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Abstract Chondrocyte apoptosis is an important mecha-
nism involved in osteoarthritis (OA). Berberine (BBR), a
plant alkaloid derived from Chinese medicine, is charac-
terized by multiple pharmacological effects, such as anti-
inflammatory and anti-apoptotic activities. This study
aimed to evaluate the chondroprotective effect and under-
lying mechanisms of BBR on sodium nitroprusside (SNP)-
stimulated chondrocyte apoptosis and surgically-induced
rat OA model. The in vitro results revealed that BBR
suppressed SNP-stimulated chondrocyte apoptosis as well
as cytoskeletal remodeling, down-regulated expressions of
inducible nitric oxide synthase (iNOS) and caspase-3, and
up-regulated Bcl-2/Bax ratio and Type II collagen (Col II)
at protein levels, which were accompanied by increased
adenosine  monophosphate-activated  protein  kinase
(AMPK) phosphorylation and decreased phosphorylation
of p38 mitogen-activated protein kinase (MAPK). Fur-
thermore, the anti-apoptotic effect of BBR was blocked by
AMPK inhibitor Compound C (CC) and adenosine-9-3-D-
arabino-furanoside (Ara A), and enhanced by p38 MAPK
inhibitor SB203580. In vivo experiment suggested that
BBR ameliorated cartilage degeneration and exhibited an
anti-apoptotic effect on articular cartilage in a rat OA
model, as demonstrated by histological analyses, TUNEL
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assay and immunohistochemical analyses of caspase-3,
Bcl-2 and Bax expressions. These findings suggest that
BBR suppresses SNP-stimulated chondrocyte apoptosis
and ameliorates cartilage degeneration via activating
AMPK signaling and suppressing p38 MAPK activity.
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Introduction

Osteoarthritis (OA) is characterized by the degeneration of
articular cartilage and subchondral bone and accompanied
by joint pain, swelling and stiffness, leading to joint dys-
function [1, 2]. Many different factors, including genetics,
lifestyle and joint instability contribute to the onset and
progression of OA, which greatly affects quality of life in
elder population [3]. The pathological process of OA
involves in articular cartilage chondrocyte apoptosis,
chondrocyte phenotype loss and overproduction of pro-
inflammatory mediators, such as tumor necrosis factor-a,
interleukin (IL)-1, nitric oxide (NO), and prostaglandins
[4-7]. Specifically, NO donor sodium nitroprusside (SNP)
is commonly known as an inducing and modulating agent
to trigger chondrocyte apoptosis [8, 9]. The relationship
between chondrocyte apoptosis and the severity and pro-
gression of OA has been confirmed [10-12]. Thus, at early
stage of OA, inhibiting chondrocyte apoptosis may be a
potential strategy against the progression of cartilage
degeneration.

Adenosine monophosphate-activated protein kinase
(AMPK) is an enzyme comprised of o, B and y subunits
[13]. Previous studies have shown that activation of AMPK
is involved in a variety of pathological conditions such as
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ischemia, glucose deprivation, oxidative stress, starvation,
and adiponectin-induced degradation of cartilage matrix
[14, 15]. It has also been demonstrated that activation of
AMPK protects against hydrogen peroxide-induced osteo-
blast apoptosis probably through autophagy induction and
nicotinamide adenine dinucleotide phosphate maintenance
[16]. Mitogen-activated protein (MAP) kinases consist of
p38 MAPK, extracellular signal-regulated kinase p44/42
MAPK, and c-Jun N-terminal kinase [17]. It has been
proved that activation of p38 MAPK has participated in
chondrocyte apoptosis [18]. On the other hand, inhibition
of p38 MAPK has been shown to exhibit protective effect
on cartilage degradation in different animal models [19].
Berberine chloride (BBR, structure shown in Fig. 1) is a
botanical alkaloid derived from several species of medic-
inal herbs, including Coptis chinensis and Berberis aristate
[20]; BBR has shown multiple pharmacological effects,
including antibiotic [21], anti-inflammatory [22], anti-
cancer [23], anti-oxidative [24], and anti-apoptotic [25]
effects. Recent studies have demonstrated that BBR
decreases IL-1B-stimulated glycosaminoglycan release and
NO production, and down-regulates matrix metallopro-
teinases expression in vitro and in vivo [26, 27]. BBR was
also shown to protect articular cartilage from degeneration
via activating Akt/p70S6K/S6 signaling pathway in IL-1p-
induced articular chondrocytes and in a rat OA model [28].
Nevertheless, few data is available on the therapeutic
mechanism for BBR on SNP-stimulated chondrocyte
apoptosis. The purpose of this study is to determine whe-
ther BBR inhibits SNP-stimulated rat chondrocyte apop-
tosis and ameliorates cartilage degeneration in a rat OA
model, and to elucidate the underlying mechanism asso-
ciated with AMPK and p38 MAPK signaling pathways.

