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Abstract. In patients with diabetes, the Wnt/β‑catenin 
pathway in vascular smooth muscle cells (VSMCs) is continu‑
ously activated by low‑intensity inflammation, which leads to 
the osteoblastic differentiation of these cells and the deposi‑
tion of calcium and phosphorus in blood vessels. The aim of 
the present study was to determine whether long intergenic 
non‑coding RNA‑erythroid pro‑survival (lincRNA‑EPS) was 
able to ameliorate vascular calcification (VC) associated with 
diabetes. VSMCs isolated from C57BL/6 mice were transfected 
with lincRNA‑EPS overexpression vector in vitro and their 
osteoblastic differentiation was evaluated under high‑glucose 
conditions. In addition, a mouse model of diabetes was estab‑
lished, which included a lincRNA‑EPS knockout group and 
a lincRNA‑EPS high expression group. Blood vessel samples 
from the mice were examined to determine the degree of 
calcification. The levels of inflammatory factors in serum were 
also detected. The VSMCs transfected with lincRNA‑EPS 
overexpression vector exhibited less osteoblastic differen‑
tiation and migration and significantly lower levels of Wnt 

pathway‑associated proteins than those transfected with empty 
control. Furthermore, the in vivo experiments revealed that the 
overexpression of lincRNA‑EPS significantly reduced VC in 
diabetic mice. Therefore, on the basis of these findings, it is 
suggested that lincRNA‑EPS overexpression may provide a 
novel and effective method for the treatment of VC in patients 
with diabetes.

Introduction

Diabetes mellitus is a chronic disease, which is becoming 
increasingly widespread globally. It causes several secondary 
complications, including heart disease, renal failure, blind‑
ness, nerve injury and vascular calcification (VC) (1,2). It 
has been reported that the global incidence of diabetes is 
8.8%, and 70‑80% of the affected population succumb to 
cardiovascular complications, making it the leading cause of 
mortality in patients with diabetes (3). VC is an important 
sign suggesting a high risk of cardiovascular disease  (4). 
Although VC was previously considered to be a manifestation 
of the aging process, present research indicates that VC is a 
strictly regulated and active process, similar to bone forma‑
tion (5). However, the mechanism of VC in a high‑glucose 
(HG) environment is unclear. Macrophages have been shown 
to release numerous inflammatory cytokines, including tumor 
necrosis factor (TNF)‑α, in a HG environment to maintain 
glucose and lipid homeostasis. These factors also maintain 
the body in a low‑intensity inflammatory state, which can 
activate the Wnt/β‑catenin pathway in vascular smooth muscle 
cells (VSMCs), leading to VC (6). In the process of VC, the 
osteoblastic differentiation of VSMCs is the most important 
step (5). Under normal conditions, VSMCs secrete a series of 
endogenous calcium inhibitors, including osteopontin, osteo‑
protegerin and matrix Gla protein, which inhibit osteoblastic 
differentiation (4). During VC, the levels of these endogenous 
calcium inhibitors are reduced by HG and low‑intensity 
inflammation. In addition, the concentration of intracellular 
phosphate is increased by the sodium‑dependent phosphate 
cotransporter Pit‑1, which contributes to the transformation 
of VSMCs into osteoblast‑like cells. Under the control of 
core binding factor A1, these osteoblasts express alkaline 
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phosphatase (ALP) and bone‑related proteins such as osteo‑
calcin and bone morphogenetic protein‑2, which further 
promote osteoblastic differentiation and the calcification of 
VSMCs (4). Hence, activation of the Wnt/β‑catenin pathway in 
VSMCs under low‑intensity inflammation may be a key cause 
of VC in HG conditions.

The Wnt/β‑catenin pathway plays an important role in 
osteoblastic differentiation (7). Normally, without the interven‑
tion of Wnt proteins, a destruction complex is formed that is able 
to bind with and phosphorylate β‑catenin in the cytoplasm and 
disable it. However, when Wnt protein is secreted, it combines 
with cell‑surface receptors and helps the Axin component 
of the destruction complex to combine with phosphorylated 
low‑density lipoprotein receptor‑related protein, resulting in 
the breakdown of the destruction complex and the accumula‑
tion of high levels of β‑catenin in the cytoplasm. β‑catenin 
then enters the nucleus and binds with the DNA‑binding 
T cell factor transcription factor, which activates Wnt gene 
transcription and recruits several transcriptional coactivators 
and histone modifiers, such as Brg1, CREB binding protein, 
Cdc47, Bcl9 and Pygopus, to drive target gene expression (8).

Transforming growth factor‑β (TGF‑β) is a multifunc‑
tional cytokine, which is highly expressed in most tumor cells 
and helps to regulate the Wnt/β‑catenin pathway. In addition to 
promoting the epithelial‑mesenchymal transition, invasion and 
metastasis of tumor cells, TGF‑β serves an important role in 
the regulation of the adaptive immune system (9). TGF‑β has 
been reported to inhibit the expression of various pro‑inflam‑
matory factors in macrophages, including interleukin (IL)‑1β 
and IL‑8, and to regulate TNF‑α under certain conditions (10). 
Due to its anti‑inflammatory effect, TGF‑β may regulate the 
Wnt/β‑catenin pathway, which is potentially the key cause of 
the phenotypic transformation of VSMCs and, therefore, is a 
potential therapeutic target.

