and examined its functional role in high 
glucose (HG)‑induced EndMT. HRMECs were exposed to 
glucose at concentrations of 5, 15, 30 and 50 mM for 7 days 
and reverse transcription‑quantitative polymerase chain 
reaction, western blotting and immunofluorescence were 
conducted to determine the expression of genes associated with 
miR‑29a/b and EndMT. A luciferase reporter gene assay was 
also performed to confirm the association between miR‑29a/b 
and neurogenic locus notch homolog protein  2  (Notch2). 
The expression levels of miR‑29a/b, and endothelial markers 
vascular endothelial cadherin and cluster of differentiation 31 
were decreased, whereas the expression levels of Notch2 and 
mesenchymal markers, including α‑smooth muscle actin, 
fibroblast‑specific protein 1 (also named S100 calcium binding 
protein A4, S100A4), fibronectin and SNAI1 were increased 

in HRMECs under HG (30  nM) conditions. In addition, 
Notch2 was identified as a target of miR‑29a and miR‑29b. 
Overexpression of miR‑29a/b downregulated the expression 
of Notch2 and subsequently suppressed HG‑induced EndMT. 
Taken together, the results of the present study revealed that 
the miR‑29/Notch2 signaling pathway may participate in the 
regulation of HG‑induced EndMT, and may serve as a poten-
tial molecular target during fibrosis in PDR.

Introduction

Diabetic retinopathy (DR) is the most common and serious 
complication of diabetes mellitus (DM) and is a major 
vision‑threatening eye disease in the working‑age popula-
tion  (1). Despite a new generation of medications and 
modern vitreoretinal microsurgery in clinical treatments, the 
prevalence of DR has still risen dramatically over the last two 
decades (2). Therefore, further understanding of the patho-
genesis of DR is required in order to improve the presently 
available clinical therapies.

Proliferative DR (PDR) is the advanced, sight‑threatening 
stage of DR characterized by ischemia‑induced pathological 
preretinal neovascularization and uncontrolled production 
of extracellular matrix (ECM) proteins associated with the 
outgrowth of epiretinal fibrovascular membranes  (FVMs) 
at the vitreoretinal interface  (3). An increasing amount of 
evidence has suggested that endothelial cells may undergo 
endothelial‑mesenchymal transition  (EndMT) under high 
glucose (HG) stimulation, which contributes to pathological 
fibrosis in PDR (4‑6). EndMT is a complex biological process 
in which endothelial cells lose their specific markers, including 
cluster of differentiation 31  (CD31) and vascular endothe-
lial (VE)‑cadherin, and express higher levels of mesenchymal 
markers including α‑smooth muscle actin (α‑SMA), fibro-
blast‑specific protein 1 (FSP1) and fibronectin (FN) (7,8). A 
more comprehensive understanding of the molecular mecha-
nisms involved in the EndMT process may be used to provide 
a novel therapeutic approach to attenuate the formation of 
FVMs associated with PDR.

MicroRNAs (miRNAs/miRs) are small noncoding regu-
latory RNA molecules, ~18‑22 nucleotides in length, which 
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post‑transcriptionally regulate gene expression by binding 
the 3'‑untranslated regions (3'‑UTRs) of target mRNAs to 
repress their translation or decrease their stability (9). Previous 
studies have reported that a number of miRNAs, including 
miR‑21 (10), miR‑23b‑3p (11), miR‑195 (12) and miR‑126 (13), 
may be involved in the development of DR. Our recent studies 
revealed that the expression level of the miR‑29a/b cluster 
decreased in the retina tissue of diabetic rats, which may 
serve as an important biomarker in DR (14,15). An increasing 
amount of evidence has suggested that the miR‑29 family 
could serve a role in the development of fibrosis of multiple 
organs, including renal, pulmonary and cardiac fibrosis (16‑18). 
Therefore, the current study hypothesized that modulating the 
miR‑29a/b cluster may provide a novel therapeutic strategy for 
fibrosis associated with PDR.

