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a b s t r a c t

Tanshinone IIA (TSA), an active component isolated from Danshen, possess high medicinal values against
atherosclerosis by reducing vascular oxidative stress, inhibiting platelet aggregation, and protecting the
endothelium from damage. The periodontal pathogen Porphyromonas gingivalis (P. gingivalis) has been
proven to accelerate the development of atherosclerosis. We aim to determine the effects of TSA on
P. gingivalis-induced atherosclerosis in ApoE-knockout (ApoE�/�) mice. After feeding with a high-lipid diet
and infected with P. gingivalis three times per week for four weeks, TSA-treated (60 mg/kg/d) mice greatly
inhibited atherosclerotic lesions both morphologically and biochemically and exhibited significantly
reduction ROS, 8-OHdG, and ox-LDL levels in serum compared with P. gingivalis-infected mice. Additionally,
TSA-treated mice were observed a marked reduction of ROS, 8-OHdG and ox-LDL in the serum, mRNA
levels of COX-2, LOX-1, NOX2 and NOX4 in the aorta, as well as the levels of NOX2, NOX4, and NF-kB. These
results suggest that TSA attenuates oxidative stress by decreasing NOX2 and NOX4 and downregulating NF-
kB signaling pathway, which might be contributed to the amelioration of atherosclerosis.

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Atherosclerosis (AS) is a multifactorial cardiovascular disease
and one of the most prevalent fatal conditions in the world [1].
Oxidative stress is considered to play a pivotal role in the devel-
opment of AS and the formation of plaques [2]. Porphyromonas
gingivalis (P. gingivalis), a Gram-negative, non-motile, anaerobic
bacterium, is not only one of the most important pathogens asso-
ciatedwith chronic periodontitis but also a significant risk factor for
AS [3]. Previous studies have shown that oral bacteria can enter the
blood circulation system and reach distant organs, which has also
been confirmed by our previous studies .

Previous studies have demonstrated the access of these bacteria
to the systemic circulation and their existence in distant organs;
these findings were confirmed in our previous study [4]. Several
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researchers have focused on the mechanisms of P. gingivalis-accel-
erated AS and highlighted the presence of oxidative stress, inflam-
mation, and immune responses caused by these bacteria during the
development of this disease [5,6]. Nonetheless, despite these clinical
data analyses and scientific reports, the mechanism involved in the
pathogenesis of P. gingivalis-accelerated AS remains unclear.

During the early stages of AS, oxidative stress occurs when the
production of reactive oxygen species (ROS) exceeds their clearance
by antioxidant defenses. ROS are thought to play an important role
in host defense against bacteria-induced tissue destruction. ROS are
a group of unstable and highly reactive molecules and free radicals
typically generated as by-products of cellular processes that involve
oxidative stress [7]. Some studies have shown that the generation
of excessive ROS results in the initiation and progression of car-
diovascular diseases and represents a common and potent medi-
ator of pathogenic risk factors associated with cardiovascular
dysfunction [8]. The most important enzymes that produce ROS
include nicotinamide-adenine dinucleotide phosphate (NADPH)
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Fig. 1. Structure of tanshinone IIA (TSA).
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oxidases (NOX enzymes), xanthine oxidase, the mitochondrial
electron transport system, and NO synthase. NOX is responsible for
producing O2- and/or H2O2

- by catalyzing the transfer of electrons
from NADPH to molecular oxygen, which distinguishes them from
other oxidase enzymes that produce ROS as a by-product. NOX2
and NOX4 are predominately expressed in myocardial cells [9].
NOX-derived ROS have been associated with fibrosis and are
thought to regulate multiple inflammatory signal transduction
pathways involved in the pathogenesis of cardiac dysfunction and
myocardial infarction [10]. One study demonstrated the potential
role of Tanshinone IIA (TSA, Fig. 1) against LPS-induced cardiac
fibrosis in mice via inhibition of NOX2 [11]. Therefore, preventing
vascular oxidative stress and inhibiting an overload of NOX may
effectively treat atherosclerotic disease.

