Inflammation, Vol. 40, No. 5, October 2017 (© 2017)
DOI: 10.1007/s10753-017-0611-8

@ CrossMark

ORIGINAL ARTICLE

Paeonol Inhibits IL-13-Induced Inflammation via PI3K/Akt/
NF-kB Pathways: In Vivo and Vitro Studies
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Abstract—Paeonol, the main active component isolated from the root of Paeonia suffiuticosa, has been
reported to have anti-inflammatory properties. However, the effects of paconol on osteoarthritis (OA)
remain unclear. The aim of this study was to investigate the anti-inflammatory effects and mechanism of
paconol in IL-1p-induced human OA chondrocytes as well as mice OA models. Human OA
chondrocytes were pretreated with different concentrations of paeonol 2 h prior to IL-13 (10 ng/mL)
stimulation for 24 h. Nitric oxide (NO) production was determined by Griess method. The levels of
prostaglandin E2 (PGE2), matrix metalloproteinase 1 (MMP-1), MMP-3, and MMP-13 were assessed
by ELISA. Inducible nitric oxide synthase (INOS), COX-2, and PI3K/Akt/NF-kB-related signaling
molecules production were measured by Western blot. /n vivo, mice OA models were established by
destabilization of the medial meniscus. One month after surgery, mice in paeonol-treated group were
given intraperitoneal injection of paeonol in 30 mg/kg every day, while mice of vehicle-treated group
were injected with DMSO under the same conditions. Hematoxylin and eosin as well as Safranin-O
staining were applied to assess the severity of cartilage lesions. The results showed that pretreatment
with paeonol could inhibit IL-13-induced NO and PGE2 production. Meanwhile, the overproduction of
INOS, COX-2, MMP-1, MMP-3, and MMP-13 were also reversed by paeconol. Moreover, paconol was
found to inhibit IL-1{3-induced NF-«B activation, PI3K, and AKT phosphorylation. /n vivo, treatment
with paeonol exhibited less cartilage degradation and lower Osteoarthritis Research Society International
scores in mice OA models. In conclusion, these results suggest that paconol may be a potential
therapeutic agent in the treatment of OA.
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INTRODUCTION

Osteoarthritis (OA) is a chronic progressive joint
disorder and mainly occurs in the elderly. Common etio-
logical factors including obesity, age as well as trauma are
closely related with the progression of OA [1]. Reportedly,
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local inflammatory response and synovitis play important
roles in the process of cartilage matrix degradation [2]. The
excess production of inflammatory cytokines, primarily
tumor necrosis factor o« (TNF-x) as well as interleukin-
13 (IL-1$3), cause the up-regulation of matrix metallopro-
teinases (MMPs), aggrecanase, and collagenases. Besides,
they also result in the overproduction of cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (INOS),
which is directly associated with the secretion of prosta-
glandin E2 (PGE2) and nitric oxide (NO). MMPs are the
major matrix-degrading enzymes, which is responsible for
the destruction of extracellular matrix (ECM) [3].
Paeonol (2'-hydroxy-4'-methoxyacetophenone), the
main active component isolated from the root of Paeonia
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suffruticosa, has been reported to have various pharmaco-
logical, antioxidant, and antithrombotic properties [4, 5].
Furthermore, it has been reported to have anti-
inflammatory activity. Chae et al. found that paconol could
inhibit LPS-induced INOS, COX-2, and inflammatory me-
diator expression in RAW 264.7 cells [6]. Additionally,
paeonol was found that it could suppress the
neuroinflammatory responses via NF-«kB signaling path-
ways [7]. Moreover, paeonol had also been shown to
mediate anti-inflammation via blocking the activation of
the PI3K/Akt/NF-kB pathway in vascular inflammation
[8]. However, the anti-inflammatory effects of paconol on
IL-13-stimulated chondrocytes and OA model remain
unclear.

In the present study, we investigated the anti-
inflammatory effects of paeonol in human osteoarthritis
chondrocytes and mice OA model. Besides, we also eval-
uated whether paeonol took effect through inhibition of
PI3K/Akt/NF-«B pathway.

