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Honokiol ameliorates endothelial dysfunction through
suppression of PTX3 expression, a key mediator
of IKK/IκB/NF-κB, in atherosclerotic cell model

Ling Qiu1, Rong Xu1, Siyang Wang1, Shuijun Li2, Hongguang Sheng3, Jiaxi Wu2 and Yi Qu1

Pentraxin 3 (PTX3) was identified as a marker of the inflammatory response and overexpressed in various tissues and cells

related to cardiovascular disease. Honokiol, an active component isolated from the Chinese medicinal herb Magnolia officinalis,
was shown to have a variety of pharmacological activities. In the present study, we aimed to investigate the effects of honokiol

on palmitic acid (PA)-induced dysfunction of human umbilical vein endothelial cells (HUVECs) and to elucidate potential

regulatory mechanisms in this atherosclerotic cell model. Our results showed that PA significantly accelerated the expression of

PTX3 in HUVECs through the IκB kinase (IKK)/IκB/nuclear factor-κB (NF-κB) pathway, reduced cell viability, induced cell

apoptosis and triggered the inflammatory response. Knockdown of PTX3 supported cell growth and prevented apoptosis by

blocking PA-inducted nitric oxide (NO) overproduction. Honokiol significantly suppressed the overexpression of PTX3 in

PA-inducted HUVECs by inhibiting IκB phosphorylation and the expression of two NF-κB subunits (p50 and p65) in the

IKK/IκB/NF-κB signaling pathway. Furthermore, honokiol reduced endothelial cell injury and apoptosis by regulating the

expression of inducible NO synthase and endothelial NO synthase, as well as the generation of NO. Honokiol showed an anti-

inflammatory effect in PA-inducted HUVECs by significantly inhibiting the generation of interleukin-6 (IL-6), IL-8 and monocyte

chemoattractant protein-1. In summary, honokiol repaired endothelial dysfunction by suppressing PTX3 overexpression in an

atherosclerotic cell model. PTX3 may be a potential therapeutic target for atherosclerosis.
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INTRODUCTION

Cardiovascular disease, a leading cause of mortality in devel-
oped countries, is mainly caused by atherosclerosis. Inflamma-
tory response has a vital role in the pathogenesis of various
cardiovascular diseases.1–6 Palmitic acid (PA) is the most
common (saturated) fatty acid found in animals, plants and
microorganisms. According to the World Health Organization,
consumption of PA increases risk of developing cardiovascular
diseases. It has been reported that PA induces oxidative stress
and apoptosis in βTC6 cells,7 impairs cell viability and increases
apoptosis of neural stem cells by activating c-Jun N-terminal
kinase.8 In addition, incubation with palmitic and linoleic acids
at concentrations of 0.2 μM or higher inhibited endothelial
progenitor cell proliferation, significantly reduced migratory
rate, reduced adhesion to fibronectin and impaired the ability
of endothelial progenitor cells to form a tube structure.9

Consequently, PA is often used in vivo or in vitro, to model
the effects of cardiovascular diseases.7–11

Pentraxins (PTXs) are an essential component of humoral
immunity. Some research studies showed that PTX3, a proto-
typic member of the long PTX family, was connected to
atherosclerosis.12,13 PTX3 was overexpressed in macrophages
and endothelial cells in atherosclerotic tissue, and previous
studies have also shown that PTX3 affected lipid accumulation
in human macrophages.14,15 Clinical research has shown that
the level of PTX3 was upregulated significantly in patients with
unstable angina pectoris or acute coronary syndrome, and
PTX3 was associated with coronary plaque vulnerability.16–18

Furthermore, in tissue samples of coronary artery disease,
PTX3 deposits were found in the aorta and they were
connected to the amount of inflammatory cell infiltrates in the
tissue.19 At the same time, PTX3 has been linked to obesity-
associated inflammation by serving as a cardioprotective
modulator against cardiovascular disease. Higher levels of
PTX3 were independently associated with increased mortality
after ischemic stroke. It has been suggested that PTX3 is a
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powerful prognostic biomarker in patients with ischemic
stroke20,21 Overall, the level of PTX3 is confirmed to be closely
associated with atherosclerosis. However, the correlation
between endothelial cell injury and PTX3, and the regulatory
mechanisms between upstream and downstream processes are
still not fully understood.