Tanshinone IIA (TSA) is a major bioactive lipophilic constituent
isolated from Danshen, the root of the herb Salvia miltiorrhiza
Bunge used in traditional Chinese medicine. TSAwas found to have
cardioprotective and anti-atherosclerotic effects due to its anti-
oxidative, anti-inflammatory, and anti-adipogenic effects [12].
Therefore, the aim of this study was to determine whether the
regulative use of TSA can prove effective against the development
of P. gingivalis-induced AS and to investigate the molecular patho-
logical mechanisms involved in this process.

1. Materials and methods

1.1. Animals

This studywas approved by the Institutional Animal Care and Use
Committee of Peking University Health Science Center (approval
number LA2020214). A total of 24 seven-week-old male ApoE-
knockout (ApoE�/�) mice (C57BL/6) were obtained from Vital
River Inc. (Beijing, China) and were adapted to their environment for
7 days before the experiment. The animals were housed under
specific pathogen-free conditions at the Laboratory Animal Center of
Peking University and provided with food and water ad libitum.

1.2. Bacteria

The P. gingivalis strain FDC381 was cultured in a humidified
environment containing 80% N2, 10% CO2, and 10% H2 and grown in
Brain Heart Infusion broth (Oxoid Ltd., England) with 5% sheep
blood anaerobic basal agar plates (Oxoid Ltd.) at 37 �C for 3e5 days
until they reached an optical density (OD) of 1.0 at 600 nm (OD600),
which corresponded to a colony forming unit (CFU) of 108/100 mL.
Adherent rough-colony variants of bacteria were scraped into 5 mL
of P. gingivalis growth medium and pelleted by centrifugation at
8000 g and 4 �C for 10 min; the pellet was resuspended with
phosphate-buffered saline (PBS) for intravenous injection.
2

1.3. Allocation of the mice into groups

The mice were randomly divided into three groups based on the
exposure to the various agents as follows: (a) treated with ApoE �/
�þ PBS (100mL permouse); (b) treatedwithApoE�/�þ P. gingivalis;
and (c) treatedwith ApoE�/�þ P. gingivalisþ TSA (60mg/kg/d). The
mice in groups (b) and (c) received intravenous injections of
P. gingivalis (108 CFU 100 mL�1 per mouse) three times per week for 4
weeks. TSA (SigmaeAldrich, USA) was dissolved in 0.5% carboxy-
methylcellulose (CMC; SigmaeAldrich, USA) for oral gavage at a dose
of 60 mg/kg/day in group (c) [13].

1.4. Tissue collection

The mice received a high-fat diet and distilled water with (c) or
without (a, b) TSA for 4 weeks before they were euthanized by
pentobarbital sodium (intraperitoneal injection; 100 mg mL�1;
Merck, Germany). Blood samples were collected by infraorbital
puncture, and serum was isolated by centrifugation at 10,000 rpm
and 4 �C for 5 min; the serum was stored at �80 �C for enzyme-
linked immunosorbent assay (ELISA). The heart and aorta were
perfused with heparinized ice-cold 0.9% PBS through the left
ventricle for 10 min. Subsequently, they were excised and washed
in icy normal saline. Half of the heart and aorta were embedded in
optimal cutting temperature (OCT) compound (Tissue-Tek, Tor-
rance, CA, USA) to prepare the frozen sections. The other halves
were used for Western blot analysis and quantitative real-time
polymerase chain reaction (qRT-PCR).

1.5. Histopathological analysis

Cryosections of the heart (including the aortic root) were carefully
dissected, and embedded in OCT, andwhichwere stained for with Oil
Red O staining. The number of atherosclerotic lesions were counted
following according to our previous study [4]. Each section of the
aortic sinus (thickness, 5 mm thickness) was captured by via optical
microscopy (Nikon Eclipse Ci, Japan), performed using an Olympus Q
Color 5 digital camera and the number of atherosclerotic lesionswere
calculated using the digital Pro-Plus Software 6.0 (Media Cybernetics,
USA). The values obtained from 15 sections per animalwere averaged
and expressed as the percentage of the lumen in the proximal aorta
that was occupied by the lesions per section per animal.

