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Paeoniflorin Ameliorates Atherosclerosis by Suppressing
TLR4-Mediated NF-κB Activation

Huan Li,1 Yabin Jiao,1,2 and Mingjun Xie1

Abstract—Paeoniflorin, a type of bioactive monoterpene glucoside in Paeoniae Radix, possesses anti-
oxidative, anti-inflammatory and anti-hyperglycaemic properties. However, the underlying mechanism
of paeoniflorin in treating atherosclerosis is unclear. A rat model of high-fat diet-induced atherosclerosis
and palmitic acid (PA)-treated vascular smooth muscle cells (VSMCs) were used in this study. The
serum concentrations of total cholesterol (TC), triglyceride (TG), low-density lipoprotein-cholesterol
(LDL-C) and high-density lipoprotein-cholesterol (HDL-C) were determined, and the results indicated
that paeoniflorin remarkably lowered the levels of TC, TG and LDL-C induced by a high-fat diet.
Histopathological results showed that paeoniflorin significantly improved the pathological changes in
the aorta. In addition, paeoniflorin alsomaintained a normal weight gain speed. Subsequently, the effects
of paeoniflorin on the production of inflammatory cytokines (IL-1β, IL-6 and TNF-α) were detected by
qPCR and ELISA. The qPCR and ELISA results showed that paeoniflorin decreased the levels of these
inflammatory cytokines. Moreover, the expression of TLR4 and its downstream pathwaymolecules was
measured byWestern blot. The results indicated that paeoniflorin significantly reduced the expression of
TLR4 andMyD88 as well as the phosphorylation of IκBα and NF-κB p65. Taken together, these results
suggested that paeoniflorin could alleviate atherosclerotic inflammation by inhibiting the TLR4/MyD88/
NF-κB pathway. Therefore, paeoniflorin may be a potential therapy for atherosclerosis.
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INTRODUCTION

Cardiovascular disease is one of the leading causes of
death worldwide, and the major cause of this disease is
atherosclerosis [1]. Atherosclerosis is a complex disease
characterized by chronic inflammation with extensive mac-
rophage and lymphocyte invasion into lesions, thereby pro-
moting pathogenesis [2]. There is growing evidence that
inflammation is deeply involved in the progression of ath-
erosclerosis [3]. Inflammation is essential for host defence
against invading pathogens, but unchecked inflammation
can cause tissue damage and organ failure in the host [4].

NF-κB is a redox-sensitive transcription factor that
regulates various aspects of the immune and inflammatory
response [5]. It is well known that activation of the NF-κB
pathway will contribute to the excessive production of pro-
inflammatory cytokines, such as IL-1β, IL-6 and TNF-α
[6]. Toll-like receptors (TLRs) are pathogen pattern recog-
nition receptors with a vital role in the activation of both
innate and adaptive immunity via controlling the produc-
tion of cytokines in response to various inflammatory
stimuli [7]. TLR4 recognizes endogenous ligands, such
as oxidized LDL, fibronectin and heat shock proteins,
which are involved in the inflammatory processes of ath-
erosclerosis [8].

There is growing evidence that vascular smooth mus-
cle plays a key role in many physiological and pathological
events of the blood vessels, including atherosclerosis [9].
Inflammatory cytokines stimulate the migration and prolif-
eration of vascular smooth muscle cells (VSMCs) and then
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initiate the inflammatory cascade inside the arterial wall
[10]. Proliferation of VSMCs is essential for neointimal
development in vessels in vascular diseases [11]. More-
over, palmitic acid, the most abundant saturated fatty acid
among free fatty acids, also plays an important role in the
development of atherosclerosis [12].

To date, many Chinese herbal medicines have been
widely applied in the treatment of inflammatory diseases
[4]. Paeoniflorin is one of the bioactive monoterpene glu-
cosides in Paeoniae Radix, the roots of Paeonia lactiflora
[13]. Accumulating evidence has shown that paeoniflorin
possesses anti-oxidative, anti-inflammatory and anti-
hyperglycaemic properties [14–16]. Although several stud-
ies have reported on the anti-inflammatory activities of
paeoniflorin, no research has demonstrated the effect of
paeoniflorin on atherosclerosis. Therefore, in the present
study, we attempted to investigate whether paeoniflorin
could protect against high-fat diet-induced atherosclerosis
in rats and elucidate the potential anti-inflammatory mech-
anisms in palmitic acid (PA)-treatedVSMCs. The results of
the present study might support the clinical application of
paeoniflorin in treating atherosclerosis.

