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Abstract: Endothelial cell (EC) apoptosis is a crucial process for the development of atherosclerosis. Tanshinol
is reported to protect vascular endothelia and attenuate the formation of atherosclerosis. However, the potential
molecule mechanism of the protective role of tanshinol in atherosclerosis need to be further investigated. ApoE”
mice were fed with a high-fat diet and treated with tanshinol to detect the effect of tanshinol on endothelial cells
apoptosis with TUNEL staining assay. qRT-PCR and Western blot were performed to examine the expression of TUG1
and miR-26a in endothelial cells. RNA-binding protein immunoprecipitation assay was performed to verify the re-
lationship between TUG1 and miR-26a. It has been shown that tanshinol reduced the aortic atherosclerotic lesion
area in the entire aorta and aortic sinus in a concentration dependent manner, and suppressed the endothelial
cells apoptosis in ApoE”- mice. We further found that the mRNA level of TUG1 was reduced and the expression of
miR-26a was up-regulated by tanshinol in endothelial cells. In addition, TUG1 down-regulated the expression of miR-
26a in ECV304 cells. Finally, it was shown that overexpression of TUG1 removed the reversed effect of tanshinol on
oxidized low-density lipoprotein (ox-LDL)-induced endothelial cells apoptosis. Taken together, our study reveals that
tanshinol could attenuate the endothelial cells apoptosis in atherosclerotic ApoE”- mice. Moreover, low TUG1 expres-

sion and high level of miR-26a are associated with the endothelial protecting effect of tanshinol.
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Introduction

Atherosclerosis (AS) is a major cause of morbid-
ity and mortality among the cardiovascular dis-
eases, which is initially triggered by endothelial
dysfunction and characterized by an influx of
atherogenic lipoprotein components [1]. It is
believed that endothelial cells apoptosis results
in the denudation or dysfunction of the intact
endothelial monolayer, which causes lipid accu-
mulation, monocyte adhesion, and inflamma-
tory reactions leading to atherosclerotic lesion
[2]. Tanshinol (3,4-dihydroxyphenyl lactic acid)
is widely used in traditional Chinese medicine
and has been reported to have vasodilatory
properties and to lower methionine-induced
hyperhomocysteinemia in rats [3, 4]. Accumu-
lating evidence has been well established that
tanshinol has effective roles for the treatment
of coronary heart disease, cerebrovascular dis-

ease, bone loss, hepatocirrhosis, and chronic
renal failure [5]. It has been reported that tan-
shinol protected vascular endothelia in a rat
model of hyperhomocysteinemia and attenuat-
ed the formation of atherosclerosis through
inhibiting the expression of representative pro-
inflammatory cytokines and adhesion mole-
cules in arterial endothelia [4]. However, the
role of tanshinol in atherosclerosis is poorly
investigated.

To date, non-coding RNAs (ncRNAs) including
long non-coding RNAs (IncRNAs) and microR-
NAs (miRNAs), have gained increasing attention
in tumor malignant processes [6]. LncRNA tau-
rine-upregulated gene 1 (TUG1) was originally
identified to contribute to the forming of photo-
receptors and played crucial roles in retinal
development [7]. Recently, mounting evidence
showed that the dysregulation of TUG1 partici-
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pated in the development of several cancers,
such as non-small cell lung cancer, bladder
cancer, osteosarcoma and melanoma [8-10].

Recent studies were originally identified miR-
NAs as crucial regulators of human disease by
binding to 3’-untranslated region (3’-UTR) of
target messenger RNA to negatively regulate
gene expression [11]. Among them, miR-26a is
a highly conserved miRNA that plays essential
roles in development, cell differentiation and
growth. MiR-26a could regulate cortical neurite
growth in Alzheimer’s disease [12]. In retinal
ganglion cells, miR-26a was shown to protect
RGC-5 cell against cytotoxicity and apoptosis
through down-regulation of PTEN [13]. Lately,
miR-26a was reported to prevent endothelial
cell apoptosis by directly targeting TRPC6 in the
setting of atherosclerosis [14]. TRPC6 is a calci-
umpermeable channel expressed in several
cells, including ECs.

