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MiR-28-3p regulates high glucose-induced endothelial 
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A b s t r a c t

Introduction: Data from the CEO database show that microRNA (miR)-28-3p 
levels are elevated in diabetic patients. Nevertheless, the role of miR-28-3p 
in peripheral artery disease with diabetes has not been investigated. 
Material and methods: The levels of miR-28-3p, CXXC5, CXXC-type zinc fin-
ger protein 5, and CXXC5’s downstream molecules as well as endothelial 
function were investigated. Dual luciferase analyses were used to confirm 
the binding site of miR-28-3p and CXXC5.
Results: Under high-glucose conditions, miR-28-3p expression is upregulat-
ed, whereas CXXC5 expression is downregulated. Overexpression of miR-28-
3p increased cell apoptosis and inhibited cell proliferation, migration, and 
vessel formation, whilst inhibiting its expression had the opposite effect. 
The overexpression and inhibition of miR-28-3p could also influence both 
the mRNA and protein levels of CXXC5 and its known downstream mole-
cules. Analysis of bioinformatics data revealed a potential binding site for 
miR-28-3p and CXXC5. Dual luciferase analyses demonstrated that miR-28-
3p suppressed CXXC5 expression by targeting the 3′-untranslated region 
(3′-UTR) of CXXC5. Following that, we overexpressed both miR-28-3p and 
CXXC5. The level of CXXC5 and its known downstream signaling molecules 
decreased with miR-28-3p overexpression alone. As anticipated, co-overex-
pression of miR-28-3p and CXXC5 partially reversed the effect of miR-28-3p 
mimics. 
Conclusions: These findings indicated that miR-28-3p regulated high glu-
cose-induced endothelial dysfunction by targeting CXXC5.

Key words: miR-28-3p, high glucose, endothelial dysfunction, peripheral 
artery disease, CXXC5.

Introduction

As life expectancy increases, peripheral artery disease (PAD) is be-
coming an increasingly severe public health problem. PAD affects rough-
ly 10% of the general population between the ages of 70 and 80 and 
can reach over 20% at age 80 [1, 2]. Clinical studies have shown that 
diabetes is one of the vital risk factors for PAD [3–5]. In PAD patients 
with critical limb ischemia, diabetes doubled all-cause mortality [5]. In 
addition, every 1% increase in HbA1c would lead to a 14.2% increased 
relative risk for major adverse cardiovascular events [4].  The mecha-
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nism by which diabetes worsens PAD prognosis 
remains unexplained.

MicroRNAs are a  class of highly conserved, 
single-stranded, endogenous non-coding small 
molecule RNAs, 20–24 nucleotides in length. 
They are able to complementarily bind to the 
3′ non-coding regions (3′UTRs) of their target 
mRNAs, inhibit the translation of mRNAs, and 
achieve post-transcriptional regulation, playing 
an indispensable role in cell development, prolif-
eration, apoptosis and differentiation [6]. A  few 
microRNAs, such as miR-21, miR-126, miR-143, 
and miR-221, have been demonstrated in the 
regulation of PAD, and provide a  therapeutic 
approach for diagnosis and treatment of diabe-
tes-related complications [7, 8]. miR-28-3p was 
found to be elevated in type 2 diabetes patients 
with a  10-year history [9]. In addition, miR-28-
3p expression was significantly higher in type 2 
diabetes patients with diabetic retinopathy than 
in type 2 diabetes patients without diabetic ret-
inopathy [10], indicating that it was associated 
with the severity of diabetes. In this study, we 
found that miR-28-3p expression was elevated 
after analyzing Gene Expression Omnibus (GEO) 
data from newly diagnosed type 1 diabetes pa-
tients with uncontrolled blood glucose. Its effects 
on the vascular endothelial remain unknown. In 
our study, we investigated the function of miR-
28-3p in human umbilical vein endothelial cells 
(HUVECs). Under high-glucose conditions, miR-
28-3p expression is upregulated, whereas CXXC5 
(CXXC-type  zinc finger protein 5) expression is 
downregulated. Overexpression of miR-28-3p 
increased cell apoptosis and inhibited cell pro-
liferation, migration, and vessel formation. We 
confirmed that miR-28-3p suppressed CXXC5 ex-
pression by targeting the 3′-untranslated region 
(3′-UTR) of CXXC5. CXXC5 functions as a  tran-
scriptional regulator by its direct interaction with 
DNA [11]. It plays a crucial role in the coordina-
tion of several signaling pathways, such as trans-
forming growth factor β (TGF-β), Wnt/β-catenin, 
ATM/p53 [11], and MARK signaling. In addition, 
it regulates endothelial cell differentiation and 
vessel formation in the endothelium [12]. As an-
ticipated, co-overexpression of CXXC5 and miR-
28-3p partially reversed the endothelium dys-
function caused by miR-28-3p mimics. 

