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Abstract. Transforming growth factor (TGF)‑β1 is reported to 
be associated with the occurrence of atherosclerosis, although 
the mechanism remains unclear. Therefore, the present study 
aimed to investigate the involvement of TGF‑β1 signaling 
in atherosclerosis. A total of 56 patients with atherosclerosis 
and 44 healthy volunteers were involved in this study. Serum 
expression of TGF‑β1 and long non‑coding RNA‑ATB was 
detected by ELISA and quantitative polymerase chain reaction 
(qPCR). Receiver operating characteristic curve analysis was 
performed to analyze the diagnostic value of serum TGF‑β1 and 
lncRNA‑ATB for atherosclerosis. A human umbilical vein endo-
thelial cell (HUVEC) line overexpressing lncRNA‑ATB was 
constructed. The effects of TGF‑β1 treatment and lncRNA‑ATB 
overexpression on HUVEC cell proliferation and viability was 
detected with Cell Counting Kit‑8 and MTT assays, respec-
tively. Expression of TGF‑β1 and pro‑apoptotic Caspase‑3 
in lncRNA‑ATB‑overexpressing HUVECs was detected by 
western blotting. In addition, the expression of lncRNA‑ATB 
in TGF‑β1‑treated HUVECs was detected by qPCR. It was 
demonstrated that serum TGF‑β1 and lncRNA‑ATB expression 
was significantly higher in atherosclerosis patients, compared 
with controls, and could be used to effectively distinguish 
patients from healthy individuals. TGF‑β1 treatment and 
lncRNA‑ATB overexpression reduced HUVEC viability and 
proliferation. TGF‑β1 treatment increased the expression of 
lncRNA‑ATB in HUVECs, while lncRNA‑ATB overexpression 
had no significant effect on TGF‑β1 expression. LncRNA‑ATB 
silencing with small interfering RNA significantly reduced the 
effects of TGF‑β1 treatment on the proliferation and viability of 
HUVECs. Furthermore, LncRNA‑ATB overexpression upregu-
lated the expression of caspase‑3 in HUVECs. Therefore, it was 

concluded that TGF‑β1 may have upregulated the expression of 
lncRNA‑ATB to promote atherosclerosis, and lncRNA‑ATB 
may serve as a potential therapeutic target for atherosclerosis. 
However, the mechanism remains to be further investigated.

Introduction

Atherosclerosis as a chronic inflammatory disease caused 
by the formation of plaques in arteries, causing narrowing 
and the consequent development of debilitating conditions, 
such as stroke, kidney problems, coronary artery disease 
and peripheral artery disease  (1,2). Abnormal cholesterol 
content has been shown to be a major cause of atherosclerosis, 
although the exact mechanisms remain unclear  (3). Risk 
factors include diabetes, high blood pressure, family history, 
obesity and an unhealthy diet (4,5). Typically, atherosclerosis 
does not have well‑defined symptoms, and the majority of 
patients are diagnosed in advanced stages, leading to poor 
treatment outcomes (6). Therefore, early diagnosis is critical 
for the effective treatment of atherosclerosis and prevention of 
atherosclerosis‑associated complications.

Long non‑coding RNAs (lncRNAs) are a group of tran-
scripts composed of >200 nucleotides, with no protein‑coding 
ability (7). It has been well established that various lncRNAs 
participate in the development of human diseases, by inhibiting 
or promoting their progression (8). In effect, certain lncRNAs 
have been proven to be a potential therapeutic target for the treat-
ment of human diseases. The development of atherosclerosis 
is also accompanied by alterations in the lncRNA expression 
profile (9), indicating the involvement of certain lncRNAs in the 
pathogenesis of this disease. lncRNA‑ATB has critical function 
in several types of human malignancies (10,11). Altered expres-
sion of lncRNA‑ATB is closely correlated with the progression 
and prognosis of colon cancer (10). During the development 
of renal cell carcinoma, lncRNA‑ATB is involved in tumor 
metastases possibly by promoting cancer cell migration and 
invasion (11). However, its involvement in atherosclerosis is 
unknown. The preliminary microarray analysis revealed that 
lncRNA‑ATB was altered in atherosclerosis, indicating its 
potential involvement in this disease. Therefore, the present 
study aimed to investigate the functionality of lncRNA‑ATB in 
atherosclerosis. The present study provided evidence of a novel 
biomarker for the diagnosis of atherosclerosis, and a novel target 
for the treatment of this disease.
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Materials and methods