In the present study, the major aim was to
investigate the effect of tanshinol on endothe-
lial cells apoptosis in mice with atherosclerosis
and the expression of TUG1 and miR-26a in
aortic endothelial cells. Meanwhile, the interac-
tions among TUG1, miR-26a and TRPCG in the
endothelial cells treated with tanshinol and the
possible mechanism were also revealed.

Materials and methods
Preparation of tanshinol

Tanshinol was obtained from Tong Ren Tang
Company (Beijing, China). The purity of tanshi-
nol was 299.0%.

Animals

Eight-week-old male ApoE” mice were subse-
quently maintained on diet with a high-fat diet
(0.15% cholesterol and 21% fat) for 16 weeks.
During this duration, tanshinol (0, 15, 30, 60
mg/kg, respectively) was administrated intra-
gastrically at a frequency of two days one time.
C57BL/6J mice fed a high-fat diet served as
control. All animals were kept in certified spe-
cific pathogen-free facilities maintained around
24°C with a 12-h light/dark cycle. All animal
experiments were approved by the Animal Care
and Use Committee of Shandong Qianfoshan
Hospital, and all animal care and experimental
procedures strictly followed the Council for
International Organizations of Medical Sciences
(CIOMS) guidelines.
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En face analysis of aortic lesion

The extent of aortic atherosclerotic lesions in
mice was examined by en face staining of aor-
tas with oil red O [15]. Briefly, at the end of the
treatment, mice were anesthetized with pento-
barbital (60 mg/kg). Aortas were removed 2
mm from the heart and excised from the aortic
arch to just beyond the iliac bifurcation, cut
longitudinally, fixed with 10% neutral buffered
formalin, stained with oil-red O (Beyotime
Biotechnology, Haimen, China), and mounted
on slides with the endothelium side up.
Atherosclerotic plaques in full-length aorta and
aortic arch were analyzed and quantified rela-
tive to the full-length lumen area, using the
updated Image-Pro Plus program (Media
Cybernetics, Silver Spring, MD, USA). Lesions
were expressed as positive staining percentage
for oil-red O of the total aortic area.

Western blot analysis

The protein levels of TRPCG6 in endothelial cells
were determined by Western blotting. The cells
were lysed with radioimmuneprecipitation buf-
fer containing protease and phosphatase inhib-
itors. Cell lysates were subjected to SDS-PAGE
and transferred to nitrocellulose membranes.
After blocking with 5% non-fat milk, the mem-
branes were probed with anti-TRPC6 (Abcam,
Cambridge, MA, USA), followed by incubation
with a florescence-labeled secondary antibody.
Western blot bands were scanned using the
Odyssey Imaging System (LICOR, Lincoln, NE,
USA). B-Actin (Cell Signaling Technology, Dan-
vers, MA, USA) was used as internal control.

Quantitative real-time PCR

Total RNA was harvested from tissues and cells
using TRIzol reagent (Invitrogen, CA, USA)
according to the manufacturer’s protocols. The
extracted RNA was reverse transcribed into
cDNA using High-Capacity cDNA Reverse
Transcription Kit (Takara Biolnc, China). The
first strand cDNA was used for real-time PCR to
quantify mRNA expressions of TUG1 and TRPC6
with GAPDH as an internal control. MiR-26a
expression was detected with U6 as an internal
control. The RT primer and forward and reverse
primer pairs for miR-26a were designed by
RiboBio Co., Ltd. (Guangzhou, Guangdong,
China). TUG1, TRPC6 and miR-26a levels were
presented as values of 244,
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Figure 1. Effect of tanshinol on atherosclerotic lesions in ApoE” mice. ApoE”- mice were fed with high-fat diet with
different dose of tanshinol treatment (0, 15, 30, 60 mg/kg) for 16 weeks, C57BL/6J mice fed with high-fat diet
served as control. ApoE”- mice were treated with tanshinol for 2 days/time. A. The aortic atherosclerotic lesions in
these groups were examined by en face oil red O staining in aortas and expressed as the percentage of positive
staining for oil-red O of total aortic area (%). B. The atherosclerotic plaques in the aortic sinus in these groups were
examined by oil red O staining and the area of positive staining for oil-red O (um?) was calculated. C. TUNEL staining
and the averaged data of apoptotic (TUNEL-positive) cell ratio in these groups. D. Weight was measured in these
mice on the last day of treatment. The data are presented as the mean + SD, n = 10 mice. **VS C57BL/6J, P<0.01;
#VS ApoE”, P<0.05; ##VS ApoE”, P<0.01.

