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Pycnogenol attenuates atherosclerosis by regulating
lipid metabolism through the TLR4–NF-κB pathway

Hong Luo1,3, Jing Wang2,3, Chenhui Qiao1, Ning Ma1, Donghai Liu1 and Weihua Zhang1

Atherosclerosis is a leading cause of death worldwide and is characterized by lipid-laden foam cell formation. Recently,

pycnogenol (PYC) has drawn much attention because of its prominent effect on cardiovascular disease (CVD). However,

its protective effect against atherosclerosis and the underlying mechanism remains undefined. Here PYC treatment reduced areas

of plaque and lipid deposition in atherosclerotic mice, concomitant with decreases in total cholesterol and triglyceride levels and

increases in HDL cholesterol levels, indicating a potential antiatherosclerotic effect of PYC through the regulation of lipid levels.

Additionally, PYC preconditioning markedly decreased foam cell formation and lipid accumulation in lipopolysaccharide

(LPS)-stimulated human THP-1 monocytes. A mechanistic analysis indicated that PYC decreased the lipid-related protein

expression of adipose differentiation-related protein (ADRP) and adipocyte lipid-binding protein (ALBP/aP2) in a dose-dependent

manner. Further analysis confirmed that PYC attenuated LPS-induced lipid droplet formation via ADRP and ALBP expression

through the Toll-like receptor 4 (TLR4) and nuclear factor-κB (NF-κB) pathway, because pretreatment with anti-TLR4 antibody

or a specific inhibitor of NF-κB (PDTC) strikingly mitigated the LPS-induced increase in ADRP and ALBP. Together, our results

provide insight into the ability of PYC to attenuate bacterial infection-triggered pathological processes associated with

atherosclerosis. Thus PYC may be a potential lead compound for the future development of antiatherosclerotic CVD therapy.
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INTRODUCTION

Atherosclerosis and the subsequent cardiovascular complica-
tions, such as myocardial infarction, coronary atherosclerosis
and stroke, are leading causes of death worldwide.1 It is widely
accepted that atherosclerosis is a complex chronic inflamma-
tory disease that is characterized by the accumulation of lipid
droplets and fibrous elements in arteries.2

The natural plant compounds known as flavonoids have
recently been found to have anti-inflammatory, antithrombotic
and protective cardiovascular properties.3,4 One of these
compounds, pycnogenol (PYC), has drawn increasing attention
because of its antioxidative, anti-inflammatory and antiplatelet
effects. Pycnogenol is a natural extract of the French maritime
pine tree (Pinus maritima) and has multiple biological
and pharmacological activities in many diseases, including
cardiovascular diseases (CVDs) and their complications.5,6

Endothelial dysfunction is known to be a precursor of
atherosclerosis and cardiovascular events.7–9 It has been
demonstrated that PYC can improve endothelial function in
patients with coronary artery disease, by abrogating oxidative

stress.10 A clinical analysis has indicated that PYC supplemen-
tation effectively reduces CVD risk factors in subjects with
type 2 diabetes.1 However, the protective antiatherosclerotic
properties of PYC and the precise underlying molecular
mechanism remain unclear.

Lipid droplets are the main hallmark of atherosclerosis,
followed by the formation of the earliest detected lesion, the
fatty streak. During this process, macrophages are activated by
Toll-like receptor (TLR) ligands such as lipopolysaccharide
(LPS) and then take up oxidized low-density lipoprotein
(ox-LDL) to form foam cells, triggering atherogenic
progression.11 Blocking lipid deposition notably downregulates
atherosclerotic coronary lesion formation, indicating that
dampening lipid levels will be potential targets for athero-
sclerosis and cardiovascular events.2,12 It has been confirmed
that various proteins are present on the surface of lipid droplets
and have essential roles in the synthesis, storage and degrada-
tion of lipids.13 For example, adipose differentiation-related
protein (ADRP) has been shown to be dramatically upregulated
in macrophage foam cells at the atherosclerotic lesion.
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Following stimulation with ADRP, obvious lipid accumulation
and lipid droplet formation is detected.14 The absence of
ADRP strikingly attenuates foam cell formation, resulting in
the amelioration of atherosclerosis.15 Adipocyte lipid-binding
protein (ALBP/aP2), also known as AFBP4, is a major lipid
droplet protein and is markedly upregulated in LPS-induced
macrophage foam cells.16,17 Previous studies have shown that
both of these proteins facilitate foam cell formation, and their
absence provides protection against atherosclerosis.15,17

It has been reported that PYC dramatically antagonizes
TLR-4-mediated ADRP expression in macrophages.18

Therefore, we hypothesized that PYC might have beneficial
antiatherosclerotic effects by regulating lipid-laden foam cell
formation via mediation of lipid-related protein expression.
The purpose of this study was to investigate the effect of PYC
on the progression of atherosclerosis and the underlying
mechanism. The present findings provide insight into the
ability of PYC to attenuate the bacterial infection-triggered
pathological process of atherosclerosis.