1.6. ELISA

Serum samples from the mice in the three groups were sepa-
rated from blood after euthanasia. The concentration of total pro-
tein was determined using the protein assay reagent (RayBiotech,
USA, Inc., USA), following which the total protein was incubated
with ROS, 8-hydroxylated deoxyguanosine (8-OHdG) and oxidized
low-density lipoprotein (ox-LDL) ELISA kits (RayBiotech, USA) at
37 �C for 1 h. The absorbance was measured at 450 nm using an
ELISA analyzer (DNM-9606; Perlong Medical, Jiangsu, China).

1.7. qRT-PCR

Total RNA was extracted from the aorta using the RNeasy
Fibrous Tissue Kit (Qiagen, Germany) and converted into cDNA
Primescript RT Master Mix Kit (Takara Bio, Japan). The mRNA
expression levels of COX-2, LOX-1, NOX2, and NOX4 in the aorta
were determined by qRT-PCR using the SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA), according to the man-
ufacturer's protocol. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene. The primer se-
quences used for qRT-PCR are shown in Table 1.



Table 1
Primer sequences used for quantitative real-time PCR.

Primer Forward Reverse

LOX-1 TGAAGCCTGCGAATGACGAG GTCACTGACAACACCCAGGCAGAG
COX-2 TGCCAGGCTGAACTTCGAAAC GCTCACGAGGCCACTGATACCTA
NOX-2 GCCCAAAGGTGTCCAAGC TCCCCAACGATGCGGATAT
NOX-4 ACCCTGTTGGATGACTGGAA ACCAACGGAAAGGACTGGATA
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Fig. 2. Lipid deposition in the aortic sinus of ApoE�/� mice. (A). Lipid deposition
stained with Oil Red O in aortic sinus. (B). The percentage of lesion areas was shown in
the different group. The data represented the mean ± SD (n ¼ 8). *P < 0.05 compared
with the PBS-inoculated group; #P < 0.05 compared with the Porphyromonas gingi-
valis-challenged group.
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1.8. Western blot analysis

The aortas of the mice in the three groups were dissected and
homogenized with ice-cold RIPA and 0.1 mmol/l of phenyl-
methylsulfonyl fluoride (PMSF) for 30 min. Total protein was iso-
lated using the tissue protein extraction reagent (TPER; Pierce,
Rockford, IL, USA), according to the manufacturer's instructions.
The concentration of total protein was determined using the Bio-
Rad protein assay; 32 mg/lane of total protein was subjected to
SDS-polyacrylamide gel (8%e10%) electrophoresis and electro-
transferred onto a polyvinylidene difluoride (PVDF) membrane.
After blocking with 5% BSA-TBST at 25 �C for 1 h, the membranes
were washed and incubated with NOX2, NOX4, and NF-kB anti-
bodies (Abcam, England) overnight at 4 �C and GAPDH in blocking
buffer overnight at 4 �C. The membranes were thenwashed in fresh
Tris-buffered saline containing Tween and incubated with horse-
radish peroxidase-conjugated secondary antibody for 1 h at room
temperature. The reaction complexes in the membranes were
detected using an enhanced chemiluminescence system (Jackson
Lab, USA) and visualized using photographic Gel Image system
films (ver. 4.00, Tanon, China). The signal intensities were auto-
matically quantified by densitometric analysis using the Quantity
One software (Bio-Rad, Hercules, CA, USA).

1.9. Statistical analysis

Data were collected and analyzed using the SPSS statistical
software (version 13.0; SPSS Inc., Chicago, IL, USA). All data are
expressed as mean± standard deviation (SD). Comparative ana-
lyses between the three groups were performed using the t-test. A
p-value of 0.05 was considered statistically significant.