Material and methods

GEO data bioinformatics analysis

Type 1 diabetes gene expression and microR-
NA expression of 12 samples and 10 control sam-
ples were downloaded from the GEO database 
(GEO accession: GSE55098, GSE55099,https://
www.ncbi.nlm.nih.gov/geo/). We used Targets-

can (https://www.targetscan.org/vert_80/), Star-
base (https://starbase.sysu.edu.cn/), and miRDB 
(http://mirdb.org/) to analyze the microRNAs with 
potential bio-function. 

Cell culture

We purchased HUVECs from the American 
Type Culture Collection cell bank. The cells were 
cultured in DMEM medium and maintained in 
a humidified atmosphere with 5% CO

2 at 37°C. To 
simulate high glucose effects, HUVECs were treat-
ed with 33 mM glucose for 24 or 48 h.

Reverse transcription-quantitative PCR (RT-
qPCR) 

We extracted total RNA from HUVECs using 
the Trizol Reagent (Aidlab Biotechnologies Co., 
Ltd) according to the manufacturer’s protocol. To-
tal RNA was then reverse transcribed into cDNA 
using Hiscript Reverse transcriptase (Nanjing Va-
zyme Biotech Co., Ltd.). We used U6 and GAPDH 
as the internal control for microRNA and proteins, 
respectively. The RT-qPCR reaction was conduct-
ed using the SYBR Green Master Mix (Nanjing 
Vazyme Biotech Co., Ltd.) at 50°C for 2 min, 95°C 
for 10 min, followed by 40 cycles of 95°C for 30 s,  
and 60°C for 30 s. We calculated the relative 
expression of each mRNA or miRNA using the 
2-ΔΔCt method. The experiments were performed 
via QuantStudio6 (Applied Biosystems, Inc.). All 
the primers used are listed as follows: GAPDH 
Forward 5′- TCAAGAAGGTGGTGAAGCAGG -3′, Re-
verse 5′-TCAAAGGTGGAGGAGTGGGT -3′. CXXC5 
Forward 5′- CCGCTCTCCCACTACTCTTC -3′, Reverse 
5′- GAGGTAGGGTTGCTTTTGTCC -3′. Flk-1 Forward 
TACGTTGGAGCAATCCCTGT, Reverse TACACTTTCG-
CGATGCCAAG. TGF-β Forward CAGCAACAATTCCT-
GGCGATACCT, Reverse CGCTAAGGCGAAAGCCCT-
CAAT. U6 Forward 5′- CGCTTCGGCAGCACATATAC 
-3′, Reverse 5′- AAATATGGAACGCTTCACGA -3′. 
miR-28-3p F primer TGCGCCACTAGATTGTGAGCTC, 
loop primer GTCGTATCCAGTGCAGGGTCCGAGG-
TATTCGCACTGGATACGACTCCAGGAG. mircoRNA 
universal antisense primer, R primer: CCAGTG-
CAGGGTCCGAGGTATT.