MATERIALS AND METHODS

Reagents and antibodies
Unless mentioned otherwise, all of the reagents were obtained from
Sigma-Aldrich (St Louis, MO, USA). PYC was provided by Tradepia
Co. (Kasukabe, Saitama, Japan). The NF-κB inhibitor PDTC was from
Calbiochem (La Jolla, CA, USA). The polyclonal antibodies against
human NF-κB p65 and ADRP were from Fitzgerald Industries Intl.
(Concord, MA, USA). Mouse anti-human ALBP antibody was
obtained from Biotang Inc. (Waltham, MA, USA). Rabbit anti-
human TLR4 antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Peroxidase-conjugated goat anti-mouse
and anti-rabbit antibodies were from Dako Cytomation (Glostrup,
Denmark) and Vector Laboratories, Inc. (Burlingame, CA, USA),
respectively. Monoclonal rat anti-mouse MOMA-2 antibody was from
Dianova (Augst, Switzerland).

Experiment model
Thirty-two male apolipoprotein E (ApoE)-deficient mice (3 weeks old,
25–30 g) were obtained from Changzhou Cavens Laboratory Animal
Co., LTD (Changzhou, China) and were maintained under standard
room temperature, dark–light cycle and humidity conditions. After
allowing a week for acclimatization, all of the mice were randomly
divided into two groups. Approximately 2mgml− 1 LPS was injected
three times a week to induce acute atherosclerosis, together with a
high-fat diet (20% fat, 20% sugar and 1.25% cholesterol), for 12 weeks.
PYC (0.15 mg kg− 1) was administered orally once a day after LPS
treatment. All of the experiments were conducted under a protocol
that had been approved by the Institutional Animal Care and Use
Committee of Xinxiang Medical University. All efforts were made to
minimize suffering.

Histological evaluation
After being anesthetized with pentobarbital at 12 weeks, the animals
were perfused with cold phosphate-buffered saline (PBS) followed by
cold buffered formalin. Aorta specimens were collected and fixed with
formalin. Following dehydration, the specimens were embedded in
paraffin. For histology, serial, 4-μm-thick sections were obtained from
each specimen and were then stained for routine histology

(hematoxylin/eosin, H&E) and lipids levels (Oil Red O). Subsequently,
high-resolution images were obtained with an Olympus BX-40
microscope or a Zeiss LSM5 Meta confocal microscope (Zeiss, Jena,
Germany). Necrotic cores were assessed based on H&E and quantified
by planimetry (Diskus software; Hilgers, Bonn). To calculate the lipid
content relative to the plaque area, all of the images were analyzed
after digitization using the automated image analysis software (Clemex
Technologies Inc., Montreal, Quebec, Canada).

Immunohistochemistry
To detect macrophages in plaques, immunohistochemical staining was
used. Briefly, the slices were cultured with rat anti-mouse Monocyte/
Macrophage Marker Antibody (MOMA-2) antibodies (1:1000) at 4 °C
overnight. After three washes with Tris-buffered saline with Tween
(TBST), biotin-conjugated rabbit anti-rat IgG was introduced as a
secondary antibody for another 1 h. The color development was
analyzed using a universal streptavidin/biotin immunoperoxidase
detection system (Thermo Shandon, Pittsburgh, PA, USA) according
to the manufacturer’s instructions. Next, the slides were placed on the
ACIS automated imaging system (DAKO, Carpinteria, CA, USA) to
quantify the tissue staining.

