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Tanshinone IIA protects mice against atherosclerotic injury by
activating the TGF-p/PI3K/Akt/eNOS pathway

Junyan Wang®*, Xinyong He®*, Wenna Chen®, Ni Zhang?, Junfu Guo®,

Jingjing Liu®, Lin Zhang®, Hongwei Sun?, Lianqun Jia® and Guanlin Yang®

Objective Explored the mechanism of action of
tanshinone IIA (TIIA) against atherosclerosis.

Methods ApoE~~ mice were divided into two groups of
10: model and TIIA. A control group of 10 wild-type mice
was created. ApoE ™~ mice were fed a high-fat diet for
12weeks. The TIIA group received TIIA once daily. Mice
were anesthetized, blood collected by cardiac puncture, and
the aortic sinus/arch collected for histology and molecular
studies, respectively.

Results Mice intima in the model group had large areas
of plaque formation, serum levels of total cholesterol (TC),
triglycerides, and low-density lipoprotein-cholesterol (LDL-
C) increased significantly, and high-density lipoprotein-
cholesterol (HDL-C) levels decreased significantly in the
model group after 12weeks. Staining [hematoxylin and
eosin (H&E), Oil-Red-0] showed that the aorta had lesions,
a higher degree of plaque formation, and considerable
lipid deposition in model-group mice. After TIIA treatment,
expression of HDL-C was increased significantly and that
of TC, triglycerides and LDL-C decreased significantly,

and plaque size and lipid deposition improved obviously.
Analyses of protein phosphorylation in aortic tissue
suggested that the transforming growth factor (TGF)-3/

Introduction

The incidence of cardiovascular/cerebrovascular diseases
is increasing worldwide, and atherosclerosis is the main
cause of cardiovascular/cerebrovascular diseases [1,2].
The study of the mechanism, prevention, and treat-
ment of atherosclerosis is a hot topic in clinical medicine.
Research suggests that atherosclerosis is a chronic inflam-
matory response. Hyperlipidemia, hypertension, high
blood sugar levels, high levels of uric acid, obesity and
other factors lead to injury to vascular endothelial cells,
and thickening of vascular walls [3].

Tanshinone ITA (TIIA) is a component of Salia milti-
orrhiza, a perennial plant highly valued for its roots in
traditional Chinese medicine. Previously, we showed
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phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/
endothelial nitric oxide synthase (eNOS) pathway was
activated in TIIA-treated mice.

Conclusion TIIA can lower levels of serum lipids,
stabilize atherosclerotic plaques, reduce endothelial injury,
and inflammatory damage by activation of the TGF-3/
PI3K/Akt/eNOS pathway. Coron Artery Dis 31: 385-392
Copyright © 2019 The Author(s). Published by Wolters
Kluwer Health, Inc.
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that TIIA can lower lipid levels in serum, reduce lipid
deposition in the liver, and regulate reverse cholesterol
transport in hyperlipidemic rats and apolipoprotein
E-deficient (ApoE’/’) mice to have a positive effect on
atherosclerosis treatment, but its mechanism of action
(MoA) is incompletely understood [4,5].

The present study is based on our previous research
(effect of TIIA on aorta-related proteins in ApoE ™ mice
using antibody chips), but we also explored the MoA of
TTIA in atherosclerosis treatment.

Materials and methods

Ethical approval of the study protocol

The present study was conducted in accordance with
the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, Maryland,
USA). All protocols were approved by the Animal Ethics
Committee of Liaoning University of Traditional Chinese
Medicine (Liaoning, China).
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Mice experiments

ApoE™ mice and wildtype male mice with a C57BL/6
background were obtained from Beijing Vital Laboratory
Animal Technology (Beijing, China).

Male ApoE™" mice were divided randomly into two
groups of 10: model and TIIA. A control group of 10
wildtype mice was also created. ApoE™™ mice were fed
a high-fat diet [6,7] containing 21% butter fat and 0.15%
cholesterol (Specialty Feeds, Memphis, Tennessee,
USA) for 12weeks commencing from 8weeks of age.
The TIHA group received 1.2mL of sodium tanshinone
ITA (10 mg/kg, 1.p.; Shanghai Number One Biochemical
Pharmaceuticals, Shanghai, China) once daily. Then, mice
were anesthetized (5% isoflurane). Blood was collected
by cardiac puncture, and the aortic sinus and arch col-
lected for histology and molecular studies, respectively.

