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Background: Tanshinone 1A (Tan lIA), a lipophilic constituent from Salvia miltiorrhiza
Bunge, has shown a promising cardioprotective effect including anti-atherosclerosis.
This study aims at exploring Tan lIA's anti-inflammatory and immune-regulating roles in
stabilizing vulnerable atherosclerotic plaque in ApoE-deficient (ApoE~-) mice.

Methods: Male ApoE~- mice (6 weeks) were fed with a high-fat diet for 13 weeks and then
randomized to the model group (MOD) or Tan IIA groups [high dose: 90 mg/kg/day (HT),
moderate dose: 30 mg/kg/day (MT), low dose: 10 mg/kg/day (LT)] or the atorvastatin group
(5 mg/kg/day, ATO) for 13 weeks. Male C57BL/6 mice (6 weeks) were fed with ordinary
rodent chow as control. The plaque stability was evaluated according to the morphology
and composition of aortic atherosclerotic (AS) plaque in H&E staining and Movat staining
sections by calculating the area of extracellular lipid, collagenous fiber, and foam cells to
the plaque. The expression of the Toll-like receptor 4 (TLR4)/myeloid differentiation factor88
(MyD88)/nuclear factor-kappa B (NF-kB) signal pathway in aorta fractions was determined
by immunohistochemistry. Serum levels of blood lipid were measured by turbidimetric
inhibition immunoassay. The concentrations of tumor necrosis factor-a (TNF-a) and monocyte
chemoattractant protein-1 (MCP-1) were detected by cytometric bead array.

Results: Tan lIA stabilized aortic plaque with a striking reduction in the area of extracellular
lipid (ATO: 13.15 + 1.2%, HT: 12.2 + 1.64%, MT: 13.93 + 1.59%, MOD: 18.84 + 1.46%, P <
0.05) or foam cells (ATO: 16.05 + 1.26%, HT: 14.88 + 1.79%, MT: 16.61 + 1.47%, MOD:
22.08 + 1.69%, P < 0.05) to the plaque, and an evident increase in content of collagenous
fiber (ATO: 16.22 + 1.91%, HT: 17.58 + 1.33%, MT: 15.71 + 2.26%, LT:14.92 + 1.65%,
MOD: 9.61 + 0.7%, P < 0.05) to the plaque than that in the model group, concomitant with
down-regulation of the protein expression of TLR4, MyD88, and NF-kB p65, and serum
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level of MCP-1 and TNF-a in a dose-dependent manner. There were no differences in serum
TC, LDL, HDL, or TG levels between ApoE~- mice and those treated with atorvastatin.

Conclusions: These results suggest that Tan IIA could stabilize vulnerable AS plaque in
ApoE~- mice, and this anti-inflammatory and immune-regulating effect may be achieved
via the TLR4/MyD88/NF-kB signaling pathway.

Keywords: Tanshinone lIA, atherosclerosis, anti-inflammatory, immune regulation, TLR4/MyD88/NF-xB

INTRODUCTION

Atherosclerosis (AS) is the leading cause of cardiovascular
disease worldwide. It mainly involves aorta and coronary artery.
Previous studies mainly focus on the stenosis of vascular lumen
caused by AS lesion. However, AS is no longer regarded as just
a simple disease with smooth muscle cell proliferation and lipid
accumulation in the arterial wall, since an increased number of
inflammatory cells and mediators have been detected in recent
years. It is now widely accepted that inflammation and immunity
play an important role in AS’s pathological process (Major
and Harrison, 2011; Weber and Noels, 2011). The underlying
pathogenesis of AS involves imbalanced lipid metabolism and
chronic inflammation induced by maladaptive immune response.
Moreover, both innate and acquired immune responses mediate
all stages of AS inflammation from initiation through progression
(Libby et al., 2009; Libby, 2012).

Toll-like receptor 4 (TLR4)/myeloid differentiation factor88
(MyD88)/nuclear factor-kappa B (NF-kB) signal pathway
is one of the emerging anti-inflammatory and immune-
regulating pathways. TLR4 is the bridge between immune
response, chronic inflammation, and lipid metabolism.
Activation of TLR4 results in profound consequences on the
monocyte aggregation and foam cell formation in AS (Cole et
al., 2010). The lack of MyD88 causes a remarkable reduction
in plaque area, expression of proinflammatory gene, and
secretion of inflammatory cytokines (Bjorkbacka et al,
2004). NF-kB, located in the downstream of the TLR4 signal
pathway, is the key regulator of the TLR4/MyD88/NF-kB
signal pathway (Moghimpour et al., 2012). Biological stress
stimulates cells and then triggers activation of NF-kB, and
activated NF-«xB enters the nucleus and regulates expression
of various inflammatory cytokines (Pamukcu et al.,, 2011).
Together, the TLR4/MyD88/NF-kB signal pathway involves a
variety of pathological processes, like cholesterol metabolism,
apoptosis, inflammation, and immune response, and vascular
remodeling. It is a critical pathway of AS immune and
inflammatory mechanism (Wijnand et al., 2010).

Abbreviations: Tan ITA, Tanshinone ITA; TLR4, Toll-like receptor 4; MyD88, myeloid
differentiation factor88; NF-kB, nuclear factor-kappa B; TNF-q, tumor necrosis
factor-o; MCP-1, monocyte chemoattractant protein-1; LPS, lipopolysaccharide;
AS, atherosclerosis; GM-CSE, granulocyte-macrophage colony-stimulating factor;
hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6; H&E hematoxylin-
eosin; HT, high dose of Tan IIA group, MT, middle dose of Tan IIA group, LT, low
dose of Tan ITA group; MON, model group; CON, control group; ox-LDL, oxidized
low-density lipoprotein.