Lipid analysis and lipoprotein profile measurement
Approximately 12 weeks later, the mice were killed via an injection of
pentobarbital (200mg kg− 1). Blood samples were collected from
mouse orbital veins. The serum levels of total cholesterol (TC),
triglycerides, HDL cholesterol (LDL-C) and HDL cholesterol (HDL-C)
were measured via a microplate method using the Beckman Coulter
Synchon Cholesterol 300 reagent (Beckman Coulter, Inc., Brea, CA,
USA). Plasma lipoprotein fractions were evaluated by fast performance
liquid chromatography gel filtration coupled with two Superose6 HR
10/30 columns (Amersham Pharmacia Biotech Inc., Piscataway, NJ,
USA). A commercially available kit (Shanghai Hushang Biotechnology
Co. Ltd., Shanghai, China) and an automatic biochemistry analyzer
(Hitachi, Tokyo, Japan) were also used for the analysis.

Preparation of ox-LDL
The ox-LDL was prepared as previously described.19 Briefly,
200 μg ml− 1 LDL was introduced into 20 μM CuSO4 in PBS for
oxidation at 37 °C. Approximately 24 h later, 40 μM butylhydroxyto-
luene in ethanol was used to stop the oxidative reactions. Ox-LDL was
separated from the preparation by dialysis against PBS for 24 h,
followed by fluorometric confirmation (excitation wavelength,
515 nm; emission wavelength, 553 nm) by measurement of
thiobarbituric acid-reactive substances.

Cell culture and treatments
The human monocytic leukemia cell line THP-1 was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA).
The cells were maintained in RPMI 1640 medium containing 10%
fetal bovine serum, 100 μg ml− 1 streptomycin and penicillin at 37 °C
with 5% CO2. PYC was dissolved in dimethyl sulfoxide to a final of
1% concentration before use. Before stimulation with the indicated
dose of PYC for 8 h, THP-1 monocytes were preconditioned with
anti-TLR4 antibody (10 μg ml− 1) or 25 μM PDTC for 2 h. After these
treatments, the cells were stimulated with 10 μg ml− 1 LPS prior to
incubation with CuoxLDL.
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Oil Red O staining
After cultivation with CuoxLDL for 10 h, the cells were washed three
times with PBS followed by fixation with 10% formalin. To highlight
the characteristic lipid accumulation in macrophage-derived foam
cells, the cells were stained for 30min at 37 °C in freshly diluted Oil
Red O solution (Sigma, St Louis, MO, USA) followed by three rinses
with water. The cell nuclei were then stained with hematoxylin. Foam
cells were counted under a microscope, and the Oil Red O staining
was assessed using a color density assay with the iVision software
(BioVision Technologies, Exton, PA, USA).

Lipid assay by high-performance liquid chromatography
(HPLC)
To detect lipid deposition in macrophage-derived foam cells, the
cellular lipid content, including TC and cholesterol ester (CE), was
assessed by HPLC. The cells were rinsed three times with PBS followed
by lysis with 0.9% NaOH solution. After being homogenized on ice for

10 s, the BCA kit was used to determine the total protein concentra-
tion. Subsequently, an equal volume of trichloroacetic acid was
introduced, followed by centrifugation at 800 g for 10min. Masterol
was used to construct a standard curve. All of these procedures were
repeated three times. The samples were dissolved in 100 μl of
isopropanol–acetonitrile (v/v, 20:80) and then incubated in an
ultrasound water bath for 5min. Ultimately, the samples were
analyzed with an Agilent 1100 series HPLC (Agilent Technology, Palo
Alto, CA, USA). Lipid accumulation levels are presented as the ratio of
CE to TC.

Triglyceride measurements
The triglyceride content in the cells was determined quantitatively
using enzymatic colorimetric assays with kits from Wako (Richmond,
VA, USA) according to the manufacturer’s protocols. Briefly, approxi-
mately 3 μl of each sample (cell lysate), standard (cholesterol
200mg dl− 1) and blank (distilled water) were added to the prelabeled

Figure 1 Effects of PYC on atherosclerotic plaques and lipid levels. Following the construction of an atherosclerotic ApoE− /− mouse
model induced by LPS and a high-fat diet, PYC (0.15mg kg−1) was administered orally once a day after LPS treatment. Twelve weeks
later, sections of the aorta were analyzed by H&E staining (a). Immunohistochemical analysis of macrophage antigen (MOMA)-2 was
performed to evaluate the macrophage numbers (b). Oil Red O was used to examine the lipid accumulation in plaques (c, d). The serum
lipid levels were also measured, including total cholesterol, triglycerides, LDL cholesterol (LDL-C) and HDL cholesterol (HDL-C) (e).
*Po0.05.
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tubes, followed by the mixing with 2ml color reagent. After a 5-min
incubation at 37 °C, the absorbance was measured at 600 nm.