Cell culture and transfection instructions. TUG1-expressing plasmid or si-
TUG1 was transfected into ECV304 Cells. After

Human aortic endothelial cells (HAECs) and 24 h of transfection, the medium was replaced

ECV304 cells were obtained from ScienCell by fresh medium with or without ox-LDL and

Research Laboratories (Carlsbad, CA, USA) and tanshinol. After drug treatment, the cells were

cultured in Endothelial Cell Medium supple- used for immunofluorescent staining or pro-

mented with endothelial cell growth factors, 5% tein/RNA extraction.

FBS and 1% penicillin/streptomycin. The cells

were maintained at 37°C with 5% CO, and 95% Luciferase reporter assay

air. ECV304 cells were transiently transfected

with p-MIR-TUG1-WT and miR-26a mimic or MiR-26a sensor reporter was constructed using

p-MIR-TUG1-Mut and miR-26a mimic (RiboBio psi-CHECK2 vectors (Promega, Madison, WI,

Co., Ltd., Guangzhou, Guangdong, China), using USA). Then, ECV304 cells were seeded in a

Lipofectamine 2000 reagent (Invitrogen, CA, 24-well plate and co-transfected with 0.5 mg

Carlsbad, USA) according to the manufacturer’s plasmid and pcDNA-TUG1 or si-TUG1 or con-
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Figure 2. The expression of TUG1 and miR-26a in endothelial cells separated from ApoE” mice. ApoE”- mice were
fed with high-fat diet with different dose of tanshinol treatment (O, 15, 30, 60 mg/kg) for 16 weeks, C57BL/6J mice
fed with high-fat diet served as control. ApoE”- mice were treated with tanshinol for 2 days/times. Endothelial cells
were separated from these ApoE” mice. A. The mRNA level of TUG1 in these endothelial cells. B. The mRNA level of
miR-26a in these endothelial cells. C. The mRNA and protein level of TRPCG6 in these endothelial cells. The data are
presented as the mean + SD. **VS C57BL/6J, P<0.01; #VS ApoE”,, P<0.05; ##VS ApoE”, P<0.01.

trols using Lipofectamine 2000 reagent. Renilla
luciferase was used as an internal control. The
cells were collected after transfection 48 h,
and Renilla luciferase activities were evaluated
using Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA).

Apoptosis detection using TUNEL staining

TUNEL staining was used to detect endothelial
cells apoptosis using a TUNEL fluorescence
FITC kit (Roche, Indianapolis, IN, USA). For tis-
sues, after TUNEL staining, the aorta sections
were immersed into DAPI solution to stain
nuclei. For cells, endothelial cells grown on cov-
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erslips were fixed with 4% paraformaldehyde
followed by permeabilization with 0.1% Triton
X-100. Then, cells were incubated with TUNEL
reaction mixture at 37°C for 1 h. The stained
tissues and cells were examined under a confo-
cal laser scanning microscope (FV300, Olym-
pus, Japan).

RNA-binding protein immunoprecipitation (RIP)
assay

RIP was performed using a Magna RNA-binding
protein immunoprecipitation kit (Millipore,
Billerica, MA, USA) according to the manufac-
turer’s instructions. Briefly, ECs were lysed in
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Figure 3. Tanshinol reversed the effect of ox-LDL on the expression of TUG1 and miR-26a in human aortic endo-
thelial cells. Human aortic endothelial cells were treated with ox-LDL (25 pg/ml) for 48 h after pretreatment with
different concentrations (0, 0.25, 0.5, 1.0 mg/L) of tanshinol for 2 h. A. The mRNA level of TUG1 in these endothelial
cells. B. The mRNA level of miR-26a in these endothelial cells. C. The mRNA and protein level of TRPC6 in these
endothelial cells. The data are presented as the mean + SD. **VS control, P<0.01; ##VS ox-LDL, P<0.01.

complete RNA lysis buffer, and then were incu-
bated with RIP buffer containing magnetic
beads conjugated with human anti-Argonaute2
(Ago2) antibody (Millipore, Billerica, MA, USA),
and negative control normal mouse IgG
(Millipore, Billerica, MA, USA). Samples were
incubated with Proteinase K and then immuno-
precipitated RNA was isolated. Furthermore,
purified RNAs extracted and analyzed by qRT-
PCR to demonstrate the presence of the bind-
ing targets.