Salvia miltiorrhiza Bunge is the root of S. miltiorrhiza
of Labiatae. Tanshinone IIA (Tan ITA), a promising natural
cardioprotective agent with immunomodulatory effect,
is a lipophilic constituent of S. miltiorrhiza Bunge. Previous
studies showed that Tan ITA could inhibit formation of AS plaque
(Wang et al., 2017), and the mechanism involves endothelial cell
protection, anti-oxidation, anti-inflammation, and anti-platelet
aggregation (Shang et al., 2012). Recent studies showed that Tan
ITA plays an anti-inflammatory and immunomodulatory role in
anti-AS by inhibiting dendritic cell-mediated acquired immunity
(Kim et al., 2012; Li et al., 2014). This makes Tan ITA a promising
drug candidate in anti-inflammatory and immune therapy of
AS. Our previous study showed that S. miltiorrhiza Bunge could
significantly reduce the ratio of lipid to collagen composition and
inhibit expression of granulocyte-macrophage colony-stimulating
factor (GM-CSF) and NF-kB in aortic plaque of ApoE~~ mice,
and thus plays a role in stabilizing vulnerable plaque (Zhou
et al, 2008). Recently, we found that Tan IIA significantly
reduced levels of serum inflammatory cytokines, such as high-
sensitivity C-reactive protein (hs-CRP), interleukin-6 (IL-6),
and monocyte chemoattractant protein-1 (MCP-1) in patients
with unstable angina/non-ST segment elevation myocardial
infarction (Shang et al., 2013; Li et al., 2017). Nevertheless, it has
not been soundly established whether the TLR4/MyD88/NF-kB
signal pathway is involved in Tan IIA’ inhibition of inflammation
and immune in AS. This study aims at investigating whether Tan
ITA exerts anti-inflammatory and immune-regulating roles in
stabilizing vulnerable AS plaque in ApoE~~ mice via the TLR4/
MyD88/NF-«B signaling pathway.

MATERIALS AND METHODS

Animal Models

Male ApoE~"~ mice (n = 64, 6 weeks old) and male C57BL/6
mice (n = 10, 6 weeks old) (Beijing HFK Bioscience Co. Ltd)
were allowed to acclimatize with standard laboratory diet for 1
week. The ApoE~'~ mice were then fed with a high-fat diet [fat:
21% (wt/wt), cholesterol: 0.15% (wt/wt)] and C57BL/6 mice
were fed with ordinary rodent chow (Vital River Laboratory
Animal Technology Co. Ltd) for 13 weeks. After 13 weeks, four
ApoE~~ mice were randomly selected and sacrificed. Aortic
roots were taken under sterile conditions. Degree of AS was
evaluated by hematoxylin-eosin (H&E) staining. The rest of
the 60 ApoE~~ mice were randomly divided into five groups
(n = 12): model group (MOD: high-fat diet), high dose of
Tan ITA group (HT: high-fat diet and Tan ITA 90 mg/kg/day),
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moderate dose of Tan ITA group (MT: high-fat diet and Tan ITA
30 mg/kg/day), low dose of TanIIA group (LT: high-fat diet and
Tan ITA 10 mg/kg/day), and atorvastatin group (ATO: high-fat
diet and atorvastatin 5 mg/kg/day) (Tan IIA standard sample was
purchased from Nanjing Zelang pharmaceutical technology
Co., Ltd, lot number: ZL140508582; atorvastatin was purchased
from Pfizer Pharmaceutical Co., Ltd, lot number: 046012K).
Ten C57BL/6 mice composed control group (CON: fed with
ordinary rodent chow). Each group was administered the same
amount of 0.5% sodium carboxymethyl cellulose solution
(CMC-Na) to mix drugs (CON and MOD group with no drug)
by gavage once a day simultaneously.

“En face” Observation of Arterial Tree:
Sudan IV Staining

After perfusion fixation, aortas were opened longitudinally from
brachiocephalic artery to iliac artery bifurcation. Aortas were
fixed to a pan with peripheral fat and adventitial tissue removed
under a dissecting microscope. The aortas were then stained
with filtered Sudan IV working solution (0.5 g Sudan IV, 50 ml
acetone, 50 ml 70% ethyl alcohol) for 6 min and then destained
for 5 min in 80% ethyl alcohol. The images were captured with a
digital color camera (Canon IXUS 110 IS).

Histopathological Staining (H&E Staining and
Movat Staining) and Immunohistochemistry
The aortic roots were made into 4-um consecutive paraffin
sections of the following four surfaces (Suzuki et al., 1997): 1) the
transverse section of ascending aorta root, 2) the aortic valve
attachment section, 3) the beginning part of the aortic valve, and
4) the aortic valve fusion aspect. The main dyes of Movat staining
set were biebrich scarlet, picric acid, and saffron essence. H&E
and Movat stainings were prepared and carried out as operation
procedure described before (Tangirala et al., 1995; Bea et al., 2002).
H&E staining was used to examine extracellular lipid components
(cholesterol crystals and cholesterol ester) and basic lesion
morphology. Movat staining was used to examine foam cells,
collagen, and buried fibrous cap in plaque. Immunohistochemistry
was performed by Envision method. (Sabattini E et al.,1998)
Paraffin sections was dewaxed and blocked with endogenous
peroxidase by 3% H,O,, followed by incubation with a rabbit
polyclonal antibody against TLR4, MyD88, and NF-kB p65
(Abcam, Cambridge, MA) at 4°C overnight. After washing, the
sections were incubated with an Fluorescein (FITC)-labeled
secondary goat anti-rabbit antibody for 1 h. Antigens were
visualized with diaminobenzidine (DAB). Immunostained
paraffin sections were photographed on a light microscope
(Olympus, Bx51, Tokyo, Japan) and a proportion of positive
immunostained sections were analyzed using Image-Pro Plus 6.0.