Nuclear factor-κB (NF-κB) has an important role in the
intracellular regulation of immune response, inflammation and
cell cycle.22–25 NF-κB exists in the cytoplasm as an inactive p50/
p65 protein heterodimer associated with an inhibitor protein.
The activation of NF-κB depends on IκB kinases (IKKs).26

NF-κB and the associated downstream signaling pathway
have been shown to mediate signaling in hyperglycemia or
oxidative stress-triggered apoptosis of endothelial cells.27,28

It was reported that combining adipocyte-conditioned
medium with oleic acid induces a synergistic NF-κB activation
and leads to downregulation of NF-κB targets ang-1, SOD-1
and MMP-1 in human vascular smooth muscle cells.29 In
addition, in PTX3− /− mice subjected to ischemia followed by
reperfusion of the superior mesenteric artery, tissue injury
was inhibited, and NF-κB translocation as well as cytokine
production of CXCL1 and tumor necrosis factor-α (TNF-α)
were decreased.30 Therefore, the IKK/IκB/NF-κB signaling
pathway might have an important role in the regulation of
PTX3 expression and endothelial dysfunction.

Honokiol, an active component isolated from the Chinese
medicinal herb M. officinalis, has been shown to possess a
variety of pharmacological activities.31–37 Recent studies have
shown that honokiol suppressed TNF-α-induced migration
and matrix metalloproteinase expression by blocking NF-κB
activation via the ERK signaling pathway in rat aortic smooth
muscle cells.37 Honokiol caused the p21WAF1-mediated G1
phase arrest of the cell cycle by inducing p38 mitogen-activated
protein kinase in vascular smooth muscle cells.38 Honokiol has
also alleviated hyperglycemia, hyperlipidemia, hepatic oxidative
damage and insulin resistance in diabetic rats by inhibiting
hepatic CYP2E1 activity.39 In addition, honokiol upregulated
prostacyclin synthase protein expression and inhibited
endothelial cell apoptosis.40 Although honokiol has a role in
anti-inflammatory, antioxidant, anti-angiogenic and anti-
tumor activity in certain cell types, its effects on PA-inducted
human umbilical vein endothelial cells (HUVECs) are unclear.

In this study, we incubated HUVECs with PA to establish an
endothelial cell injury model. We aimed to investigate the
function of honokiol and to elucidate regulatory mechanisms
in this atherosclerotic cell model. The phosphorylation level of
IκB and the expression of two NF-κB subunits (p50 and p65)
in the IKK/IκB/NF-κB signaling pathway were determined with
western blotting. The level of inflammatory cytokines (inter-
leukin-6 (IL-6), IL-8 and monocyte chemoattractant protein-1
(MCP-1)) and vascular endothelium active molecules (nitric
oxide (NO), induced NO synthase (iNOS) and endothelial NO
synthase (eNOS)) were evaluated using western blotting and
enzyme-linked immunosorbent assay measurement.

MATERIALS AND METHODS

Cell culture
HUVECs were obtained from the Cell Resource Center at the
Shanghai Institutes for Biological Sciences (SIBS, Shanghai, China)
and cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA). The cells were washed
and incubated in endotoxin-free RPMI 1640 (10% fetal bovine serum)
at 37 °C in the presence of 5% CO2.

Cell viability assay and cell apoptosis assay
Cells were digested and reseeded in 96-well plates for a cell viability
assay, by using the Cell Counting Kit (CCK-8, Beyotime, Shanghai,
China), according to the manufacturer’s protocol.
Apoptosis was measured using an annexin-V-Fluos and propidium

iodide Apoptosis Detection Kit (Beyotime) and a flow cytometer
(Becton Dickinson Diagnostic Systems, Sparks, MD, USA), according
to the manufacturer’s guidelines.