RNA extraction and real-time PCR
To obtain total RNA from human THP-1 monocytes, we used the
RNAiso Plus Kit (Roche Diagnostics, Mannheim, Germany). The
isolated RNA (up to 4 μg) was then reverse-transcribed to synthesize
first-strand cDNA with the oligo (dT)18 primer using a cDNA
Synthesis Kit (Fermentas, St Leon-Rot, Germany). Next, 3 μl of cDNA

was subjected to real-time PCR in 20 μl reaction system consisting of
0.4 μl 10 μmol l− 1 specific primers, 2 μl cDNA and H2O. Specific
primers for ADRP and ALBP were designed using the IDT DNA
website (http://www.idtdna.com): ALBP, 5′-GCCAGGAATTTGACG
AAGTCAC-3′ and 5′-TTCTGCACATGTACCAGGACAC-3′; and
ADRP, 5’-GCACTCACCAAATCAGAGCTG-3′ and 5′-AACTTGGC
TTCTGAACCAG-3′. All of the primers were synthesized by the
TaKaRa Company (Dalian, China) and diluted to a final concentration
of 10 μM with RNase-Free Water. The reaction conditions were
performed according to the instructions provided with the SYBR
Premix Ex Taq II Kit (Takara Bio Inc., Otsu, Japan). All of the results
are shown as relative mRNA expression data, and the mRNA levels
were normalized to β-actin. All of the samples were assessed in
triplicate.

Western blotting
Following three rinses with PBS, the cells were lysed with RIPA lysis
buffer (Beyotime, Nantong, China) to extract the total protein. The
protein concentrations were determined using the BCA assay (Pierce,
Rockford, IL, USA). For the western blotting analysis, 100 μg protein
was electrophoresed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred onto a polyvinylidene difluoride
membrane (Millipore, Beijing, China) in a semi-dry transblot
apparatus. After treatment with buffer containing 5% nonfat dry milk
in TBST at 4 °C overnight, the membrane was incubated with primary
antibodies for 1 h followed by horseradish peroxidase-conjugated
secondary antibodies for 1 h. After four washes with TBST buffer,
the bound antibodies were visualized using LumiGLo reagent (KPL,
Gaithersburg, MD, USA), and the corresponding quantitative analysis
of the proteins was performed using Image-Pro Plus 6.0 (Media
Cybernetics, Inc., Bethesda, MD, USA). β-Actin was used for
normalization.

Data analysis
SPSS 11.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data.
All of the results are presented as the mean± s.e.m. A typical image
from at least three similar experiments is presented. The statistical
significance of differences was determined using an independent
Student’s t-test. Po0.05 was considered statistically significant.

RESULTS

Effect of PYC on atherosclerotic plaques, macrophages and
lipid levels
To evaluate the role of PYC in the development of athero-
sclerosis, we constructed mouse models of atherosclerosis. The
plaque areas were significantly decreased after 12 weeks with
PYC compared with the control groups, indicating that PYC
has a protective antiatherogenic effect (Figure 1a). After
treatment with LPS and feeding with a high-fat diet, numerous
macrophages were observed in the atherosclerotic plaques by
immunohistochemical analysis of the macrophage antigen
(MOMA)-2. However, PYC treatment resulted in little
reduction of the macrophage accumulation in plaques
(P40.05; Figure 1b). Importantly, PYC treatment dramatically
decreased the lipid levels in plaques (Figures 1c and d). Further
analysis confirmed that the serum levels of TC, triglycerides
and LDL-C were lower in the PYC-treated groups than in the
control groups (Figure 1e). Moreover, the levels of HDL-C
were upregulated after PYC treatment. Together, these

Figure 2 PYC abrogated LPS-induced foam cell formation. Human
THP-1 monocytes were stimulated with the indicated doses of PYC
prior to incubation with 10 μgml−1 LPS. After exposure to oxidized
LDL (CuoxLDL) for 10 h, Oil Red O staining was used to label the
foam cells (a). The ratio CE/TC was introduced to assess the lipid
accumulation (b). The triglyceride content in cells was detected by
enzymatic colorimetric assays (c). **Po0.01 versus control group;
#Po0.05 versus LPS-pretreated cells. ##Po0.01.
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results suggested that PYC might attenuate the progression of
atherosclerosis by regulating lipid levels.