In the present study, human retinal microvascular endo-
thelial cells (HRMECs) were used to elucidate the potential 
involvement of the miR‑29a/b cluster in HG‑induced EndMT. 
It was demonstrated that the expression level of miR‑29a/b 
was decreased in HG‑treated HRMECs, and overexpression 
of miR‑29a/b inhibited the EndMT of HRMECs induced by 
HG. Further mechanistic studies indicated that neurogenic 
locus notch homolog protein 2 (Notch2) was a direct target 
of miR‑29a/b and was involved in the progression of EndMT.

Materials and methods

Cells culture. Primary HRMECs isolated from a single donor 
eye were purchased from Cell Systems (Kirkland, WA, USA) 
and cultured in endothelial basal medium (Lonza  Group, 
Ltd., Basel, Switzerland) supplemented with 10% fetal 
bovine serum, endothelial cell growth supplements (EGM 
SingleQuots; Lonza Group, Ltd.) and 1% penicillin/strepto-
mycin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). All cultures were incubated at 37˚C in a 5% CO2 
humidified atmosphere. Cells at passage 3‑6 were used for 
subsequent experiments.

Cell stimulation. HRMECs were cultured in condi-
tioned medium with various concentrations of D‑glucose 
(Sigma‑Aldrich; Merck  KGaA, Darmstadt Germany) and 
were treated in 6 groups with the following for 7 days: 0 mM 
glucose, 5 mM glucose [serving as the normal glucose (NG) 
group], 15 mM glucose, 30 mM glucose (HG group), 50 mM 
glucose and 5 mM glucose + 25 mM mannitol (serving as the 
osmotic control). Cells were subsequently stimulated with 
HG or osmotic control for either 1, 3, 5 or 7 days. In certain 
experiments, a selective inhibitor of endogenous transforming 
growth factor-β (TGF‑β) signaling (SB431542; 10  µM; 
Sigma‑Aldrich; Merck KGaA) was added to cultures 1 h prior 
to treatment with NG or HG.

Cell transfection. HRMECs were seeded in six‑well 
plates at a density of 1x105 cells/well for 24 h. A total of 
100 nM miR‑29a and miR‑29b mimics or inhibitors, and 
non‑targeting control  (NC) were subsequently transfected 
into cells using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). All miRNA mimics, inhibitors and 
miR‑NC oligonucleotides were purchased from Guangzhou 
RiboBio  Co., Ltd. (Guangzhou, China), the sequences of 

which are listed in  Table  I. The pcDNA‑enhanced green 
f luorescent protein  (EGFP) vector with Notch2 cDNA 
(pcDNA‑Notch2) and the blank pcDNA‑EGFP plasmids 
(pcDNA) were purchased from Shanghai GeneChem Co., Ltd. 
(Shanghai, China). 1 mg pcDNA‑Notch2 expression plasmid 
or blank pcDNA plasmid were transfected into HRMECs 
(5x106 cells/well) and the mock group was untransfected. At 
24 h following transfection, HRMECs were washed with PBS 
and recorded using a laser‑scanning confocal microscope 
(LSM710; Carl Zeiss AG, Oberkochen, Germany) to evaluate 
the transfection efficiency. Four images were obtained per 
well in two channels: HRMECs body and GFP. Transfection 
efficacy was calculated manually using the following formula: 
% transfection efficacy = green fluorescent cell number/cell 
number x100.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from HRMECs using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
The RNA quality was measured using a NanoDrop 2000 
spectrophotometer (Thermo Fisher, Scientific, Inc.). For the 
detection of mRNA expression, cDNA was synthesized with 
1 µg of total RNA using an iScript™ cDNA synthesis kit 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA) according 
to the manufacturer's protocol. qPCR analysis was performed 
using the ABI 7000 PCR instrument (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with SYBR Premix Ex Taq™ II 
(Takara Biotechnology Co., Ltd., Dalian, China). The reaction 
for mRNA was performed under the following conditions: 
95˚C for 1 min, and 40 cycles at 95˚C for 5 sec and 60˚C for 
30 sec. For the detection of miR‑29a and miR‑29b, total cDNA 
was synthesized by using a miScript II RT kit (Qiagen GmbH, 
Hilden, Germany), under the following conditions: 37˚C for 
60 min, 95˚C for 5 min and 4˚C for 5 min. qPCR of miRNA 
expression was performed using a miScript SYBR Green PCR 
kit (Qiagen GmbH). The thermocycling conditions for miRNA 
was pas follows: 95˚C for 15 min, followed by 40 cycles at 
94˚C for 15 sec, 55˚C for 30 sec and 70˚C for 30 sec. The rela-
tive amounts of mRNA and miRNA were calculated using the 
2‑ΔΔq method and normalized to β‑actin and U6 small nuclear 
RNA, respectively  (19). The sequences of the primers are 
presented in Table I.