Plasmid construction

To overexpress the CXXC5 gene, the FV144-Zs-
Green-CON plasmid was used to construct CXXC5 
overexpression vectors. The CXXC5 gene was ob-
tained and amplified from the hCXXC5-OE plas-
mid. We used the Seamless Cloning technique to 
insert the CXXC5 gene into the FV144-ZsGreen-
CON plasmid. All fragments generated through 
PCR amplification and recombinant plasmid were 
sequenced to validate mutations in each frag-
ment.
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Cell transfection

After seeding HUVECs into a  6-well plate at 
a density of 1 × 105 cells per well, cells were cul-
tured until they reached a confluence of 50–60%. 
Then, transfection of microRNAs and plasmids 
into HUVECs was performed using Lipofectamine 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) 
following the manufacturer’s protocol. Briefly,  
5 μl of Lipofectamine 2000 was added to 200 μl of 
serum-free RPMI-1640 medium and incubated for 
5 min at room temperature. Subsequently, an ap-
propriate amount of miR-28-3p mimic, miR-28-3p 
inhibitor, negative control, or pcDNA was added to 
the Lipofectamine mixture and incubated for an 
additional 20 min at room temperature. The final 
transfection mixture was then added to each well 
and incubated with the cells at 37°C for 24 h. For 
the high glucose group, HUVECs were treated with 
33 mM glucose for 24 or 48 h for the subsequent 
experiments.

Cell proliferation 

HUVECs were firstly seeded into 96-well plates 
at 3 × 103 cells/well, and then cultured for 24 h 
and received transfection of microRNA or plasmid 
for 6 h. After removing the transfection buffer, the 
cells were incubated in a normal medium for an-
other 24 h and received high glucose treatment 
for 48 h in the high glucose group. Following incu-
bation, 10 μl of Cell Counting Kit-8 solution (CCK-8 
kit, Elabscience Biotechnology Co., Ltd) was add-
ed to each well and incubated for another 4 h 
at 37°C. Finally, we measured the absorbance at 
a wavelength of 450 nm.

Cell migration

We used Transwell assays to detect the mi-
gration of HUVECs. HUVECs were suspended at 
a  concentration of 4 × 105 cells/ml in serum-free 
RPMI1640 medium. 800 μl of 10% fetal bovine se-
rum was added to each well on a 24-well plate. Then 
200 μl of HUVECs were loaded in each Transwell 
plate (Corning, Inc.) and placed in the well. We used 
a cotton swab to remove cells that remained in the 
upper chamber after 24 h of incubation and fixed 
the cells that had migrated to the lower chamber 
with 70% iced ethanol for 1 h at room temperature. 
Then we stained cells in the lower chamber with 
0.5% crystal violet for 20 min at room temperature. 
Using a  light microscope, we observed migratory 
cells from each group and counted their numbers 
in three randomly chosen fields of view (magnifica-
tion ×200; Olympus Corporation).

Apoptosis analysis by flow cytometry

We detected cell apoptosis using an Annex-
inV-FITC/PI kit (Elabscience Biotechnology Co., 

Ltd) according to the manufacturer’s instructions. 
Following transfection, cell collection, and prepa-
ration, the HUVECs were stained for 15 min in the 
dark at room temperature with 5 ml of Annexin V 
and 5 ml of PI. Using a BD FACSVerse flow cytom-
eter (BD Biosciences Co., Ltd), apoptotic cells were 
studied, and we analyzed the data using FlowJo 
software Version 10.4. (FlowJo Co., Ltd).

Vessel formation assay

We dissolved the Matrigel (Corning) and kept 
the 24-well plates at 4°C overnight. Then, we add-
ed 100 μl of Matrigel to the 24-well plate, which 
was then centrifuged to remove bubbles. After 
centrifugation, the plates were incubated at 37°C 
for 1 h with 1 × 105 HUVECs added to each well. 
Following that, the cells were incubated for anoth-
er 12 h and visualized by microscope. Vessel for-
mation from each well was observed and counted 
in three randomly chosen fields of view (magnifi-
cation ×100; Olympus Corporation) and analyzed 
by ImageJ software.

