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Protocatechuic acid attenuates anterior cruciate
ligament transection-induced osteoarthritis
by suppressing osteoclastogenesis
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Abstract. Osteoarthritis (OA) is related to over-proliferation or
differentiation of osteoclasts. Although protocatechuic acid (PCA)
has been identified to inhibit osteoclast differentiation and stimu-
late apoptosis in mature osteoclasts, whether it can relieve OA is
still unknown. The present study aimed to investigate the effect of
PCA on anterior cruciate ligament transection (ACLT)-induced
OA and the potential mechanisms of action behind this effect.
ACLT was performed on rats, which were then treated with or
without PCA. C-terminal telopeptide of type I collagen (CTX-I)
and CTX-II were tested in knee joint protein extracts by ELISA.
Damage to cartilage was evaluated using Safranin-O/Fast Green
staining. Osteoclast-related gene and protein expression was
assessed through reverse transcription-quantitative PCR and
western blotting. Tartrate-resistant acid phosphatase (TRAP)
staining and functional bone resorption pit assays were performed
using RAW264.7 murine macrophage cells to determine the
effects of PCA on osteoclastic formation and function, respec-
tively, in vitro. Finally, the activity of osteoclastogenesis-related
signaling pathways was evaluated by western blotting. Levels
of CTX-II were relatively decreased and Safranin-O/fast green
staining indicated milder changes in the articular cartilage in the
PCA treatment group. PCA downregulated osteoclast specific
markers and suppressed receptor activator of nuclear factor-kB
ligand-induced formation of TR AP-positive multinucleated cells,
bone-resorption and pit formation. Mitogen-activated protein
kinase (MAPK) and Akt signaling as well as the downstream
factors, were downregulated by PCA. In conclusion, the present
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study demonstrated that PCA attenuated ACLT-induced OA by
suppressing osteoclastogenesis by inhibiting the MAPK, ATK
and NF-kB signaling pathways.

Introduction

Osteoarthritis (OA) is a common and costly disease in modern
society. It is the leading reason for medical consultation
in the elderly and affects >30% of people >60 years old in
the USA (1,2). OA was once considered an articular carti-
lage disease; however, numerous studies investigating the
structures at the osteochondral junction and the pathogen-
esis/symptoms of OA indicate that it is a ‘whole joint disease’.
OA is a pathology with the characteristics of decreased
articular cartilage thickness, sclerosis of subchondral bone,
formation of osteophytes and alteration of the synovial fluid
components (2,3).

Bone tissue is dynamically shaped and repaired. The
delicate balance between bone resorption and bone forma-
tion is important to maintain normal bone structure and
function (4,5). Previous studies have suggested that osteo-
clast-mediated bone resorption of mineralized cartilage at the
interface of subchondral bone and cartilage is an early initi-
ating pathology in the progression of OA, and bisphosphonate
can significantly improve the cartilage damage in the early
stages (6). Osteoclast-mediated resorption plays a crucial role
in OA and may be an initiator during OA development (7,8).
Excessive activation of osteoclasts is considered to be the
primary mechanism that leads to joint diseases, including OA,
cartilaginous degeneration and osteoporosis (9,10). Thus, inhi-
bition of osteoclastogenesis is likely to be chondroprotective
and prevent resorption of cartilage in OA.

Osteoclasts are derived from monocyte/macrophage
precursor cells, near to or at the bone surface, and are a
tissue-specific macrophage polykaryon (4). Receptor activator
of nuclear factor-kB (RANK) ligand (RANKL) and mono-
cyte/macrophage colony-stimulating factor are haematopoietic
factors essential for osteoclastogenesis and bone reabsorption.
Once stimulated in the presence of these two cytokines, osteo-
clast precursors move towards the bone surface and begin to
differentiate (11,12). The binding of RANKL with its receptor,
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RANK, induces osteoclast differentiation and activation
through numerous signaling cascades, including inhibitor of
NF-«B kinase (IKK), p38, proto-oncogene tyrosine-protein
kinase (c-Src) and JNK pathways. Following osteoclast differ-
entiation, various osteoclastogenesis associated transcription
factors, such as NF-kB, c-Fos and nuclear factor of activated
T cells 1 (NFATcl), are activated (13,14).

Protocatechuic acid (PCA), also known as 3,4-dihy-
droxybenzoic acid, is an abundantly and naturally
distributed phenolic acid (15). It has been reported to have
antioxidant, antibacterial, anti-inflammatory and anti-cancer
activity (16-19). Experimental findings demonstrate the prom-
ising anti-inflammatory and analgesic activity of PCA in rats
and mice, including in a Freund's adjuvant-induced arthritis
rat model (19). PCA has recently been found to inhibit the
differentiation of osteoclasts and induce apoptosis of mature
osteoclasts by regulating oxidative stress and inflamma-
tion (20). The present study was designed to investigate the
positive effects of PCA on anterior cruciate ligament (ACL)
transection (ACLT)-induced OA. Furthermore, an attempt
was made to understand the underlying mechanisms of action
behind the antiarthritic activity of PCA.