MATERIALS AND METHODS

Reagents

Paeoniflorin (HPLC ≥ 98%) was purchased from
Shanghai Yuanye Biological Technology Co., Ltd. (Shang-
hai, China) (Fig. 1). Palmitic acid was purchased from
Sigma (St. Louis, USA). Foetal bovine serum (FBS) and
0.25% trypsin-EDTA were purchased from Gibco (Grand
Island, NY, USA). VSMCs were purchased from the
American Type Culture Collection (ATCC T/G HA-
VSMC). IL-1β, IL-6 and TNF-α enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from BioLe-
gend (Camino Santa Fe, USA). All antibodies used in the
study were purchased from Cell Signaling Technology
(Danvers, MA). qPCR was carried out using the SYBR
green Plus reagent kit (RocheApplied Science,Mannheim,
Germany). All other chemicals and reagents were of the
highest commercial grade available.

Animals

Six to 8-week-old Sprague-Dawley (SD) rats
(200 ± 20 g) were obtained from Guangdong Medical
Laboratory Animal Center (Foshan, China). Rats were
maintained on a 12-h light/dark cycle at a temperature of
22–24 °C and humidity of 40 ± 50% and fed ad libitum.

Animal welfare and experimental procedures were per-
formed strictly in accordance with animal welfare and
other related ethical regulations approved by the animal
experiment centre of Shenzhen University. Rats were ran-
domly divided into five groups as follows (n = 10):

Atherosclerotic group (AG): The atherosclerosis rat
model was established by administration of excessive vi-
tamin D and cholesterol as described by a previous study
[17]. Briefly, the rats were first intraperitoneally injected
with 600,000 U/kg vitamin D3 and then additional injec-
tions of a 300,000 U/kg dosage were repeated every
30 days. At the same time, rats were also intragastrically
administered 10 mL/kg fat emulsion (each 500 mL con-
tains 25 g of cholesterol, 5 g of sodium cholate, 75 g lard,
50 mL propylene glycol, 50 mL Tween-80 and distilled
water) every day for 15 weeks.

Control group (CG): The control group was intragas-
trically administered with the same volume of saline as the
paeoniflorin group.

Paeoniflorin-treated group: Paeoniflorin-treated
groupswere intragastrically administeredwith paeoniflorin
(10 or 20 mg/kg) once a day for 15 weeks.

Simvastatin group (SG): The simvastatin group was
given simvastatin (5 mg/kg) using the same treatment
schedule.

The weight of rats in all groups was recorded every
week after the rats were fasted for 12 h. At the end of the
15th weeks, blood samples from all groups were collected
and centrifuged (1500×g for 10 min at 4 °C) to obtain the
serum. Then, all rats were euthanized by CO2 inhalation,
and the aortic tissues were collected and stored at − 80 °C.

Analysis of Serum TC, TG, LDL-C and HDL-C

The concentrations of blood lipids including TC, TG,
LDL-C and HDL-C were determined according to the

Fig. 1. Chemical structure of paeoniflorin.
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manufactures’ protocols (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China).

Histopathologic Evaluation of Aortas

Rats aortic tissues were harvested for histopathologi-
cal examination. The tissue samples were fixed in 4%
paraformaldehyde for 48–72 h, dehydrated with graded
alcohol, embedded in paraffin and then stained with hae-
matoxylin (H) and eosin (E). Then, morphological changes
in the aortas were observed with an optical microscope
(Olympus, Japan).