Western blotting. HRMECs were lysed in RIPA lysis buffer 
and the protein was collected and quantified with a bicin-
choninic acid assay kit (Beyotime Institute of Biotechnology, 
Shanghai, China). A total of 40 µg of protein from each sample 
were subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (10% gel) and electrotransferred onto poly-
vinylidene fluoride membranes. Following blocking with 5% 
non‑fat milk (Sigma‑Aldrich) at room temperature for 2 h, the 
membranes were incubated with primary antibodies against 
Notch 1 (cat. no. ab8925; 1:1,000), Notch 2 (cat. no. ab8926; 
1:1,000), Jagged 1 (cat. no. ab7771; 1:1,000) and β‑actin (cat. 
no. ab8227; 1:5,000) (all from Abcam, Cambridge, UK) at 4˚C 
for 16 h. The membranes were then incubated with horseradish 
peroxidase‑conjugated secondary antibodies (cat. no. 14708 or 
14709; 1:5,000; Cell Signaling Technology, Inc., Danvers, MA, 
USA) for additional 2 h at 25˚C. Western blots were visual-
ized using Western Lighting Plus‑ECL (PerkinElmer, Inc., 
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Waltham, MA, USA) and recorded using the Bio‑Rad gel 
image analysis system (Bio‑Rad Laboratories, Inc.). β‑actin 
was used as the internal control.

Immunofluorescence. HRMECs were rinsed in 1X PBS and 
fixed with 4% paraformaldehyde at 25˚C for 30  min and 
permeated with 0.2% Triton X‑100 (Beyotime Institute of 
Biotechnology) in PBS for 10 min. Following blocking with 
5% goat serum (cat. no. C‑0005; BIOSS, Beijing, China) for 
30 min at 25˚C, fixed cells were incubated with a primary 
antibody against CD31 (cat. no. ab28364; 1:200) or α‑SMA 
(cat. no. ab5694; 1:200) (both from Abcam) overnight at 4˚C. 
The cells were then washed three times with PBS and incu-
bated with Alexa Fluor 488 AffiniPure goat anti‑mouse IgG 
(cat. no. 115‑545‑062) or FITC‑conjugated goat anti‑rabbit IgG 
(cat. no. 111‑095‑144) (both from Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA) at a dilution 1:200 for 1 h 
at 37˚C. Nuclei were counterstained with 1 mg/ml DAPI (cat. 
no. d1306; Invitrogen; Thermo Fisher Scientific, Inc.) for 5 min 
at 25˚C. The cells were then visualized under a laser‑scanning 
confocal microscope (Carl Zeiss).