Long intergen ic  R NA‑er y th roid  pro ‑su r viva l 
(lincRNA‑EPS) activates TGF‑β and thus inhibits the 
Wnt/β‑catenin pathway  (11). Therefore, lincRNA‑EPS is 
indicated to be a regulatory factor that suppresses the dedif‑
ferentiation and transformation of VSMCs. lincRNAs are 
RNAs >200 nucleotides in length that control gene transcrip‑
tion by binding to chromatin‑modifying factors, heteronuclear 
ribonucleoproteins or transcription factors (11). Although they 
lack protein‑coding potential, they are important regulatory 
molecules for gene expression (12). lincRNA‑EPS is expressed 
in macrophages and dendritic cells, where it inhibits macro‑
phage function and the expression of inflammatory genes. 
A previous study demonstrated that lincRNA‑EPS precisely 
regulates macrophages to inhibit the expression of inflamma‑
tion‑related genes (IRGs); a combination of gain‑of‑function 
and rescue experiments and the transcriptome analysis of 
mouse macrophages lacking lincRNA‑EPS revealed the role 
of lincRNA as an inhibitor of IRG expression and repressor of 
inflammatory responses (11). Therefore, in the present study, 
the role of lincRNA‑EPS in the process of VC was explored to 
determine its potential as a target for clinical treatment in the 
management of diabetic angiopathy.

In the present study, in  vivo and in  vitro models were 
used to study whether lincRNA‑EPS affects the osteoblastic 
differentiation of mouse VSMCs. In  vitro, VSMCs were 
transfected with lincRNA‑EP empty control, lincRNA‑EPS 

small interfering RNA (siRNA) or empty control and cultured 
in a HG environment. The ALP activity and expression of 
relevant proteins were observed using immunofluorescence 
and western blot analysis. An in vivo mouse model of diabetes 
was also established, and double lincRNA‑EPS knockout and 
overexpression methods were used to study VC under various 
conditions.

Materials and methods

Animal experiments. A total of 20 six‑week‑old male C57BL/6 
mice weighing 19‑21 g, purchased from the Animal Center of 
Army Medical University were used for adaptive breeding for 
1 week. Animal care and procedures were carried out with 
the approval of the Animal Management Committee of the 
General Hospital of Central Theater Command and strictly 
complied with the National Institutes of Health (NIH) Guide 
for the Care and Use of Laboratory Animals. The specific 
feeding environment was as follows: The temperature was 
controlled at 18‑22˚C, with humidity at 50‑60%. In order to 
keep the air fresh, the ammonia concentration did not exceed 
20 ppm, and the ventilation times reached 10‑20 air changes/h. 
The light intensity at 1 m from the ground was 200 lux, and 
the light/dark cycle was 12:12. Food from Jiangsu Xietong 
Pharmaceutical Bio‑engineering Co., Ltd. was eaten at 
3‑7 g/day, supplied 3‑4 times per week. Water was supplied 
through drinking bottles. Of these, 10 randomly selected mice 
were given normal feed and the other 10 mice were given 
high‑fat feed (40% fat, 42% carbohydrate and 18% protein). 
After 1 month of feeding and fasting for 12 h (overnight), the 
mice fed a high‑fat diet were injected intraperitoneally with 
100  mg/kg streptozotocin (dissolved in 0.1  mol/l sodium 
citrate buffer; pH  4.2), while the mice fed a normal diet 
were given a similar volume of sodium citrate buffer. After 
7 days, blood glucose levels were checked and the mice with 
fasting blood glucose levels ≥11.1 mmol/l were considered as 
a suitable model for diabetes (13,14). A wild‑type group was 
created by the random selection of six mice from those that 
met the criteria for the diabetic model. A total of 6 mice were 
randomly selected from the 10 mice given normal feed to form 
the control group.

Chemicals. Parathyroid hormone (PTH; cat. no. H207) and ALP 
(cat. no. A059‑2‑2) ELISA kits were purchased from Nanjing 
Jiancheng Bioengineering Institute. The fibroblast growth 
factor‑23 (FGF‑23) ELISA kit (cat. no. EM0271) was purchased 
from Wuhan Fine Biotech Co., Ltd. Fetal bovine serum (FBS; 
cat. no. 30067334) was purchased from Gibco (Thermo Fisher 
Scientific, Inc.). DMEM (cat. no. SH30021.01), streptomycin 
(cat. no. SV30010) and penicillin (cat. no. SV30010) were 
purchased from HyClone (Cytiva). TRIzol® reagent (cat. 
no. 15596018) was purchased from Invitrogen (Thermo Fisher 
Scientific, Inc.). The BCA kit (cat. no. C503021‑0500) was 
purchased from Sangon Biotech Co., Ltd.

VSMC culture. After feeding, 12  male C57BL/6 mice 
(6‑week‑old, weighing 19‑21 g) from two groups were eutha‑
nized with CO2. The flow rate of CO2 was 10‑30% of the 
euthanasia chamber volume/min, and the mice were exposed 
to 100% CO2 for 5 min. After their vital signs disappeared, 
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the mice were observed for 2 min to confirm their death. 
The common carotid artery was then surgically removed. 
The adventitia of the aorta was removed and cut into 1‑mm2 
tissue blocks, which were cultured in primary culture medium 
for 3‑5 generations to provide VSMCs. The VSMC culture 
medium comprised α‑MEM (cat. no. SH30265.01; HyClone; 
Cytiva) supplemented with 10% FBS, 100 U/ml penicillin and 
0.1 mg/ml streptomycin.