Cell Culture and Treatment

VSMCs were cultured in DMEM/F12 medium sup-
plemented with 10% FBS, 2 mM L-glutamine, 50 U/mL
penicillin and 50 μg/mL streptomycin. The cells were
maintained in a 5% CO2 humidified incubator at 37 °C.
The cell model of atherosclerosis was established as previ-
ously described. In brief, PA powder was dissolved in
ethanol to 200 mmol/L at 70 °C, and then diluted with a
10% solution of fatty acid-free bovine serum albumin
(BSA, as the formation of BSA complexes is important
for decreasing the cell toxicity of fatty acids) to 5 mmol/L
at 55 °C for 10 min. The solution was cooled to room

Table 1. Primers Used for qPCR

Name Accession number Primer sequence (5′–3′) Product size (bp)

TLR4 NM_019178.1 Forward: GATTTTACGAATTCCACC 140
Reverse: TACTTTTTACAGCCAGCA

NM_138557.2 Forward: CAGAGTTGCTTTCAATGGCATC 282
Reverse: AGACTGTAATCAAGAACCTGGAGG

TNF-α NM_012675.3 Forward: CGTCGTAGCAAACCACCAAG 426
Reverse: CACAGAGCAATGACTCCAAAG

NM_000594.3 Forward: TCTTCTCGAACCCCGAGTGA 164
Reverse: ATGAGGTACAGGCCCTCTGA

IL-1β NM_031512.2 Forward: GCTACCTATGTCTTGCCC 284
Reverse: CGTTGCTTGTCTCTCCTT

NM_000576.2 Forward: TGAGCTCGCCAGTGAAATGA 143
Reverse: AGATTCGTAGCTGGATGCCG

IL-6 NM_012589.2 Forward: TTCACAGAGGATACCACC 252
Reverse: CAGAAGACCAGAGCAGAT

NM_000600.4 Forward: AGTGAGGAACAAGCCAGAGC 187
Reverse: AGCTGCGCAGAATGAGATGA

GAPDH NM_017008.4 Forward: TTCATTGACCTCAACTAC 186
Reverse: AGACTCCACGACATACTC

NM_002046.5 Forward: GAGAAGGCTGGGGCTCATTT 231
Reverse: AGTGATGGCATGGACTGTGG

Fig. 2. The effects of paeoniflorin on the body weight of rats. CG is the
control group, AG is the atherosclerotic group, SG is the simvastatin group,
and the L andH are the 10 and 20mg/kg paeoniflorin groups, respectively.
The values were obtained from three independent experiments and are r-
epresented as the mean ± S.E.M. #p < 0.05 vs. CG, and *p < 0.05 vs. AG.

Fig. 3. The effects of paeoniflorin on levels of total cholesterol (TC), tri-
glyceride (TG), low-density lipoprotein-cholesterol (LDL-C) and high-
density lipoprotein-cholesterol (HDL-C) in serum.CG is the control group,
AG is the atherosclerotic group, SG is the simvastatin group, and the L and
H are the 10 and 20 mg/kg paeoniflorin groups, respectively. The values
were obtained from three independent experiments and are represented as
the mean ± S.E.M. #p < 0.05 vs. CG, and *p < 0.05 vs. AG.
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temperature, and filtered by a 0.45-μm filter. The cells
were pretreated with various concentrations of paeoniflorin
(60 and 100 μmol/L) for 1 h and then were stimulated with
PA (100 μmol/L) for 24 h. Cells that were not given any
treatment were used as the control group.

MTTAssay of Cell Viability

The effect of paeoniflorin on VSMC viability was
measured using the standard MTT assay. The cells
(1 × 105 cells/mL) were plated in 96-well plates at 37 °C
for 12 h. Then, paeoniflorin (5, 10, 30, 60, 100 μmol/L)
was added toVSMCs for 24 h. Then, 20μL ofMTT (5mg/

mL) was given for 4 h at 37 °C, the supernatant was
removed, and 100 μL of dimethyl sulfoxide was added
per well. The absorbance was read at 570 nmwith a micro-
plate reader (Thermo, USA).

Cytokine Determination

VSMCs were seeded into six-well plates and grown
until 80–85% confluent; paeoniflorin and PA were added
or were not added, and incubation was continued for an
additional 24 h. Cell-free supernatants and aorta tissues
were subsequently used for inflammatory cytokine assays
with rat ELISA kits according to the manufacturer’s
instructions. Finally, the absorbance was read at 450 nm
with a microplate reader (Thermo, USA).