2. Results

2.1. TSA reduced atherosclerotic plaque formation in the aortic
sinus of the mice

Oil Red O staining revealed the presence of intense atheroscle-
rotic plaques (lipid depositions) in cryosections from the aortic si-
nus (Fig. 2A). The percentage of the lumen in the proximal aorta
occupied by the atherosclerotic plaque in the TSA-treated mice was
significantly lower than that in the P. gingivalis-challenged mice
(Fig. 2B; P. gingivalis: 9.89 ± 1.32% vs. P. gingivalis þ TSA:
8.21 ± 1.47%, P < 0.05). On the contrary, the area of lipid deposition
in the P. gingivalis-challenged group (9.87% ± 1.32%) was signifi-
cantly higher (P < 0.05) than that in the PBS-treated group
(5.44% ± 0.77%).

2.2. Decreased oxidative stress mediators in the sera of mice in the
TSA-treated group

The expression levels of ROS, 8-OHdG and ox-LDL in the serum
were evaluated to determine whether TSA regulated the oxidative
stress during the early stages of AS. Significant decreases in the
levels of ROS (Fig. 3A; P. gingivalis: 45.87 ± 3.90 IU/mL vs.
3

P. gingivalis þ TSA: 44.10 ± 2.78 IU/mL, P < 0.05), and ox-LDL
(Fig. 3B; P. gingivalis: 7.55 ± 1.02 mmol/mL vs. P. gingivalis þ TSA:
6.41 ± 0.90 mmol/mL; P < 0.05) were detected in the sera of the TSA-
treated mice. The levels of 8-OHdG was slightly decreased in TSA-
treated mice, although this did not reach statistical significance
(Fig. 3C; P. gingivalis: 13.46 ± 3.65 ng/L vs. P. gingivalis þ TSA:
10.29 ± 1.79 ng/L). Alternatively, the expression levels of ROS
(Fig. 3A; P. gingivalis: 45.87 ± 3.90 IU/mL vs. PBS: 42.06 ± 2.84 IU/
mL, P < 0.05), ox-LDL (Fig. 3B; P. gingivalis: 7.55 ± 1.02 mmol/mL vs.
PBS: 5.25 ± 0.43 mmol/mL, P < 0.05), and 8-OHdG (Fig. 3C;
P. gingivalis: 13.46 ± 3.65 ng/L vs. PBS: 9.56 ± 2.84 ng/L, P < 0.05)
were significantly increased in the P. gingivalis-challenged group
when compared to those in the PBS-controlled group.

2.3. TSA inhibited the mRNA expression of NOX2, NOX4, COX-2 and
LOX-1 in the aorta

The mRNA levels of NOX2, NOX4, COX-2 and LOX-1 in the aorta
were analyzed by qRT-PCR to determine the molecular mechanism
involved in the NOX-mediated modulation of TSA. TSA decreased
the mRNA levels of NOX2 (Fig. 3A; P. gingivalis: 1.27 ± 0.33 vs.
P. gingivalis þ TSA: 0.91 ± 0.31after normalization to GAPDH;
P < 0.05) and NOX4 (Fig. 4B; P. gingivalis: 1.16 ± 0.41 vs.
P. gingivalis þ TSA: 0.74 ± 0.2; P < 0.05), which led to aggravation of
AS. Furthermore, the superoxide levels of COX-2 (Fig. 4C; PBS:



Fig. 3. ROS, 8-OHdG and ox-LDL in the serum detected by ELISA assay. ROS(A), ox-
LDL(B) and 8-OHdG(C) in the serum were detected by ELISA assay. The data repre-
sented the mean ± SD (n ¼ 8). *P < 0.05 compared with the PBS-inoculated group;
#P < 0.05 compared with the Porphyromonas gingivalis-challenged group.
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0.66± 0.34 vs. P. gingivalis: 1.31± 0.60; P < 0.05) and LOX-1 (Fig. 4D;
PBS: 0.59 ± 0.23 vs. P. gingivalis: 1.48 ± 0.75; P < 0.05) were
significantly increased in the P. gingivalis-challenged mice when
compared to those in the PBS-controlled group. Thus, superoxide
formation could be inhibited in the TSA-treated mice, suggesting
that TSA alleviated oxidative stress to produce superoxide in the
ApoE �/� mice.
2.4. NOX2, NOX4, and NF-kB expression contribute to TSA-
alleviated AS in the aorta

Western blotting revealed significantly lower expression levels
of NOX2 (Fig. 5A; P. gingivalis þ TSA: 0.38 ± 0.08 vs. P. gingivalis:
0.50 ± 0.08; P < 0.05), and NF-kB (Fig. 5C; P. gingivalis þ TSA
4

0.35 ± 0.04 vs. P. gingivalis: 0.45 ± 0.10; P < 0.05) in the aortas of the
mice in the TSA-treated group compared to those in the
P. gingivalis-infected groups. TSA-treated group decreased the
proportion of NOX4 compared to those found in P. gingivalis-
infected groups, although no statistical difference was observed
between those groups (Fig. 5B; P. gingivalis þ TSA 0.40 ± 0.08 vs.
P. gingivalis: 0.50 ± 0.08). Additionally, significant reductions in the
expression levels of NOX2 (PBS: 0.35 ± 0.05 vs. P. gingivalis:
0.50 ± 0.08; P < 0.05), NOX4 (PBS: 0.30 ± 0.07 vs. P. gingivalis:
0.50 ± 0.08; P < 0.05), and NF-kB (PBS: 0.30 ± 0.05 vs. P. gingivalis:
0.45 ± 0.10; P < 0.05) were observed in the PBS-incubated groups
compared to the P. gingivalis-infected groups. The results were
expressed as the ratio of the relative levels of NOX2, NOX4, NF-kB
after normalization to GAPDH (Fig. 5D).

3. Discussion

AS is a chronic and multifactorial inflammatory cardiovascular
disease with a high prevalence in developing countries and a
mortality rate of 50% in developed countries. It is predicted as the
leading cause of unstable angina, myocardial infarction, sudden
cardiac death, and stroke; moreover, it is considered as one of the
most serious diseases threatening human health across the world
[1]. AS is initiated by endothelial dysfunction and accompanied by
the accumulation of ox-LDL, which is altered by ROS. This results in
the deposition of atherogenic plaques, which leads to the narrow-
ing of the lumen and thickening of the vessel walls, eventually
leading to thrombosis [14]. The pathogenesis of AS is very complex;
it includes the lipid metabolism theory, oxidative stress theory,
endothelial dysfunction theory, and chronic inflammation theory
[2,15]. Nonetheless, the pathogenesis of this disease has not been
fully illustrated, and effective measures for its prevention and
treatment have not been taken so far.

P. gingivalis, a Gram-negative and anaerobic bacterium, is one of
the most important pathogens associated with chronic periodon-
titis. It can cause initial inflammatory response in the periodontal
tissue, activate the host immune response to produce inflammatory
mediators, such as cytokines, chemokines, and adhesionmolecules,
and eventually lead to alveolar bone resorption. Studies have
shown that P. gingivalis is an important risk factor that can be
detected in the atherosclerotic plaque and accelerate the develop-
ment of AS [16].