Quantitative reverse-transcriptase PCR and western blotting
Total RNA was extracted from cells using TRIzol (Invitrogen) and
reverse transcribed into cDNA using the SuperScriptIII reverse-
transcriptase kit (Invitrogen), according to the manufacturer’s instruc-
tions. Quantitative reverse-transcriptase PCR for PTX3 mRNA level
was performed using the SYBR Green Master (Invitrogen) on a
Stratagene MX3005P system (Agilent Technologies, Santa Clara, CA,
USA). β-Actin served as an internal standard. Relative gene expression
was calculated using the 2−ΔΔCt method.41

Protein extracted from cells were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore, Schwalbach, Hessen, Germany).
Membranes were blocked and then incubated with primary antibodies
specific for PTX3, IκB-α, p-IκB-α, p50, p65, iNOS and eNOS. β-Actin
was used as a protein loading control. The membranes were incubated
with the appropriate HRP (horseradish peroxidase)-conjugated anti-
body and visualized with chemiluminescence (Thermo Scientific,
Rockford, IL, USA).

RNA interference
Three different small interfering RNA were synthesized by
Genepharma (Shanghai, China) and transfected into HUVECs,
to suppress the function of PTX3 using Lipofectamine 2000
(Invitrogen).

Enzyme-linked immunosorbent assay measurement
HUVECs were exposed to PA (0.5mM, Sigma, St Louis, MO, USA),
PA+honokiol (10 μM, Shanghai yuanye Bio-Technology, Shanghai,
China) or PA+TPCA-1 (30 μM, Selleck, Houston, TX, USA) for 48 h,
and the culture medium was collected. The amount of PTX3 (Dakewe
Biotech, Shanghai, China), MCP-1 (Abcam, Cambridge, UK), NO
(Dakewe Biotech), IL-6 (Dakewe Biotech) and IL-8 (Dakewe Biotech)
were quantified using a human enzyme-linked immunosorbent assay
kit, according to the manufacturer’s instructions. The absorbance
values were read at 450 nm in a microplate reader (BioTek, Winooski,
VT, USA).

Immunohistochemical analysis
HUVECs were incubated in 96-well plates with PA (0.5mM) or
honokiol (10 μM) for 48 h. The cells were washed with phosphate-
buffered saline, fixed with 4% paraformaldehyde and permeabilized in
0.1% Triton X-100, then blocked with 1/100 diluted goat serum and
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incubated overnight at 4 °C with an anti-PTX3 primary antibody
(Santa Cruz Biotechnology, Dallas, TX, USA). After two washes with
phosphate-buffered saline, the cells were incubated for 1 h at 37 °C
with a secondary antibody (Santa Cruz Biotechnology). Cells were
washed again and stained with DAPI (2-(4-amidinophenyl)-1H
-indole-6-carboxamidine). The samples were visualized with fluores-
cence microscopy (Carl Zeiss, Jena, Germany).

Statistical analysis
Statistical analysis was performed using SPSS software version 16.0
(SPSS Inc., Chicago, IL, USA). All experiments were performed at least
three times and the data are shown as the mean± s.d. A two-tailed t-
test was used for comparing two independent groups. One-way
analysis of variance was used to compare multiple groups. Po0.05
was considered statistically significant.

RESULTS

PA induced HUVEC apoptosis and PTX3 overexpression.
To investigate PA-induced injury of HUVECs, we incubated
the HUVECs with different concentrations of PA. The
viability of HUVECs incubated with different concentrations
of PA for 24 or 48 h was determined using CCK-8 assays. The
results showed that PA treatment induced cell death in a
concentration-dependent and time-dependent manner
(Figure 1a). To investigate whether PA induced cell death
through an apoptotic mechanism, annexin V/propidium iodide
double staining was used to detect early apoptosis. As shown in
Figure 1c, the early apoptotic rate significantly increased in

HUVECs after 48 h of PA exposure at doses of 0.5 and 1mM

(Po0.05). Finally, we investigated the level of PTX3 in
HUVECs with PA treatment. The quantitative reverse-
transcriptase PCR and western blot analyses showed that the
expression level of mRNA and protein for PTX3 significantly
increased in the PA treatment group compared with the
control (Figure 2a). In addition, immunochemistry exhibited
an enhanced PTX3 signal in HUVECs after PA treatment
(Figure 2b).