Quantitative PCR Analysis

VSMCs were seeded onto six-well plates and grown
until 80–85% confluent. Paeoniflorin and PA were added
or were not added, and incubation was continued for an
additional 24 h. The cells were washed twice with ice-cold
PBS; then, 1 mL of the TRIzol (Molecular Research Cen-
ter, USA) reagent was added to each well and processed as
directed by the manufacturer, and the cell lysates were
collected. The purity of total RNA was determined using
the 260/280 nm ratio, and then, cDNA was synthesized

Fig. 4. The effects of paeoniflorin on morphological changes of the aorta in rats with atherosclerosis induced by vitamin D3 and high-fat emulsion (HE,
×200). a Control group; b atherosclerotic group; c, d paeoniflorin group (10 and 20 mg/kg) and e simvastatin (5 mg/kg) group.

Fig. 5. The effects of paeoniflorin on cell viability. VSMCs were cultured
with different concentrations of paeoniflorin (0–100μmol/L) for 24 h. Cell
viability was determined using the MTT assay. The values were obtained
from three independent experiments and are represented as the
mean ± S.E.M.
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using the first strand cDNA synthesis kit (Takara, China).
The Primer Premier software (PREMIER Biosoft Interna-
tional, USA) was used to design specific primers for TNF-
α, IL-1β, IL-6 and GAPDH based on known sequences
(Table 1). The expression levels of each target gene were
normalized to corresponding GAPDH threshold cycle
(CT) values using the 2−△△CT comparative method.

Western Blot Analysis

The total protein of aortic tissues and VSMCs was
extracted according to the manufacturer’s recommen-
ded protocol (Vazyme, Nanjing, China). Protein con-
centrations were determined using the BCA Protein

Assay Kit (Vazyme, Nanjing, China). Samples with
equal amounts of protein (50 μg) were fractionated
on 10% SDS polyacrylamide gels, transferred to poly-
vinylidene difluoride membranes and blocked in 5%
skim milk in TBST for 1.5 h at 25 ± 1 °C. Proteins
were hybridized with a primary antibody (1:1000 dilu-
tion) at 4 °C overnight. Then, the membrane was
incubated with secondary antibodies conjugated with
horseradish peroxidase (1:4000 dilution) for 1 h at
room temperature. The optical density values of immu-
noblot signals were visualized using the ECL Plus
Western Blotting Detection System (ImageQuant LAS
4000mini, USA). Data were normalized against those
of the corresponding β-actin values.

Fig. 6. The effects of paeoniflorin on the expression of inflammatory cytokine mRNA in the aorta and VSMCs. a The expression of IL-1β, IL-6 and TNF-α
mRNAwas detected by qPCR in the aorta. b The expression of IL-1β, IL-6 and TNF-αmRNA in cells. GAPDH was used as the internal control. CG is the
control group, AG is the atherosclerotic group for the animal studies,PG is the palmitic acid group for the cell culture studies, SG is the simvastatin group, and
the L and H are the 10 and 20 mg/kg paeoniflorin groups for the animal studies, respectively, and the 60 and 100 μmol/L paeoniflorin groups for the cell
culture studies, respectively. The values were obtained from three independent experiments and are represented as the mean ± S.E.M. #p < 0.05 vs. CG, and
*p < 0.05 vs. AG or PG.

2046 Li, Jiao, and Xie



Statistical Analysis

All experiments repeated for a minimum of three
times, and results were analysed using GraphPad Prism 5
(GraphPad InStat Software). The differences between
groups were analysed by one-way ANOVA. A p value of
< 0.05 was considered to be statistically significant.

RESULTS

Paeoniflorin Treatment Decreased the Weight of Rats
with Atherosclerosis

With high-fat intake, rapid weight gain is one of the
risk factors for atherosclerosis. Our model rats showed a

rapid increase in body weight. To examine the effects of
paeoniflorin on the body weight of rats, the animals were
weighed. As shown in Fig. 2, compared with the control
group, the weight of rats was obviously increased in the
atherosclerotic group. In the simvastatin or paeoniflorin
treatment groups (10 or 20 mg/kg/day), a normal weight
gain speed was maintained (Fig. 2).