Measurement of Serum Level of Blood Lipid
The serum was separated from blood samples that were collected
by removing eyeballs. The concentrations of total cholesterol
(TC), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and triglyceride (TG) were determined using an

automatic biochemical analyzer (RX-2000, Technicon, USA).
TC and TG were measured by enzymatic method; LDL and
HDL were measured by turbidimetric inhibition immunoassay.

Measurement of Serum Level

of Inflammatory Factors

The levels of cytokines (TNF-a, MCP-1) were detected by using
cytometric bead array (CBA) mouse inflammation kit according
to the manufacturer’s instructions (BD PharMingen, San Diego,
CA, USA).

Statistical Analysis

All data are presented as mean + standard error of mean (SEM).
A value of P < 0.05 was considered statistically significant. One-
way analysis of variance (ANOVA) was adopted followed by LSD
post hoc analysis for multiple comparisons. Statistical analyses
were performed using the SPSS 19.0 software (SPSS Inc, Chicago,
IL, USA).

RESULTS

Confirmation of AS Formation in ApoE-/-
Mice After a High-Fat Diet for 13 Weeks

He staining was applied on aortic roots of ApoE~~ mice and C57BL/6
mice to identify AS. “En face” observation showed distinct dyed red
plaque in the arterial tree of ApoE /- mice and smooth arterial vessels
in C57BL/6 mice in contrast (Figure 1A). Furthermore, plaque with
obvious lipid core and foam cells that infiltrated into the extima of
aorta were observed in the ApoE~~ mice’s aortas, compared with
that of C57BL/6 mice after H&E staining on a light microscope
(Figure 1B). Hence, it was identified that AS was developed in
ApoE~~ mice after a high-fat diet for 13 weeks.

Tan IlIA Reduced AS Severity

and Stabilized Plaque

Firstly, two ApoE~~ mice in each group and one in control group
were selected randomly for “En face” observation of aortic arch
and thoracic aorta. It was intuitively plausible that the aorta
of the CON group was smooth and clean, that of MOD group
had the most plaque, and other groups using either Tan IIA or
Atorvastatin had less plaque than the MOD group to some extent
(Figure 2A).

Further observation of H&E and Movat staining of aortic roots
were shown respectively in Figures 2B and 3A. We found that the
ratio of extracellular lipid to plaque was significantly reduced in
ApoE~~ mice treated with ATO, HT, and MT (ATO: 13.15 + 1.2%,
HT: 12.2 + 1.64%, MT: 13.93 + 1.59%) (P < 0.05 versus MOD:
18.84 + 1.46%) (Figure 3B). The proportion of collagen fiber to
plaque in the ATO group and all Tan ITA groups were higher than
that in the MOD group (P < 0.05) (Figure 3B) (ATO: 16.22 +
1.91%, HT: 17.58 + 1.33%, MT: 15.71 + 2.26%, LT: 14.92 + 1.65%,
MOD: 9.61 + 0.7%). A dose-dependent relationship was found
between different dose groups of Tan ITA. These results indicated
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FIGURE 1 | (A) Atherosclerotic (AS) formation of ApoE~~ mice after a high-fat
diet for 13 weeks compared with C57BL/6 mice by “En face” observation.
(B) AS formation of ApoE~~ mice after a high-fat diet for 13 weeks compared
with C57BL/6 mice by hematoxylin-eosin (H&E) staining on light microscope.
CON: C57BL/6 mice, MOD: ApoE~- mice (bar = 500 pm).

FIGURE 2 | Tan llA and atorvastatin attenuated degree of AS lesion in
ApoE~~ mice. (A) “En face” observation of aortic roots. (B) H&E staining of
aortic roots. A: CON, B: MOD, C: ATO, D: HT, E: MT, F: LT (bar = 500 pym).

that both atorvastatin and Tan IIA could reduce extracellular lipid
and increase collagen fiber so as to make plaques stable.

TanllA Decreased the Blood Lipid

in ApoE~- Mice

As expected, a marked increase was seen in the MOD group
compared with the CON group in TC, LDL, and HDL (P < 0.05).
Tan ITA reduced TC in a dose-dependent manner (P < 0.05). HT
and MT groups lowered LDL (P < 0.05). A statistically significant
increase in HDL was only observed in the LT group (P < 0.05). In
general, AS is mostly associated with LDL and TC. There was no
statistical difference found in TG between MON and CON. However,
there were no differences in serum TC, LDL, HDL, or TG levels
between ApoE~~ mice and those treated with atorvastatin (Table 1).

TanllA Inhibited Vascular Inflammation

in ApoE~- Mice

The degree of macrophage adhesion and infiltration, shown as the
proportion of foam cells to plaque, was selected to determine
the anti-inflammatory effect of Tan ITA on aorta. Macrophage
phagocytosed lots of oxidized low-density lipoprotein (ox-LDL),
leading to lipid accumulation within the cells, and finally caused
the formation of foam cells. A reduction of foam cell content in
atherosclerotic lesions was observed in atorvastatin or Tan ITA-
treated groups compared with ApoE~~ mice by Movat staining
(P <0.05, ATO: 16.05 £ 1.26%, HT: 14.88 + 1.79%, MT: 16.61 +
1.47%, MOD: 22.08 + 1.69%) (Figure 3B).