LincRNA‑EPS fragment transfection into VSMCs. The cultured 
VSMCs were used to establish normal, empty control (empty 
vector), lincRNA‑EPS overexpression vector, lincRNA‑EPS 
siRNA and si‑negative control (NC) groups. The VSMCs were 
digested with 0.125% trypsin for ~2 min. After centrifugation 
at 100 x g at 25˚C for 10 min, the VSMCs were seeded at a 
density of 1x104 cells/cm3 into 6‑well plates and cultured for 
24 h. When the cells had grown to 60‑70% confluence, the 
medium was changed to a serum‑free medium. The VSMCs 
were then transfected with 200 nM si‑negative control (NC) 
or lincRNA‑EPS siRNA, or with 2.5 µg plasmid containing 
lincRNA‑EPS overexpression or empty control (Thermo Fisher 
Scientific, Inc.), using the Lipofectamine® 2000 transfection 
kit (cat. no. 11668027; Thermo Fisher Scientific, Inc.). After 
6 h, transfection was terminated, and culture was continued 
for 24 h. Reverse transcription‑quantitative PCR (RT‑qPCR) 
was used to detect the expression of lincRNA‑EPS in the RNA 
extracts from the cells collected from each group.

The lincRNA‑EPS overexpression sequence was 
synthesized according to the full‑length cDNA of mouse 
lincRNA‑EPS, and the sequence was synthesized according 
to its coding sequence (Sangon Biotech Co., Ltd.). The 
VSMCs in the empty control group were transfected with 
scrambled controls (Thermo Fisher Scientific, Inc.) that 
were cloned into an expression vector; specifically, the 
complete mouse lincRNA‑EPS and scrambled sequences 
(Appendix S1) were subcloned into the adenoviral shuttle 
vector pDC315 (Microbix Biosystems Inc.). The siRNA 
sequences used were as follows: si‑EPS1 forward, 5'‑GGU​
UUA​GCA​CUC​ACU​GCU​AGC‑3' and reverse, 5'‑UAG​CAG​
UGA​GUG​CUA​AAC​CGU‑3'; si‑EPS2 forward, 5'‑CGC​
AUG​GUC​ACU​CAC​CUA​AUA‑3' and reverse, 5'‑UUA​GGU​
GAG​UGA​CCA​UGC​GUG‑3'; si‑EPS3 forward, 5'‑CAU​GGU​
CAC​UCA​CCU​AAU​AAG‑3' and reverse, 5'‑UAU​UAG​GUG​
AGU​GAC​CAU​GCG‑3'. si‑NC sequences were as follows: 
si‑NC forward, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' 
and reverse, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3' was 
purchased from General Biosystems (Anhui) Co., Ltd. All 
siRNA groups were tested and si‑EPS1 was selected in the 
end.

LincRNA‑EPS knockout mice. Under the control of a phospho‑
glycerate kinase 1 promoter, the 4‑kb lincRNA‑EPS genomic 
site was replaced with a neomycin cassette to generate 
lincRNA‑EPS knockout mice as previously described (11). 
In brief, a lincRNA‑EPS targeting vector was electropor‑
ated into C57BL/6 mice embryonic stem (ES) cells and the 
lincRNA‑EPS‑positive ES cells were injected into blasto‑
cyst‑stage embryos to produce chimeric mice. lincRNA‑EPS 
heterozygous mice were obtained by gamete line transmission 
after mating the chimeric mice with wild‑type C57BL/6 

mice The resulting gene knockout mice were designated 
the lincRNA‑EPS knockout group (lincRNA‑EPS‑/‑). The 
lincRNA‑EPS knockout group contained 6 male mice, which 
were supplied with a high‑fat diet.

Overexpression of lincRNA‑EPS in mice. Using a 
WAVE Bioreactor system (GE WAVE 200; Cytiva), an 
adeno‑associated virus (AAV) with high expression of 
lincRNA‑EPS was constructed, packaged in 293 cells (cat. 
no.  CL‑0005; Procell Life Science & Technology Co., 
Ltd.) and purified as required. In six‑well dishes, 1.2x106 
subconfluent 293 cells  (15) were transfected with 2.5 µg 
plasmid (pAAV‑CMV‑EGFP‑P2A‑lincRNA‑EPS‑3FLAG; 
designed by OBiO Technology (Shanghai) Corp., Ltd.) at 4˚C 
for 20 min. A total of six 6‑week‑old male C57BL/6 mice 
weighing 19‑21 g were injected with 1x1011 AAV particles 
via the tail vein  (16). These mice were designated as the 
lincRNA‑EPS overexpression group (lincRNA‑EPSTg/+). 
The 6 mice in the lincRNA‑EPS overexpression group were 
supplied with a high‑fat diet. After 6 weeks, the mice from 
the lincRNA‑EPS knockout and overexpression groups were 
euthanized with CO2, and 5 ml of blood were sampled for 
the extraction of macrophages and T cells. The expression of 
lincRNA‑EPS in these cells was detected using RT‑qPCR to 
confirm the success of the transfection models (17‑19).

Harvesting, cell lysis and clarification. The mice were eutha‑
nized and their spleen was removed under sterile conditions. 
The spleen was ground on a filter screen using the piston of 
the syringe for 5 min. The grinding product was put in 4‑5 ml 
Mouse Lymphocyte Separation Medium (cat. no. 7211011; 
Dakewe Biotechnology Co., Ltd.), 500 µl RPMI‑1640 medium 
were added. Subsequently, the samples were centrifuged at 
800 x g at 25˚C for 30 min. The upper cell suspension was 
added to 10 ml of RPMI‑1640 medium, and centrifuged at 
250 x g at 25˚C for 10 min. After the supernatant was removed, 
lympho Spot™ medium (Dakewe Biotechnology Co., Ltd.) 
was added to the sediment, and the T cells were counted.