Protein extraction and Western blotting 

We washed HUVECs at least twice with cold 
PBS buffer. Then, we added RIPA lysis buffer (Be-
yotime Institute of Biotechnology) supplemented 
with phenylmethanesulfonyl fluoride (Beyotime) 
and sodium orthovanadate (Beyotime) to each 
well, followed by a  30-minute incubation period 
on ice. Following lysis, cells were carefully scraped 
from one side of the cell plate and the resulting 
mixture of cell debris and the lysate was collected 
into a 1.5 ml centrifuge tube and centrifuged at 
12,000 rpm for 5 min at 4°C. The supernatant was 
then collected and transferred to a 0.5 ml centri-
fuge tube. The total protein concentration was 
measured using the BCA method. Protein samples 
were subjected to SDS-PAGE (40 μg of proteins 
were loaded in each well) and then transferred to 
the PVDF membrane. Primary antibodies, including 
GAPDH (1 : 1000 Affinity), P65 (1 : 1000 Boster), 
p-p65 (1 : 1000 Affinity), TGF-B (1 : 1000 Abcam), 
P38 (1 : 1000 Bioss) and p-p38 (1 : 1000 Affinity), 
were incubated with the membrane overnight. 
Then we incubated the membranes with second-
ary antibodies (1 : 5000) at room temperature for 
another 2 h and used the enhanced chemilumi-
nescence method to analyze the results. 

Vector construction and dual-Luciferase 
activity assay 

We used TargetScan ( www.targetscan.org) to 
predict that CXXC5 (3′ UTR) was the binding site of 
miR-28-3p. We used a pYr-MirTarget miRNA target 
expression vector to contain a wild-type (WT) or 
mutant (Mut) CXXC5 untranslated region (3′UTR). 
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293T cells were seeded in 12-well plates (1 × 105 
cells/well) to obtain a cell confluence of 50–60%. 
The microRNAs and plasmid were co-transfected 
into 293T cells via Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). After 48 h of incu-
bation, luciferase activity was assessed through 
a  dual luciferase reporter assay (Beyotime Bio-
technology). We normalized firefly luciferase ac-
tivity to Renilla luciferase activity.

Statistical analysis

We presented data as mean ± SD and used 
two-tailed Student’s t-test to compare continu-
ous data. Statistical analysis was performed via 
GraphPad Prism software version 5.0 (GraphPad 
Software, Inc.). P-values < 0.05 were considered 
statistically significant.

Results

miR-28-3p and CXXC5 expression in  
high-glucose conditions

Expression profiling including microRNAs and 
proteins was obtained from Gene Expression Om-

nibus (GSE55098, GSE 55099). A total of 12 newly 
diagnosed diabetes type 1 patients and 10 normal 
controls were collected and analyzed. Their demo-
graphic characteristics are shown in Supplementary 
Table SI. The two Gene Expression Omnibus data-
sets showed that the miR-28-3p level (Figure 1 A) 
was up-regulated and the CXXC5 level (Figure 1 B) 
was down-regulated (although not reaching statis-
tical significance). To further confirm these results, 
we subjected HUVECs to high glucose conditions 
(33 mM glucose for 24 h and 48 h, respectively) to 
simulate diabetes. The results from HUVECs were 
consistent with GEO data, showing an increase in 
miR-28-3p level and decrease in CXXC5 level after 
exposure to high glucose (Figures 1 C, D). 

miR-28-3p was related to high-glucose-
induced endothelial dysfunction and 
regulated CXXC5 expression 

We studied the effect of miR-28-3p on  
HUVECs. After transfection of HUVECs with miR-
28-3p mimics as well as inhibitors, miR-28-3p level 
was significantly upregulated and downregulated, 
respectively (Figure 2 A). The effects of miR-28-3p 