In addition, the concentration of MCP-1 was elevated in the
MOD group, compared to the CON group by cytometric bead
array (163.75 £ 34.53 pg/ml vs 35.39 + 3.51 pg/ml, P < 0.05), and
reduced in the HT group, compared to the MOD group (100.94 +
15.09 pg/ml vs 163.75 + 34.53 pg/ml, P < 0.05) (Figure 4). The
concentration of TNF-a was elevated in the MOD group compared
to the CON group (16.84 + 1.75 pg/ml vs 10.3 + 0.54 pg/ml, P <
0.05), and decreased by Tan IIA (HT: 11.12 + 1.35 pg/ml, MT:
12.46 + 1.39 pg/ml, P < 0.05) and atorvastatin (12.29 + 1.55 pg/ml,
P <0.05) intervention in reverse (Figure 4). These findings indicated
that treatment with TanIIA could inhibit AS inflammation.

Tan IIA Regulated Expression of the TLR4/
MyD88/NF-xB Signal Pathway in Aorta

In order to elucidate the molecular mechanism underlying Tan
I1A’s anti-inflammation effect, we evaluated the expression of TLR4,
MyD88,and NF-kB p65inaortafractionsby immunohistochemistry
(Figure 5). The levels of TLR4, MyD88, and NF-«B p65 in the MOD
group were all higher than those of the CON group (P < 0.05). Tan
ITA treatment down-regulated expression of TLR4 compared with
the MOD group in a dose-dependent manner (MOD: 14.23 +
1.84%, HT: 6.32 + 1.26%, MT: 6.71 £ 1.28%, LT: 7.46 + 1.88%)
(P < 0.05). Both ATO and all Tan IIA treatment groups decreased
expression of MyD88 (MOD: 18.23 + 1.55%, ATO: 9.97 + 1.12%,
HT:9.98 +1.32%, MT: 10.9 + 1.39%, LT: 12.29 + 1.86%) and NF-xB
P65 (MOD: 25.59 +2.15%, ATO: 13.41 + 3.14%, HT: 16.31 + 1.85%,
MT: 17.68 + 3.53%), compared with the MOD group (P < 0.05)
(Figure 5).
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FIGURE 3 | (A) Movat staining of aortic roots and (B) the proportion of extracellular lipid, collagenous fiber and foam cells to plaque. Data are expressed as mean +
SEM. n = 12 (except CON group, n = 9). *P < 0.05 versus MOD group. A: CON, B: MOD, C: ATO, D: HT, E: MT, F: LT (bar = 500 pm).
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FIGURE 4 | Effect of TanllA on the level of monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a) in ApoE~- mice. Data are expressed
as mean + SEM. n = 12 (except CON group, n = 9). *P < 0.05 versus MOD group. *P < 0.05 versus CON group.
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FIGURE 5 | Effects of Tan IIA treatment on the expression of TLR4, MyD88, and nuclear factor-kappa B (NF-kB) in plaque in aortic root of ApoE~~ mice by
immunohistochemistry and the positive area of TLR4, MyD88, and NF-kB p65 in plague by immunohistochemistry. Data are expressed as mean + SEM.
n =12 (except CON group, n = 9). *P < 0.05 versus MOD group; *P < 0.05 versus CON group.
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TABLE 1 | Blood lipid profile of each group.

Group N TC(mmol/L) LDL(mmol/L) HDL(mmol/L) TG(mmol/L)
CON 9 2.52+0.08 0.56+0.02 2.64+0.10 0.41+0.10
MOD 12 25.58+1.55% 18.74+1.18"* 10.86+0.70* 0.65+0.09
ATO 12 23.36+1.22 17.32+0.95 9.78+0.54 0.52+0.11
HT 12 19.42+1.05* 13.97+0.80* 9.08+0.48 0.55+0.12
MT 12 21.10+1.79* 15.55+1.28* 9.32+0.69 0.41+0.07*
LT 12 21.50+1.58* 156.94+1.21 156.94+1.21* 0.46+0.06

Data are expressed as mean + SEM. *P < 0.05 vs CON group; *P < 0.05 vs MOD group.

DISCUSSION

Our data strongly supported that Tan ITA was a new drug candidate
for inhibiting inflammation and regulating immunity in AS. In our
study, we found that AS was formed initially in ApoE~~ mice fed
with a high-fat diet for 13 weeks and reached advanced stage after
26 weeks. Expressions of inflammatory factors and key proteins
in the TLR4/MyD88/NF-kB signal pathway were increased in the
ApoE~~ mice group compared with the C57BL/6 mice group.
The data presented here suggested that Tan IIA stabilizes plaque
by reducing the inflammatory and immune response in a dose-
dependent manner.

Whether the plaque is stable or not is determined by the
proportion of extracellular lipid, collagen, macrophages,

or smooth muscle cells. In our study, we found obvious AS
plaque, foam cells, lipid core, and thin fibrous cap in the
model group after 26 weeks. In other words, vulnerable
plaque was formed in the model group with local macrophage
accumulation, severely damaged vascular membrane, lipid
erosion, and calcification. We found that Tan ITA reduced
ratio of extracellular lipid and macrophage infiltration and
increased the proportion of collagen and therefore stabilized
AS plaque. Our findings are consistent with previous findings
(Fang et al., 2007).

ApoE~~ mice fed a high-fat diet is a well-established model
that was used in our previous study to research AS (Zhou et
al., 2008). Stability of plaque is determined by content of
extracellular lipid, macrophage, and collagen (Libby et al.,
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2002). Here, our study found that Tan IIA lowered extracellular
lipid and macrophage infiltration and increased proportion of
collagen and therefore stabilized AS lesions. This is consistent
with previous findings (Tang et al., 2011; Xu et al., 2011).