PYC inhibited LPS-induced foam cell formation
To further clarify the mechanism underlying the PYC-induced
antiatherosclerotic effect, we assessed the effect of PYC on
lipid-laden foam cell formation in vitro based on its important
role in early atherosclerotic lesion development. It is known
that THP-1 monocytes can differentiate into macrophages in
response to various stimulants, such as LPS. In the present
study, a preliminary experiment was performed to explore the
effect of different PYC concentrations (0, 10, 20, 50, 80,
100 μgml− 1) on cells. Here treatment with LPS significantly
induced lipid-laden macrophage-derived foam cell formation
compared with the control group based on Oil Red O staining
(Figure 2a). Pretreatment with 10 μgml− 1 PYC resulted in few
differences in macrophage-derived foam cell numbers com-
pared with the LPS group. Stimulation with 20 μgml− 1 PYC
induced less macrophage-derived foam cell formation com-
pared with the LPS group. Furthermore, an obvious inhibitory
effect on foam cell formation was demonstrated in cells
that were treated with 50 μgml− 1 PYC compared with LPS,
resulting in a decrease of approximately one half of the
LPS-induced foam cell formation. There were no significant

differences between the 50 and the 80 or 100 μgml− 1 group
(data not shown). Therefore, we chose the representative 20
and 50 μgml− 1 concentrations of PYC to perform subsequent
experiments. The similar effect of PYC on lipid deposition was
further confirmed by HPLC. After exposure to CuoxLDL,
abundant lipid content was found in LPS-activated macro-
phages, and this content is an important component of the
genetic program regulating the conversion of macrophages to
foam cells (Figure 2b). The ratio CE/TC gradually decreased
from 67.86 to 49.72% and 19.23% after treatment with 20 and
50 μgml− 1 PYC, respectively. Moreover, further analysis
confirmed that PYC clearly attenuated the levels of intracellular
triglycerides (Figure 2c), suggesting that PYC reduced
LPS-induced lipid deposition in a dose-dependent manner.
Taken together, these results indicated that PYC could
ameliorate LPS-triggered foam cell formation, which would
be beneficial for antiatherosclerotic processes.

PYC abrogated lipid accumulation by downregulating the
expression of ADRP and ALBP in LPS-induced macrophages
As critical lipid droplet-related proteins, the levels of ADRP and
ALBP correlate with foam cell formation and atherosclerosis,
and a deficiency of these proteins impairs lipid-laden foam cell
formation and provides protection against atherosclerosis.15,17

Figure 3 PYC suppressed LPS-mediated ADRP and ALBP expression. Cells were pretreated with the indicated doses of PYC for 8 h, and
the mRNA and protein levels of ADRP were determined in LPS-induced THP-1 cells by real-time PCR (a) and western blotting analysis (b).
The similar effects of PYC on ALBP mRNA (c) and protein levels (d) were also analyzed. β-Actin was used for normalization. **Po0.01.
#Po0.05. ##Po0.01.
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Figure 4 Lipid deposition resulting from ADRP and ALBP upregulation was regulated through the LPS-activated TLR4-NF-κB pathway.
Before stimulation with the indicated doses of PYC, THP-1 cells were preconditioned with anti-TLR4 antibody or 25 μM PDTC for 2 h, and
activation of the TLR4 (a) and NF-κB signaling pathway (b) was analyzed by western blotting analysis. The protein levels of ADRP and
ALBP via the LPS-activated TLR4 and NF-κB pathway were determined (c). Corresponding lipid-laden foam cell formation (d) and lipid
accumulation (e) was also assessed. *Po0.05. **Po0.01.
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Therefore, we hypothesized that there was an association of
PYC-induced foam cell formation with ADRP and ALBP levels.
To address this hypothesis, THP-1 cells were treated with the
indicated doses of PYC prior to stimulation with LPS. After
exposure to PYC, there was an obvious dose-dependent
decrease in ADRP mRNA (Figure 3a) and protein levels
(Figure 3b) compared with the LPS-treated groups. In addition,
PYC induced a significant downregulation of the ALBP
mRNA levels as the dose was gradually increased (Figure 3c).
Simultaneously, treatment with increased doses of PYC further
decreased the LPS-induced expression of ALBP protein
(Figure 3d). Based on these results, we concluded that PYC
dampened LPS-induced lipid-laden foam cell formation in a
dose-dependent manner by downregulating the expression of
ADRP and ALBP.