Plasma levels of cholesterol and triglycerides

Plasma levels of cholesterol and triglyceridess were
determined by enzymatic means using a chemistry auto-
analyzer (CX7; Beckman Coulter Diagnostics, Fullerton,
California, USA). Plasma levels of triglycerides were
measured with an Infinity Triglycerides kit (Thermo
Scientific, Waltham, Massachusetts, USA). Levels of
high-density lipoprotein-cholesterol (HDL-C) and
low-density lipoprotein-cholesterol (LDL-C) were deter-
mined using homogeneous assay kits (Equal Diagnostics,
Exton, Pennsylvania, USA).

Analyses of serum levels of tumor necrosis factor-a,
interleukin-6, nitric oxide and endothelin-1 by ELISA
Blood from normal mice and atherosclerosis model mice
was collected. The supernatant was harvested after cen-
trifugation (2500xg for 15minutes at room tempera-
ture). Serum levels of tumor necrosis factor-oo (I'NF-a)
(Dakewe, Beijing, China), interleukin-6 (IL.-6) (Dakewe),
nitric oxide (mlbio, Shanghai, China) and endothe-
lin-1 (E'T-1) (mlbio, Shanghai, China) were measured
by ELISA. Experiments were undertaken according to
manufacturer instructions. Values were averaged after
repeating the experiments twice. In addition, the nitric
oxide:E’I1 ratio was calculated.

Ultrasound of the aorta

Mice were anesthetized with isoflurane inhalation. They
were fixed on a pad and inhaled 2% isoflurane continu-
ously. Hair was removed from the xiphoid to the upper
thighs to reduce ultrasound attenuation. A coupling agent
was given at the exposed area. Detection of the aorta was
done using an ultrahigh-resolution small-animal ultra-
sound imaging system (Vevo 2100, VisualSonics, Canada).
Using a MS250 ultrasound probe, the probe frequency
was set at 30 MHz and the gain to 10dB. The total gain
and sectional gain were adjusted to ensure that the echo
at the front and back was uniform, and the dynamic range
was more than 50 dB. The direction of the probe was 90°.

The notch was toward the lower jaw of the mouse, and
the probe was moved slowly to the right side of the ster-
num until a clear image was obtained.

Quantification of atherosclerotic lesions

The proximal aorta was dissected, embedded in optimum
cutting temperature compound (Tissue-Tek; Sakura,
Osaka, Japan) and frozen at -80°C. Sections (6 pm) of
aortic tissues were analyzed for lesion size. The latter
was defined as the cross-sectional surface area of an inti-
mal lesion area according to staining (H&E, Oil-Red-O)
within the aortic intima. Quantification of the extent and
composition of the aortic lesions was done using methods
described previously [4]. The mean size of a lesion for
each mouse was calculated from measurement of cross
sections in the ascending aorta [8,9]. The percentage
area stained positively with Oil-Red-O was quantified
employing computer-assisted image-analysis software
(ImagePro, Silver Springs, Maryland, USA).

Phosphoprotein antibody microarray

Expression of phosphoproteins was detected and ana-
lyzed using a Phosphoprotein Antibody Microarray kit
(Wayen Biotechnologies, Shanghai, China). Analyses
were carried out using the protocol provided. Briefly,
protein was extracted, lysates were purified and then
the protein was labeled by biotinylation. Hybridized
chips were scanned with GenePix 4000B (Molecular
Devices, Silicon Valley, California, USA). GenePix Pro 6
(Molecular Devices) was used to read the original data
and carry out one-step analysis [10,11].