Subjects. Serum samples were collected from 56 patients 
with atherosclerosis (early stage) (12) and 44 healthy volun-
teers from the elbow vein in The Fourth People's Hospital 
of Jinan from January 2016 to January 2018 (Jinan, China). 
Patients with other severe diseases, such as cases of severe 
heart, lung and liver diseases, were not included in this study. 
All participants were willing to participate in this study. 
The 56 patients included 29 males and 27 females, with a 
mean age of 26.8±7.8 (range, 16‑34). The 44 healthy volun-
teers included 24 males and 20 females, with a mean age 
of 25.7±9.1 (range, 18‑32). No significant differences in age 
and gender were demonstrated between the patient group and 
healthy control group. The present study was approved by the 
Ethics Committee of The Fourth People's Hospital of Jinan 
(Jinan, China), and all patients provided written informed 
consent.

ELISA. Serum TGF‑β1 was detected by ELISA using coating 
antibody (cat. no. MAB1835) and biotinylated detection anti-
body (cat. no. BAF240), obtained from R&D Systems, Inc. 
(Minneapolis, MN, USA). All operations were performed in 
strict accordance with manufacturer's protocol. Acid activa-
tion was performed to release biologically active TGF‑β1, 
as described previously  (13). Serum samples were diluted 
in Dulbecco's PBS (1:75) and added to the ELISA plate to 
measure the concentration of active TGF‑β1. 

Cell culture. Human umbilical vein endothelial cells 
[HUVECs; cat.  no.  CRL‑1730; American Type Culture 
Collection (ATCC), Manassas, VA, USA] were cultured in 
F‑12K medium (cat. no. 30‑2004; ATCC) supplemented with 
0.1 mg/ml heparin (cat. no. H3393; Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany), endothelial cell growth supple-
ment (1:100; cat. no. 354006; Corning Corporation, Corning, 
NY, USA) and 10% fetal bovine serum (cat. no. 30‑2020; 
ATCC) at 37˚C with 5% CO2. Cells were collected during the 
logarithmic growth phase for subsequent experiments.

Establishment of lncRNA‑ATB overexpression and siRNA 
silencing in HUVECs. A EcoRI‑EcoRI fragment containing full 
length lncRNA‑ATB cDNA was inserted into pIRES2‑EGFP 
vector (Clontech Laboratories, Inc., Mountainview, CA, USA) 
to establish a vector expressing lncRNA‑ATB. Cells were 
cultured in the medium mentioned above at 37˚C overnight to 
reach 70‑80% confluence. Transfection was performed using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) to transfect 10 nM vector, 50 nM 
lncRNA‑ATB siRNA (5'‑CCA​UGA​GGA​GUA​CUG​CCA​
ATT‑3') or non‑targeting control siRNA (5'‑UUC​UCC​GAA​
CGU​GUC​ACG​Utt‑3'; Sangon, Biotech Co., Ltd., Shanghai, 
China) into 5x106 HUVECs. Cell suspensions were prepared 
by centrifuging cells at 1,000 x g for 10 min at room tempera-
ture to remove the supernatant, followed by the addition of 
fresh culture medium. Cells were collected 24 h following 
transfection for subsequent experiments. Control cells were 
treated with Lipofectamine® 2000 only. Cells transfected with 
empty vectors or non‑targeting control siRNA were negative 
control cells.