In order to extract macrophages, a total of 1 ml starch broth 
was injected into the abdominal cavity of mice for 3 days, then 
DMEM medium was injected, fully mixed, sucked out, centri‑
fuged and resuspended.

RT‑qPCR. The VSMCs, macrophages and T cells were lysed 
using TRIzol® reagent according to the manufacturer's instruc‑
tions. RNA was extracted with isopropanol after centrifuging 
the lysate with chloroform at 1,200 x g at 4˚C for 10 min. 
The pellet was washed and resuspended in 75% ethanol, then 
air‑dried for 10 min. Then, 20 µl TE buffer at 60˚C was added. 
After incubating for 10 min, the quality of the RNA was 
checked, and those samples that passed the quality test were 
stored at ‑70˚C.

The following primers were designed: ALP forward, 
5'‑GCC​GCA​CCA​CGA​CTT​GTT​CA‑3' and reverse, 5'‑GCG​
ATC​GTG​TTG​GCG​AGA​AC‑3' (150  bp); Wnt3 forward, 
5'‑AGC​TGC​CTC​TAC​TCG​TGA​CA‑3' and reverse, 5'‑ATC​
TTG​CTC​CCA​CTG​TTG​GC‑3' (194 bp). TGF‑β1 forward, 
5'‑TGG​AGC​AAC​ATG​TGG​AAC​TC‑3' and reverse, 5'‑GTC​
AGC​AGC​CGG​TTA​CCA‑3' (73  bp). β‑catenin forward, 
5'‑ACA​GGG​AAG​ACA​TCA​CTG​AGC​C‑3' and reverse, 
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5'‑CAG​TGG​GAT​GGT​GGG​TGT​AAG​A‑3' (145  bp); 
lincRNA‑EPS forward, 5'‑CGC​ATT​AAT​GGG​GGC​ATT​C‑3' 
and reverse, 5'‑CTA​AAC​CGT​GTT​TTC​CCC​GC‑3'; GAPDH 
forward, 5'‑GAA​GGG​TGG​AGG​CAA​AAG​‑3' and reverse, 
5'‑ACC​AGT​GGT​TGC​AGG​GAT‑3'. The reverse transcription 
kit (cat. no. 11939823001; the Licensing Department of Roche 
Molecular Diagnostics, Inc.) was used to synthesize cDNA 
from the RNA according to the manufacturer's protocol. The 
RT‑qPCR system was configured for each group of cDNA 
samples accordingly. qPCR was conducted using a SYBR 
premix Ex Taq™ kit (Takara Bio, Inc.) according to the 
manufacturer's instructions. A total of 40 PCR cycles (94˚C 
for 1 min for denaturation; 55˚C for 30 sec for annealing; 
72˚C for 1 min for extension) were performed and melting 
curves of the PCR products were established to determine 
the expression of ALP, Wnt3, β‑catenin and TGF‑β (20).

HG culture and ALP ELISA. According to a previously 
reported method (21), common carotid artery samples were 
taken from 6‑week‑old mice and the transfected VSMCs were 
cultured under HG conditions (25 mM) while the untrans‑
fected VSMCs were cultured under normal glucose conditions. 
The temperature was 25˚C and the culturing time was 3 days. 
Subsequently, the ALP‑ELISA kit was used to determine the 
ALP levels of the samples.

Western blot analysis. The total proteins were extracted from 
VSMCs using RIPA lysis buffer (cat. no. 2114‑100; BioVision, 
Inc.). The proteins were then quantified using a BCA kit, 
denatured at 100˚C for 10 min and stored at ‑80˚C. Western 
blotting was used to determine the expression levels of ALP, 
TGF‑β, Wnt3 and β‑catenin. A total of 100 µg of protein per 
sample was loaded on a 10% SDS‑PAGE gel. The proteins 
were subsequently transferred to PVDF membranes, then 
blocked with 5% non‑fat milk powder at 25˚C for 60 min. 
The membranes were washed with PBS buffer containing 
0.1% Tween. GAPDH antibody (cat. no.  51332S; Cell 
Signaling Technology, Inc.), ALP antibody (cat. no. ab67228; 
Abcam), TGF‑β antibody (cat. no.  3711S; Cell Signaling 
Technology, Inc.), Wnt3 antibody (cat. no. ab32249; Abcam) 
and β‑catenin antibody (cat. no. AC106; Beyotime Institute 
of Biotechnology) were used at 1:1,000 dilution at 25˚C for 
2.5 h. The membranes were subsequently incubated with 
HRP‑labeled Goat Anti‑Mouse IgG (H+L) secondary anti‑
bodies (cat. no. A0216; Beyotime Institute of Biotechnology) 
diluted by 1:1,000 at 25˚C for 1  h. Antibody detection 
was performed with an ECL kit from Shanghai Zeye 
Biotechnology Co., Ltd. (cat. no. ZY120201).

Luciferase reporter assay. VSMCs were cultured in 24‑well 
plates and co‑transfected with luciferase reporter plasmids and 
lincRNA‑EPS overexpression vector, inhibitor or their respec‑
tive controls and 50 ng per well of pRL‑TK vector (designed by 
Promega Corporation) using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 25˚C for 20 min according to 
the manufacturer's instructions. After co‑transfection, VSMCs 
were collected 48 h later and lysed prior to the measurement 
of luciferase activity with the Dual‑Luciferase Reporter Assay 
System (Promega Corporation). Renilla luciferase activity was 
used for normalization (22).