Materials and methods
Reagents
BBR (purity >98 %) and AMPK inhibitor Compound C

(CC) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). The stock solution of BBR was prepared by

Fig. 1 The structure of berberine chloride (BBR)
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dissolving in methanol to a final concentration of 0.2 %
methanol in the medium, and the medium with 0.2 %
methanol was used as the control. The p38 MAPK inhibitor
SB203580, AMPK inhibitor adenosine-9-p-D-arabino-fu-
ranoside (Ara A), and rabbit antibodies against caspase-3,
Bax and Bcl-2 were obtained from Calbiochem (San
Diego, CA, USA). Cell counting kit-8 (CCK-8) was
obtained from Dojindo Laboratories (Kumamoto, Japan).
Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis kit was supplied by MultiSciences
Biotech Co.,Ltd (Hangzhou, China). Dulbecco’s modified
Eagle’s medium (DMEM)/F12 and trypsin were purchased
from Hyclone (USA). Type II collagenase was from
Invitrogen (California, USA). Fetal bovine serum (FBS)
and penicillin/streptomycin were obtained from Gibco-
BRL (Maryland, USA). Type II collagen (Col II), inducible
nitric oxide synthase (iNOS), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), phospho-AMPK (p-AMPK),
AMPK, p-p38 MAPK, and p38 MAPK antibodies were
obtained from Abcam (Cambridge, UK). SNP was pur-
chased from Youcare Pharmaceutical Group Co., Ltd
(Beijing, China). All of the other chemicals and reagents
were of analytical grade.

Cell isolation and culture

Primary articular chondrocytes were isolated from the knee
joints of newborn (5 days old) Sprague-Dawley (SD) rats
(from the Center for Animal Experiment/ABSL-III Labo-
ratory of Wuhan University, Wuhan, China). Rat articular
cartilage was separated under sterile conditions and rinsed in
phosphate-buffered saline (PBS) three times. The cartilage
was sectioned into pieces measuring about 0.5-1 mm®. The
cartilage tissue was digested with 0.25 % Trypsin & 0.02 %
EDTA for 60 min, and then placed in petri dishes containing
0.2 % type II collagenase at 37 °C incubator for 4-5 h until
most of the cartilage was visible floc. The cell suspension
was collected by gently pipetting and centrifuged at
1000 rpm for 5 min to collect the cell pellet. Then cells were
resuspended in DMEM/F12 complete culture medium
(containing 10 % FBS and 100 units/ml of penicillin and
streptomycin). The cells were cultured at 37 °C in a
humidified 5 % CO, incubator. The primary cells were
observed under an inverted microscope and passaged upon
reaching 80 % confluence. The second generation chon-
drocytes were identified by toluidine blue staining. All of the
protocols were approved by the Institutional Ethics Com-
mittee of Medical School, Wuhan University.

Cell stimulation and treatment

The third passage chondrocytes were resuspended in
DMEM/F12 supplemented with 10 % FBS, 100 unit/ml
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penicillin and 100 unit/ml streptomycin for 24 h when cells
were adherent at 70-80 % confluency. Then, chondrocytes
were stimulated with different concentrations of BBR in
the presence and absence of CC (1 puM), Ara A (0.5 mM)
or SB203580 (10 uM) respectively for 2 h before 0.75 mM
SNP co-treatment for 24 h.