Luciferase reporter assay. The binding sites of miR‑29a 
and miR‑29b with Notch2 were predicted using the 
TargetScan program (http://www.targetscan.org/vert_72/). 
Wild‑type  (WT) 3'‑UTR of the Notch2 gene containing 
the predicted miR‑29a/b binding site and relevant mutant 
controls  (MUT) were cloned into pGL3 vectors (Promega 
Corporation, Madison, WI, USA). HRMECs were 
co‑transfected with 100  ng of pGL3‑Notch2 3'‑UTR or 
pGL3‑Notch2‑mut 3'‑UTR reporter plasmid and 10  ng of 
Renilla luciferase expression plasmid pRL‑TK (Promega 
Corporation), with 100  nM miR‑29a/b mimics, inhibitors 
or miR‑NC using Lipofectamine 2000 transfection reagent 
(Thermo Fisher Scientific, Inc.). Cells were harvested and 
lysed 48 h later and luciferase activity was determined using 
a Dual‑Luciferase reporter assay kit (Promega Corporation). 
Firefly luciferase activity was normalized to that of Renilla 
luciferase.

Statistical analysis. All data are presented as the mean ± stan-
dard deviation and were analyzed using SPSS statistical 
software (version 21.0; IBM Corp., Armonk, NY, USA). The 

Table I. Sequences of microRNAs and primers used in the current study.

microRNA/primer name	 Sequence (5'→3')

miR‑29a mimic	 UAG​CAC​CAU​CUG​AAA​UCG​GUU​A
miR‑29b mimic	 UAG​CAC​CAU​UUG​AAA​UCA​GUG​UU
miR‑29a inhibitor	 UAA​CCG​AUU​UCA​GAU​GGU​GCU​A
miR‑29b inhibitor	 AAC​ACU​GAU​UUC​AAA​UGG​UGC​UA
miRNA NC	 UUU​GUA​CUA​CAC​AAA​AGU​ACU​G 
U6‑F	 CTC​GCT​TCG​GCA​GCA​CA
U6‑R	 AAC​GCT​TCA​CGA​ATT​TGC​GT
miR‑29a‑F	 TAG​CAC​CAT​TTG​AAA​TCA​GTT​T
miR‑29a‑R	 TGC​GTG​TCG​TGG​AGT​C
miR‑29b‑F	 AAA​ATA​TTT​GGT​TTT​TAT​TAG​GGT
miR‑29b‑R	 CAT​AAC​CTC​TTC​CTT​TAC​CAT​TAA​A
Jagged 1 (Homo sapiens)‑F	 GTC​CAT​GCA​GAA​CGT​GAA​CG
Jagged 1 (Homo sapiens)‑R	 GCG​GGA​CTG​ATA​CTC​CTT​GA
Notch1 (Homo sapiens)‑F	 TGG​ACC​AGA​TTG​GGG​AGT​TC
Notch1 (Homo sapiens)‑R	 GCA​CAC​TCG​TCT​GTG​TTG​AC
Notch2 (Homo sapiens)‑F	 CTC​TTC​CGT​ATC​CGC​ACC​ATC​ATG
Notch2 (Homo sapiens)‑R	 GAG​CCA​TGC​TTA​CGC​TTT​CG
VE‑cadherin (Homo sapiens)‑F	 CTA​CCA​GCC​CAA​AGT​GTG​TG
VE‑cadherin (Homo sapiens)‑R	 GTG​TTA​TCG​TGA​TTA​TCC​GTG​A
FSP1 (Homo sapiens)‑F	 GCA​ACA​GGG​ACA​ACG​AGG
FSP1 (Homo sapiens)‑R	 CTG​GGC​TGC​TTA​TCT​GGG
FN (Homo sapiens)‑F	 GAT​AAA​TCA​ACA​GTG​GGA​GC
FN (Homo sapiens)‑R	 CCC​AGA​TCA​TGG​AGT​CTT​TA
SNAI1 (Homo sapiens)‑F	 TTC​CAG​CAG​CCC​TAC​GAC
SNAI1 (Homo sapiens)‑R	 AGC​CTT​TCC​CAC​TGT​CCT​C
β‑actin (Homo sapiens)‑F	 CAA​AGG​CCA​ACA​GAG​AGA​AGA​T
β‑actin (Homo sapiens)‑R	 TGA​GAC​ACA​CCA​TCA​CCA​GAA​T