Chiu et al. [17] firstly detected the periodontal pathogens
P. gingivalis and Streptococcus haematococcus in atherosclerotic
plaques during artery bypass grafting. Haraszthy et al. demon-
strated the presence of periodontal pathogens, including Forsytans,
Actinobacillus actinomycetemcomitans, and P. gingivalis, in carotid
artery plaques using the 16S rDNA technology [18], which opened
up a new direction of research on the correlation between peri-
odontitis and AS. In recent years, epidemiological studies have
shown that periodontitis is an independent risk factor for AS [19].
The severity of AS increases with the increase in inflammation
during periodontitis. However, the biological basis and mecha-
nisms involved in this association between periodontitis and AS
remain poorly understood. Clinical and animal studies have shown
that P. gingivalis infection-mediated immune inflammatory
response causes periodontitis and is also closely related to the
occurrence and development of AS [20,21].

The virulence factors of P. gingivalis, such as lipopolysaccharides
(LPS), proteases, and pili, could induce an immune inflammatory
response, activate the movement of inflammatory cells into the
blood circulation, and activate endothelial cells to release vascular
cell adhesion molecule-1 (VCAM-1), intercellular adhesion mole-
cule 1 (ICAM-1), P-promotes, E-promotes, monocytechemoattract
antprotein-1 (MCP-1), interleukin (interleukin)-1b), IL-6, and IL-8



Fig. 4. mRNA expressions of NOX2, NOX4, COX-2, and LOX-1 obtained by quantitative real-time PCR. The relative mRNA expressions of NOX2(A), NOX4(B), COX-2(C), and LOX-1(D)
were obtained after normalization to GAPDH by real-time PCR in aorta. Data are expressed as the fold increases in the mRNA level compared with the PBS-inoculated group or
Porphyromonas gingivalis-challenged group. Values represent the mean ± SD (n ¼ 8). *P < 0.05 compared with the PBS-inoculated group; #P < 0.05 compared with the Por-
phyromonas gingivalis-challenged group.
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to promote themigration of vascular smoothmuscle cells [3]. In our
previous study, a large number of neutrophils and macrophages
were detected in the aortic sinus of animal models of AS infected by
P. gingivalis [4]. The bacteria could accelerate the development of
AS, possibly by mediating oxidative stress and inflammatory re-
sponses and disturbing the lipid profile by increasing the vLDL and
ox-LDL levels. Additionally, an increase in the expression levels of
pro-inflammatory cytokines (C-reactive protein (CRP), IL-1b, IL-6,
and tumor necrosis factor-a (TNF-a)) was observed in the serum
along with the NF-kB signaling pathway in P. gingivalis-induced AS.
NF-kB is one of the most important transcription factors involved in
the regulation of several cytokines, chemokines, adhesion mole-
cules, and growth factors [22]. It plays a pivotal role by regulating
several inflammatory cytokines. Oxidative stress and inflammation
are interrelated and work in a vicious feed-forward cycle during
atherogenesis. ROS activates transcription factors which regulate
inflammatory cytokines, chemokines, and soluble mediators,
including arachidonic acid metabolites [23]. Cytokines and che-
mokines secreted by inflammatory cells recruit more inflammatory
cells to the sites of inflammation, thereby increasing the production
of ROS and exacerbating the adverse cycle [24].

Oxidative stress is one of the initiating factors in the develop-
ment of AS, which is marked by elevated levels of ROS. ROS is an
important signaling molecule that regulates the vascular structure
and function; excessive ROS production by endothelial, vascular
smooth muscle, and extracellular membrane cells is one of the risk
factors for AS [25]. Accordingly, the ROS-producing enzymes
include NADPH oxidase, xanthine oxidase, and cyclooxygenase. A
variety of enzymes are involved in the production of ROS in the
5

body, such as NADPH oxidase, lipoxygenase, the mitochondrial
respiratory chain enzyme complex, and nitric oxide synthase.
NADPH oxidase is the main enzyme that generates ROS in blood
vessels. The inappropriate regulation of NOX contributes to
inflammation and oxidative stress in AS [26].