ADRP and ALBP-induced lipid deposition was regulated by
the TLR4–NF-κB pathway in LPS-stimulated THP-1 cells
TLR4, a specific receptor of LPS, is considered to be associated
with CVD by contributing to the development of arterial
plaques.2,20 As a key downstream signaling effector of the TLR4
pathway, NF-κB is pivotal in the LPS-triggered development of
atherosclerosis.20,21 To further clarify the molecular mechanism
underlying the PYC-induced decrease in the lipid-related
proteins ADRP and ALBP, we analyzed the activation of the
TLR4–NF-κB pathway. As shown in Figure 4a, pretreatment
with specific anti-TLR4 antibody significantly abrogated TLR4
expression. Additionally, preconditioning with PDTC abolished

LPS-induced p65 NF-κB activation (Figure 4b). Further
analysis indicated that pretreatment with the anti-TLR4 anti-
body caused an obvious inhibition of the LPS-stimulated
expression of ADRP and ALBP (Figure 4c). A similar inhibitory
effect on ADRP and ALBP expression was confirmed by PDTC
preconditioning, concomitant with a striking decrease in lipid-
laden macrophage foam cell formation based on Oil Red O
staining (Figure 4d) and lipid deposition (Figure 4e). Taken
together, these results suggested that ADRP and ALBP were
regulated via activation of the TLR4–NF-κB signaling pathway.

TLR4–NF-κB signaling was a target for the inhibitory effect
of PYC on foam cell formation
To further elucidate the molecular mechanism underlying the
PYC-induced reduction of foam cell formation, we assessed the
correlation between TLR4–NF-κB signaling and PYC. As
shown in Figure 5, treatment with 20 μgml− 1 PYC strikingly
inhibited the activation of TLR4 and its downstream effector
NF-κB. When the concentration of PYC reached 50 μgml− 1,
a more marked inhibitory effect on TLR4–NF-κB signaling was
observed, which indicated that TLR4–NF-κB signaling was
responsible for the effect of PYC on foam cell formation.

DISCUSSION

In the present study, we first explored the protective effect of
PYC against the development of atherosclerosis. Treatment
with PYC clearly reduced the areas of plaque induced by LPS in
atherosclerotic mice. Further analysis confirmed that PYC
treatment had only a marginal effect on the numbers of
macrophages but greatly attenuated lipid deposition in the
atherosclerotic plaques. An inverse association between HDL-C
and an increased risk of CVD has been well established in
epidemiological and clinical studies.12 Increased HDL-C has
potentially antiatherogenic effects. LDL-C represents the
amount of cholesterol contained in LDL and is commonly
used to estimate the levels of LDLs that are driving the
progression of atherosclerosis.22 LDL-C has recently been
recognized as a potential target to reduce the risk of cardio-
vascular events. Further analyses indicated that treatment with
PYC decreased TC, triglycerides and LDL-C and increased
HDL-C levels. Accordingly, our results confirmed a potential
protective antiatherosclerotic effect of PYC via the regulation of
lipid levels. However, the mechanism by which PYC decreases
these lipids remains unknown and requires further exploration.

A hallmark of atherosclerosis is the formation of fatty streaks
encompassing the accumulation of lipid-laden macrophages
named foam CE cells. Following the uncontrolled uptake of
CuoxLDL by macrophages, large amounts of triglycerides are
deposited in lipid droplets. Many molecules have been shown
to be located on the surface of lipid droplets. Among these, the
proteins ADRP and ALBP are considered to be essential for
lipid storage, synthesis and metabolism.23,24 The overexpres-
sion of ADRP and ALBP facilitates macrophage-derived foam
cell formation, and this process is blocked by inhibiting the
expression of ADRP.14,15,17 A previous study has demonstrated
that PYC can significantly decrease the expression of ALBP.18