Evaluation of cell viability by CCK-8 assay

The third passage chondrocytes were cultured in 96-well
plates (0.5 x 10*well) for 24 h, and then exposed to dif-
ferent concentrations of BBR (0, 25, 50, 75, 100, 150, and
200 uM) for 12, 24 and 48 h. The medium was removed
and 100 pl of 10 % CCK-8 solution was added to each well
for 1-4 h incubation at 37 °C. Then the optical density
value was determined by ELISA reader (Bio-Tek, Model
EXL800, USA) at 450 nm.

Evaluation of apoptosis

According to the manufacturer’s instructions, flow cytom-
etry analysis with Annexin V-FITC/PI kit was carried out
to explore chondrocyte apoptosis rates. Briefly, chondro-
cytes and cultural supernatants were collected by cen-
trifugation at 1000 rpm for 5 min, washed with cold PBS
two times, and gently resuspended in 500 pl binding buf-
fer. Then 5 pl PI solution and 5 pl Annexin V-FITC were
added and incubated with cells in the dark for 15 min.
Apoptosis rates were analyzed on a FACScan flow
cytometer (Becton-Dickinson, USA).

Immunofluorescence assay

The vimentin cytoskeleton was detected by immunofluo-
rescence assays. Adherent chondrocytes at 70 % conflu-
ency were cultured on glass coverslips in 6-well plates and
starved for 12 h before treatment. Chondrocytes were
washed with 37 °C PBS twice, fixed with 4 %
paraformaldehyde for 20 min, permeabilized with 0.5 %
Triton X-100 buffer (Beyotime, Jiangsu, China) at room
temperature for 5 min, and blocked with 1 % bovine serum
albumin at 4 °C for 10 min. The cells were washed with
PBS three times after each step. Then, chondrocytes were
incubated with rabbit anti-vimentin antibody (Santa Cruz
Biotech, Dallas, USA; 1:100 dilution) at room temperature
for 2 h. After washing with PBS, chondrocytes were
incubated with Fluorescein Isothiocyanate-labeled sec-
ondary antibody (Boster Biological Engineering, Wuhan,
China; 1:100 dilution) in the dark for 1 h. Nuclei were
counter-stained with DAPI (KeyGEN Biotech, Nanjing,
China) for 10 min, and images were visualized by an
Olympus microscope (Olympus Corporation, Tokyo,
Japan).

Western blot analysis

Proteins in cultured chondrocytes were isolated using a
total protein extraction kit according to the manufacturer’s
instructions. The extracted cellular proteins were loaded on
a sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. After electrophoresis, proteins were transferred
to polyvinylidene difluoride membranes previously soaked
with methanol for 5 min. After briefly washing in Tris-
buffered saline with Tween-20 (TBST), the membranes
were blocked with 5 % (w/v) nonfat dry milk in TBST at
room temperature for 1 h. Then the membranes were
incubated with primary antibodies against caspase-3, Bcl-
2, Bax, Col I, iNOS, p-AMPK, AMPK, p-p38 MAPK, p38
MAPK, and GAPDH overnight at 4 °C. Following washing
with TBST, the membranes were incubated with the
respective peroxidase-conjugated secondary antibodies for
1 h. Chemiluminescent signals were visualized with
enhanced chemiluminescence Western blot detection
reagent (Amersham Biosciences, Piscataway, NJ, USA).
Immunoblot bands were analyzed using Odyssey in-
frared imaging system (LI-COR, NE, USA). Data were
expressed as the relative differences between control and
treated cells after normalization to GAPDH expression.