MTT assay. Tetraethylammonium (10 mM; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) was added to cells 
(5x104 cells/ml) with lncRNA‑ATB overexpression and siRNA 
silencing as well as control and negative control cells. Each 
well of a 96‑well plate was filled with 100 µl cell suspension 
(5x103 cells/well), and cells were cultured at 37˚C with 5% 
CO2 for 4 h, following which 10 µl MTT was added into each 
well for another 4 h at 37˚C, DMSO was added to dissolve 
the formazan crystals, and the optical density was measured at 
570 nm with a microplate reader.

Cell proliferation assay. Treated cells in a 100 µl suspension 
were added into each well of 96‑well plates (4x104 cells/well). 
Cells were cultured in an incubator at 37˚C with 5% CO2 and 
Cell Counting Kit‑8 solution (10 µl) was added into each well 
24, 48, 72 and 96 h later, and further cultured at 37˚C for 
another 4 h. Optical density was measured at 450 nm with a 
microplate reader. In cases of TGF‑β1 treatment, cells were 
treated with TGF‑β1 (Sigma‑Aldrich Merck KGaA) at a dose 
of 10 ng/ml for 1 h.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) from serum 
and treated cells and RNA samples were used to synthesize 
cDNA through reverse transcription. Reverse transcription 
was performed using SuperScript II Reverse Transcriptase 
kit (Thermo Fisher Scientific, Inc.) through the following 
conditions: 5 min at 25˚C, 10 min at 55˚C and 5 min at 80˚C. 
Sequences of primers used in PCR reactions were: 5'‑TCT​
GGC​TGA​GGC​TGG​TTG​AC‑3' (forward) and 5'‑ATC​TCT​
GGG​TGC​TGG​TGA​AGG‑3' (reverse) for lncRNA‑ATB; 
5'‑GAC​CTC​TAT​GCC​AAC​ACA​GT‑3' (forward) and 5'‑AGT​
ACT​TGC​GCT​CAG​GAG​GA‑3' (reverse) for β‑actin. SYBR® 
Green Quantitative RT‑qPCR kit (Sigma‑Aldrich; Merck 
KGaA) was used to prepare all PCR reaction systems. The 
PCR thermocycling conditions were: 95˚C for 45 sec, followed 
by 40 cycles of 95˚C for 10 sec and 60˚C for 35 sec. Data were 
quantified using the 2‑ΔΔCq method (14). Relative expression of 
lncRNA‑ATB was normalized to β‑actin.

Western blot analysis. Total protein was extracted from cells 
using radioimmunoprecipitation assay lysis buffer (Thermo 
Fisher Scientific, Inc.), and protein concentration was 
determined by a bicinchoninic acid protein assay. Proteins 
(20 µg/lane) were separated by 10% SDS‑PAGE and trans-
ferred to polyvinylidene difluoride membranes. Membranes 
were blocked with 5% skimmed milk for 2 h at room tempera-
ture. Following three washes with PBS (10 min each time), 
membranes were incubated with primary antibodies including 
rabbit anti‑TGF‑β1 (1:2,000; cat.  no.  ab92486; Abcam, 
Cambridge, UK), anti‑caspase‑3 (1:1,500; cat. no. ab4051; 
Abcam) and anti‑GAPDH (1:1,000; cat. no. ab9845; Abcam) 
overnight at 4˚C. Membranes were washed again in PBS 
three times (10 min each time) and subsequently incubated 
with anti‑rabbit horseradish peroxidase‑conjugated secondary 
antibody (1:1,000; cat. no. MBS435036; MyBioSource, Inc., 
San Diego, CA, USA) at room temperature for 1.5 h. Following 
further washes as described above, bands were visualized with 
enhanced chemiluminescence reagent (Sigma‑Aldrich; Merck 
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KGaA). The relative expression of TGF‑β1 was normalized to 
the endogenous control GAPDH using ImageJ v.148 software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. GraphPad Prism 6 (GraphPad Software, 
Inc., La Jolla, CA, USA) and Origin v10 (OriginLab 
Corporation, Northampton, MA, USA) were used to perform 
statistical analyses. All experiments were performed in 
triplicate manner and data were expressed as mean ± stan-
dard deviation. Data comparisons between two groups were 
performed with the Student's t‑test, and among multiple groups 
using one‑way analysis of variance, followed by Tukey test. 
Chi‑square test was used for the analysis of count data. ROC 
curve analysis was used to evaluate the diagnostic value of 
serum active TGF‑β1 and lncRNA‑ATB expression in athero-
sclerosis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