MATERIALS AND METHODS

Chemicals and Reagents

Paeonol (purity >98%) was purchased from Nanjing
Zelang Medical Technology Co., Ltd. (Nanjing, China).
Cell-Counting Kit-8 (CCK-8) was purchased from
Dojindo (Kumamoto, Japan). Primary antibodies for
PI3K, p-PI3K, AKT, p-AKT, p65, p-p65, IkB, and p-IkB
were purchased from CST (MA, USA). The GAPDH,
INOS, and COX-2 antibodies were acquired from Abcam
(Cambridge, UK). Recombinant human IL-1f3,
dimethylsulfoxide (DMSO), and collagenase Il were ob-
tained from Sigma Chemical Co. (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM)/F12 and
fetal bovine serum were purchased from Healthcare Life
Sciences (Hyclone, Logan, UT, USA). Griess reagent was
purchased from Beyotime Institute of Biotechnology
(Shanghai, China). ELISA kits for PGE2, MMP-1,
MMP-3, and MMP-13 were purchased from R&D systems
(Minneapolis, MN, USA).

Human OA Chondrocyte Isolation and Culture

Articular cartilage were collected in accordance with
the terms of the Medical Ethical Committee of the Second
Affiliated Hospital, Wenzhou Medical University, and fol-
lowing the guidelines of the Declaration of Helsinki. Hu-
man cartilage samples were obtained from OA patients
undergoing total knee arthroplasty (n = 5, range 52—

68 years) in the Second Affiliated Hospital of Wenzhou
Medical University. Full ethical consent was obtained from
all patients. Cartilage was isolated from articular cartilage
under sterile conditions and minced into small pieces. The
pieces were digested with a 0.25% trypsin—EDTA solution
for 30 min and then incubated with 0.1% collagenase II in
DMEM/F12 at 37 °C for 4 h. The cell suspension was
centrifuged at 1000 rpm for 3 min to collect the
chondrocytes. The extracted chondrocytes were cultured
in 75-cm” culture flasks with DMEM/F12 containing 10%
fetal bovine serum and incubated in an atmosphere of 95%
air and 5% CO, at 37 °C. The medium was changed every
2-3 days. Chondrocytes were passaged at a ratio of 1:3
when the confluence reached 80-90%. Chondrocytes be-
tween passages 2 to 4 were used in this study.

Cell Viability

Chondrocytes were seeded in 96-well plates (5000/well).
After 12 h, the cells were treated with different concentrations
(12.5, 25, and 50 pM) of paconol for 24 h. Then the cells were
incubated with CCK-8 solution at 37 °C for an additional 4 h.
Absorbance at 450 nm was then measured using a microplate
reader (Leica Microsystems, Germany).

NO and PGE2 Measurement

The concentration of NO in supernatant was deter-
mined by Griess reaction as previously described [9]. The
level of PGE2 in cell culture supernatants were investigat-
ed with an ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions. All
assays were performed in duplicate.

MMP-1, MMP-3, and MMP-13 Measurement

The protein expression levels of MMP-1, MMP-3,
and MMP-13 proteins in culture medium were investigated
with an ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions. All
assays were performed in duplicate.

Western Blot

Chondrocytes were lysed by radio-immuneprecipitation
assay (RIPA) and phenylmethanesulfonyl fluoride (PMSF),
and the subsequent protein concentration was determined
using the BCA protein assay kit (Beyotime). Forty micro-
grams of the protein was loaded onto an SDS-PAGE gel and
transferred to a PVDF membrane (Bio-Rad, USA). The
membranes were blocked with 5% non-fat dry milk for 2 h
at room temperature and subsequently washed three times for
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Fig. 1. Effects of paconol on the cell viability of human OA chondrocytes.
The cells were cultured with different concentrations of paeonol (0, 12.5,
25, 50 uM). After 24 h, the cell viability was evaluated using CCK-8
assay. Data are expressed as mean + SD. All experiments were repeated
three times.

5 min in Tris-buffered saline with Tween-20. The membranes
were incubated with primary antibodies against p65 (1:1000),
p-p65 (1:1000), p-IkB (1:1000), 1kB (1:1000), PI3K
(1:1000), p-PI3K (1:1000), AKT (1:1000), p-AKT (1:1000),
INOS (1:1000), COX-2 (1:1000), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (1:5000) overnight at
4 °C. After washing with Tris-buffered saline with Tween-20
three times for 5 min, the membranes were incubated with
horseradish peroxidase (HRP)-labeled secondary antibodies
for 2 h at room temperature. Signals were visualized using the
ChemiDoc™ XRS Imaging System (Bio-Rad).
Densitometric quantification of the membranes was
performed using ImageJ. GAPDH was used as internal
control for the protein.