The NOX family is a homolog of NADPH oxidase, which exists in
different non-phagocytic cytoplasmic membranes. The expression
of the seven different isoforms of NOX, including NOX1, NOX2,
NOX3, NOX4, NOX5, DUOX1, DUOX2, is cell- and tissue-specific.
Excessive activation of NOX is essential for the increase in oxida-
tive stress and is closely related to the occurrence and development
of many diseases. NOX2 is mainly expressed in phagocytic, endo-
thelial, and arterial extracellular membrane cells, and its physio-
logical functions mainly include immune defense, oxygen sensors
and blood pressure regulation. NOX4 is primarily expressed in the
kidney, endothelial cells, heart, skeletal muscle, and brain, and its
physiological functions involve the regulation of erythropoietin
synthesis and oxygen receptors. NOX2 and NOX4 are highly
expressed in the cardiovascular system, particularly in endothelial
cells and vascular smooth muscle cells (VSMCs) [27]. ROS-
producing NOX2 has been detected in the endothelium and outer
membrane, and NOX1 and NOX4 are essential for the function of
VSMCs. The expression and activation of NOX4 results in enhanced
cellular and mitochondrial oxidative stress, vascular inflammation,
dysfunction, and AS. In addition, NOX4 expression has been asso-
ciated with cellular proliferation, differentiation, and oxygen
sensing [26]. Our previous study showed that chronic intravenous
infection with P. gingivalis significantly accelerated the develop-
ment of AS in the aortic sinus and increased the mRNA levels of



Fig. 5. NOX2, NOX4, and NF-kB analyzed byWestern blotting. The expression of NOX2,
NOX4, and NF-kB were analyzed by Western blotting in PBS-inoculated, Porphyr-
omonas gingivalis-challenged, and TSA-treated mice. Data are expressed as the fold
change increases in the P. gingivalis-challenged group compared with the PBS-
inoculated group, and decreases in the TSA-treated group after normalization to
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NOX2 and NOX4 in the heart and aorta [5]. Therefore, inhibition of
NOX could be promising for the prevention and treatment of AS
[28].

TSA is a safe, effective, and natural active ingredient purified
from the root of the S. miltiorrhiza Bunge used in traditional Chinese
medicine. It exhibits anti-tumor, anti-oxidation, anti-inflammation,
and antibacterial effects along with strong pharmacological activ-
ities in the cardiovascular system and nervous system [29]. TSA
prevents atherosclerotic vascular disease by reducing the apoptosis
of endothelial and smooth muscle cells, inhibiting platelet aggre-
gation, and protecting the endothelium from damage. Studies have
shown that TSA inhibits LPS-induced inflammation and NF-kB ac-
tivity by blocking the TLR-4 pathway and reducing the expression
of inflammatory cytokines, respectively [30]. In our previous study,
we showed that TSA significantly reduced plaque formation and
the levels of CRP, ox-LDL, IL-1b, IL-6, IL-12, matrix metal-
loproteinase (MMP)-2 and �9, and TNF-a by exerting its anti-
inflammatory effects [13]. Furthermore, TSA decreased the levels
of ox-LDL, COX-2, and LOX-1 via anti-oxidative stress. Thus, these
factors may be crucial for the induction of AS by P. gingivalis in
ApoE �/� mice.

TSA can affect multiple targets and pathways, including tran-
scription factors, scavant receptors, cytokines and chemokines, ion
and water channels, pro-apoptotic and anti-apoptotic proteins,
growth factors, and microRNA [31,32]. Some studies have shown
that TSA significantly inhibited oxidative stress by inhibiting the
expression of NOX4 in cardiac fibrosis mice [33]. Others suggested
that TSA protected the cardiac function from LPS challenge via the
down-regulation of the NOX2-related ERK1/2 and p38 MAPK
signaling pathways and ROS [34]. Over the past decades, some
studies focused on the role of TSA in the prevention of LPS-induced
cardiac dysfunction via the inhibition of inflammatory responses
and oxidative stress [34e36]. However, the functional targets and
molecular mechanisms involved in these biological effects remain
elusive. Based on the findings of these various studies, we specu-
lated that the anti-inflammatory effect and anti-oxidative stress of
TSAmay be related to the inhibition of the NOX family, whichmight
be mediated by the expression of ROS.