TGF‑β1 and lncRNA‑ATB expression is increased in patients 
with atherosclerosis. Serum expression of active TGF‑β1 and 
lncRNA‑ATB was measured in patients with atherosclerosis 

and healthy controls via ELISA and RT‑qPCR, respectively. 
As presented in Fig. 1A, active TGF‑β1 expression in serum 
samples was significantly higher in patients with atheroscle-
rosis, compared with healthy controls (P<0.05). Similarly, 
significantly higher circulating lncRNA‑ATB expression was 
detected in atherosclerosis patients, compared with healthy 
controls (P<0.05; Fig. 1B). It is of note that no significant differ-
ences in serum expression of total TGF‑β1 were demonstrated 
between patient and control groups (data not shown). These 
data suggested that upregulation of TGF‑β1 and lncRNA‑ATB 
may be involved in the pathogenesis of atherosclerosis.

Serum expression of active TGF‑β1 and lncRNA‑ATB may 
be useful as diagnostic factors in atherosclerosis. ROC 
curve analysis was used to evaluate the diagnostic value of 
serum active TGF‑β1 and lncRNA‑ATB expression in athero-
sclerosis. As presented in Fig. 2A, the area under the curve 
(AUC) for TGF‑β1 was 0.9012 with a 95% confidence interval 
(CI) of 0.8364‑0.9660 (P<0.0001). In addition, the AUC for 
lncRNA‑ATB was 0.8787 with 95% CI of 0.8137‑0.9436 
(P<0.0001; Fig. 2B). These data indicated that TGF‑β1 and 
lncRNA‑ATB expression may be used to effectively distinguish 
patients with atherosclerosis from healthy controls. 

Figure 1. Comparison of serum level of active TGF‑β1 and lncRNA‑ATB in patients with atherosclerosis and healthy controls. (A) Serum expression of 
active TGF‑β1 and (B) lncRNA‑ATB in patients with atherosclerosis and healthy individuals. *P<0.05. TGF‑β1, transforming growth factor‑β1; lncRNA, long 
non‑coding RNA.

Figure 2. Diagnostic value of serum active TGF‑β1 and lncRNA‑ATB for atherosclerosis. (A) Receiver operating characteristic curve of serum active TGF‑β1 
and (B) lncRNA‑ATB in atherosclerosis.
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Effects of lncRNA‑ATB overexpression and TGF‑β1 treatment 
on the proliferation and viability of HUVECs. lncRNA‑ATB 
overexpression was confirmed by RT‑qPCR (Fig.  3A). 
CCK‑8 assays were performed to investigate the effects of 
lncRNA‑ATB overexpression on the proliferation and viability 
of HUVECs. The results revealed that proliferation was mark-
edly inhibited (Fig. 3B) and viability was reduced (Fig. 3C) in 
HUVECs by lncRNA‑ATB overexpression, compared with the 
control groups. In addition, treatment with TGF‑β1 (10 ng/ml 
for 1 h) also inhibited the proliferation (Fig. 3B) and reduced 
the viability (Fig. 3C) of HUVECs compared with the control 
group. 