Statins did not decrease serum lipid in ApoE~~ mice, because
they lack a critical ligand (ApoE) for the LDL receptor that is
important for lowering cholesterol (Sorrentino and Landmesser,
2005; Zadelaar et al.,, 2007; Zhou and Liao, 2010). However,
whether Tan IIA has effects on serum levels of lipids is still not
clear. Some former studies’ improved Tan IIA had no effect on
serum lipid profiles (Tang et al., 2007; Chen et al., 2012). On the
contrary, we demonstrated that Tan ITA lowered LDL, TC, and TG.
This is not surprising because Tan IIA is equipped with biological
pleiotropic effects. Lipid metabolism is the key link of AS, but
AS is a complex and comprehensive disease, so we speculated
that merely lowering serum lipid is insufficient to elucidate the
inhibitory effect of Tan IIA on AS.

AS was first regarded as an autoimmune disease in 1992
(Wick G et al,1992). It is also a chronic inflammatory disorder
involving both the innate and adaptive immune response
(Packard et al., 2009; Grundtman and Wick, 2011). Recently,
Tan IIA is confirmed as a promising natural cardioprotective
agent with anti-inflammatory and immunomodulatory
effects on AS (Chen and Xu, 2014). Tan IIA could inhibit AS
accompanied with repression of inflammatory cytokines such
as VCAM-1, ICAM-1 (Chang et al., 2014), P-selectin (Jiang
et al., 1998), MMP-2, MMP-9, IL-1p (Fang et al., 2007), and
IL-10 (Guo et al., 2009). Among them, MCP-1 is a kind of
chemokine that induces monocyte adhesion to endothelial
cells. Activation of TNF-a is an important step of the
inflammatory cascade reaction. ICAM-1 gathers leukocyte in
certain parts, inducing local tissue injury and inflammation.
In our study, it was demonstrated that MCP-1, TNF-a, and
ICAM-1 dramatically increased in the model group and
reversely decreased in Tan ITA groups. Similar to previous
studies (Wang et al., 2017), our data strongly verified the anti-
inflammatory effect of Tan IIA on AS.

The TLR4 signal pathway associated with inflammation
and immunity has been uncovered in many diseases, such as
intracerebral hemorrhage (Lin et al., 2012), osteoarthritis (Liu
et al., 2014), renal fibrosis, and chronic kidney disease (Souza
etal., 2015). A growing body of evidence suggests that the TLR4
signal pathway might also be involved in the inflammation and
immune response during AS (Edfeldt et al., 2002; Shinohara et
al., 2007). From an innate immunity perspective, the most likely
mechanism of AS is activation of Toll-like receptors or MyD88
(Bjorkbacka et al., 2004; Michelsen et al., 2004). NF-xB is the key
factor to trigger downstream inflammation. Tan IIA could play
a suppressive role in AS by virtue of inhibition of the I-kappaB
kinase (IKK)/NF-kB signal pathway that was activated by TNF-
a, accompanied by repression of chemokines. One study showed
that Tan IIA inhibited lipopolysaccharide (LPS)-induced
inflammation and reduced expression of TLR4 and TNF-a (Jia
et al., 2001). Based on these findings, we further revealed that

expression of TLR4, MyD88, and NF-kB was elevated in the
aorta of ApoE~~ mice compared with that of C57BL/6 mice. We
demonstrated, for the first time, that Tan ITA played an important
role in stabilizing atherosclerotic plaque by downregulating the
key protein expression in the TLR4/MyD88/NF-«kB pathway.
Previous studies mostly focused on certain gene expression but
ignored the signal pathway and its upstream- and downstream-
related factors. Our present study established the mechanism
that Tan ITA inhibited AS immune and inflammation, partly
through the TLR4/MyD88/NF-«B signal pathway.

AS is a chronic disease that requires long-term treatment,
merely inhibition of TLR4/NF-kB may cause other potential
adverse effects (such as infection and cancer) or other
complications. Therefore, it is necessary to explore the role of
TLRs in normal physiological conditions and their interaction
with other factors in the immune-inflammatory network, as well
as the possible consequences of blocking TLRs on many different
types of cells. There is no doubt that the anti-inflammatory and
immunomodulatory effects of Tan IIA provide a new candidate
for the prevention and treatment of AS.

ETHICS STATEMENT

All experiments were conducted in accordance with the Guide
for Care and Use of Laboratory Animals as adopted and
promulgated by the United National Institutes of Health. All
experimental protocols were approved by the Review Committee
for the Use of Animal Subjects of Xiyuan Hospital.

AUTHOR CONTRIBUTIONS

HX and YQ designed experiments. ZC, XG, Y], AW, MY, CY, GL,
YG, LP, WS, and JG carried out experiments. ZC, FC, JingL, JingeL,
and HZ analyzed experimental results. ZC, SL, BC, and YZ wrote
the manuscript.

FUNDING

The authors declare that there is no conflict of interests regarding
the publication of this paper. This work is supported by grants
from the National Natural Science Foundation of China (No.
81373823) and Youth foundation of the national natural science
foundation of China (No0.81703928).

ACKNOWLEDGMENTS

The abstract of this study was presented in the 27th Great Wall
International Congress of Cardiology on October 15, 2016,
which was published in the Journal of the American College of
Cardiology, Vol. 68, No. 16, Suppl, 2016.

Frontiers in Pharmacology | www.frontiersin.org

July 2019 | Volume 10 | Article 850


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org

Chen et al.