Our present study demonstrated that the overexpression of
NOX2 and NOX4 in the ApoE �/� mice model infected with
P. gingivalis was associated with the increase in NF-kB and ROS in
atherosclerotic lesions. These results suggested that ROS, which are
derived from numerous sources such as mitochondria, xanthine
oxidases, and peroxidases, could lead to the development of
oxidative stress [37], which might be closely linked to the patho-
genesis and progression of P. gingivalis-induced AS. TSA attenuates
P. gingivalis-associated AS due to its inhibitory effects on NOX2 and
NOX4 mediated by NF-kB and ROS. The NOX2, 4/ROS/NF-kB
pathway is closely related to the regulation of inflammatory and
oxidative stress responses during the course of AS. NOX2 and NOX4
in the vascular wall catalyze ROS production, which mediates
oxidative stress and NF-kB activation, thereby mediating inflam-
mation. This results in the stimulation of the expression of NOX2
and NOX4 leading to amplification of the oxidative stress response.
Ultimately, the NOX/ROS/NF-kB pathway forms a mutually rein-
forcing positive feedback loop that significantly activates the in-
flammatory and oxidative stress responses [38,39]. In brief, our
data suggested that P. gingivalis-induced AS up-regulated oxidative
stress genes, including NOX2, NOX4, and NF-kB, while TSA down-
regulated NOX2, NOX4, and NF-kB expression.
GAPDH. Values represent the mean ± SD (n ¼ 8). *P < 0.05 compared with the PBS-
inoculated group; #P < 0.05 compared with the Porphyromonas gingivalis-challenged
group.
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Some studies have indicated that the overexpression of NOX2
and NOX4 in the aorta reduced AS [40,41]. This protection is
mediated by the up-regulation of T regulatory cells, which are
known to prevent AS, and the down-regulation of T effector cells,
which are involved in inflammatory responses [42]. The different
effects of NOX4 may be related to the types of ROS produced by
these enzymes. NOX4 produces hydrogen peroxide, which is
localized in the nucleus, focal adhesions, and endoplasmic reticu-
lum [43]. Under stress conditions, NOX4 localization in the mito-
chondria may promote mitochondrial oxidative stress, increase the
levels of mitochondrial ROS, and activate both NF-kB and inflam-
matory signaling pathways.

The antibacterial effects of 95% alcohol S. miltiorrhiza against
P. gingivalis, A. actinomycetemcomitans, S. mutans, and Lactobacillus
have been reported previously [44]. These effects have been
attributed to the inhibitory effect of TSA on RAW264.7 cells acti-
vated by LPS to synthesize NF-kB and its gene promoter, inhibition
of inflammatory mediators and inflammation reaction [45]. These
findings are consistent with those observed in the current study.

TSA attenuated the development of P. gingivalis-induced AS in
the present study. The vascular protection afforded by TSA was
associated with the reduction in the expression levels of NOX2 and
NOX4, which was mediated by ROS and NF-kB. This study
demonstrated that TSA might possess anti-inflammatory and anti-
oxidative properties, whichmay decrease the deposition of lipids in
the aorta, thereby having a therapeutic value in the treatment of
cardiovascular and inflammatory diseases.
4. Conclusion

Given the complexity of the pathogenesis of AS, this study
introduced the use of a knockout AS animal model. TSA was found
to protect endothelial cells, prevent the formation of foam cells,
reduce the expression of oxidative stress mediators and inflam-
matory cytokines, and intervenewithmultiple AS links via different
pathways. Thus, it might be considered as a promising natural anti-
oxidative and anti-inflammatory agent with pleiotropic effects.
Additionally, this study provides information about the potential
mechanism involved in P. gingivalis-induced AS and a possible
pathway involved in preventing the further progression of this
disease.
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