Protein analyses by western blotting

The proximal aortas from ApoE ™~ mice and control mice
were lysed in 0.5mL of 1% NP-40 lysis buffer [50 mM
Tris (pH 7.2), 500mM NaCl, 1% 'Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 10mM MgCl2 with
10 pg/mL leupeptin, 10 pg/mL aprotinin, and 1 mM phe-
nylmethane sulfonyl fluoride]. Protein lysates were quan-
tified by the Bradford method. Lysates were resolved by
SDS—polyacrylamide gel electrophoresis, transferred
to nitrocellulose paper and blocked with a mixture of
tris-buffered saline and Tween 20 (TBST) supplemented
with 5% nonfat milk.

Blots were probed with appropriate primary antibod-
ies: rabbit antitransforming growth factor (TGF)-p
antibody (1:1000 dilution; Cell Signaling Technology,
Danvers, Massachusetts, USA); rabbit antiphosphatidy-
linositol 3-kinase (PI3K) antibody (1:1000; Cell Signaling
Technology); rabbit anti-protein kinase B (Akt) anti-
body (1:1000; Cell Signaling Technology); phospho-Akt
(Ser473) rabbit mAb (1:1000; Cell Signaling Technology);
rabbit antiendothelial nitric oxide synthase (eNOS)
antibody (1:1000; Cell Signaling Technology); rab-
bit anti-eNOS (Phospho-Ser1179) antibody (1:1000; A
Biochemicals, Shanghai, China); and rabbit anti-f-actin

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Table 1 Sequences of primers used for quantitative reverse
transcription-PCR

Gene Sequences of primers
B-actin F 5-CACTGTCGAGTCGCGTCC-3’

R 5-CGCAGCGATATCGTCATCCA-3’

F 5-TGGCCAGATCCTGTCCAAAC-3"

R 5-GTTGTACAAAGCGAGCACCG-3’

PI3K F 5-GGGACTTTGGAGACCAGAAGG-3’
R 5-GTGTCTGGGTTCACCACACC-3’

TGF-B

MMP-9 F 5-CCGACTTTTGTGGTCTTCCC-3’

R 5-AGCGGTACAAGTATGCCTCTG-3"
VEGF F 5"-TCTTCCAGGAGTACCCCGAC-3’

R 5-AGGGCTTCATCGTTACAGCA-3’
HIF1-a F 5-AGGATGAGTTCTGAACGTCGAAA-3’

R 5-GGGGAAGTGGCAACTGATGA-3’

Akt, protein kinase B; F, forward; HIF1-a, hypoxia-inducible factor 1-a; MMP-9,
matrix metallopeptidase; PI3K, phosphatidylinositol 3-kinase; R, reverse; TGF-f,
transforming growth factor-f3; VEGF, vascular endothelial growth factor.

antibody (1:500; Santa Cruz Biotechnology, Santa Cruz,
California, USA). After washing, membranes were incu-
bated with a peroxidase-conjugated secondary antibody
(mouse antirabbit immunoglobulin-G; 1:3000 dilu-
tion; Cell Signaling Technology) for TGF-p, PI3K, Akt,
p-Akt, eNOS, p-eNOS, and B-actin. Proteins were visu-
alized using an electrochemiluminescence kit (Pierce,
Rockford, Illinois, USA). Images were collected with a
special system (5200; Tanon Science and technology,
Beijing, China). Experiments were carried out thrice.

Analyses of gene expression by quantitative reverse
transcription-PCR

Total RNA was extracted from the proximal aortas of
ApoE™" and control mice by TRIzol Reagent according to
manufacturer (Sigma—Aldrich, Saint Louis, Missouri, USA)
instructions. Then, it was dissolved in sterile water and quan-
tified by spectrophotometry at 260nm, after which it was
reverse-transcribed using TagMan methodology (TaKaRa
Biotechnology, Dalian, China). RT:qPCR was done on ABI
Prism v2.04 (Applied Biosystems, Foster City, California,
USA) using an ABI 7500 PCR instrument (Applied
Biosystems) to determine the expression of specific genes
using an SYBR Green PCR mix (TaKaRa Biotechnology).
The PCR conditions were 30seconds at 95°C followed by
45 cycles of 95°C for 5seconds and 60°C for 34 seconds. The
specific primers used to amplify genes are listed in Table 1.
Relative amounts of mRNA for specific genes were calcu-
lated using 2-AACt values. Each sample was run in dupli-
cate, the mean value of each set of duplicates normalized
to that of mouse B-actin and used to calculate relative gene
expression. Experiments were carried out thrice.