F, forward primer; R, reverse primer; miR, microRNA; NC, nontargeting control; Notch, neurogenic locus notch homolog protein; FN, fibro-
nectin; FSP1, fibroblast‑specific protein 1; VE‑cadherin, vascular endothelial cadherin; U6, U6 small nuclear RNA.
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differences were analyzed using Student's t‑test for datasets 
containing two groups and one‑way analysis of variance 
followed by Bonferroni or Dunnett's post hoc test for multiple 
group comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

HG induces a decrease in the expression of miR‑29a/b in 
HRMECs. To clarify the effect of HG on the expression of 
miR‑29a and miR‑29b, HRMECs were cultured and treated 
with different concentrations of D‑glucose (5‑50 mM) for 
7 days and HG (30 mM) for various times (1‑7 days). The 
results of RT‑qPCR analysis revealed that treatment with 
30 mM glucose significantly decreased the expression levels 
of miR‑29a and miR‑29b in HRMECs (Fig. 1A). In addition, 
the expression of miR‑29a/b was significantly lower in the HG 
group compared with that in the OSM group, but not different 
between the NG group and OSM group at 7 days following 
stimulation  (Fig.  1B). HRMECs exhibited significantly 
decreased levels of miR‑29a/b following exposure to HG for 
³3 days (Fig. 1C). These results indicated that HG could induce 
the decreased expression of miR‑29a/b in HRMECs.

miR‑29a and miR‑29b inhibit HG‑induced EndMT in 
HRMECs. To further investigate the effects of miR‑29a 
and miR‑29b in EndMT, miR‑29a/b mimics and miR‑NC 
were transfected into HRMECs. RT‑qPCR confirmed that 
the expression of miR‑29a/b was significantly increased in 
HRMCEs transfected with miR‑29a/b mimics compared 
with cells transfected with the miR‑NC (Fig. 2A). HRMECs 

exhibited an elongated spindle‑shaped phenotype following 
culture with HG for 7 days (Fig. 2B). Immunofluorescence 
and RT‑qPCR demonstrated that the levels of the endothelial 
markers CD31 and VE‑cadherin were decreased, while the 
levels of the mesenchymal markers α‑SMA, FSP1, FN and 
SNAI1 were increased in the HG group when compared with 
NG group (Fig. 2B and C) (20). However, the overexpression 
of either miR‑29a or miR‑29b reversed low levels of endothe-
lial marker as well as the high levels of these mesenchymal 
markers (Fig. 2B and C). These results suggested a direct role 
of miR‑29a/b in HG‑induced EndMT in HRMECs.

miR‑29a and miR‑29b target Notch2 to regulate its expression 
in HRMECs. Notch signaling has been suggested to serve a 
role in retinal vascular morphogenesis during development 
and in pathological angiogenesis associated with ocular 
diseases, including DR (21,22). A recent report confirmed 
that Notch2 functions as a regulator of myocardial fibrosis 
in diabetic cardiomyopathy  (23). RT‑qPCR and western 
blot analyses demonstrated that HG treatment increased 
the mRNA and protein expression of Jagged 1, Notch1 and 
Notch2 in HRMECs (Fig. 3A and B). The TargetScan program 
was subsequently used to investigate the potential associa-
tion between the miR‑29a/b cluster and the Notch signaling 
pathway, and identified Notch2 as a target for miR‑29a and 
miR‑29b (Fig. 3C). The luciferase reporter assays revealed that 
the introduction of either miR‑29a or miR‑29b in HRMECs 
significantly suppressed the reporter activity of the WT but 
not that of MUT Notch2 3'‑UTR. However, an increase in the 
luciferase activity of WT 3'‑UTR of Notch2 was observed 
following transfection with the miR‑29a/b inhibitors (Fig. 3D). 