At the same time, we incubated HUVECs with different
concentrations of honokiol for 24 or 48 h, to detect the effect of
honokiol on HUVEC viability. The results showed that
HUVECs had almost the same viability when they were
exposed to honokiol concentrations of 0–30 μM for 24 h.
Concentrations higher than 40 μM markedly altered cell
viability (Figure 1b, Po0.05). In the 48-h exposure group, at
concentrations > 10 μM, honokiol significantly inhibited cell
viability (Figure 1b, Po0.05). Consequently, we selected a
concentration of 10 μM for the next experiment. As shown in
Figures 1c and 2, compared with PA treatment (0.5 mM),
honokiol (10 μM) significantly inhibited cell apoptosis and
PTX3 expression (Po0.05).

Overall, we successfully established a PA-induced
HUVEC injury model for atherosclerosis research and
determined the expression of PTX3 was upregulated in
HUVECs by PA.
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Figure 1 PA-induced HUVECs injury. (a) Cell viability of HUVECs after treatment with various concentrations of PA for 24 or 48 h. (b) Cell
viability of HUVECs after treatment with various concentrations of honokiol for 24 or 48 h. (c) Apoptosis of HUVECs after treatment with
vehicle, 0.5mM PA, 1mM PA or 10 μM honokiol for 48 h. Data are mean± s.d., n=3 in each group. *Po0.05, versus untreated group.
#Po0.05, versus 0.5mM PA treatment group.
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Honokiol suppressed PA-induced overexpression of PTX3
and inflammatory response in HUVECs
PA caused dysfunction in HUVECs and led to overexpression
of PTX3. However, the regulatory mechanism of PTX3
expression in PA-inducted HUVECs remains unclear. The
NF-κB pathway has been shown to have an important role
in the inflammatory response, especially in tumorigenesis
caused by chronic inflammation.42,43 To understand the
possible mechanism behind PTX3 overexpression in a PA-
induced atherosclerosis model, we incubated HUVECs with PA
(0.5mM), PA plus an inhibitor of IKK-2 (TPCA-1, 30 μM) or
PA plus honokiol (10 μM) for 48 h. From enzyme-linked
immunosorbent assay analysis, quantitative reverse-
transcriptase PCR and western blotting, we observed an
obvious increase of PTX3 in HUVECs after PA treatment
(Po0.05, Figures 3a, b and c). In addition, TPCA-1, an
inhibitor of IKK-2, significantly suppressed the upregulation
of PTX3 induced by PA (Po0.01). Similarly, honokiol
significantly inhibited the ectopic expression of PTX3 in
HUVECs (Po0.01).

Next, we investigated the activation of NF-κB by performing
western blotting. The phosphorylation level of IκB-α is shown
in Figure 3d. Compared with the untreated group, the
phosphorylation levels of IκB-α increased dramatically under
PA treatment (Po0.05). Similarly, the expression levels of two
NF-κB subunits, p50 and p65, were significantly increased in

the nucleus after exposure to PA (Po0.05, Figure 3e). Con-
versely, honokiol significantly inhibited the phosphorylation of
IκB compared with PA treatment. The levels of p50 and p65
also decreased after honokiol treatment (Po0.05).

The results indicate that PA-inducted PTX3 overexpression
occurred through the IKK/IκB/NF-κB signaling pathway. After
PA treatment, the phosphorylation level of IκB increased,
NF-κB was activated and transferred from cytoplasm into the
nucleus and it combined with the corresponding DNA
segments to regulate PTX3 transcription and expression. In
this process, honokiol might operate as a kinase inhibitor that
effectively suppresses PTX3 overexpression.