Statistical analyses

Data are the mean + SD. Statistical analyses between two
groups were done using the Student’s 7-test. For multi-
ple comparisons, the P value was determined by one-
way ANOVA. Analyses were carried out with Prism 6
(GraphPad, San Diego, California, USA) and SPSS v20
(IBM, Armonk, New York, USA). P <0.05 was considered
significant.
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Results

Analyses of serum lipids by an automatic biochemical
analyzer

After establishing an atherosclerosis model and TIIA
treatment, there were significant changes in the levels
of all serum lipids (Fig. 1). In atherosclerotic mice, lev-
els of total cholesterol (TC), triglycerides, and LLDL-C
were increased significantly (P<0.05) and that of HDL-C
decreased significantly (P<0.05) compared with those of
the normal group. In TIIA-treated mice, the HDL-C
level was increased significantly (P<0.05) and levels
of TC, triglycerides, and LLD-C decreased significantly
(P<0.05) compared with those of the atherosclerosis
model group.

Analyses of inflammatory markers in serum by ELISA
After establishing an atherosclerosis model and TTIA
treatment, there were significant changes in the serum
levels of inflammatory markers (Fig. 1). In atherosclerotic
mice, levels of TNF-a, IL-6 and ET*1 were increased
significantly (P<0.05), and the nitric oxide level and
nitric oxide:E'T-1 ratio decreased significantly (P<0.05)
compared with the normal group. In TIIA-treated mice,
the nitric oxide level and nitric oxide:ET=1 ratio were
increased significantly (P<0.05) and the levels of TNF-
a, IL-6 and EI*1 decreased significantly (P<0.05) com-
pared with the atherosclerosis model group.

Formation of atherosclerotic plaques in mouse aortas
according to ultrasound

The aortic lumen was narrowed, and intima thickened in
the model group (Fig. 2). The aortic lumen was widened
and intima thinner in the TIIA-treated group.

Pathologic and lipid-deposition changes observed by
staining

Atherosclerotic lesions in the aortic root were assessed.
Photomicrographs show the atherosclerotic lesions.
Atherosclerosis assessment was done based on the inti-
mal areas of atherosclerotic lesions (H&E) and lipid accu-
mulation (Oil-Red-O) (Fig. 2). The intimal lesion areas
shown by H&E staining were obviously larger in the
model group and TTIA group than those in wildtype mice
(P<0.05), and the areas were nearly double in the ather-
osclerosis model group compared with those in the TTIA
group. Lipid accumulation shown by Oil-Red-O staining
was obvious in the atherosclerosis model group and TTIA
group compared with wildtype mice (P<0.01), especially
in the atherosclerosis model group (P<0.05 compared
with the TIIA group) (Fig. 2).

Analyses of protein phosphorylation in aortic tissue by
antibody microarrays

Protein phosphorylation was investigated using an anti-
body microarray system in the aortic tissue of athero-
sclerotic mice and after TIIA treatment. Results from
six replicate samples were averaged (including the actin
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Changes in levels of lipid and compounds in serum by atherosclerosis and TIIA treatment. The level of (a) TC, (b) triglyceride, (c) HDL-C, (d)
LDL-C, (e) TNF-a, (f) IL-6, (g) nitric oxide, (h) ET-1 and (i) the nitric oxide:ET-1 ratio. Values are the mean+ SD. *P<0.05 compared with the normal
group, #P<0.05 compared with the atherosclerosis model group. N=10 per group. ET-1, endothelin; HDL-C, high-density lipoprotein-cholesterol;
IL-6, interleukin; LDL-C, low-density lipoprotein-cholesterol; TIIA, tanshinone IIA; TNF-a, tumor necrosis factor; TC, total cholesterol.

value). Analysis and prediction of the results by Ingenuity
Pathway Analysis database shown that the TGF-f/PI3K/
Akt/eNOS pathway may be activated in TTIA-treated
mice.