Figure 5 The TLR4–NF-κB pathway accounted for the PYC-induced
inhibitory effect on LPS-triggered foam cell formation. Cultured
cells were treated with various doses of PYC and then stimulated
with 10 μgml−1 LPS for 24 h. After exposure to CuoxLDL,
activation of the TLR4 and NF-κB pathway was analyzed by western
blotting analysis (a). The corresponding quantified results are also
shown (b). **Po0.01 versus control group; #Po0.05 versus
LPS-pretreated cells. ##Po0.01.
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We have previously demonstrated that PYC downregulates
lipid deposition in areas of atherosclerotic lesions. To further
investigate the protective effects of PYC against atherosclerosis
via the regulation of lipid levels, we explored its impact on lipid
droplet formation in vitro. In the present study, LPS clearly
accelerated CuoxLDL uptake by THP-1-derived macrophages,
and higher CE/TC ratios, intracellular triglyceride levels and
foam cell numbers were confirmed compared with the control
group. Following stimulation with the indicated doses of PYC,
we demonstrated a dose-dependent decrease in foam cell
formation as well as lipid deposition compared with the
LPS-treated group. Further mechanistic analysis suggested that
PYC significantly decreased the mRNA and protein levels of
LPS-stimulated ADRP and ALBP, followed by a decrease in
lipid accumulation. Based on the key function of ADRP and
ALBP in foam cell formation, we concluded that PYC inhibited
LPS-induced lipid accumulation by downregulating the
expression of ADRP and ALBP, which may provide a beneficial
antiatherosclerotic effect in CVDs.

It is known that TLR4 is a specific receptor for LPS, and the
absence of TLR4 diminishes atherosclerotic plaque
formation.25,26 NF-κB is known to be a critical downstream
effector, and the blockade of LPS-induced NF-κB signaling
reduces atherosclerosis.27 It has been confirmed that LPS
significantly increases ADRP and ALBP expression.12,28 There-
fore, we hypothesized that there was a relationship between the
TLR4–NF-κB pathway and the expression of ADRP and ALBP.
Consistent with a previous study, LPS upregulated the mRNA
and protein levels of ADRP and ALBP together with increased
lipid deposition. Following pretreatment with specific anti-
TLR4 antibody or the NF-κB inhibitor PDTC, this increase was
reduced, which suggested that TLR4–NF-κB signaling was
responsible for the LPS-induced upregulation of ADRP and
ALBP expression during foam cell formation. The PYC-
induced downregulation of ADRP and ALBP expression would
demonstrate its association with the TLR4–NF-κB pathway.
Consistent with our hypothesis, preconditioning with PYC
dramatically impeded TLR4 expression as well as NF-κB
activation triggered by LPS, indicating that PYC strongly
mitigated LPS-initiated ADRP and ALBP expression through
the TLR4–NF-κB pathway. However, the mechanism by which
PYC exerts its inhibitory on TLR4–NF-κB has not been
described, and whether other signaling mechanisms are also
involved in this progress remains unknown. These questions
will be explored in our future studies.

The present findings may provide potential insight into the
antiatherosclerotic effect of PYC via the mediation of lipid
levels, suggesting that PYC is a promising therapeutic agent
against atherosclerotic CVDs. However, the antiatherosclerotic
effects of PYC by regulating lipid levels were demonstrated
in vitro, and direct evidence for the antiatherosclerotic func-
tions of PYC through the modulation of ADRP and ALBP
expression via the TLR4-NF-κB pathway in vivo remains
to be demonstrated. Previous research has confirmed that
ApoE− /− mice lacking TLR4 exhibit reduced plaque lipid
content, macrophage numbers and pro-inflammatory cytokine

levels, suggesting a pathophysiological link between immunity
and atherosclerosis.29 However, the present study demon-
strated that PYC treatment caused a decrease in the number
of macrophages that accumulated in plaques, but this result
was not significantly different from the control groups. The
effects of a drug in vivo are known to be complicated and
affected by various factors, such as the dose, timing, drug
delivery technique and other factors that are present in vivo.
Perhaps the dose of PYC used in the present study only affected
TLR4-mediated lipid metabolism but had little effect on
macrophage recruitment. Higher doses of PYC or other routes
of drug delivery will be assessed in future studies to explore
the effect of this compound on macrophage recruitment.
Furthermore, whether PYC affects macrophage migration to
damaged endothelial cells via the TLR4 pathway in vivo
necessitates further investigation.

Bacterial infection has been confirmed to be significantly
associated with the development of atherosclerosis and its
clinical complications, including unstable angina, myocardial
infarction and stroke.30 Here we constructed LPS and high-fat
diet-induced atherosclerotic mice. The results of this study aid
in clarifying the mechanism by which PYC attenuates bacterial
infection-triggered pathological processes associated with
atherosclerosis. PYC is known to have potential protective
anti-inflammatory properties.3,31 Whether PYC can attenuate
the development of atherosclerosis by regulating the inflam-
matory response remains unclear. The mechanisms underlying
the effects of PYC on the progression of atherosclerosis remain
to be validated in future investigations.
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