Animal Experiments

Twenty-four clean-grade healthy C57BL/6 male mice
aged 8 weeks were purchased from the Animal Center of
Wenzhou Medical University. Care and use of all animals
conformed to the guidelines set forth by the Chinese Na-
tional Institutes of Health, with relevant study protocols
also approved by the Animal Care and Use Committee of
Wenzhou Medical University. Eight mice were considered
as control group. Mice were randomly divided into three
groups: control group, vehicle-treated group, and paeonol-
treated group. The control group received sham operations
involving an arthrotomy but without the transaction of
medial meniscus. The rest were performed by destabiliza-
tion of the medial meniscus (DMM) to establish OA
models as previously described [10]. One month after sur-
gery, mice in the paeonol-treated group were given intra-
peritoneal injection of paeonol in 30 mg/kg every day,
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Fig. 2. Paconol inhibits IL-1{-induced NO (a) and PGE2 (b) production
in human OA chondrocytes. Chondrocytes were pretreated with different
concentrations of paeonol (12.5, 25, 50 uM) 2 h prior to IL-13 (10 ng/mL)
stimulation for 24 h. The nitrite levels in the culture medium were evalu-
ated by Griess reaction (a). The levels of PGE2 were assessed by ELISA
(b). Data are expressed as mean + SD. All experiments were repeated three
times. Significant differences are indicated as *P < 0.05, **P < 0.01
compared with the IL-18 group. *P < 0.05 compared with the control

group.

while mice of vehicle-treated group were injected with
DMSO under the same conditions. Food and water were
available ad libitum. Mice were maintained under a con-
stant temperature of 20 + 2 °C, a relative humidity of
50 £ 10%, and a 12 h light/dark cycle. All mice were
sacrificed 8 weeks following the surgery.

Histological Analysis

Samples from each group were fixed in 4% parafor-
maldehyde for 24 h, then subsequently decalcified in 10%
EDTA at 37 °C for 1 month. Sections (5 um) in paraffin
were cut and stained with hematoxylin and eosin (H&E)
and Safranin-O-Fast green staining. The histological eval-
uation was graded according to the Osteoarthritis Research
Society International (OARSI) scoring system [11].
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Fig. 3. Paeonol suppressed the expression of INOS and COX-2 in IL-13-stimulated human OA chondrocytes. Chondrocytes were pretreated with different
concentrations of paeonol (12.5, 25, 50 uM) 2 h prior to IL-13 (10 ng/mL) stimulation for 24 h. The levels of INOS as well as COX-2 were assessed by
Western blot (a) and quantification analysis (b). All experiments were repeated three times. Significant differences are indicated as *P < 0.05, **P < 0.01
compared with the IL-1( group. *P < 0.05 compared with the control group.

Statistical Analysis

All data are expressed as mean + SD. Statistical
analyses were performed using SPSS version 16.0 soft-
ware. The statistical significance was assessed by one-way
analysis of variance followed by Tukey’s test for compar-
ison between control and treatment groups. Results were
considered to be statistically significant when P <0.05.

RESULTS

Effects of Paeonol on Cell Viability

CCK-8 assay was performed to assess the cytotoxic-
ity of paeonol. The cells were cultured with different
concentrations of paeonol (0, 12.5, 25, 50 uM) for 24 h.
No cytotoxic effects were observed at the concentration
range of 0-50 uM (Fig. 1). Therefore, we chose paeonol
(0-50 uM) for the following experiments

Effects of Paeonol on IL-13-Induced NO, PGE2 Pro-
duction in Human OA Chondrocytes

To assess the anti-inflammatory effects of paeonol,
IL-1B3-induced NO and PGE2 production in human OA
chondrocytes were evaluated. As shown in Fig. 2, the
production of NO and PGE2 rose rapidly because of the
stimulation of IL-1{3. However, paeonol significantly
inhibited the overproduction of these inflammatory medi-
ators. Also, paconol alone did not apparently affect the
production of NO as well as PGE2 production.

Effects of Paeonol on IL-13-Induced INOS, COX-2
Production in Human OA Chondrocytes

We also detected the effects of paconol on INOS and
COX-2 expression by Western blot analysis. Chondrocytes
were pretreated with different concentrations of paeonol
2 h prior to IL-13 (10 ng/mL) stimulation for 24 h. We
found that IL-13 visibly increased the expression of INOS
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and COX-2. However, pretreatment with paeonol dose-
dependently inhibited the excessive production of these
mediators (Fig. 3).