Figure 1. miR-28-3p and CXXC5 expression. the miR-28-3p level increased and the CXXC5 level decreased under 
high glucose conditions. The CXXC5 level in 1B showed a decrease among diabetic patients, though not reach-
ing statistical significance. 12 diabetes patients vs 10 normal controls. A, B – from Gene Expression Omnibus 
(GSE55098, GSE 55099). C, D – HUVECs in normal glucose and high glucose. *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 2. Molecular expression and HUVEC function under miR-28-3p mimics and inhibitors. A, B, E, F – PCR 
results; C – Apoptosis detected by flow cytometry. D – Cell proliferation assessed by CCK8. *P < 0.05, **p < 0.01,  
***p < 0.001

on cell migration and death were then investigat-
ed via CCK8 and flow cytometry. CCK8 analysis 
revealed that transfection with miR-28-3p mimics 
under normal conditions could impair cell prolif-
eration while transfection with miR-28-3p inhib-
itors under high glucose would reverse the cell 
proliferation (Figure 2 D). Flow cytometry showed 
that miR-28-3p mimics increased the apoptosis 
of HUVECs under normal condition while miR-28-
3p inhibitors decreased the apoptosis under high 
glucose (Figure 2 C and Supplementary Figure S1). 
We also assessed the CXXC5 level and its known 

downstream signaling molecules, Flk-1 (a receptor 
for vascular endothelial growth factor, also named 
as vascular endothelial growth factor receptor 2)  
and TGF-β (transforming growth factor β, a mul-
tifunctional cytokine regulating cell growth and 
differentiation). The PCR results showed that 
CXXC5 was decreased with miR-28-3p mimics and 
increased with miR-28-3p inhibitors (Figure 2 B), 
along with the synchronized expression of both 
Flk-1 (Figure 2 E) and TGF-β (Figure 2 F). 

We also detected the role of miR-28-3p in migra-
tion and vessel formation. Transwell assays and ves-

ns



MiR-28-3p regulates high glucose-induced endothelial dysfunction by targeting CXXC5

Arch Med Sci 3, June / 2025 935

Figure 2. Cont. G–K – Cell migration detected by 
Transwell assays. G – Control + NC. H – Control + 
miR-28 mimics. I – HG + NC. J – HG + miR-28 inhib-
itor. G–J – One representative picture of Transwell 
assays. K – Quantitative analysis of Transwell as-
says. *P < 0.05, **p < 0.01, ***p < 0.001
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Figure 2. Cont. L–Q – Vessel formation assay. L – Control + NC. M – Control + miR-28 mimics. N – HG + NC. O – HG + 
miR-28 inhibitor. L–O – One representative picture of vessel formation assay. P, Q – Quantitative analysis of vessel 
formation. *P < 0.05, **p < 0.01, ***p < 0.001
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P65
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P38
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Figure 2. Cont. R, S – Western blot results for 
CXXC5 and its known downstream signaling mol-
ecules. GAPDH is the internal reference. P-P65: 
phosphorylated P65; P-P38: phosphorylated P38; 
Control + NC: HUVECs in normal glucose level with 
negative control; Control + miR-28 mimics: HUVECs 
in normal glucose level with miR-28-3p mimics 
(1 μM for 48 h); HG + NC: HUVECs under high glu-
cose for 48 h with negative control; HG + miR-28 
inhibitor, HUVECs under high glucose for 48 h with 
miR-28-3p inhibitors for 48 h. *P < 0.05, **p < 0.01, 
***p < 0.001

sel formation assays showed that HUVECs’ abilities 
of migration and vessel formation were significantly 
lower under miR-28-3p overexpression compared 
with those in the NC group (Figures 2 G, H, L M). 
On the other hand, the migration and vessel for-
mation were significantly higher in the miR-28-3p 
inhibitor group compared with those in the inhibitor 
NC group (Figures 2 I, J, N, O). Figures 2 K, P and Q 
showed quantitative results of migration and ves-
sel formation, respectively. These results suggested 
that miR-28-3p played a negative role in high glu-
cose-induced endothelial dysfunction. In addition, 
we detected the effects of miR-28-3p on CXXC5 and 
its known downstream signaling molecules, TGF-β, 
P38, and P65, through Western blot. Similar expres-
sion patterns for CXXC5 were revealed by Western 
blot and PCR (Figure 2 R). CXXC5’s known down-
stream signaling molecules exhibited synchronized 
expression patterns (Figure 2 S).