Effects of Paeoniflorin on Serum TC, TG, LDL-C and
HDL-C Levels

As shown in Fig. 3, the levels of TC, TG and
LDL-C were dramatically increased in the atheroscle-
rotic group compared with those in the control group.
In contrast, treatment with paeoniflorin (10, 20 mg/kg/
day) or simvastatin significantly decreased the serum

Fig. 7. The effects of paeoniflorin on the production of inflammatory cytokine proteins in the aorta and VSMCs. a The levels of IL-1β, IL-6 and TNF-α
proteins in the aorta were measured using ELISA. b The levels of IL-1β, IL-6 and TNF-α proteins in cells. CG is the control group, AG is the atherosclerotic
group for the animal studies, PG is the palmitic acid group for the cell culture studies, SG is the simvastatin group, and the L andH are the 10 and 20 mg/kg
paeoniflorin groups for the animal studies, respectively, and the 60 and 100 μmol/L paeoniflorin groups for the cell culture studies, respectively. The values
were obtained from three independent experiments and are represented as the mean ± S.E.M. #p < 0.05 vs. CG, and *p < 0.05 vs. AG or PG.
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levels of TC, TG and LDL-C. However, the levels of
HDL-C in different groups were not significantly
different.

Histological Analysis of the Aorta

Histological analysis showed that there was a
clear vessel structure and that the vascular intima,
media and adventitia had a clear boundary in the
control group (Fig. 4a). Meanwhile, the vessels of
the atherosclerotic group showed obviously thickened
walls, severely damaged vascular internal elastic mem-
branes and unclear elastic fibre layer structure (Fig.
4b). However, treatment with paeoniflorin evidently
reduced the pathological conditions (shown in Fig.
4c, d) and exhibited similar results as simvastatin
treatment (Fig. 4e).

Effects of Paeoniflorin on Cell Viability

The potential cytotoxicity of paeoniflorin on VSMCs
was estimated using the MTT assay. The results showed
that paeoniflorin treatment had little effect on cell viability
at the concentrations used in this study (Fig. 5).

Paeoniflorin Decreased the Production of
Inflammatory Cytokines

The expression of inflammatory cytokines in the aorta
and VSMCs was determined using qPCR (Fig. 6) and
ELISA (Fig. 7). The results of both experiments showed
markedly increased expression of IL-1β, IL-6 and TNF-α
in the atherosclerotic group compared to the control group.
However, paeoniflorin treatment decreased the levels of
IL-1β, IL-6 and TNF-α.

Fig. 8. The effects of paeoniflorin on the expression of TLR4 in the aorta and in VSMCs. aTLR4 protein expression in the aorta wasmeasured usingWestern
blot. b TLR4 protein expression in cells. β-actin was used as the internal control. CG is the control group, AG is the atherosclerotic group for the animal
studies,PG is the palmitic acid group for the cell culture studies, SG is the simvastatin group, and the L andH are the 10 and 20mg/kg paeoniflorin groups for
the animal studies, respectively, and the 60 and 100μmol/L paeoniflorin groups for the cell culture studies, respectively. The values were obtained from three
independent experiments and are represented as the mean ± S.E.M. #p < 0.05 vs. CG, and *p < 0.05 vs. AG or PG.
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Effects of Paeoniflorin on the Expression of TLR4

TLRs, including TLR4, have been reported play a
significant role in the progression of atherosclerosis [18].
Thus, we detected the effects of paeoniflorin on the ex-
pression of TLR4 in the aorta and VSMCs by qPCR and
Western blot. The results showed that paeoniflorin
inhibited TLR4 mRNA and protein expression, which
was significantly increased in the atherosclerotic group
(Fig. 8).

Effects of Paeoniflorin on the Expression of TLR4
Downstream Pathway Molecules

The adaptor molecule MyD88 is a downstream pro-
tein of the TLR4 pathway during the inflammatory pro-
cess. Our results also showed increased expression of
MyD88 in the atherosclerotic group. However, the level
of MyD88 protein was suppressed following the simvasta-
tin or paeoniflorin treatments.

Accumulating evidence has shown that abnormal ex-
pression of TLR4 could subsequently activate downstream
MyD88-dependent NF-κB pathways. Therefore, the

inhibitory effects of paeoniflorin on the NF-κB pathway
in the aorta and VSMCs were determined using Western
blot. Our results showed that phosphorylation of the IκBα
and NF-κB p65 proteins was markedly increased in the
atherosclerotic group compared to the control group. How-
ever, these trends were greatly inhibited by paeoniflorin
treatment (Fig. 9).