Figure 1. Expression pattern of miR‑29a/b in HG‑stimulated HMRECs. (A) RT‑qPCR was used to determine the mRNA expression of miR‑29a/b in HRMECs 
pretreated for 7 days with 5, 15, 30 and 50 mM of D‑glucose. (B) RT‑qPCR was used to determine the mRNA expression of miR‑29a/b in HRMECs pretreated 
for 7 days with NG (5 mM), HG (30 mM) and OSM (5 mM glucose +25 mM mannitol). (C) RT‑qPCR was used to determine the mRNA expression of 
miR‑29a/b in HRMECs pretreated with HG or OSM for 1, 3, 5, or 7 days. Data are presented as the mean ± standard deviation from 3 different experiments, 
each performed in triplicate. Data were analyzed by one‑way analysis of variance followed by Dunnett's post hoc test. *P<0.05 compared with the untreated 
group. HG, high glucose; NG, normal glucose; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; miR, microRNA; OSM, osmotic 
control; HRMECs, human retinal microvascular endothelial cells.
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In addition, RT‑qPCR analysis demonstrated that miR‑29a/b 
overexpression markedly decreased Notch2 levels, which 
was further confirmed by western blotting. Reciprocally, 
the miR‑29a/b silencing was accompanied by an increase 
in Notch2 expression (Fig. 3E). These results suggested that 
Notch2 is a direct target of miR‑29a/b in HRMECs.

miR‑29a and miR‑29b suppress the HG‑induced EndMT via 
the Notch2 signaling pathway in HRMECs. The present study 
further investigated whether Notch2 contributed to inducing 
EndMT following treatment with HG. EGFP was used to 
detect pcDNA‑Notch2 plasmid transfection efficiency and the 
results demonstrated that the rate of fluorescent events was 
~50% (Fig. 4A). RT‑qPCR and western blot analyses revealed 
that transient Notch2 expression in HRMECs led to substan-
tial upregulation of the Notch2 level (Fig. 4C). Co‑transfection 
with miR‑29a or miR‑29b mimic and the Notch2 expression 
plasmid (but not the pcDNA‑vector plasmid) could partly 
reverse the effect of miR‑29a/b mimics on the expression 
of endothelial markers CD31 and VE‑cadherin, and mesen-
chymal markers α‑SMA, FSP1, FN and Snail. These were 
consistent with previous results and further demonstrated 
that the downregulation of miR‑29a/b was concurrent with 
the upregulation of Notch2 during EndMT induced by HG 
in HRMECs  (Fig.  4B  and  D). Therefore, the suppressed 
miR‑29a/b levels appeared to be essential in inducing the 
upregulation of Notch2 in the EndMT process. Additionally, 
Notch2 overexpression alone or SB431542 pretreatment 
could alter the phenotype of HRMECs in NG and HG condi-
tions (Fig. 4E). However, SB431542 pretreatment could not 
alter the phenotype of Notch2 overexpressed HRMECs in 

HG conditions. Taken together, these results confirmed that 
miR‑29a/b suppressed the HG‑induced EndMT via the Notch2 
signaling pathway, which is independent of TGF‑β signaling.

Discussion

Endothelial dysfunction is the predominant manifestation 
in chronic diabetic complications including DR  (24,25). 
Hyperglycemia induces endothelial injury by producing 
altered amounts of multiple proteins, which serve roles in 
EndMT (4‑6). Cao et al (6) identified that glucose‑induced 
EndMT in the retinal endothelial cells is mediated through 
TGF‑β1 and is regulated by miR‑200b. Abu et al (5) demon-
strated that EndMT serves a role in creating myofibroblasts, 
which are responsible for the progression of fibrosis associ-
ated with PDR. Recently, Chang et al (4) confirmed EndMT 
in PDR epiretinal membranes obtained from patients under-
going pars plana vitrectomy and suggested that endothelin‑1 
served a role in promoting this transformative process. The 
results of the present study demonstrated that HG‑induced 
a significant decrease in the expression of miR‑29a and 
miR‑29b in HRMECs, and further demonstrated that 
miR‑29a/b overexpression inhibited HG‑induced EndMT by 
targeting Notch2.