Establishment of a rat OA model

Twenty male SD rats (200-250 g body weight) obtained
from the Center for Animal Experiment/ABSL-III Labo-
ratory of Wuhan University were used for this study. The
animals were accommodated to standard laboratory con-
ditions (12 h light and dark cycle at 20-24 °C, and
humidity 50-55 %) for 1 week and allowed free access to
food and water, and then allocated randomly into four
groups (n = 5) including sham-operated, OA-induction,
OA + BBR (Low-dose), and OA + BBR (High-dose)
groups. The animals were anaesthetized intraperitoneally
with trichloroacetaldehyde hydrate (300 mg/kg) in sterile
saline. The OA model was established in the right knee
joint by anterior cruciate ligament transection combined
with medial menisci resection (ACLT 4+ MMx) as previ-
ously described [29]. After surgery, the joint was irrigated
with sterile saline solution, and both capsule and skin were
closed with 4-0 nylon sutures. For the sham-operated
group, the wounds were sutured after exposing the knee
joint cartilage surface. The animals were injected intra-
muscularly with antibiotics (1.0-1.3 mg/cefotiam hy-
drochloride) for 3 days after surgery. From the first week
after surgery, the rats were placed in an electric rotating
cage. The cage was 20 cm in diameter and 22 cm in
transverse diameter, with constantly rotating activity
(speed 15 rpm) for half an hour per day. The running
distance of each rat was roughly 280 m per day according
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to the equation: S (m) = w© x d x n x 30, where d and n
represent the diameter and the speed, respectively. From
the 4th week after surgery, low- and high-dose BBR
treatment groups received an injection of 50 pl of 100 and
200 ptM BBR. Meanwhile, the sham-operated and OA-in-
duction groups received an injection of 50 pl PBS into the
right knee joint. The animals were sacrificed by cardiac
exsanguinations at the 10th week after surgery. All animal
studies were conducted with approval from the Animal
Care and Use Committee of Medical School, Wuhan
University.

Histological analysis

The right knee joints were immediately fixed in 4 %
paraformaldehyde after dissection for 24 h, decalcified in
Calci-Clear slow solution [10 % (w/v) EDTA, pH 7.4] for
at least 3 weeks and then embedded in paraffin wax.
Hematoxylin and Eosin (H&E) staining was performed on
5 pm serial sagittal sections of cartilaginous tissue. Semi-
quantitative histopathological grading was performed by
two blinded observers according to a modified Mankin
scoring system [30]. Safranin-O-Fast green staining was
performed to assess cartilage proteoglycan content [31].

TUNEL assay

TUNEL assays were performed using an in situ apoptosis
detection kit according to the manufacturer’s instructions
(KeyGEN Biotech, Nanjing, China). The serial sagittal
sections of cartilaginous tissue were digested with 20 pg/
ml proteinase K (Dako, Glostrup, Denmark) for 15 min,
immersed in 3 % hydrogen peroxide for 5 min and incu-
bated with terminal deoxynucleotidyl transferase at 37 °C
for 1 h. Then the sections were incubated with anti-
digoxigenin-peroxidase antibody at 37 °C for 30 min,
visualized by diaminobenzidine and counterstained with
haematoxylin. Chondrocytes with brown nuclei were
assessed as positive. The percentage of apoptotic chon-
drocytes was evaluated using three randomly selected high
power fields (x200) in each slide from four groups.

Immunohistochemical analysis

Immunohistochemical analyses were performed on articu-
lar cartilage to investigate the protein expressions of cas-
pase-3, Bcl-2, Bax, and Col II. An immunohistochemical
SP assay was conducted according to the manufacturer’s
instructions. The serial sagittal sections of cartilaginous
tissue were incubated with primary antibodies: caspase-3
(1:200 dilution), Bax (1:100), Bcl-2 (1:100), and Col II
(1:200). The images of the sections were captured using an
optical microscope with x200 and x400 magnification.
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The positive expression of caspase-3, Bcl-2, Bax, and Col
II appeared brown. The integrated optical density (IOD) of
immunostaining was calculated using Image-Pro Plus 6.0
image analysis software (Media Cybernetics Co., USA).

Statistical analysis

Data were presented as mean £ SEM. The differences
between each group were compared for statistical signifi-
cance using one-way ANOVA analysis and Student’s ¢ test
with SPSS 13.0 statistical software. Statistical significance
was defined as P < 0.05. All statistical tests were per-
formed using GraphPad Prism software, version 5.0 (San
Diego, CA, USA).