DISCUSSION

Atherosclerosis, the underlying cause of heart attack,
stroke and peripheral vascular disease, is a main cause of
morbidity and mortality worldwide [17]. As atherosclero-
sis is a chronic disease requiring lifetime preventive thera-
py, new anti-atherogenic drugs should meet the criteria of
being safe, palatable, inexpensive and of significant benefit
beyond currently available therapies [19]. Recently, grow-
ing interest has been focused on the development of new
anti-inflammatory herbs for their effective properties and
their ability to produce fewer side effects [20]. Compared
with the existing drugs, paeoniflorin has its own

Fig. 9. The effects of paeoniflorin on the expression of TLR4 downstream pathway molecules. a The protein expression of MyD88, p-IκBα and p-NF-κB
p65 in the aorta was measured using Western blot. b The protein expression of MyD88, p-IκBα and p-NF-κB p65 in cells. β-actin was used as the internal
control. CG is the control group, AG is the atherosclerotic group for the animal studies, PG is the palmitic acid group for the cell culture studies, SG is the
simvastatin group, and the L andH are the 10 and 20 mg/kg paeoniflorin groups for the animal studies, respectively, and the 60 and 100 μmol/L paeoniflorin
groups for the cell culture studies, respectively. The values were obtained from three independent experiments and are represented as the mean ± S.E.M.
#p < 0.05 vs. CG, and *p < 0.05 vs. AG or PG.
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advantages: a wide variety of sources, low cost, simple
extraction process and pleiotropic effects [21]. In the pres-
ent study, the rats in the atherosclerotic group showed
considerably higher levels of blood lipids, such as TC,
TG and LDL-C, indicating that atherosclerotic rat models
were successfully constructed. However, their levels were
dramatically decreased by paeoniflorin treatment. In addi-
tion, we also observed that paeoniflorin significantly im-
proved the pathological state of the artery and reduced the
weight of rats with atherosclerosis.

It is well known that inflammation occurs as a host
response to pathogenic challenges or tissue injuries, but
acute inflammation is a process with limited benefits and
can lead to the development of inflammatory diseases [22].
Pro-inflammatory cytokines, such as IL-1β, TNF-α and
IL-6, appear in the early phase of the inflammatory re-
sponse [23]. IL-1β is a pro-inflammatory cytokine that is
released from macrophages upon stimulation with inflam-
matory stimuli [24]. TNF-α has dual roles in both innate
immunity and inflammatory pathology, and its gene regu-
lation is challenging [25]. IL-6 plays an important role in
mediating the negative feedback on the inflammatory
responses [26]. In the present study, we observed that
paeoniflorin dose-dependently inhibited the expression of
pro-inflammatory cytokines both in vivo and in vitro. The
results presented here confirmed that paeoniflorin has anti-
inflammatory activities.

To further understand the mechanism by which paeoni-
florin exerts its anti-inflammatory actions, we investigated
the effects of paeoniflorin on atherosclerosis and the mech-
anisms involved in inflammation in a mouse model of ath-
erosclerosis and in VSMCs. TLR4 is essential for initiating
the activation of innate defences and mediates the activation
of the downstream factorsMyD88 andNF-κB, leading to the
production of a large number of inflammatory cytokines
[27]. The expression of TLR4 and its downstream adaptor
molecule MyD88 was reduced by paeoniflorin treatment.

NF-κB, a widely expressed nuclear transcription factor,
plays a vital role in the regulation of a variety of inflamma-
tory mediators [28]. NF-κB p65 is normally retained in the
cytoplasm. Phosphorylation of IκBα allows NF-κB p65 to
translocate to the nucleus and induce transcription [29]. In the
present study, the phosphorylation of IκBα and NF-κB p65
proteins was dose-dependently inhibited by paeoniflorin.
The above results indicated that the beneficial effects of
paeoniflorin on atherosclerosis are due to the inhibition of
the TLR4-mediated NF-κB signalling pathway.

In conclusion, our study suggests that paeoniflorin
has a protective function in atherosclerosis. It could inhibit
the secretion of pro-inflammatory cytokines via the

suppression of the TLR4-mediated NF-κB signalling path-
way. Therefore, paeoniflorin may be a potential drug for
the treatment of atherosclerosis.
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