The miR‑29 family, which includes miR‑29a, miR‑29b 
and miR‑29c, has been demonstrated to regulate multiple 
physiological and pathological processes (26‑28). For instance, 
miR‑29a is involved in the pathogenesis of type 2 diabetes (29), 
and miR‑29a overexpression counteracted the insulin inhibition 
of the phosphoenolpyruvate carboxykinase 2, mitochondrial 
gene by targeting phosphoinositide 3‑kinase regulatory 

Figure 2. miR‑29a/b overexpression inhibits HG‑induced endothelial‑mesenchymal transition of HRMECs. HRMECs were transfected with miR‑NC, miR‑29a 
mimic or miR‑29b. (A) RT‑qPCR analysis was performed to detect the expression of miR‑29a and miR‑29b. Data were analyzed using Student's t‑test. P<0.05 
compared with the mimic NC group. (B) Morphological alterations and expression of CD31 and α‑SMA in HRMECs under NG (5 mM) and HG (30 mM) 
conditions for 7 days (black scale bar, 100 µm; white scale bar, 50 µm). (C) RT‑qPCR was used to determine the mRNA expression of VE‑cad, FSP1, FN and 
Snail in HRMECs under different conditions. Data were analyzed using one‑way analysis of variance followed by Bonferroni post hoc test and are presented 
as the mean ± standard deviation from 3 different experiments, each performed in triplicate. *P<0.05 compared with the NG group; #P<0.05 compared 
with the HG group. HG, high glucose; NG, normal glucose; FSP1, fibroblast‑specific protein 1; HRMECs, human retinal microvascular endothelial cells; 
miR, microRNA; NC, nontargeting control; VE‑cad, vascular endothelial cadherin; FN, fibronectin; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction; α‑SMA, α‑smooth muscle actin; CD31, cluster of differentiation 31. 
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Figure 3. Notch2 is the target gene of miR‑29a/b in HRMECs. The expression levels of Jagged 1, Notch1 and Notch2 were determined by (A) RT‑qPCR 
and (B) Western blotting in HRMECs stimulated with HG (30 mM) for 7 days. Data were analyzed using Student's t‑test. (C) Online TargetScan algorithm 
predicted that both miR‑29a and miR‑29b bound to the 3'‑UTR of Notch2. (D) A luciferase reporter assay was performed to detect the relative luciferase 
reporter activity of the 3'‑UTR of Notch2. Data were analyzed by one‑way analysis of variance followed by Dunnett's post hoc test. *P<0.01 compared with the 
mimic NC group. (E) RT‑qPCR and western blot analyses were used to detect the expression levels of Notch2 in HRMECs transfected with mimic/inhibitor 
NC, miR‑29a mimic/inhibitor and miR‑29b mimic/inhibitor. Data were analyzed by one‑way analysis of variance followed by Dunnett's post hoc test and are 
presented as the mean ± standard deviation from 3 different experiments, each performed in triplicate. *P<0.01 compared with the HG group. Notch2, neuro-
genic locus notch homolog protein 2; HG, high glucose; HRMECs, human retinal microvascular endothelial cells; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; UTR, untranslated region; miR/miRNA, microRNA; NC, nontargeting control; WT, wild‑type; MUT, mutant control.
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subunit p85α in HepG2 cells (30). In addition, inhibition of the 
expression of the miR‑29a/b/c family via TGF‑β1 promoted 
the synthesis and deposition of ECM components in cardiac 
or renal fibrosis (31,32). Our previous research revealed that 
the expression of miR‑29a and miR‑29b was decreased by HG 
stimulation and the downregulation of miR‑29a/b exacerbated 

DR by impairing the function of Müller cells  (14,15). The 
present study, to the best of our knowledge, demonstrated 
for the first time that miR‑29a/b in HRMECs may suppress 
HG‑mediated EndMT. These results provide a potential novel 
mechanism for the antifibrosis effect of miR‑29a/b on PDR 
and other chronic diabetic complications.