TanshinonellA for Vulnerable Atherosclerotic Plaque

REFERENCES

Bea, F, Blessing, E., Bennett, B., Levitz, M., Wallace, E. P,, and Rosenfeld, M. E.
(2002). Simvastatin promotes atherosclerotic plaque stability in apoE-deficient
mice independently of lipid lowering. Arterioscler. Thromb. Vasc. Biol. 22, 1832-
1837. doi: 10.1161/01.ATV.0000036081.01231.16

Bjorkbacka, H., Kunjathoor, V. V., Moore, K. J., Koehn, S., Ordija, C. M., Lee, M. A,,
et al. (2004). Reduced atherosclerosis in MyD88-null mice links elevated serum
cholesterol levels to activation of innate immunity signaling pathways. Nat. Med.
10, 416-421. doi: 10.1038/nm1008

Chang, C. C,, Chu, C. F, Wang, C. N,, Wu, H. T,, Bi, K. W,, Pang, ]. H. S, et al.
(2014). The anti-atherosclerotic effect of tanshinone IIA is associated with the
inhibition of TNF-a-induced VCAM-1, ICAM-1 and CX3CL1 expression.
Phytomedicine 21, 207-216. doi: 10.1016/j.phymed.2013.09.012

Chen, W,, Tang, E, Xie, B., Chen, S., Huang, H., Liu, P. et al. (2012). Amelioration
of atherosclerosis by tanshinone IIA in hyperlipidemic rabbits through
attenuation of oxidative stress. Eur. J. Pharmacol. 674, 359-364. doi: 10.1016/j.
¢jphar.2011.10.040

Chen, Z., and Xu, H. (2014). Anti-inflammatory and immunomodulatory
mechanism of tanshinone IIA for atherosclerosis. Evid. Based Complementary
Altern. Med. 267976, 6. doi: 10.1155/2014/267976

Cole, J. E., Georgiou, E., and Monaco, C. (2010). The expression and functions
of toll-like receptors in atherosclerosis. Mediators Inflamm. 393946, 18. doi:
10.1155/2010/393946

Edfeldt, K., Swedenborg, J., Hansson, G. K., and Yan, Z. Q. (2002). Expression
of toll-like receptors in human atherosclerotic lesions A possible pathway for
plaque activation. Circulation 105, 1158-1161. doi: 10.1161/circ.105.10.1158

Fang, Z. Y, Lin, R, Yuan, B. X,, Liu, Y., and Zhang, H. (2007). Tanshinone IIA
inhibits atherosclerotic plaque formation by down-regulating MMP-2 and
MMP-9 expression in rabbits fed a high-fat diet. Life Sci. 81, 1339-1345. doi:
10.1016/j.1fs.2007.08.043

Grundtman, C., and Wick, G. (2011). The autoimmune concept of atherosclerosis.
Curr. Opin. Lipidol. 22, 327. doi: 10.1097/MOL.0b013e32834aa0c2

Guo, W, Chen, X., Cao, T, and He, G. (2009). The modulatory effect of tanshinone
II-A on anti-inflammatory (IL-10) in time-course. Chinese Pharmacol. Bull. 25,
697-698.

Jia, L. Q, Feng, J. Y., Yang, G. L., Chen, W. N, and Chen, Y. (2001). Effect of
tanshinone IIA on TLR4 and TNF-a of endothelial cells induced by LPS.
Chinese J. Cell. Mol. Immunol. 27, 733-735.

Jiang, K., Ruan, C., Gu, Z., Zhou, W,, and Guo, C. (1998). Effects of tanshinone
II-A sulfonate on adhesion molecule expression of endothelial cells and
platelets in vitro. Zhongguo yao li xue bao 19, 47-50.

Kim, W. S., Kim, D. O,, Yoon, S. J., Kim, M. J., Yoon, S. R., Park, Y. ], et al. (2012).
Cryptotanshinone and tanshinone IIA enhance IL-15-induced natural killer cell
differentiation. Biochem. Biophys. Res. Commun. 425, 340-347. doi: 10.1016/j.
bbrc.2012.07.093

Li, H. Z,, Lu, Y. H, Huang, G. S, Chen, Q, Fu, Q, and Li, Z. L. (2014).
Tanshinone II a inhibits dendritic cell-mediated adaptive immunity: potential
role in anti-atherosclerotic activity. Chin. J. Integr. Med. 20, 764-769. doi:
10.1007/s11655-012-1213-9

Li, S. M, Jiao, Y., Wang, H. J., Shang, Q. H., Lu, E, Huang, L., et al. (2017). Sodium
tanshinone ITA sulfate adjunct therapy reduces high sensitivity C-reactive
protein level in coronary artery disease patients: a randomized controlled trial.
Sci. Rep. 7, 17451. doi: 10.1038/s41598-017-16980-4

Libby, P. (2012). Inflammation in atherosclerosis. Arterioscler. Thromb. Vasc. Biol.
32,2045-2051. doi: 10.1161/ATVBAHA.108.179705

Libby, P, Ridker, P. M., and Hansson, G. K. (2009). Inflammation in atherosclerosis:
from pathophysiology to practice. J. Am. Coll. Cardiol. 54, 2129-2138. doi:
10.1016/j.jacc.2009.09.009

Libby, P, Ridker, P. M., and Maseri, A. (2002). Inflammation and atherosclerosis.
Circulation 105, 1135-1143. doi: 10.1161/hc0902.104353

Lin, S., Yin, Q,, Zhong, Q. Lv, E L., Zhou, Y, Li, J. Q, et al. (2012). Heme
activates TLR4-mediated inflammatory injury via MyD88/TRIF signaling
pathway in intracerebral hemorrhage. J. Neuroinflammation 9, 46-46. doi:
10.1186/1742-2094-9-46

Liu, L., Gu, H,, Liu, H,, Jiao, Y, Li, K., Zhao, Y., et al. (2014). Protective effect of
resveratrol against IL-1p-induced inflammatory response on human osteoarthritic

chondrocytes partly via the TLR4/MyD88/NF-kB signaling pathway: an “in vitro
study”. Int. J. Mol. Sci. 15, 6925-6940. doi: 10.3390/ijms15046925