TGF‑β1 is an upstream activator of lncRNA‑ATB in HUVECs. 
As presented in Fig. 4A, treatment with TGF‑β1 significantly 
increased the expression of lncRNA‑ATB in HUVECs, 
compared with the control (P<0.05), whereas lncRNA‑ATB 
overexpression had no significant effect on TGF‑β1 expres-
sion (Fig. 4B), suggesting that TGF‑β1 may be an upstream 
activator of lncRNA‑ATB in HUVECs.

LncRNA‑ATB siRNA inhibits the effects of TGF‑β1 treatment 
on HUVEC proliferation and viability. The above data 
demonstrated that TGF‑β1 was an upstream activator of 
lncRNA‑ATB in HUVECs. To further investigate TGF‑β1 

Figure 3. Effects of lncRNA‑ATB overexpression and TGF‑β1 treatment on the proliferation and viability of HUVECs. (A) lncRNA‑ATB overexpression was 
successfully induced and the (B) proliferation and (C) viability of HUVECs under different conditions was assessed. *P<0.05. TGF‑β1, transforming growth 
factor‑β1; lncRNA, long non‑coding RNA; HUVECs, human umbilical vascular endothelial cells; C, control; NC, negative control; Over, lncRNA‑ATB 
overexpression.

Figure 4. TGF‑β1 is an upstream activator of lncRNA‑ATB in HUVECs. 
(A) Effects of TGF‑β1 treatment on  lncRNA‑ATB and (B)  the effect of 
lncRNA‑ATB overexpression on TGF‑β1 expression. *P<0.05. lncRNA, long 
non‑coding RNA; HUVECs, human umbilical vascular endothelial cells; 
TGF‑β1, transforming growth factor‑β1; C, control; NC, negative control; 
Over, lncRNA‑ATB overexpression.
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signaling in HUVECs, lncRNA‑ATB was silenced in 
HUVECs with siRNA, as confirmed by RT‑qPCR (Fig. 5A). 
It was demonstrated that lncRNA‑ATB siRNA significantly 
reduced the effects of TGF‑β1 treatment on HUVEC prolifera-
tion (Fig. 5B) and viability (Fig. 5C).

LncRNA‑ATB overexpression upregulates the expression 
of caspase‑3. To investigate the effects of lncRNA‑ATB on 
HUVEC apoptosis, the expression of pro‑apoptotic protein 
caspase‑3 was detected by western blotting. As presented in 
Fig. 6, lncRNA‑ATB overexpression significantly upregu-
lated the expression of pro‑apoptotic caspase‑3 in HUVECs 
(P<0.05).

Discussion

Although the pathogenesis of atherosclerosis has not been fully 
elucidated, the involvement of lncRNAs in the development 
and progression of the disease has been studied extensively. 
LncRNA‑H19 has been reported to be significantly upregu-
lated in atherosclerosis, and lncRNA‑H19 overexpression 
promotes the progression of this disease through the activation 
of mitogen‑activated protein kinase and nuclear factor‑kB 
pathways (15). In addition, the expression of lncRNA‑RNCR3 

Figure 6. Long non‑coding RNA‑ATB overexpression upregulates the 
expression of proapoptotic caspase‑3 in human umbilical vascular endothe-
lial cells. Western blot analysis was performed to detect the expression of 
caspase‑3. *P<0.05. C, control; NC, negative control; Over, long non‑coding 
RNA‑ATB overexpression.