Expression of transforming growth factor-g and
phosphatidylinositol 3-kinase, endothelial nitric oxide
synthase phosphorylation, and protein kinase B
phosphorylation in aortic tissue by western blotting

We examined the expression of related proteins in aortic
tissue by western blotting. Figure 3 shows the western
blots of TGF-f, PI3K, eNOS phosphorylation, and Akt
phosphorylation. In atherosclerotic mice, expression of
TGF-f and PI3K was decreased significantly (P<0.05)
and, after TTIA treatment, was upregulated significantly
(P<0.05) (Fig. 3a and b). Also, levels of eNOS phos-
phorylation and Akt phosphorylation were decreased

significantly (P<0.05) (Fig. 3¢ and d), and they were
upregulated significantly by TIIA (P<0.05).

Analyses of gene expression in aortic tissue by
quantitative reverse transcription-PCR

Expression of related genes in aortic tissue was detected
by RT-qPCR. Figure 3 shows the mRNA levels of TGF-
B, PI3K, matrix metallopeptidase (MMP)-9, vascular
endothelial growth factor (VEGF), and hypoxia-inducible
factor (HIF)1-a in aortic tissue. In atherosclerotic mice,
the mRNA levels of TGF-f and PI3K were decreased
significantly (P<0.05) (Fig. 3d and e) and, after TIIA
treatment, they were upregulated significantly (P<0.05).
Expression of the mRNA of MMP-9, VEGF, and HIF1-
o was increased significantly in atherosclerotic mice
(P<0.05) (Fig. 3f-1), and was downregulated significantly
after TIIA treatment (P<0.05).
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Fig. 2
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pared with the normal group, #P<0.05 compared with the atherosclerosis model group.
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Analyses of protein and mRNA levels in the atherosclerotic lesions of aortic roots. Expression of (a) TGF-B, (b) PI3K, (c) p-Akt and (d) p-eNOS
proteins in aortic tissue, and densitometric analyses relative to 3-actin. Expression of (e) TGF-, (f) PI3K, (g) MMP-9, (h) VEGF, and (i) HIF1-a

mRNAs in aortic tissue. *P<0.05 compared with the normal group, #P<0.05 compared with the atherosclerosis model group, N=3 for each

group; values are the mean®SD. Akt, protein kinase B; eNOS, endothelial nitric oxide synthase; HIF1-a, hypoxia-inducible factor 1-a; MMP-9,
matrix metallopeptidase; PI3K, phosphatidylinositol 3-kinase; TGF-f, transforming growth factor-f; VEGF, vascular endothelial growth factor.

DISCUSSION

TTIA is one of the major components of Salia miltior-
7hiza, and exerts a number of beneficial health actions
including antiatherosclerosis and antihyperlipidemia. In
this study, we demonstrated the protective effect of TITA
in high-fat diet-induced atherosclerosis in Apoe™™ mouse

model. Our data showed that TTIA could reduce the size
of aortic plaque and decrease the serum lipid-related
factors levels, including T'C and triglyceride, alleviate
inflammatory response, which is in agreement with the
results of previous studies. Next our morphological data
showed that treatment with TIIA could lower plaque
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formation and lipid deposition. In the present study, we
also found that TGF-B/PI3K/Akt/eNOS pathway was
activated in TTIA-treated mice. Taken together, our data
showed that TTIA has its protective effects in atheroscle-
rosis by reducing the size of plaque and other related
serum factors may partly due to the activation of TGF-f/
PI3K/Akt/eNOS pathway.

TGF-p is a cytokine involved in the growth, apopto-
sis, differentiation, and proliferation of cells, as well as
the growth of tissues, organs and the immune response
[12]. TGF-B has important roles in the injury to vascu-
lar endothelial cells, lipid deposition, and inflammatory
response which cause atherosclerosis. Studies have sug-
gested that T'GF-f has bidirectional roles in atheroscle-
rosis. In the ecarly stage of atherosclerosis, TGF-f has
anti-inflammatory and antioxidant effects, which can
inhibit the proliferation of vascular smooth muscle cells
(VSMCs); in the late stage of the disease, TGF-f can
promote VSMC proliferation, promote vascular fibrosis,
and accelerate plaque formation [13,14]. In recent years,
studies have found that TGIF-B has important roles in
the stability of atherosclerotic plaques and can inhibit
monocyte/macrophage chemotaxis, reduce VSMC pro-
liferation, inhibit the absorption of oxidized low-density
lipoprotein, reduce lipid absorption, and have anti-in-
flammatory and antioxidant effects [15,16].