Major, A. S., and Harrison, D. G. (2011). What fans the fire insights into
mechanisms of inflammation in atherosclerosis and diabetes mellitus.
Circulation 124, 2809-2811. doi: 10.1161/CIRCULATIONAHA.111.070565

Michelsen, K. S., Wong, M. H., Shah, P. K., Zhang, W, Yano, J., Doherty, T. M.,
et al. (2004). Lack of Toll-like receptor 4 or myeloid differentiation factor
88 reduces atherosclerosis and alters plaque phenotype in mice deficient in
apolipoprotein E. Proc. Natl. Acad. Sci. U.S.A. 101, 10679-10684. doi: 10.1073/
pnas.0403249101

Moghimpour, B. E, Vallejo, J. G., and Rezaei, N. (2012). Toll-like receptor signaling
pathways in cardiovascular diseases: challenges and opportunities. Int. Rev.
Immunol. 31, 379-395. doi: 10.3109/08830185.2012.706761

Packard, R. R., Lichtman, A. H., and Libby, P. (2009). Innate and adaptive
immunity in atherosclerosis. Semin. Immunopathol. Springer-Verlag 31, 5-22.
doi: 10.1007/s00281-009-0153-8

Pamukcu, B., Lip, G.Y.,and Shantsila, E. (2011). The nuclear factor-kappa B pathway
in atherosclerosis: a potential therapeutic target for atherothrombotic vascular
disease. Thromb. Res. 128, 117-123. doi: 10.1016/j.thromres.2011.03.025

Sabattini, E., Bisgaard, K., Ascani, S., Poggi, S., Piccioli, M., Ceccarelli, C., et al. (1998).
The EnVision++ system: a new immunohistochemical method for diagnostics
and research. Critical comparison with the APAAP, ChemMate, CSA, LABC, and
SABC techniques. J. Clin. Pathol. 51, 506-511. doi: 10.1136/jcp.51.7.506

Shang, Q. H., Wang, H., Li, S. M., and Xu, H. (2013). The effect of sodium tanshinone
IIA sulfate and simvastatin on elevated serum levels of inflammatory markers
in patients with coronary heart disease: a study protocol for a randomized
controlled trial. Evid. Based Complementary Altern. Med. 756519, 8. doi:
10.1155/2013/756519

Shang, Q. H., Xu, H., and Huang, L. (2012). Tanshinone IIA: a promising natural
cardioprotective agent. Evid. Based Complement. Alternat. Med. 716459, 7. doi:
10.1155/2012/716459

Shinohara, M., Hirata, K. I., Yamashita, T., Takaya, T., Sasaki, N., Shiraki, R., et al.
(2007). Local overexpression of Toll-like receptors at the vessel wall induces
atherosclerotic lesion formation synergism of TLR2 and TLR4. Arterioscler.
Thromb. 27, 2384-2391. doi: 10.1161/ATVBAHA.106.139253

Sorrentino, S.,and Landmesser, U. (2005). Nonlipid-lowering effects of statins. Curr.
Treat. Options Cardiovasc. Med. 7, 459-466. doi: 10.1007/s11936-005-0031-1

Souza, A. C., Tsuji, T., Baranova, I. N., Bocharov, A. V., Wilkins, K. J., Street, J. M.,
et al. (2015). TLR4 mutant mice are protected from renal fibrosis and chronic
kidney disease progression. Physiol. Rep. 3, €12558. doi: 10.14814/phy2.12558

Suzuki, H., Kurihara, Y., Takeya, M., Kamada, N., Kataoka, M., Jishage, K., et al.
(1997). A role for macrophage scavenger receptors in atherosclerosis and
susceptibility to infection. Nature 386, 292. doi: 10.1038/386292a0

Tang, F, Wu, X, Wang, T., Wang, P, Li, R., Zhang, H., et al. (2007). Tanshinone II
A attenuates atherosclerotic calcification in rat model by inhibition of oxidative
stress. Vascul. Pharmacol. 46, 427-438. doi: 10.1016/j.vph.2007.01.001

Tang, E T., Cao, Y., Wang, T. Q., Wang, L. ], Guo, J., Zhou, X. S,, et al. (2011).
Tanshinone IIA attenuates atherosclerosis in ApoE-/- mice through down-
regulation of scavenger receptor expression. Eur. . Pharmacol. 650, 275-284.
doi: 10.1016/j.ejphar.2010.07.038

Tangirala, R. K., Rubin, E. M., and Palinski, W. (1995). Quantitation of
atherosclerosis in murine models: correlation between lesions in the aortic
origin and in the entire aorta, and differences in the extent of lesions between
sexes in LDL receptor-deficient and apolipoprotein E-deficient mice. J. Lipid
Res. 36, 2320-2328.