Statistical methods

All data were from at least three independent
experiments. Results were given as mean + SD.
Statistical comparison between two groups
was carried out using the Student’'s t-test.
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Differences among groups were carried out by
One-way ANOVA followed by LSD tests using
Graphpad Prism version 6. P<0.05 was consid-
ered statistically significant.

Results

Tanshinol ameliorates the atherosclerotic le-
sions in ApoE”~ mice and relieved the endothe-
lial cells apoptosis

To examine the impact of tanshinol on athero-
sclerosis, we fed ApoE7 mice with high-fat diet
with different dose of tanshinol treatment (O,
15, 30, 60 mg/kg) for 16 weeks, and then we
evaluated the atherosclerotic lesion area in the
aorta and aortic arch. The en face oil-red O
staining of aorta was performed to determine

Am J Transl Res 2016;8(7):2981-2991
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Figure 4. The regulation of TUG1 on the expression of miR-26a in ECV304 cells. A. The mRNA level and activity of
3’-UTR of miR-26a in ECV304 cells overexpressing TUG1. B. The mRNA level and activity of 3’-UTR of miR-26a in
ECV304 cells down-regulating TUG1. The data are presented as the mean £ SD. **VS control, P<0.01.

the lesion area covering the aortic surface. In
ApoE” mice, apparent atherosclerotic lesion
were observed comparing to that of the control.
Moreover, tanshinol induced a great reduction
in atherosclerotic plaques in the aorta and aor-
tic arch areas (Figure 1A and 1B). This attenu-
ated effect was more dramatic with the higher
dose of tanshinol. Next, the effect of tanshinol
on endothelial cell survival was evaluated using
TUNEL assay. The percentage of cells with posi-
tive TUNEL staining was markedly decreased in
the tanshinol-treated group in a dose-depen-
dent manner compared with that in the no
treatment group (Figure 1C). Meanwhile, as
shown in Figure 1D, tanshinol had no effect on
body weight in atherosclerotic ApoE” mice.

Tanshinol reduces the expression of TUG1 and
up-regulates the expression of miR-26a in en-
dothelial cells

We further detected the expression of TUGL
and miR-26a in endothelial cells separated
from above mice with qRT-PCR. As shown in
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Figure 2A, significantly higher mRNA level of
TUG1 was observed in ApoE” mice than that in
C57BL/6J mice. While, the mRNA level of TUG1
was reduced in tanshinol-treated group in a
dose-dependent manner. As for the expression
of miR-26a, we observed that tanshinol up-reg-
ulated the expression of miR-26a in endothelial
cells (Figure 2B). In addition, the mRNA and
protein level of TRPC6 which was a downstream
molecule of miR-26a were down-regulated by
tanshinol (Figure 2C). These data indicated
that TUGL and miR-26a might involve in the
effect of tanshinol on endothelial cells.

Tanshinol reversed the effect of ox-LDL on the
expression of TUG1 and miR-26a in human
aortic endothelial cells

Oxidized low-density lipoprotein (ox-LDL) was a
well-known atherogenic factor that can induce
endothelial cell apoptosis, we next treated
HAECs with ox-LDL (25 pg/ml) for 48 h after
pretreatment with different concentrations (O,
0.25, 0.5, 1.0 mg/L) of tanshinol for 2 h. The

Am J Transl Res 2016;8(7):2981-2991
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Figure 5. TUG1 could bind to miR-26a directly. A. ECV304 cells were co-transfected with p-MIR-TUG1-WT and miR-
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was treated with Anti-Ago2 for RNA immunoprecipitation. The expression of TUG1 and miR-26a were detected. The

data are presented as the mean + SD. **VS control, P<0.01.