PI3K/Akt is an important downstream pathway of T'GF-
B. TGF-B can activate expression of the PI3K/AKT sig-
naling pathway [17]. The PI3K family is a type of kinase
which is catalyzed specifically by phosphoryl inositol. It
is used widely in various types of cells and is involved
in various activities. PI3K is divided into types I, II, and
I11, and each type is divided into subtypes [18]. Akt (also
known as protein kinase B) is a serine/threonine kinase,
which is divided into types of 1, 2, and 3 (also called pro-
tein kinase-a, -3, and -y, respectively). It is an important
downstream target of PI3K. If Akt is activated by PI3K
phosphorylation, it can act on the downstream target
proteins Bad, caspase-9, glycogen synthase kinase-3,
mechanistic target of rapamycin and eNOS. Akt plays an
important part in the proliferation, apoptosis and auto-
phagy of cells [19,20].

Nitric oxide is an endogenous antiatherosclerosis factor.
If the concentration and activity of nitric oxide decrease,
then the intracellular concentration of free Ca+ will
increase. This will cause vasoconstriction, alter cell per-
meability and cause the dysfunction of vascular endothe-
lial cells to accelerate atherosclerosis. The nitric oxide
level is an important indicator of endothelial-cell function
[21]. Nitric oxide is produced mainly by endothelial cells,
which is under the catalysis of the eNOS. Akt is activated
by PI3K and phosphorylates eNOS to promote the syn-
thesis and release of endogenous nitric oxide, which pro-
tects vascular endothelial cells [22,23]. TNF-a and IL.-6
are crucial inflammatory factors in atherosclerosis. E'T-1
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is an important factor regulating cardiovascular function.
E'T-1 plays an important part in maintaining vascular ten-
sion and stability of the cardiovascular system. The nitric
oxide:ET-1 ratio can reflect the degree of vascular injury.

We also detected genes closely related to angiogenesis
in atherosclerosis: HIF-1a, VEGE, and MMP-9. Hypoxia
accelerates atherosclerosis progression. Hypoxia can
increase the number of reactive oxygen species of vas-
cular endothelial cells, aggravate lipid oxidation, and lead
to the degeneration of proteins and nucleic acids [24].
HIF-1a is synthesized by various types of macrophages
and is a transcriptional factor that has an active role in
hypoxia. HIF-1a can promote angiogenesis; infiltration
of inflammatory cells; SMC proliferation/migration in
atherosclerotic plaques; formation of macrophage foam
cells. Simultaneously, a low concentration of HIF-1a. can
activate the transcription and expression of VEGF and
epidermal growth factor receptors, thereby promoting
angiogenesis further [25]. VEGF is a multifunctional
cell factor that can function specifically in the vascular
endothelium. It has important roles in the division, prolif-
eration, and migration of endothelial cells, and promotes
angiogenesis in atherosclerotic plaques. VEGF can aggra-
vate atherosclerosis by altering vascular permeability and
causing vascular-wall edema [26]. During the remodeling
of atherosclerotic vessels, MMP-9 can degrade various
protein components of the extracellular matrix and par-
ticipate directly in the formation and rupture of athero-
sclerotic plaques [27]. Our results showed that the mRNA
levels of MMP-9, VEGE, and HIF1-a in aortic tissue
were increased significantly in atherosclerotic mice and
were downregulated significantly after TTIA treatment.

Conclusion

TTIA can lower levels of serum lipids, stabilize atheroscle-
rotic plaques, as well as reduce injury to the endothelium
and inflammation. These phenomena may be achieved
by activation of the TGF-B/PI3K/Akt/eNOS pathway.
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