Figure 5. LncRNA‑ATB siRNA silencing significantly reduced the effects of TGF‑β1 treatment on proliferation and viability of HUVECs. (A) LncRNA‑ATB 
silencing was successfully induced by siRNA, and the (B) proliferation and (C) viability of HUVECs under different conditions was assessed. *P<0.05. 
lncRNA, long non‑coding RNA; HUVECs, human umbilical vascular endothelial cells; TGF‑β1, transforming growth factor‑β1; C, control; NC, negative 
control; siRNA, small interfering RNA.
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is significantly increased in human and mouse aortic atheroscle-
rotic lesions, and is associated with endothelial cell dysfunction 
and vascular smooth muscle cell proliferation inhibition (16). 
Furthermore, lncRNA‑TUG1 overexpression may be a promising 
target for the treatment of atherosclerosis (17). lncRNA‑ATB is 
upregulated in several types of human malignancies (10,11). In 
the present study, serum lncRNA‑ATB expression was signifi-
cantly higher in patients with atherosclerosis, compared with 
healthy controls, indicating that upregulation of lncRNA‑ATB 
may be involved in this disease. TGF‑β1 signaling has critical 
function in the development and progression of atheroscle-
rosis (18). In the present study, serum expression levels of active 
TGF‑β1 were significantly increased in atherosclerosis patients 
compared with healthy controls, further confirming the involve-
ment of TGF‑β1 signaling in atherosclerosis.

Early diagnosis and treatment of atherosclerosis is critical, 
but this is hindered by the lack of classic symptoms (6). In 
the present study, all atherosclerosis patients included were 
in the early stage of disease, and ROC curve analysis demon-
strated that serum active TGF‑β1 and lncRNA‑ATB may be 
used to active distinguish patients with atherosclerosis from 
healthy controls, indicating that serum active TGF‑β1 and 
lncRNA‑ATB may serve as promising biomarkers for the early 
diagnosis of atherosclerosis. It is of note that no significant 
differences in serum expression of total TGF‑β1 between 
patient and control groups (data not shown), and ROC curve 
analysis suggested that serum total TGF‑β1 may not be an 
effective diagnostic biomarker for atherosclerosis. Therefore, 
serum active TGF‑β1 should be used. 

TGF‑β1 and lncRNA‑ATB serve regulatory roles in the 
proliferation and apoptosis of various cell types. TGF‑β1 has 
both antiproliferative and apoptotic effects in bovine mammary 
epithelial BME‑UV1 cells (19) and the proapoptotic effect of 
TGF‑β1 on cultured HUVECs has also been demonstrated (20); 
whereas lncRNA‑ATB promotes papillary thyroid tumor 
growth (21). It is well‑established that EC apoptosis serves 
a pivotal role in the pathogenesis of atherosclerosis (22). In 
the present study, lncRNA‑ATB overexpression and TGF‑β1 
treatment inhibited the proliferation and reduced the viability 
of HUVECs, and promoted the expression of proapoptotic 
caspase‑3, indicating the involvement of TGF‑β1 signaling and 
lncRNA‑ATB in the regulation of proliferation and apoptosis 
of key cells involved the pathogenesis of atherosclerosis. It has 
been reported that TGF‑β signaling in hepatocellular carcinoma 
upregulates the expression of lncRNA‑ATB to promote cancer 
progression (23). In the present study, TGF‑β1 was demon-
strated to upregulate lncRNA‑ATB expression. Furthermore, 
lncRNA‑ATB silencing significantly reduced the effect of 
TGF‑β1 on the proliferation and viability of HUVECs. This 
suggested that lncRNA‑ATB was upregulated by TGF‑β1 to 
participate in the pathogenesis of atherosclerosis through apop-
tosis promotion and proliferation inhibition in HUVECs.

In conclusion, TGF‑β1 and lncRNA‑ATB expression was 
upregulated in patients with atherosclerosis, and increased 
expression levels of TGF‑β1 and lncRNA‑ATB may be used 
to effectively distinguish atherosclerosis patients from normal 
healthy individuals. Upregulation of lncRNA‑ATB by TGF‑β1 
inhibited the proliferation and reduced the viability of HUVECs. 
The present study was challenged by a small sample size, and 
further studies with a large sample size are required to further 

confirm the conclusions. However, the present study failed to 
construct an atherosclerosis model using HUVECs due to the 
limited resources. Only cell proliferation and apoptosis, but not 
other cell behaviors were investigated. This study also failed to 
detect other inflammatory markers, such as C‑reactive protein, 
P‑selectin and TNF‑α. Further studies are still needed. 
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