CXXC5 serves as a direct target gene of 
miR-28-3p

We used miRDB (http://mirdb.org/), Targetscan 
(https://www.targetscan.org/vert_80/), and Star-
base (https://starbase.sysu.edu.cn/) to predict 
the possible gene target of miR-28-3p. The 3′-UTR 
of CXXC5 was predicted to have a complementa-
ry binding site for the seed region of miR-28-3p 
(Figures 3 A, B). To further test whether miR-28-
3p targeted CXXC5, we used a dual luciferase re-
porter assay to determine their relationship in the 
293T cell line. As shown in Figure 3 C, transfection 
with the miR-28-3p mimic led to a significant re-
duction in terms of the luciferase activity of the 
CXXC5-WT 3′-UTR compared with those transfect-
ed with mimic NC. The effect disappeared when 
the binding site of the CXXC5 3′-UTR was mutat-
ed, which suggested that CXXC5 may be a direct 
target gene of miR-28-3p.
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Effect of miR-28-3p mimics and CXXC5 
overexpression in HUVECs

To further understand the mechanism of miR-
28-3p and CXXC5 affecting HUVEC function, the 
effects of their overexpression on HUVEC function 
and CXXC5 downstream molecules were investi-
gated. As illustrated in Figure 4, these results indi-
cated that transfection with the miR-28-3p mim-
ics significantly increased apoptosis (also refer to 
Supplementary Figure S2) and reduced cell prolif-
eration. The level of CXXC5 and its downstream 
molecules, Flk-1 and TGF-β, were decreased. In-
triguingly, the co-overexpression of CXXC5 par-
tially reversed the effects of the miR-28-3p mimic 
on endothelial dysfunction and its downstream 
molecules.

We also evaluated the effect of co-overexpres-
sion of both miR-28-3p and CXXC5 on migration 
and vessel formation. Transwell assays (Figures 4 
G–J) and vessel formation assays (Figures 4 K–O) 

revealed that the migratory and vessel formation 
abilities of HUVECs were significantly reduced in 
the miR-28-3p mimic group, and the effects were 
partially reversed when CXXC5 was overexpressed 
at the same time. In addition, we detected the ef-
fects of co-overexpression of both miR-28-3p and 
CXXC5 and its known downstream signaling mol-
ecules, TGF-β, P38, and P65, through Western blot. 
As anticipated, the level of CXXC5 and its down-
stream signaling molecules, TGF-β, phosphorylat-
ed P38, and phosphorylated P65, was decreased 
with miR-28-3p mimics, and the overexpression of 
CXXC5 partially reversed the effect of miR-28-3p 
mimics (Figures 4 P, R). 

Discussion

PAD is characterized by narrowed arteries re-
ducing blood flow to the lower extremities and be-
comes complicated when the patients have comor-
bidities such as diabetes and hypertension [4, 13].  

A B

Figure 3. CXXC5 is a direct target gene of miR-28-
3p. A – We used Targetscan, Starbase, and miRDB 
to predict the possible gene target of miR-28-3p in 
GSE55098, a  dataset consisting of proteins from 
newly diagnosed type 1 diabetic patients. Only two 
proteins, namely CXXC5 and PARP8, poly(ADP-ri-
bose) polymerase family member 8, were found 
to be the potential target. No correlation was ob-
served between the expression levels of PARP8 and 
miR-28-3p in high-glucose cultured HUVEC. There-
fore, the subsequent investigations were centered 
on miR-28-3p and CXXC5. B – Prediction of miR-28-
3p binding sites in the 3′-UTR of the CXXC5 gene, 
along with the mutated 3′ UTR for dual luciferase 
reporter assay. C – Dual luciferase reporter assay. 
Transfection with the miR-28-3p mimic signifi-
cantly decreased the relative luciferase activity of 
the CXXC5-WT 3′-UTR compared with that in cells 
following the transfection of mimic NC. The effect 
was abolished when the nucleotides in the seed 
binding site of the CXXC5 3′-UTR were mutated.  
*P < 0.05, **p < 0.01, ***p < 0.001