Results
Effects of BBR on chondrocyte viability

The viability effect of BBR on normal chondrocytes was
evaluated by CCK-8 assay with increasing concentrations
(25-200 uM) for 12, 24 and 48 h (Fig. 2). Cell viability
was calculated as percentage of the control group. The
results indicated that BBR showed no significant cytotox-
icity against normal chondrocytes except for 200 uM at
48 h (**P < 0.01).

Effects of BBR on SNP-stimulated chondrocyte
apoptosis

The percentages of chondrocytes in the four quadrants are
representative of necrotic cells (Q1 Annexin V-FITCH/
PI+), late apoptotic cells (Q2 Annexin V-FITCH/PI+4),
live cells (Q3 Annexin V-FITC—/PI-), and early apoptotic
cells (Q4 Annexin V-FITC+/PI—). As shown in Fig. 3, the
percentage of apoptotic chondrocytes treated with
0.75 mM SNP was 59.8 & 6.7 %, which was significantly
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Fig. 2 CCK8 assay results. The rat chondrocytes were exposed to
BBR at concentrations ranging from 25 to 200 uM for 12, 24 and
48 h. Each column represents mean = SEM (n = 6). **P < 0.01
versus the control group
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higher than that of the control group (***P < 0.001). After
treated with increasing concentrations of BBR
(25-75 pM), the proportion of apoptotic chondrocytes
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Fig. 3 Effects of BBR on SNP-stimulated chondrocyte apoptosis.
a Flow cytometry with Annexin V-FITC/PI dual staining of
chondrocytes pre-incubated with BBR at concentrations ranging from
25 to 100 uM for 2 h before 0.75 mM SNP co-treatment for 24 h.

b Each column represents mean + SEM (n = 3). ***P < 0.001
versus the control group; *P < 0.05, ¥P < 0.01 and **P < 0.001
versus the SNP group
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Effects of BBR on SNP-stimulated cytoskeletal
remodeling

Fluorescent microscopy was used to image the cytoskele-
ton of chondrocytes incubated with Vimentin-Trakcer
Green (Fig. 4). In the control group, regular vimentin fil-
aments as well as uniformly intermediate filament
cytoskeleton were observed. SNP shortened vimentin fila-
ments and induced cell shrinkage, which could be pre-
vented by pretreatment with 75 uM BBR. However,
compared with the BBR (75 uM) + SNP group, the per-
centages of remodeling chondrocytes were increased by the
treatment of BBR plus AMPK inhibitor CC (1 pM) or Ara
A (0.5 mM) *°P < 0.01 and ***P < 0.001), and decreased
by the treatment of BBR plus p38 MAPK inhibitor
SB203580 (10 pM) (*P < 0.01).

BBR attenuated SNP-stimulated chondrocyte
apoptosis through AMPK and p38 MAPK signaling
pathways

To explore the mechanism of BBR decreasing chondrocyte
apoptosis, the protein expressions of cleaved caspase-3,
Bcl-2, Bax, and iNOS were determined. As shown in
Fig. 5b, ¢, compared with the control group, the expres-
sions of cleaved caspase-3 and iNOS increased and Bcl-2/
Bax ratio decreased in SNP-stimulated chondrocytes.
These trends were reversed by administration of BBR at
concentrations ranging from 25 to 75 pM. However,
compared with the BBR + SNP groups, pretreatment with
BBR plus CC (1 uM) or Ara A (0.5 mM) decreased Bcl-2/
Bax ratio and increased cleaved caspase-3 and iNOS
expressions (Figs. 5b, c, 6a). On the other hand, pretreat-
ment with BBR plus SB203580 (10 uM) increased Bcl-2/
Bax ratio and decreased cleaved caspase-3 expression
(Fig. 6a). The results indicated that BBR attenuated SNP-
stimulated chondrocyte apoptosis probably through AMPK
and p38 MAPK signaling.