In addition, the inflammatory response induced by PA was
evaluated by measuring the level of two indicators (IL-6 and
IL-8) and MCP-1. The results showed that PA significantly
increased the levels of IL-6, IL-8 and MCP-1 in HUVECs
(Po0.05), which suggests that PA could cause an inflammatory
response in HUVECs (Figure 3f). However, honokiol treatment
led to a significant reduction of IL-6, IL-8 and MCP-1
(Po0.05), which indicates that honokiol could function as
an anti-inflammatory agent in PA-induced HUVECs.

Honokiol inhibits PA-induced HUVECs injury and
apoptosis
In HUVECs, PA upregulated PTX3 expression, suppressed cell
growth and induced cell apoptosis. To investigate the role of

Figure 2 PA-induced PTX3 overexpression. (a) Protein and mRNA expression of PTX3 in HUVECs after treatment with vehicle, 0.5mM

PA, 1mM PA or 10 μM honokiol for 48 h. (b) Immunohistochemical staining of PTX3 in HUVECs after treatment with vehicle, 0.5mM PA or
10 μM honokiol for 48 h. Data are mean± s.d., n=3 in each group. *Po0.05, versus untreated group. #Po0.05, versus 0.5mM

PA treatment group.
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PTX3 in PA-induced HUVECs apoptosis, we blocked PTX3
with small interfering RNA. After treatment with PA (0.5mM),
eNOS expression significantly decreased and iNOS expression
increased compared with the untreated group (Po0.05,
Figure 4a). Accordingly, NO production also increased
(Po0.05, Figure 4b). Knockdown of PTX3 led to a significant
rise of eNOS and a reduction in iNOS, as well as a significant
reduction in NO secretion (Po0.05, Figures 4a and b). The
results of the cell viability and apoptosis analyses showed that
knockdown of PTX3 repaired cell growth and blocked cell
apoptosis induced by PA (Figures 4c and d). Collectively, these
results suggest that PTX3 was one of the targets of PA-induced
apoptosis. A potential regulation mechanism was that PTX3
inhibited eNOS expression and activated iNOS expression,
thereby promoting the overproduction of NO in HVECs and
eventually leading to apoptosis.

Furthermore, we found that honokiol could inhibit PA-
inducted vascular endothelial cell injury and apoptosis through
the NO pathway. Compared with PA treatment, honokiol
(10 μM) significantly increased eNOS protein levels, decreased
iNOS protein levels, inhibited NO production and prevented
cell apoptosis (Po0.05, Figure 4).

DISCUSSION

In the present study, we found that PTX3 is a target of PA-
induced endothelial cell injury. Honokiol had an anti-
inflammatory effect and repaired endothelial dysfunction by
suppressing PTX3 expression via the IKK/IκB/NF-κB pathway
in an atherosclerotic cell model. Our results strongly suggest
that honokiol may be used clinically in the near future to treat
patients with endothelial dysfunction and PTX3 may also be a
potential therapeutic target for treating atherosclerosis.
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In HUVECs, PA treatment induced cell apoptosis and PTX3
overexpression. PTX3 was confirmed to be a key mediator of
the IKK/IκB/NF-κB pathway. TPCA-1, an inhibitor of IKK,
significantly suppressed PA-induced overexpression of PTX3 in
HUVECs at the protein level and the mRNA level. The results
of our RNA interference experiment showed that knockdown
of PTX3 repaired cell growth and prevented cell apoptosis by
regulating the levels of iNOS/eNOS and the generation of NO,
whereas the opposite results occurred when PTX3 was

overexpressed. The findings suggest that PTX3 might have an
important role in PA-induced HUVECs apoptosis. These
experiments provided evidence that PTX3 is associated with
atherosclerosis and might be a potential therapeutic target for
atherosclerosis.