Effects of Paeconol on MMP-1, MMP-3, and MMP-13
Protein Expression Levels in IL-133-Induced Human
OA Chondrocytes

The protein expression levels of MMP-1, MMP-
3, and MMP-13 in human OA chondrocytes were
detected by ELISA. Chondrocytes were pretreated
with different concentrations of paeonol 2 h prior to
IL-13 (10 ng/mL) stimulation for 24 h. After 24 h in
the presence of IL-13, MMP-1, MMP-3, and MMP-
13, expression markedly increased. Paeonol obviously
suppressed the overproduction of MMP-1, MMP-3,
and MMP-13 induced by IL-133. However, paconol
alone made no difference to the expression of these
proteins (Fig. 4).
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Effects of Paeonol on IL-13-Induced NF-kB Activation

It is known to all that the NF-«B signaling pathway was
related to the regulation of inflammatory mediators. To deter-
mine the molecular mechanism of paconol, the changes in
NF-«B signaling pathway were detected. As shown in Fig. 5,
IL-1p3 significantly up-regulated the phosphorylation of NF-
kB p65 and IkB. As expected, paconol inhibited IL-1f3-
induced NF-kB activation in a dose-dependent manner.

Effects of Paeonol on IL-13-Induced PI3K and Akt
Phosphorylation

In order to further investigate the molecular mecha-
nism of paeconol on anti-inflammatory effect, the regulation
of paeonol on IL-1{3-induced PI3K/Akt phosphorylation
was detected by Western blot. The results showed that
paeonol significantly inhibited IL-1{3-induced PI3K and
AKT phosphorylation (Fig. 6).
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Fig. 4. Effects of paconol on IL-13-stimulated MMP-1, MMP-3, and MMP-13 expression in human OA chondrocytes. Chondrocytes were pretreated with
different concentrations of paeonol (12.5, 25, 50 uM) 2 h prior to IL-13 (10 ng/mL) stimulation for 24 h. The protein expression levels of MMP-1 (a), MMP-
3 (b), and MMP-13 (c¢) were assessed by ELISA assay. All experiments were repeated three times. Significant differences are indicated as *P < 0.05,
#%P < .01 compared with the IL-13 group. *P < 0.05 compared with the control group.
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Fig. 5. Paeonol inhibits IL-13-induced NF-«B activation in human OA chondrocytes. Chondrocytes were pretreated with different concentrations of paconol
(12.5, 25, 50 uM) 2 h prior to IL-13 (10 ng/mL) stimulation for 24 h. The expression of p65, p-p65, IkB, and p-IkB was assessed by Western blot (a) and
quantification analysis (b). All experiments were repeated three times. Significant differences are indicated as *P < 0.05, **P < 0.01 compared with the IL-13

group. *P < 0.05 compared with the control group.

Histologic Assessment of Cartilage in Rat Experiment

To investigate the protective effect of paconol for OA
in vivo study, mice OA models were established by the
transaction of medial meniscus. The histopathological
changes of cartilage were evaluated by H&E and
Safranin-O-Fast green staining. In the vehicle-treated
group, the histological analysis revealed apparent morpho-
logical changes, including rough surfaces, obvious
hypocellularity, and loss of Safranin-O staining compared
with the control group, whereas the cartilage damage got a
significant improvement by treatment with paeonol (Fig.
7). Consistent with the morphologic features, the OARSI
scores of the paconol-treated group were significantly low-
er than that of the vehicle-treated group.

DISCUSSION

Plant-derived compounds have received increased in-
terest for its anti-inflammatory effect and minor side effect in
the treatment of OA [12, 13]. Paconol, an active

component of P. suffruticosa, has been reported to
have an anti-inflammatory action in the nervous sys-
tem, respiratory system, etc. [14, 15]. In the present
study, we confirmed the effect of paeonol in IL-1f3-
induced chondrocytes and OA mice models. Further
investigations implied that the anti-inflammatory
mechanism of paeonol may be associated with the
inhibition of PI3K/Akt/NF-kB pathway.

IL-1$3 is one of the major cytokines in the develop-
ment of OA, which can induce the release of inflammatory
mediators and MMPs [15]. Excessive delivery of IL-1f3 is
found in the cartilage and synovial fluid when OA occurs
[16, 17]. As a consequence, it was always applied to mimic
the OA microenvironment in vitro study. In the present
study, elevated levels of MMP-1, MMP-3, and MMP-13
were detected when we stimulated the chondrocyte with IL-
13. Moreover, IL-13 also up-regulated the expression of
NO and PGE2 as well as the expression of INOS and COX-
2. Our results were consistent with the previous studies and
reconfirmed the role of IL-1f3 in the pathogenesis of OA.