BBR increased p-AMPK and decreased p-p38
MAPK in SNP-stimulated chondrocytes

The total and phosphorylation levels of AMPK and p38
MAPK in different groups were evaluated with Western
blot. As illustrated in Figs. 5d and 6b, the expression of
p-AMPK decreased in 0.75 mM SNP-stimulated chondro-
cytes, while pretreatment with BBR blocked the SNP-
stimulated down-regulation of p-AMPK and BBR reversed
the SNP-stimulated up-regulation of p-p38 MAPK. The
AMPK inhibitor CC (1 puM) or Ara A (0.5 mM) attenuated
the BBR-mediated increase in p-AMPK expression, and
the p38 MAPK inhibitor SB203580 (10 uM) obviously
decreased the p-p38 MAPK expression compared with the
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BBR-mediated regulation. The protein levels of total
AMPK and p38 MAPK in different groups showed no
obvious changes. As shown in Fig. 5a, the expression of
Col II in SNP-stimulated rat chondrocytes appeared to be
up-regulated by administration of 25 and 75 M BBR in a
dosage-dependent manner. The addition of CC (1 uM)
attenuated the BBR-mediated increase in Col II expression.

Effects of BBR on histopathology in OA cartilage

Histopathological changes in each group were concentrated
on the cartilage surface and matrix layer (Fig. 7a). In the
sham-operated group, articular cartilage possessed regular
morphological structure, while the surface of articular
cartilage was irregular and the intensity of Safranin O
staining was lower in the OA-induction group. With intra-
articular injection of BBR (100 and 200 pM), the rat knee
articular cartilage thickness had increased significantly, and
the cartilage degradation was apparently ameliorated in a
dosage-dependent manner. The statistical results on the
modified Mankin scores in different groups are shown in
Fig. 7b. The severity of the OA + BBR (100 and 200 uM)
groups was much lower than that of the OA-induction
group (*P < 0.05 and *P < 0.01).

Effects of BBR on chondrocyte apoptosis in vivo

As shown by TUNEL assay in Fig. 7a, few TUNEL-positive
chondrocytes were found in the sham-operated group,
whereas ubiquitously and strongly expressed in the OA-in-
duction group. The number of TUNEL-positive chondro-
cytes was apparently reduced with intra-articular injection of
BBR in a dosage-dependent manner. The statistical results of
the percentage of TUNEL-positive chondrocytes (number of
positive cells/number of total cells) in four groups are shown
in Fig. 7b, and there was statistical significance between the
OA + BBR (100 and 200 pM) groups and the OA-induction
group (*P < 0.05 and *P < 0.01).

Effects of BBR on caspase-3, Bax, Bcl-2, and Col II
proteins in a rat OA model

As shown in Fig. 8, positive expressions of caspase-3, Bax,
Bcl-2, and Col II in representative cartilage sections
appeared brown. Immunohistochemical analyses revealed
that the IOD of caspase-3 and Bax expressions in the
superficial layer of articular cartilage increased signifi-
cantly in the OA-induction group (***P < 0.001, versus
the sham-operated group), and gradually decreased by
intra-articular injection of BBR from 100 to 200 uM
*P < 0.05, ™P < 0.01 and "™ P < 0.001, versus the OA-
induction group). The expression of Bcl-2 was progres-
sively enhanced in the OA + BBR (100 and 200 puM)
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Fig. 4 Effects of BBR on
cytoskeletal remodeling in SNP-
stimulated chondrocytes.

a Fluorescent images with
Vimentin-Trakcer Green of
chondrocytes pre-incubated
with 75 uM BBR in the
presence and absence of the
AMPK inhibitor CC (1 pM),
Ara A (0.5 mM) or the p38
MAPK inhibitor SB203580
(10 uM) for 2 h before

0.75 mM SNP co-treatment for
24 h. Red arrows represent
chondrocytes with short
vimentin filaments and
shrinkage. b Each column
represents mean = SEM of the
percentages of remodeling
chondrocytes (n = 3).