expression of TUG1 was enhanced by ox-LDL,
while tanshinol reversed this effect in a dose-
dependent manner (Figure 3A). To investigate
whether tanshinol mediates the effect of ox-
LDL on the expression of miR-26a, we mea-
sured the mRNA level of miR-26a in these
HAECs. It has been shown that lower mRNA
level of miR-26a was observed in HAECs with-
out the treatment of tanshinol comparing to the
control. Furthermore, the expression of miR-
26a was enhanced by tanshinol although
HAECs exposed to ox-LDL (Figure 3B). TRPC6
was also regulated by ox-LDL and tanshinol.
Tanshinol reversed the up-regulation of TRPC6
induced by ox-LDL in a dose-dependent man-
ner (Figure 3C).

TUG1 regulated the expression of miR-26a in
ECV304 cells

To understand the mechanisms by which TUG1
and miR-26a might involve in the protective
effect of tanshinol, we employed pcDNA-TUG1
and si-TUG1 to overexpress or suppress the
expression of TUG1 in ECV304 cells. The miR-
26a sensor reporter were constructed and co-
transfected with pcDNA-TUG1 or si-TUG1 into
ECV304 cells. We found that pcDNA-TUG1
markedly inhibited the luciferase activity of the
miR-26a sensor reporter, whereas si-TUG1
increased luciferase activity (Figure 4). More-
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over, the mRNA level of miR-26a was also
reduced by pcDNA-TUG1 and increased by si-
TUG1 (Figure 4).

TUG1 could directly bind to miR-26a in
ECV304 cells

To confirm the regulatory effect of TUG1 on the
expression of miR-26a in ECV304 cells, we
examined the changes in luciferase activity in
ECV304 cells co-transfected with p-MIR-TUG1-
WT and miR-26a mimic or p-MIR-TUG1-Mut and
miR-26a mimic. The results clearly indicated
that miR-26a mimic significantly suppressed
the activity of p-MIR-TUG1-WT, but has no effect
on the activity of p-MIR-TUG1-Mut (Figure 5A).
RNA immunoprecipitation (RIP) was performed
using anti-Ago2 to examine the expression of
TUG1 and miR-26a. In Figure 5B, the relative
RNA enrichment of Ago2 RIP and IgG RIP
showed that the expression of TUG1 and miR-
26a in Ago2 RIP were significantly higher than
that in IgG RIP.

Overexpression of TUG1 removed the reversed
effect of tanshinol on ox-LDL for endothelial
cells

To validate the role of TUG1 in mediating the
anti-apoptotic action of tanshinol in HAECs, we
performed a rescue experiment. Endothelial

Am J Transl Res 2016;8(7):2981-2991
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cells were divided into six groups: control (group
1), treat with ox-LDL (25 pyg/ml) (group 2), treat
with ox-LDL and DMSO (group 3), treat with ox-
LDL and tanshinol (1.0 mg/L) (group 4), treat
with ox-LDL and tanshinol and pcDNA (group 5),
treat with ox-LDL and tanshinol and pcDNA-
TUG1 (group 6). qRT-PCR analyses indicated
that tanshinol reversed the downregulation of
miR-26a induced by ox-LDL, which further
reversed by overexpression of TUG1, as shown
in Figure 6A. Correspondingly, the expression
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of TRPC6 was enhanced by pcDNA-TUG1, which
was originally decreased by tanshinol in endo-
thelial cells (Figure 6B). TUNEL staining further
confirmed that TUG1 overexpression reversed
the ability of tanshinol to suppress apoptosis
as indicated by the increase of TUNEL-positive
cells with TUG1 overexpression (Figure 6C).
These data suggest that tanshinol inhibits ox-
LDL-induced apoptosis through down-regulat-
ing the expression of TUG1 and the subsequent
anti-apoptotic molecule.