NO and PGE2 are considered as vital inflamma-
tory mediators, which can be synthesized by INOS and
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Fig. 6. Effects of paconol on IL-1(3-induced PI3K and AKT phosphorylation in human OA chondrocytes. Chondrocytes were pretreated with different
concentrations of paeonol (12.5, 25, 50 uM) 2 h prior to IL-13 (10 ng/mL) stimulation for 24 h. The expression of PI3K, p-PI3K, AKT, and p-AKT were
assessed by Western blot (a) and quantification analysis (b). All experiments were repeated three times. Significant differences are indicated as *P < 0.05,

##P < (.01 compared with the IL-1( group. *P < 0.05 compared with the control group.

COX-2, respectively. Previous studies showed that the
inhibition of the production of these inflammatory me-
diators plays a role in the attenuation of the progres-
sion of OA [18]. MMPs belong to a family of proteo-
lytic enzymes which is closely related to the degrada-
tion of ECM. Among them, MMP-1, MMP-3, and
MMP-13 are the pivotal factors for the degradation of
collagen type II, proteoglycans, and other components
of ECM [19]. In this study, our results showed that
paconol obviously inhibited IL-13-induced inflamma-
tory response as well as MMP production. These find-
ings were consistent with previous studies [20]. The
results suggested that the overproduction of NO and
PGE2 were reduced by paeonol, which may be corre-
lated to the regulation expression of INOS and COX-2.
These inflammatory mediators could be the target in
the treatment of OA. And Paeonol also showed the
protective effect of ECM which may be associated with
the down-regulation of the MMP family.

As is known to all, NF-kB signaling pathway is
a critical regulator in inflammatory cytokine

production. Previous studies reported that it is also
an important catabolic signaling pathway in the path-
ogenesis of OA by regulating inflammatory mediators
[21]. PI3K/Akt signaling pathway is known as one of
the major upstream pathways of NF-kB activation.
The suppression of PI3K/Akt could attenuate NF-kB
phosphorylation [22, 23]. Several studies demonstrat-
ed that paconol mediates anti-inflammation via
inhibiting NF-kB signaling [7]. What is more,
Xusheng Yuan et al. reported that paeonol could
ameliorate vascular inflammation through the sup-
pression of PI3K/Akt/NF-kB pathway [8]. In order
to explore the anti-inflammatory mechanisms of
paeonol, PI3K/Akt phosphorylation and NF-«B acti-
vation were detected in our study. The results
showed that paeonol could inhibit IL-13-induced in-
flammation, and the protective effect may be con-
nected to the changes of the PI3K/Akt/NF-«kB path-
way. However, more studies are still needed to fur-
ther clarify the exact mechanisms of paeonol in the
treatment of OA.
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Fig. 7. Paeonol inhibits the cartilage destruction in OA mice models. Mice were randomly divided into three groups: control group, vehicle-treated group,
and paeonol-treated group. The control group received sham operations. The rest were performed by DMM surgery for establishing OA models. One month
after surgery, mice in the paconol-treated group were given intraperitoneal injection of paconol in 30 mg/kg every day, while mice of the vehicle-treated group
were injected with DMSO under the same conditions. Histological analysis of OA were detected by Safranin-O staining and H&E staining (a). The OARSI
scores were calculated for each group (b). Data are means = SD. * P < 0.001 compared with the control group, and *P < 0.05 compared with the vehicle-

treated group.

When it comes to the in vivo study, the animal
OA models were through DMM surgery. This method
has received increasing application when we evaluate
the effect of agents for the treatment of OA, which
will cause cartilage degradation because of the
model’s mechanical instability. In the present study,
we found that the cartilage degeneration were less
severe in the paeonol-treated group compared with
the control group. The results were consistent with
the in vitro studies, which suggest that paeonol has
the chondroprotective ability both in vitro and in vivo.

In conclusion, the present study demonstrated that
paconol could suppress IL-13-induced inflammatory

response in human OA chondrocytes, which may as-
sociate with the inhibition of PI3K/Akt/NF-kB path-
way. Moreover, paeonol also reduced cartilage degra-
dation in mice OA models. Altogether, paconol may be
considered as a potential agent in the treatment of OA.
However, further studies are needed to investigate
more accurate mechanisms and clinical efficacy of
paeonol on OA.
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