Wang, B., Ge, Z., Cheng, Z., & Zhao, Z. (2017). Tanshinone IIA suppresses the
progression of atherosclerosis by inhibiting the apoptosis of vascular smooth
muscle cells and the proliferation and migration of macrophages induced by
ox-LDL. Biol. Open 6 (4), 489-495. doi: 10.1242/bi0.024133

Weber, C., and Noels, H. (2011). Atherosclerosis: current pathogenesis and
therapeutic options. Nat. Med. 17, 1410-1422. doi: 10.1038/nm.2538

Wick, G., Kleindienst, R., Dietrich, H., and Xu, Q. (1992). Is atherosclerosis
an autoimmune disease? Trends Food Sci. Technol. 3, 114-119. doi:
10.1016/0924-2244(92)90154-O

Wijnand, K., Cheng, C., Pasterkamp, G., and Duckers, H. J. (2010). Toll like
receptor 4 in atherosclerosis and plaque destabilization. Atherosclerosis 209,
314-320. doi: 10.1016/j.atherosclerosis.2009.09.075

Frontiers in Pharmacology | www.frontiersin.org

July 2019 | Volume 10 | Article 850


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1161/01.ATV.0000036081.01231.16
https://doi.org/10.1038/nm1008
https://doi.org/10.1016/j.phymed.2013.09.012
https://doi.org/10.1016/j.ejphar.2011.10.040
https://doi.org/10.1016/j.ejphar.2011.10.040
https://doi.org/10.1155/2014/267976
https://doi.org/10.1155/2010/393946
https://doi.org/10.1161/circ.105.10.1158
https://doi.org/10.1016/j.lfs.2007.08.043
https://doi.org/10.1097/MOL.0b013e32834aa0c2
https://doi.org/10.1016/j.bbrc.2012.07.093
https://doi.org/10.1016/j.bbrc.2012.07.093
https://doi.org/10.1007/s11655-012-1213-9
https://doi.org/10.1038/s41598-017-16980-4
https://doi.org/10.1161/ATVBAHA.108.179705
https://doi.org/10.1016/j.jacc.2009.09.009
https://doi.org/10.1161/hc0902.104353
https://doi.org/10.1186/1742-2094-9-46
https://doi.org/10.3390/ijms15046925
https://doi.org/10.1161/CIRCULATIONAHA.111.070565
https://doi.org/10.1073/pnas.0403249101
https://doi.org/10.1073/pnas.0403249101
https://doi.org/10.3109/08830185.2012.706761
https://doi.org/10.1007/s00281-009-0153-8
https://doi.org/10.1016/j.thromres.2011.03.025
https://doi.org/10.1136/jcp.51.7.506
https://doi.org/10.1155/2013/756519
https://doi.org/10.1155/2012/716459
https://doi.org/10.1161/ATVBAHA.106.139253
https://doi.org/10.1007/s11936-005-0031-1
https://doi.org/10.14814/phy2.12558
https://doi.org/10.1038/386292a0
https://doi.org/10.1016/j.vph.2007.01.001
https://doi.org/10.1016/j.ejphar.2010.07.038
https://doi.org/10.1242/bio.024133
https://doi.org/10.1038/nm.2538
https://doi.org/10.1016/0924-2244(92)90154-O
https://doi.org/10.1016/j.atherosclerosis.2009.09.075

Chen et al.

TanshinonellA for Vulnerable Atherosclerotic Plaque

Xu, S, Little, P. ], Lan, T., Huang, Y., Le, K., Wu, X., et al. (2011). Tanshinone II-A
attenuates and stabilizes atherosclerotic plaques in apolipoprotein-E knockout
mice fed a high cholesterol diet. Arch. Biochem. Biophys. 515, 72-79. doi:
10.1016/j.abb.2011.08.006

Zadelaar, S., Kleemann, R., Verschuren, L., de Vries-Van der Weij, J., van der
Hoorn, J., Princen, H. M., et al. (2007). Mouse models for atherosclerosis
and pharmaceutical modifiers. Arterioscler. Thromb. 27, 1706-1721. doi: 10.1161/
ATVBAHA.107.142570

Zhou, M. X., Xu, H., and Pan, L. (2008). Effects of herbs with the effects of activating
blood circulation or nourishing qi or eliminating phlegm on inflammatory
reaction in atherosclerotic plaque in aorta of ApoE-gene knockout mice. Chin.
J. Emerg. Med. 17, 496-498.

Zhou, M., Xu, H., Pan, L., Wen, ., Guo, Y., and Chen, K. (2008). Emodin promotes
atherosclerotic plaque stability in fat-fed apolipoprotein E-deficient mice.
Tohoku J. Exp. Med. 215, 61-69. doi: 10.1620/tjem.215.61

Zhou, Q., and Liao, J. K. (2010). Pleiotropic effects of statins: basic research and
clinical perspectives. Circ. J. 74, 818. doi: 10.1253/circj.CJ-10-0110

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of an.y commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Chen, Gao, Jiao, Qiu, Wang, Yu, Che, Li, Liu, Li, Zhang,
Yu, Li, Gao, Pan, Sun, Guo, Cao, Zhu and Xu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

July 2019 | Volume 10 | Article 850


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1016/j.abb.2011.08.006
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1620/tjem.215.61
https://doi.org/10.1253/circj.CJ-10-0110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tanshinone IIA Exerts Anti-Inflammatory and Immune-Regulating Effects on Vulnerable Atherosclerotic Plaque Partially via the TLR4/MyD88/NF-κB Signal Pathway

	Introduction

	Materials and Methods

	Animal Models

	“En face’’ Observation of Arterial Tree: Sudan IV Staining

	Histopathological Staining (H&E Staining and Movat Staining) and Immunohistochemistry

	Measurement of Serum Level of Blood Lipid

	Measurement of Serum Level of Inflammatory Factors

	Statistical Analysis


	Results

	Confirmation of AS Formation in ApoE−/− Mice After a High-Fat Diet for 13 Weeks

	Tan IIA Reduced AS Severity and Stabilized Plaque

	TanIIA Decreased the Blood Lipid in ApoE–/– Mice

	TanIIA Inhibited Vascular Inflammation in ApoE–/– Mice

	Tan IIA Regulated Expression of the TLR4/MyD88/NF-κB Signal Pathway in Aorta


	Discussion

	Ethics Statement

	Author Contributions

	Funding

	Acknowledgments

	References