Ne
ga

tiv
e 

co
nt

ro
l

Em
pt

y 
ve

ct
or

NC
 m

im
ic 

+ 
3’

UT
R 

W
T

NC
 m

im
ic 

+ 
3’

UT
R 

M
UT

m
iR

-2
8 

m
im

ic 
+ 

3’
UT

R 
W

T

m
iR

-2
8 

m
im

ic 
+ 

3’
UT

R 
M

UT

Starbase

1449 104

89

55 8

28 1129 1200

2
11 125

0 2

1TargetScan GSE55098

miRDB

Position 388-394 of CXXC5 3’UTR  5’  …CUGUAACCUUUUGAAAUCUAGUU

miR-28-3p 3’  AGGUCCUCGAGUGUUAGAUCAC

Mut CXXC5 3’UTR 5’  …CUGUAACCUUUUGAAAACAACUU

1.5

1.0

0.5

0

Re
la

ti
ve

 f
lu

or
es

ce
nc

e 
va

lu
e

C CXXC5 dual luciferase report assay

ns



MiR-28-3p regulates high glucose-induced endothelial dysfunction by targeting CXXC5

Arch Med Sci 3, June / 2025 939

Figure 4. Molecular expression and HUVEC function under miR-28-3p mimics and CXXC5 overexpression. A, B, E, 
F – PCR results; C – Apoptosis detected by flow cytometry. D – Cell proliferation assessed by CCK8. A, B, E, F – PCR 
results. C – Apoptosis detected by flow cytometry; D – Cell proliferation assessed by CCK8. *P < 0.05, **p < 0.01, 
***p < 0.001
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Several microRNAs, including miR-142, miR-221, 
miR-143, miR-21, and miR-210, have been iden-
tified in the natural progression of PAD [14–16]. 
Targeting the microRNAs in exosomes may be a vi-
able therapeutic technique for the treatment of 
cardiovascular complications associated with dia-
betes [7]. In addition, there are trials using locked 
nucleic acid-modified microRNA to inhibit the cor-
responding microRNA that was overexpressed in 
disease states [17]. miR-28-3p has been demon-
strated to have a biological function in several dis-

eases. The level of circulating miR-28-3p is signifi-
cantly altered in several diseases, including severe 
asthma [18], colorectal cancer [19], gastric cancer 
[20], amyotrophic lateral sclerosis [21], non-ST-
segment elevation acute coronary syndrome [22], 
pulmonary embolism [23], prostate cancer [24], 
diabetes with coronary heart disease [25], and di-
abetic retinopathy [10], and can be a marker for 
detecting these diseases. Previous studies have 
also shown that miR-28-3p inhibited prostate 
cancer cell proliferation and migration as well as 
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Figure 4. Cont. G–J – Cell migration detected by Transwell assays. Cell migration detected by Transwell assays. 
G – Negative control. H – miR-28 mimics. I – miR-28 mimics + CXXC5 plasmid. G–I – One representative picture of 
vessel formation assay. J – Quantitative analysis of Transwell assays. K–O – Vessel formation assay. K – Negative 
control. L – miR-28 mimics. M – miR-28 mimics + CXXC5 plasmid. K–M – One representative picture of vessel for-
mation assay. N, O – Quantitative analysis of vessel formation. *P < 0.05, **p < 0.01, ***p < 0.001
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Figure 4. Cont. P, R – Western blot results for 
co-overexpression of both miR-28-3p and CXXC5. 
GAPDH is the internal reference. P-P65: phosphor-
ylated P65; P-P38: phosphorylated P38; Negative 
control: HUVECs in normal glucose level with neg-
ative control; miR-28 mimics: HUVECs in normal 
glucose level with miR-28-3p mimics (1  μM for  
48 h); miR-28 mimics + CXXC5 plasmid: HUVECs in 
normal glucose level with miR-28-3p mimics and 
CXXC5 overexpression plasmid. *P < 0.05, **p < 
0.01, ***p < 0.001