Alizarin red S staining. To evaluate the inhibitory effect of 
lincRNA‑EPS on VC in vitro, VSMCs transfected with 200 nM 
empty control, lincRNA‑EPS overexpression or lincRNA‑EPS 
siRNA using Lipofectamine® 2000 were cultured in DMEM 
for 7 days. After washing, the cells were fixed in 4% formalin 
at 25˚C for 24 h, then stained with 1% alizarin red S at 37˚C 
for 30 min. The VSMCs were washed with PBS to remove the 
excess stain and photographic images of the stained matrix 
were captured using a digital microscope. The VSMCs were 
then incubated in cetyl‑pyridinium chloride for 15 min to 
release the alizarin red S, and the amount of released dye was 
measured by spectrophotometry at 570 nm.

Scratch wound assay. A total of 1x106 cells/ml VSMCs (23) 
were seeded onto 12‑well culture plates and cultured over‑
night, after which mitomycin (5 µg/ml, Bio‑Rad Laboratories, 
Inc.) was added for 2 h. Then, a sterile P‑200 pipette tip was 
used to create an artificial wound in each well. After 12 h of 
culture in the presence of 1% FBS, the cells were stained with 
crystal violet at 25˚C for 10 min and evaluated using light 
microscopy (cat. no. DVM6; Leica Microsystems GmbH). 
The results were analyzed using ImageJ software v. 1.8.0.112 
(National Institutes of Health).

Morphological and immunofluorescence analysis. Aortic 
tissue was fixed at 4˚C overnight in 4% formalin and embedded 
in paraffin. The tissues were cut into 40‑µm‑thick sections. For 
immunofluorescence analysis, the sections were first immersed 
in boiling citric acid buffer (95˚C) for 10 min to restore anti‑
genicity and then soaked in 0.3% H2O2 at 95˚C for 30 min to 
eliminate endogenous peroxidase. Subsequently, the sections 
were blocked with 5%  goat serum (cat no.  KJ‑S‑0028G; 
Kejing Biological Technology Co., Ltd.) at 25˚C for 30 min. 
Next, after washing with PBS, the sections were incubated 
with Runt‑related transcription factor  2 (Runx2; 1;1,000; 
cat. no. ab76956; Abcam) for 2 h at 25˚C. After washing, the 
sections were incubated with fluorescent secondary antibodies 
(1:1,000; cat. no. AB_2534088; Thermo Fisher Scientific, Inc.) 
for 1 h at 25˚C, then counterstained with DAPI for 10 min at 
25˚C. Finally, the sections were stained with diaminobenzi‑
dine and visualized using a light microscope (24).

Cytokine analysis. For the detection of cytokines, 0.2  ml 
of blood was collected from each mouse under anesthesia 
(1‑1.5% isoflurane; Abbott Scandinavia AB) by retroorbital 
vein puncture. This procedure was only performed once after 
6 weeks of feeding. After the blood was collected, rearing of 
the mice continued until they were required for further analysis. 
ELISA kits were used to detect the expression of inflamma‑
tion‑associated factors in the serum of each group, including 
IL‑1β (cat. no. E‑EL‑M0037c; Elabscience Biotechnology, Inc.), 
TNF‑α (cat. no. PT512; Beyotime Institute of Biotechnology), 
IL‑6 (cat. no.  E‑EL‑M0044c; Elabscience Biotechnology 
Co., Ltd.) and nitric oxide (NO; cat. no. YM‑6178; Shanghai 
Yuanmu Biological Technology Co., Ltd.).

Biochemical analysis. The mice were euthanized with CO2, 
and 5 ml blood and the aortas were retrieved. The aortas of 
the experimental mice were rinsed with distilled water, dried 
and weighed. The weight of every group was controlled to 
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3 mg. The blood was collected into anticoagulation tubes (BD 
Biosciences). After 3,000 x g centrifugation for 30 min at 4˚C, 
the supernatant of blood was taken as plasma. ELISA kits were 
used to quantify FGF‑23 and PTH levels in plasma according 
to the manufacturer's instructions.

Calcium deposition. The quantification of aortic calcium was 
carried out by incubating the tissues at 37˚C overnight in 0.6 M 
HCl. The calcium content of the supernatant was then deter‑
mined using a QuantiChrom™ Calcium assay kit (BioAssay 
Systems) according to the manufacturer's protocol. The total 
protein concentration was measured using the Bradford 
method (Bio‑Rad Laboratories, Inc.). The VSMCs were decal‑
cified for 24 h at 4˚C in 0.6 M HCl. The calcium content was 
then determined using the aforementioned QuantiChrom™ 
Calcium assay kit. The VSMCs were lysed with 0.1  M 
NaOH/0.1% SDS. The calcium content was normalized to the 
total protein concentration.

Statistical analysis. For multiple group comparisons, one‑way 
ANOVA with Tukey's post hoc test were performed. P<0.05 
was considered to indicate a statistically significant difference. 

GraphPad Prism 7 (GraphPad Software, Inc.) was used for 
graph construction and statistical analyses (20).