Am J Transl Res 2016;8(7):2981-2991
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Discussion

The present study demonstrated that tanshinol
could reduce the aortic atherosclerotic lesion
area in the entire aorta and aortic sinus in a
concentration dependent manner, and sup-
press the endothelial cells apoptosis, thus alle-
viating the development of atherosclerotic
plaques in ApoE” mice, which suggested it may
have potential for the treatment of atheroscle-
rosis. We further found that TUG1 and miR-26a
were involved in the protective effect of tanshi-
nol on endothelial cells. Specifically, the mRNA
level of TUG1 was reduced and the expression
of miR-26a was up-regulated by tanshinol in
endothelial cell. In addition, TUG1 down-regu-
lated the expression of miR-26a in ECV304
cells. Finally, it was shown that overexpression
of TUG1 removed the reversed effect of tanshi-
nol on ox-LDL-induced endothelial cells apopto-
sis. Taken together, this study provides evi-
dence that TUG1 and miR-26a may be the ther-
apeutic target for vascular diseases, such as
atherosclerosis.

It has been known that endothelial cells are
the critical players in the development of ath-
erosclerosis, which apoptosis may result in
endothelial losing the ability to regulate lipid
homeostasis, immunity and inflammation. Pro-
atherosclerotic factors such as high glucose,
angiotensin Il and reactive species are all
able to induce apoptosis of endothelial cells
[16-18]. Ox-LDL, which plays a crucial role in
lesion formation, stimulates endothelial cell
suicide death program through several cas-
pase-dependent or -independent pathways
[19]. The use of herbal therapies is escalating
worldwide. In this study, tanshinol was found to
attenuate the endothelial cells apoptosis in
ApoE7 mice fed with high-fat diet.

To further investigate the endothelial protecting
mechanism of tanshinol, we detect the dysreg-
ulation of TUG1 and miR-26a in endothelial
cells treated with tanshinol. TUG1 was first
identified as a full-length 6.7 kilobase untrans-
lated RNA molecule and was necessary for reti-
nal development. Recent, TUG1 was observed
to be highly expressed in endothelial cells. In
addition, TUG1 was accumulated and acted as
an oncogenic in tumor growth and development
in various tumor tissues [20]. For example,
Heng Cai et al. reported that TUG1 was highly
expressed in glioma vascular endothelial cells
from glioma tissues [20]. TUG1 was also found
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to be overexpressed in urothelial carcinoma of
the bladder, as well as osteosarcoma tissues
[8, 10]. But in another study, knockdown of
TUG1 promoted tumor cell proliferation in non-
small cell lung carcinoma via regulation of the
expression of homeobox B7 (HOXB7) [9]. In this
study, it has been shown that the mRNA level of
TUG1 was reduced in tanshinol-treat group in a
dose-dependent manner. As for the expression
of miR-26a, we observed that tanshinol up-reg-
ulated the expression of miR-26a in endothelial
cells. In addition, the mRNA and protein level of
TRPC6 which was a downstream molecule of
miR-26a were down-regulated by tanshinol.
Tanshinol also reversed the effect of ox-LDL on
the expression of TUG1 and miR-26a in human
aortic endothelial cells.

Emerging evidence suggests that IncRNA may
function as a molecular sponge in modulating
the expression and biological functions of
miRNA such as post-transcriptional regulation
[21]. To find out whether TUGL1 serves as a
miRNA sponge, we performed dual-luciferase
reporter assay and demonstrated that upregu-
lated expression of TUG1 could suppress the
miR-26a expression, whereas down-regulated
TUG1 induced a reverse result. To better clarify
the underlying mechanism of the IncRNA/
miRNA regulatory function, we performed RIP
assay and indicated that TUG1 could directly
bind to miR-26a. Down-regulated miR-26a was
reported to play important roles in the progres-
sion of tumor and severed as a potential tumor
suppressor in several distinct cancer types. In
addition, Yong Zhang found that the expression
of miR-26a was substantially reduced in the
aortic intima of ApoE”" mice fed with a high-fat
diet (HFD) [14], which was consistent with our
results.

In conclusion, we demonstrated that tanshinol
could attenuate the endothelial cells apoptosis
in atherosclerotic ApoE” mice. Moreover, low
TUG1 expression and high level of miR-26a are
associated with the endothelial protecting
effect of tanshinol, indicating that the thera-
peutic potential of TUG1 and miR-26a in ame-
liorating atherosclerotic lesion.
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