Figure 4. Notch2 overexpression rescues the inhibitory effect of miR‑29a/b on endothelial‑mesenchymal transition. (A) Transfection efficiency of pcDNA‑Notch2 
plasmid in HRMECs. Cells were analyzed under a fluorescence microscope after 48 h of transfection (scale bar, 100 µm). (B) Morphological alterations and 
expression of CD31 and α‑SMA (black scale bar, 100 µm; white scale bar, 50 µm). (C) RT‑qPCR and western blot analyses were performed to detect the expres-
sion of Notch2 in HRMECs transfected with blank pcDNA‑vector and pcDNA‑Notch2 plasmids. Mock group was set by adding transfection reagent only. Data 
were analyzed using one‑way analysis of variance followed by Dunnett's post hoc test. *P<0.05 vs. the mock group. (D) mRNA expression of VE‑cad, FSP1, 
FN and Snail in HRMECs co‑transfected with miR‑29a or miR‑29b mimics and pcDNA‑vector or pcDNA‑Notch2 plasmid. Data were analyzed by one‑way 
analysis of variance followed by Bonferroni post hoc test. Cells were incubated inNG (5 mM) or HG (30 mM) conditions for 7 days. (E) RT‑qPCR was used 
to determine the mRNA expression of VE‑cad, FSP1, FN and Snail in transfected HRMECs with or without SB431542 treatment. Cells were incubated with 
NG (5 mM) or HG (30 mM) conditions for 7 days. Data were analyzed by one‑way analysis of variance followed by Bonferroni post hoc test and are presented 
as the mean ± standard deviation from 3 different experiments, each performed in triplicate. *P<0.05. Notch2, neurogenic locus notch homolog protein 2; HG, 
high glucose; NG, normal glucose; FSP1, fibroblast‑specific protein 1; HRMECs, human retinal microvascular endothelial cells; EGFP, enhanced green fluo-
rescent protein; α‑SMA, α‑smooth muscle actin; CD31, cluster of differentiation 31; FN, fibronectin; VE‑cad, vascular endothelial cadherin; miR, microRNA; 
SB431542, transforming growth factor β1 inhibitor.
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It has become increasingly apparent that the Notch 
signaling pathway may initiate EndMT, which contributes 
to the aggravation of cardiac fibrosis  (23,33). A previous 
study demonstrated that Jagged 1‑Notch interactions induced 
EndMT in microvascular endothelial cells (34). Therefore, the 
present study investigated the association between miR‑29a/b 
and the Notch signaling pathway in EndMT physiopathology 
under HG conditions. RT‑qPCR and western blot analyses 
revealed that the mRNA and protein levels of Jagged 1, Notch1 
and Notch2 in the HG‑treated HRMECs were significantly 
higher compared with the NG group. In addition, TargetScan 
predicted that miR‑29a and miR‑29b bound to the 3'‑UTR of 
Notch2, with Luciferase reporter assays and western blotting 
further confirming that miR‑29a and miR‑29b negatively 
regulated the expression of Notch2. In addition, the overex-
pression of Notch2 reversed the inhibitory effect of miR‑29a/b 
on EndMT, and was accompanied by the decreased expression 
of endothelial markers and the increased expression of mesen-
chymal markers. It has been demonstrated that TGF‑β is a key 
inducer of EndMT (35) and that HG concentration increases 
the expression of TGF‑β in various cells (36,37). However, the 
results of the current study revealed that pretreatment with the 
TGF‑β inhibitor, SB431542, could not inhibit the HG‑induced 
EndMT in Notch2 overexpressed HRMECs. Therefore, we 
hypothesize that the miR‑29a/b cluster inhibits HG‑induced 
EndMT of HRMECs by suppressing Notch2, irrespective of 
the status of the TGF‑β signaling pathway.

In conclusion, data obtained in the present study indicated 
that a miR‑29a/b/Notch2‑mediated mechanism may be respon-
sible for the process of EndMT in the context of PDR. Therapies 
based on controlling the expression of miR‑29a/b may represent 
a promising direction for the treatment of PDR in the future.
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