Results

LincRNA‑EPS transfection inhibits HG‑induced osteoblastic 
differentiation in mouse VSMCs by reducing ALP levels. 
Previous studies have shown that ALP activity is an indicator 
of the osteoblastic differentiation of VSMCs (25,26) and that 
ALP is a significant factor in the regulation of this process; 
higher ALP levels are associated with higher osteoblastic 
differentiation (25,26). Experiments were performed using 
mouse VSMCs transfected with lincRNA‑EPS overexpression 
vector or siRNA, and RT‑qPCR analysis verified the transfec‑
tion efficiency (Fig. 1A). The ALP activity of various wild‑type 
mouse VSMCs was tested using an ALP ELISA kit, and the 
results showed that, under HG conditions, the ALP activity of 
VSMCs transfected with lincRNA‑EPS overexpression vector 
was reduced by an average of 62.5% compared with that of 
cells transfected with the empty control, and of 35% in the 
lincRNA‑EPS siRNA group (Fig. 1B). For further analysis, 
western blotting was used to detect the expression levels of 

Figure 1. lincRNA‑EPS suppresses the osteoblastic differentiation of VSMCs. (A) RT‑qPCR results show the transfection efficiency of lincRNA‑EPS over‑
expression vector and siRNA. (B) ALP activity of aortic VSMCs detected using ELISA. (C) ALP activity of aortic VSMCs detected by western blot analysis. 
(D) RT‑qPCR results show the mRNA levels of ALP in aortic VSMCs. (E) ALP promoter activity detected by a relative luciferase assay. n=6 independent 
experiments. *P<0.05 and **P<0.01 as indicated. lincRNA‑EPS, long intergenic non‑coding RNA‑erythroid pro‑survival; siRNA, small interfering RNA; siNC, 
small interfering negative control; VSMCs, vascular smooth muscle cells; ALP, alkaline phosphatase; HG, high glucose.
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ALP protein, and the results showed that expression of ALP in 
VSMCs after transfection with lincRNA‑EPS overexpression 
vector was reduced by an average of 50% compared with that 
of cells transfected with the empty control while, contrarily, 
an increase by 25% was observed in the lincRNA‑EPS siRNA 
group (Fig. 1C). The expression of ALP mRNA was also 
detected using RT‑qPCR (Fig. 1D), and the results revealed 
that the average expression of ALP was reduced by 57% by 
the lincRNA‑EPS overexpression vector, and by 20% by the 
lincRNA‑EPS siRNA compared with the empty control. In 
addition, the luciferase reporter assay showed that the ALP 
gene promoter activity in wild‑type VSMCs transfected with 
lincRNA‑EPS overexpression vector was downregulated by 
50% compared with that in the empty control group, while ALP 
gene expression in VSMCs transfected with lincRNA‑EPS 
overexpression vector was downregulated by 50% compared 
to that in the control group and no obvious downregulation 
was observed in the lincRNA‑EPS siRNA group (Fig. 1E). The 
present findings suggest that the transfection of lincRNA‑EPS 
has a significant inhibitory effect on the expression of ALP, 
indicating that it may affect the osteoblastic differentiation of 
VSMCs.

LincRNA‑EPS transfection inhibits HG‑induced VSMC 
migration and calcification. HG triggers calcium deposition 
in wild‑type VSMCs, which may result from the osteoblastic 
differentiation of VSMCs  (27,28). Alizarin red S staining 
revealed that, in HG conditions, calcium deposition was 
significantly inhibited in VSMCs following transfection with 
lincRNA‑EPS overexpression vector compared with empty 
control. However, calcium deposition remained at higher levels 
in the VSMCs transfected with the lincRNA‑EPS siRNA 
(Fig. 2A). The absorbance of Alizarin red from the VSMCs in 
each group was measured using spectrophotometry to evaluate 
the osteogenic differentiation of VSMCs in each group. The 
absorbance value of the empty control group was set at 1.0 
and the relative absorbance value of the lincRNA‑EPS over‑
expression transfection group was 0.35. The absorbance of 
the VSMCs transfected with lincRNA‑EPS overexpression 
vector was lower than those transfected with empty control 
and the lincRNA‑EPS siRNA group (Fig. 2A). In the wound 
healing assay, microscopy was used to observe the migra‑
tion of VSMCs in each group. HG increased the migration 
of VSMCs by 175% compared with that of VSMCs under 
normal conditions. However, migration was reduced by 50% 
following transfection with lincRNA‑EPS overexpression 
vector compared with the empty control (Fig. 2B).

LincRNA‑EPS activates TGF‑β to suppress inflammation and 
inhibits HG‑induced Wnt pathway activation. Results from 
western blot analysis showed that, under HG conditions, Wnt3 
expression decreased by 50%, β‑catenin expression decreased 
by 46% and TGF‑β expression increased by 70% in the 
lincRNA‑EPS overexpression group compared with the empty 
control group, indicating that lincRNA‑EPS significantly 
inhibited the expression of Wnt3 and β‑catenin proteins and 
increased that of TGF‑β (Fig. 3A and B). RT‑qPCR results 
showed that, in the lincRNA‑EPS overexpression group, Wnt3 
levels were reduced by 36%, β‑catenin levels were reduced by 
50% and TGF‑β levels were increased by 128% compared with 

those in the empty control group, suggesting that lincRNA‑EPS 
significantly inhibited Wnt3 and β‑catenin protein expression 
and enhanced TGF‑β expression due to the upregulation of 
the mRNA expression of TGF‑β and downregulation of the 
mRNA expression of Wnt3 and β‑catenin in VSMCs (Fig. 3C). 
Immunofluorescence staining (Fig. 3D) further demonstrated 
that transfection with lincRNA‑EPS overexpression vector 
reduced the expression of β‑catenin.