*##%P < 0.001 versus the control
group; P < 0.001 versus the
SNP group; $p < 0.01 and
$35p < 0.001 versus the

SNP 4 BBR (75 pM) group
(Color figure online)
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groups compared with the OA-induction group (**P < 0.01 plate and articular cartilage in the OA + BBR (100 and
and P < 0.001). Meanwhile, compared with the OA- 200 uM) groups was up-regulated in a dosage-dependent
induction group, the Col II protein expression in growth — manner (*P < 0.05 and *P < 0.01).
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Fig. 5 AMPK signaling pathway is involved in the anti-apoptotic
effect of BBR on SNP-stimulated rat chondrocytes. Chondrocytes
were pre-incubated with BBR (25 and 75 uM) in the presence and
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SNP co-treatment for 24 h. a The protein level of Col II expression
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through both AMPK and p38 MAPK signaling pathways. Chondro-
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Bcl-2 and Bax and ratios of cleaved caspase-3/GAPDH and Bcl-2/

Discussion

In this study, we investigated the effects of BBR on SNP-
stimulated rat chondrocyte apoptosis, as well as on articular
cartilage in a surgically-induced rat OA model, and the
underlying mechanism with AMPK and p38 MAPK sig-
naling pathways. The results demonstrate that BBR
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Bax. b The protein expressions of p-AMPK, AMPK, p-p38 MAPK,
and p38 MAPK and ratios of p-AMPK/AMPK and p-p38 MAPK/p38
MAPK. Each column represents mean = SEM (n = 3). ***P <
0.001 versus the control group; *P < 0.01 versus the SNP group;
“p < 0.05, “*P < 0.01 and “““P < 0.001 versus the SNP + BBR
(75 pM) group

attenuated SNP-stimulated chondrocyte apoptosis and eli-
cited cartilage protective effect possibly through its anti-
apoptotic effect via activating AMPK signaling and sup-
pressing p38 MAPK activity.

BBR is an isoquinoline alkaloid, the anti-apoptotic
property of which has been applied extensively to a variety of
diseases [25, 32, 33]. Attenuating the process of apoptosis
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Fig. 7 a Gross morphology, histological analyses of rat articular
cartilage by H&E and Safranin O staining (original magnification
x40) and representative TUNEL-stained sections (original magnifi-
cation x200) in each group. b Mankin’s score and apoptotic index in

could ameliorate the progression of cartilage degeneration
[8,34]. SNPis a fast acting vasodilator that is often used to be
an external NO donor for clinical and basic research [35, 36].
In this study, 0.75 mM fresh SNP was used to induce
chondrocyte apoptosis and the apoptotic rate was about
59 %, and 75 pM BBR could significantly reduce SNP-in-
duced chondrocyte apoptosis than 100 pM BBR. We think
the result could be mainly ascribed to the following aspects.
First, in this study, definite concentrations of BBR exhibited
the anti-apoptotic and chondroprotective effects on OA
chondrocytes similar to previous studies [27, 28]. Second,
the interaction between BBR and SNP could be mutual
influence and restriction so as to achieve dynamic balance for
treatment. BBR and SNP may have common therapeutic
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Rate of positive cells

four groups. Each column represents mean + SEM in Mankin’s score
(n = 5) and in TUNEL-positive chondrocytes (n = 3). ¥***P < (0.001
versus the sham-operated group; *P < 0.05 and *P < 0.01 versus the
OA-induction group

targets on rat chondrocytes. And the relevant mechanisms
deserve further study. Third, the co-treatment of a high
concentration of BBR (100 uM) and 0.75 mM SNP could
enlarge the toxic effect of BBR and reveal the rare effect of
BBR on promoting apoptosis according to previous study
[37]. In this study, the results of flow cytometry test and
Western blot have demonstrated that BBR reversed SNP-
induced chondrocyte apoptosis, and down-regulated the
protein expressions of Bax and caspase-3, while up-regu-
lated Bcl-2 expression in cultured chondrocytes. Elevated
level of NO released upon SNP stimulation triggers iNOS
expression in PC12 cells [38]. The iNOS expression is
strongly up-regulated at a high level in OA chondrocytes and
plays a vital role in OA progression [39]. In this study, we
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Fig. 8 a Immunohistochemical analyses of caspase-3, Bax, Bcl-2,
and Col II expressions in each group (original magnification x200
and zoom-in areas magnification x400). b Each column represents