 Negative  miR-28 mimics miR-28 mimics +
 control   CXXC5 plasmid
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invasion, promoted apoptosis by targeting ARF6 
[26], and regulated myogenic differentiation and 
inhibition of rhabdomyosarcoma progression [27]. 
It also played a role in cell migration and invasion 
in nasopharyngeal cancer cells [28] and non-small 
cell lung cancer cells [29]. Nevertheless, there have 
been no previous reports on the role of miR-28-3p 
in PAD with diabetes.

In the present study, we used data from the 
GEO database to analyze the microRNAs with po-
tential bio-function. The expression of miR-28-3p 
was found to be upregulated while CXXC5 was 
downregulated in diabetic patients compared 
with healthy controls in both GEO databases and 
further verified in HUVECs. Therefore, we hypoth-
esized that miR-28-3p might play a role in endo-
thelial function with high glucose. To confirm this 
hypothesis, we used HUVECs with high glucose to 
simulate PAD with diabetes. We discovered that 
miR-28-3p overexpression would induce cell apop-

tosis and inhibit cell proliferation and migration as 
well as vessel formation, while the inhibition of its 
expression showed the opposite effect. The over-
expression and inhibition of miR-28-3p could also 
regulate the CXXC5 level and its known down-
stream molecules at both the mRNA and protein 
level. In addition, bioinformatics analysis showed 
a possible binding site for miR-28-3p and CXXC5. 
These data indicated that CXXC5 may be involved 
in miR-28-3p-mediated HUVEC function. 

As one member of the CXXC-type  zinc-finger 
protein family, CXXC5 is able to act as a transcrip-
tional regulator by directly binding to DNA [11]. 
CXXC5 gene expression is regulated by a number 
of cytokines, intracellular transcription factors, 
and microRNAs [30]. In addition, CXXC5 itself plays 
an important role in coordinating various signal-
ing pathways, including those initiated by TGF-β, 
bone and morphogenetic proteins, Wnt/β-catenin, 
ATM/p53 [11], and MARK signaling (Erk 1/2, p38, 
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Figure 5. Diagram of the role of miR-28 in high glucose-cultured HUVEC
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and c-Jun N-terminal kinase) [31]. CXXC5 is related 
to cell apoptosis in hepatocellular carcinoma [32], 
esophageal squamous cell carcinoma [30], and 
gastric cancer [33], and downregulation of CXXC5 
is associated with a better prognosis in acute my-
eloid leukemia [34]. Additionally, CXXC5 is able to 
negatively regulate cutaneous wound healing [35]. 
In terms of endothelial function, it is reported to 
be a  transcriptional activator of Flk-1, regulating 
endothelial cell differentiation and vessel forma-
tion [12]. 

In the current study, the luciferase assay in-
dicated that miR-28-3p inhibited the expression 
levels of CXXC5 by targeting the 3′-UTR of CXXC5. 
Also, we overexpressed both miR-28-3p and 
CXXC5. As expected, the level of CXXC5 and its 
known downstream signaling molecules was de-
creased with miR-28-3p mimics alone, while the 
overexpression of CXXC5 at the same time partial-
ly reversed the effect of miR-28-3p mimics.

In conclusion, our study provided experimen-
tal in vitro evidence indicating that miR-28-3p in-
hibits vascular endothelial function by targeting 
CXXC5 in high-glucose cultured HUVECs. The lim-
itation is the lack of in vivo experiments. There is 
still a long way ahead to translate the basic medi-
cal research of miR-28-3p into clinical application. 
The mechanisms revealed by our results imply 
that miR-28-3p may serve as a promising target 
in the treatment of PAD with diabetes (Figure 5).
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