LincRNA‑EPS reduces the levels of inflammatory factors 
in the plasma of diabetic mice. After knocking out 
lincRNA‑EPS from mice, there was a significant increase 
in the levels of several inflammatory factors, including NO, 
IL‑1β, IL‑6 and TNF‑α. Among them, NO increased by 100% 
(Fig. 4A), IL‑1β by 56% (Fig. 4B), IL‑6 by 60% (Fig. 4C) and 
TNF‑α by 28% (Fig. 4D) compared with those in wild‑type 
mice. In the mice with lincRNA‑EPS overexpression, the 
levels of these inflammatory factors were noticeably reduced 

Figure 2. Effect of lincRNA‑EPS on the osteoblastic differentiation and 
migration of VSMCs. (A) Osteoblastic differentiation detected in VSMCs 
using alizarin red S staining. Scale bar=200 µm. (B) Effects of different 
transfections on VSMC migration in a scratch healing assay. The migration 
distance of VSMCs at 12 h was analyzed. Scale bar=1 mm. n=6 independent 
experiments. *P<0.05 and **P<0.01 as indicated. lincRNA‑EPS, long inter‑
genic non‑coding RNA‑erythroid pro‑survival; siRNA, small interfering 
RNA; VSMCs, vascular smooth muscle cells; HG, high glucose.
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compared with those of the wild‑type control. The present 
results indicated the significance of lincRNA‑EPS in the 
suppression of inflammation.

LincRNA‑EPS inhibits VC in the diabetic mouse model. Runx2 
is a transcription factor that can induce Sp7, another important 
transcription factor, which is able to promote the osteoblastic 
differentiation of VSMCs through the Wnt pathway (28). As 
shown in Fig. 5A, Runx2 expression was low in the aorta of 
the control group and abundant in the lincRNA‑EPS‑/‑ group, 

but notably reduced in the lincRNA‑EPSTg/+ group compared 
with that in the wild‑type diabetic group. These results suggest 
that lincRNA‑EPS may affect the osteoblastic differen‑
tiation of VSMCs by suppressing the expression of Runx2. 
As illustrated in Fig.  5B‑E, compared with the wild‑type 
diabetic group, the levels of vascular calcium, vascular phos‑
phate and serum PTH in the lincRNA‑EPSTg/+ group were 
notably reduced and the levels of serum FGF‑23, a blood 
phosphorus‑regulating hormone that promotes the excretion 
of phosphate, were increased. Specifically, vascular calcium 

Figure 3. lincRNA‑EPS affects the expression of TGF‑β, Wnt3, and β‑catenin in VSMCs. (A) Cellular protein levels of TGF‑β, Wnt3 and β‑catenin determined 
by western blotting. (B) Quantification of the protein levels of TGF‑β, Wnt3 and β‑catenin from the western blots. (C) mRNA levels of TGF‑β, Wnt3 and 
β‑catenin. (D) Immunofluorescence staining of β‑catenin with DAPI nuclear counterstaining. Scale bar=20 µm. n=6 independent experiments. *P<0.05 and 
**P<0.01 as indicated. lincRNA‑EPS, long intergenic non‑coding RNA‑erythroid pro‑survival; siRNA, small interfering RNA; VSMCs, vascular smooth 
muscle cells; HG, high glucose.
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decreased by 50%, vascular phosphate by 18% and serum PTH 
by 7%, while serum FGF‑23 increased by 25%. The present 
results confirmed the positive impact of lincRNA‑EPS on VC 
in diabetic mice. Finally, the relative lincRNA‑EPS expression 
levels of macrophages and T cells in the lincRNA‑EPS‑/‑ and 
lincRNA‑EPSTg/+ groups were measured and compared with 
those in the wild‑type group to confirm that the mouse models 
had been successfully established (Fig. 6).

Discussion

VC is a key risk index of cardiovascular disease and a common 
cause of mortality in patients with diabetes. However, the 
drugs currently used to treat VC in patients with diabetes lack 
efficacy, which is problematic for patients and doctors.

Previous studies have provided evidence to show that the 
osteoblastic differentiation of VSMCs is an important mecha‑
nism for the development of VC (29‑31). In the present study, 
the results of western blot analysis revealed the low expression 
of TGF‑β and high expression of Wnt3 and β‑catenin in empty 
control‑transfected VSMCs under HG conditions. However, 

in the HG environment, transfection with lincRNA‑EPS 
increased the expression of TGF‑β and decreased the 
expression of Wnt3 and β‑catenin. In addition, a series of 
experiments demonstrated that ALP decreased significantly in 
VSMCs transfected with lincRNA‑EPS overexpression vector 
and increased in those transfected with lincRNA‑EPS siRNA. 
In addition, using Alizarin red S staining, it was shown that 
lincRNA‑EPS‑transfected VSMCs had less calcium deposition 
than the empty control‑transfected VSMCs when cultured in a 
HG environment. Furthermore, the cell‑migration distance of 
the lincRNA‑EPS‑transfected VSMCs was smaller than that of 
the empty control VSMCs. Based on the results of the present 
experiments, it may be inferred that TGF‑β played a role in 
VC. Additionally, when levels of TGF‑β are higher osteoblasts 
are less likely to differentiate. This is because high levels of 
TGF‑β interfere with the Wnt/β‑catenin pathway in VSMCs 
activated by continuous inflammation, which is responsible 
for the osteoblastic differentiation of VSMCs (22). However, 
the results of the present study indicated that the high expres‑
sion of lincRNA‑EPS regulated the Wnt/β‑catenin pathway 
and affected the osteoblastic differentiation of VSMCs by 