confirmed that BBR could suppress SNP-induced iNOS
protein expression in chondrocytes. Chondrocyte home-
ostasis requires an intact cytoskeleton and extracellular
matrix synthesis, and the disruption of vimentin network
might contribute to cartilage degeneration [40]. We observed
that BBR could reverse the SNP-induced cytoskeletal
remodeling to some extent.

Col II-AC Col II-GPC

mean £+ SEM of IOD (n = 3). **P < 0.01 and ***P < 0.001 versus
the sham-operated group; *P < 0.05, ¥P < 0.01 and **P < 0.001
versus the OA-induction group

In the present study, it is worth mentioning that BBR
attenuated SNP-stimulated chondrocyte apoptosis via
activating AMPK signaling and suppressing p38 MAPK
activity. Recent evidences suggested that activated AMPK
was involved in the anti-apoptotic effect on potential
chondroprotection [41, 42], and chondrocyte apoptosis was
accompanied by increased phosphorylation of p38 MAPK
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[17]. Earlier studies have demonstrated that BBR could
block apoptosis in prevention of endothelial dysfunction
associated with diabetes and cardiovascular disease in part
through AMPK activation [43, 44]. BBR down-regulated
p38 MAPK signaling pathway in colonic macrophages and
epithelial cells in response to dextran sulfate sodium
treatment in vivo [45]; BBR attenuated left ventricular
remodeling and cardiomyocyte apoptosis associated with
enhanced autophagy through inhibition of p38 MAPK
signalling pathway [33]. Nevertheless, the precise mecha-
nisms of AMPK and p38 MAPK regulate the chon-
droprotective effect of BBR are not fully understood.

The results in this study suggest that BBR markedly up-
regulated Bcl-2/Bax ratio, down-regulated active caspase-3
protein expression, increased Col II protein expression, and
enhanced AMPK phosphorylation, compared with the
combined treatment of BBR and AMPK inhibitor CC or
Ara A. Pretreatment with BBR plus p38 MAPK inhibitor
SB203580 effectively blocked the phosphorylation of p38
MAPK compared with the BBR-mediated regulation. In
addition, compared with BBR treatment, the SNP-induced
cytoskeletal remodeling was effectively reversed by the
treatment of BBR plus SB203580, and the treatment of
BBR plus CC or Ara A could disrupt the vimentin network.
Taken together, the results indicate that the chondropro-
tective effect of BBR may be attributed to the AMPK- and
p38 MAPK-mediated anti-apoptotic effect in SNP-stimu-
lated rat chondrocytes.

Our data also suggested that BBR attenuated articular
chondrocyte apoptosis and ameliorated cartilage degener-
ation in a rat ACLT + MMx OA model. The in vivo study
showed that the Mankin scores were significantly lower
and the higher matrix production and thicker cartilage layer
were observed in the BBR-injected groups compared with
the OA-induction group; BBR exhibited an anti-apoptotic
effect on articular cartilage in a rat OA model as evidenced
by TUNEL assay. In addition, immunohistochemical
analyses showed that intra-articular injection of BBR
decreased Bax and caspase-3 protein expressions,
increased Bcl-2 expression, and enhanced Col II synthesis
in both growth plate and articular cartilage. Thus, BBR has
a potential therapeutic ability for cartilage degeneration in
a rat OA model.

In summary, the present study suggests for the first time that
BBR suppressed NO-induced chondrocyte apoptosis in vitro
and exerted chondroprotective effect in vivo via activating
AMPK signaling and suppressing p38 MAPK activity. These
findings suggest the potential therapeutic value of BBR in the
treatment of OA. Additional in vivo studies are required further
to validate these mechanisms.
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