Honokiol is a small-molecule polyphenol isolated from the
Chinese medicinal herb M. officinalis. In the last few years,
honokiol has been found to have anti-angiogenic, anti-
inflammatory and anti-tumor properties in preclinical
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models.31–36 It was reported that honokiol reduced secretion of
IL-8 and TNF-α induced by Propionibacterium acnes in THP-1
cells.33 Honokiol inhibited TNF-α-induced RASMC prolifera-
tion and migration in a dose-dependent manner and blocked
TNF-α-induced protein expression of MMP-2 and MMP-9,
NF-κB activation and ERK1/2 phosphorylation.37 In the
present work, we found that honokiol significantly reduced
inflammatory cytokines, IL-6 and IL-8, as well as MCP-1, and
it demonstrated an anti-inflammatory effect on PA-inducted
HUVECs.

Other studies have suggested that honokiol suppresses
increases in NADPH oxidase activity, Rac-1 phosphorylation,
p22phox protein expression and the production of reactive
oxygen species, by inhibiting upregulation of high glucose
(HG)-induced NF-κB-regulated COX-2, apoptosis and cell
death in HUVECs.44 Zhang et al.45 found that honokiol
significantly reduced the level of the p65 subunit of NF-κB
in the nucleus of primary-culture microglia. In our study,
honokiol had a kinase inhibitor role by significantly suppres-
sing the overexpression of PTX3 in PA-induced HUVECs
through inhibiting IκB phosphorylation and the protein
expression of two NF-κB subunits (p50 and p65) in the
IKK/IκB/NF-κB signaling pathway. Ahn et al.46 found that
honokiol affects NF-κB signaling through an indirect effect on
NF-kB/DNA binding. Honokiol inhibited TNF-induced NF-κB
activation, IκBα phosphorylation and IκBα degradation, as well
as inhibiting NF-κB-dependent reporter gene expression
induced by TNFR1, TRADD, TRAF, NIK and IKKβ. Finally,
honokiol decreased levels of NF-κB target genes.

Furthermore, our study showed that honokiol could effec-
tively inhibit PA-induced HUVECs apoptosis through the NO
pathway. Honokiol significantly reduced iNOS levels and
activated eNOS expression to block the overproduction of
NO. It was reported that 0.1–10 μM concentrations of honokiol
reduced NO levels in glial cells.45 Ou et al.47 also showed that
honokiol affected eNOS protein expression, attenuated cell
apoptosis and affected reactive oxygen species generation in
oxLDL-induced HUVECs. Recently, it was reported that rutin
improved endothelial function by augmenting NO production
in HUVECs.48 NO is an important vascular endothelium active
molecule and a moderate concentration of NO can protect
endothelial functions. In the NO pathway, guanylate cyclase
and are both the downstream targets of NO. Guanylate cyclase
can improve the cyclic GMP level and NF-κB is an important
transcription factor for iNOS expression.

In summary, in a PA-inducted HUVEC injury model,
honokiol suppressed the overexpression of PTX3 by
inhibiting IκB phosphorylation and NF-κB activation in the
IKK/IκB/NF-κB signaling pathway, thereby impacting the
expression of iNOS/eNOS and the production of NO, as well
as repairing endothelial dysfunction. However, the endocrine
system is a very complex system and the pathogenesis of each
disease generally involves multiple signaling pathways.
The present study had partial limitations, because we only
investigated the regulatory mechanism of honokiol in the
classic IKK/IκB/NF-κB signaling pathway and only discussed

the role of HUVECs. If necessary, we can conduct more
comprehensive work in the future to systematically evaluate the
function of honokiol in different types of cells and multiple
pathway. Honokiol suppressed the PA-induced overexpression
of PTX3 by inhibiting IκB phosphorylation and NF-κB
activation in the IKK/IκB/NF-κB signaling pathway, regulating
the expression of iNOS/eNOS and the production of NO, as
well as repairing endothelial dysfunction in the PA-induced
HUVECs model. PTX3 may be a potential therapeutic target
for treating atherosclerosis.
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