Figure 4. ELISAs were used to measure the levels of inflammatory factors in the serum of C57BL/6 mice. Levels of (A) NO production, (B) IL‑1β, (C) IL‑6 
and (D) TNF‑α. n=6 independent experiments. *P<0.05 and **P<0.01 as indicated. NO, nitric oxide; IL, interleukin; TNF‑α, tumor necrosis factor‑α; WT, 
wild type; lincRNA‑EPS, long intergenic non‑coding RNA‑erythroid pro‑survival; lincRNA‑EPS‑/‑, lincRNA‑EPS knockout; lincRNA‑EPSTg/+, lincRNA‑EPS 
overexpression.
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Figure 5. Effects of lincRNA‑EPS on vascular calcification in diabetic C57BL/6 mice. (A) Aortic immunofluorescence staining showing the level of Runx2. 
Scale bar=100 µm (B) Aortic calcium level, (C) aortic phosphate level, (D) serum FGF‑23 level and (E) serum PTH level. n=6 independent experiments. 
*P<0.05 and **P<0.01 as indicated. WT, wild type; lincRNA‑EPS, long intergenic non‑coding RNA‑erythroid pro‑survival; lincRNA‑EPS‑/‑, lincRNA‑EPS 
knockout; lincRNA‑EPSTg/+, lincRNA‑EPS overexpression; Runx2, Runt‑related transcription factor 2; FGF‑23, fibroblast growth factor‑23; PTH, parathyroid 
hormone.

Figure 6. Relative lincRNA‑EPS expression levels shows that the animal models were successfully established. Relative lincRNA‑EPS expression level of 
(A) macrophages and (B) T cells. n=6 independent experiments. *P<0.05 and **P<0.01 as indicated. lincRNA‑EPS, long intergenic non‑coding RNA‑erythroid 
pro‑survival; lincRNA‑EPS‑/‑, lincRNA‑EPS knockout; lincRNA‑EPSTg/+, lincRNA‑EPS overexpression.
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promoting the expression of TGF‑β and reducing Wnt3 and 
β‑catenin expression.

In the present study, the overexpression of lincRNA‑EPS in 
VSMCs was indicated to inhibit the osteoblastic differentiation 
of VSMCs and reduce the deposition of calcium and phosphate, 
thus significantly reducing the degree of VC. As mentioned 
above, the present study revealed that, with an increase in 
TGF‑β levels, both Wnt3 and β‑catenin were downregulated 
in VSMCs overexpressing lincRNA‑EPS. In addition, signifi‑
cantly increased levels of IL‑1β, IL‑6 and TNF‑α were detected 
in the plasma of lincRNA‑EPS knockout diabetic mice. A 
previous study has demonstrated that TGF‑β downregulated 
several pro‑inflammatory factors in cells, including VSMCs, 
in atherosclerosis (32). In addition, TGF‑β can promote the 
transformation of VSMCs from a quiescent, contractile state to 
an active state in which they can repair themselves (32). Several 
inflammatory factors promote the upregulation of inducible 
nitric oxide synthase expression in inflammatory cells (33) to 
produce large quantities of NO, as observed in the lincRNA‑EPS 
knockout diabetic mice. NO can react with superoxide anions 
to form peroxynitrite (33) and can also increase the perme‑
ability of the microvasculature to promote the exudation of 
cells and serum via IL‑2, both of which may cause sustained 
low‑level inflammation (34,35). In the present study, serum 
analysis revealed significantly decreased FGF‑23 levels and 
significantly increased PTH levels in lincRNA‑EPS knockout 
diabetic mice, which are indicative of a significant disorder of 
calcium and phosphorus metabolism in the mice. Therefore, it 
may be concluded that the persistent low‑level inflammation in 
the lincRNA‑EPS knockout diabetic mice was associated with 
a disorder of calcium and phosphorus metabolism. FGF‑23 
promotes phosphate excretion by reducing the reabsorption of 
renal phosphate and reducing the level of PTH, a hormone that 
can induce VC, by reducing parathyroid secretion (36,37). When 
blood vessel samples from the mice were analyzed using Runx2 
immunostaining, the results indicated that the degree of VC in 
the lincRNA‑EPS knockout diabetic mice was higher than that 
in wild‑type diabetic mice, while that in the lincRNA‑EPS over‑
expressing diabetic mice was lower. These results collectively 
suggest that the high expression of lincRNA‑EPS ameliorates 
VC; therefore, it may have a bright future in the management of 
diabetes. However, any adverse effects of the high expression of 
lincRNA‑EPS require further exploration.

In conclusion, the present study demonstrated the effect 
of the overexpression of lincRNA‑EPS in diabetes‑induced 
VC. lincRNA‑EPS was shown to regulate the Wnt/β‑catenin 
pathway by promoting the expression of TGF‑β and interfering 
with the expression of Wnt3 and β‑catenin, thereby inhibiting 
the osteoblastic differentiation of VSMCs. These findings 
may potentially help to reduce or prevent VC in patients with 
diabetes and lower the risk of cardiovascular disease. In the 
future, lincRNA‑EPS overexpression may be used as a novel 
treatment approach or preventive drug to delay the develop‑
ment of VC in patients with diabetes.

The timely resolution of inflammation in patients with 
diabetes is necessary to reduce the activation of the Wnt/β‑catenin 
pathway resulting from the disordered calcium and phosphorus 
metabolism caused by inflammation. This may prevent the osteo‑
blastic differentiation of VSMCs and the deposition of calcium 
and phosphorus in blood vessels. In addition, the present study 

suggested that lincRNA‑EPS inhibits the expression of various 
inflammatory factors by increasing TGF‑β levels and can inhibit 
the Wnt/β‑catenin pathway to reduce inflammation, thereby 
potentially helping to prevent VC. In patients with diabetes, 
inflammation is generally the key cause of VC. Therefore, this 
study may serve as an innovative and useful starting point for the 
treatment of VC in patients with diabetes.
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