Materials and methods

Experimental animal model and drug treatment. A total of 72
male Wistar rats (age, 8 weeks; weight, 245-255 g) obtained
from Shanghai SLAC Laboratory Animal Co., Ltd. were used in
the present study. Rats were housed under controlled conditions
(25+2°C; 70% humidity; 12 h light/dark cycle) with free access
to water and food. The experimental protocols were approved
by the Animal Experimental Ethical Committee of the General
Hospital of Ningxia Medical University and were carried out on
the basis of relevant national and international guidelines.

ACLT was generated as previously described (21). Rats
were operated on under anesthesia, consisting of an intraperi-
toneal injection of mixed acepromazine (1.25 mg/kg), xylazine
(6.25 mg/kg) and ketamine (38 mg/kg) (22). Incisions were
made on the medial side of the right knee joint and the medial
side of the patellar tendon with a para-patellar skin incision,
successively. The patella was dislocated laterally to gain entry
to the joint space, then the ACL was transected when the
knee was flexed. Complete transection of the ligament was
confirmed by a positive anterior drawer test (23). Then, the
joint was washed with sterile saline to minimize the accom-
panied inflammatory response. Finally, the joint capsule was
closed using 3-0 absorbable thread and the skin was sutured
with 5-0 nylon thread. Rats in the sham group underwent
arthrotomy rather than the full ACLT (21).

All rats were randomly allocated to three groups: Group 1,
Sham (arthrotomy); group 2, ACLT; and group 3, ACLT with
PCA. Rats within the ACLT with PCA group were admin-
istered PCA (50 mg/kg) daily by gavage for 4 consecutive
weeks from the day of surgery. The dose of PCA used in the
experiment was based upon our own pilot data (Zhang et al;
unpublished). Euthanasia was performed on all rats at 1, 2 or
4 weeks post-surgery (19).

ELISA. Protein was extracted from knee joints according
to Nielsen et al (24) at week 0, 1, 2 and 4 after operation.
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Knee joints were isolated after euthanasia as described
above, then immediately frozen in liquid nitrogen and
stored at -80°C for use. The tibia and femur were cut 3 mm
from the joint, producing samples weighing 500-700 mg.
These samples were frozen in liquid nitrogen again, and
transferred to a Bessman tissue pulverizer (Spectrum
Chemical Manufacturing Corp.). The samples were crushed
with 3 ml extraction buffer, consisting of 50 mM Tris-HCI
buffer (pH 7.4), 0.1% Triton X-100, 0.1 M NaCl, 10 Mm
(GM6001; Enzo Life Sciences, Inc.) and 1 tablet/10 ml buffer
of Complete Mini EDTA-free protease inhibitor cocktail
(Roche Diagnostics). Tissues were homogenized twice for
30 sec using an OMNI homogenizer (Omni International,
Inc.) at speed level 4, then the samples were centrifuged for
10 min at 1,700 x g and 4°C, supernatants were obtained and
centrifuged at 10,000 x g and 4°C. Finally, the supernatants
were stored at -20°C until use.

Rat-specific commercially available ELISA Kkits
(Elabscience®) were used to evaluate the levels of C-terminal
telopeptide of type I collagen (CTX)-I (cat no. E-EL-R1456)
and CTX-II (cat no. E-EL-R2554) in protein extracts collected
from the knee, according to the manufacturer's instruc-
tions (24).

Specimen preparation and histological analysis. Knee joints
were isolated 4 weeks after surgery. The knee samples were
fixed in 4% formaldehyde in PBS for 48 h (pH 7.0; 4°C)
and decalcified for 24 h at 37°C with 22.5% formic acid
and 340 mM sodium citrate. Specimens were embedded in
paraffin after demineralization. Blocks were trimmed and
the articular cartilage was exposed. Sections were collected
at intervals of 0, 100 and 200 ym. A total of 10 5 ym-thick
sections were collected at each interval. These sections were
treated with Safranin-O/Fast Green staining as previously
described (25).

Total RNA preparation and reverse transcription-quantitative
PCR (RT-gPCR). TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to extract total RNA from knee
tissues following the manufacturer's instructions. cDNA was
generated by reverse transcription with equal quantities of
RNA using the SuperScript Reverse Transcriptase kit (Thermo
Fisher Scientific, Inc.). The PCR was performed under the
following conditions: 10 min at 95°C, 55 cycles of 15 sec at 95°C
and 1 min at 60°C and a final 2 min at 50°C, were performed
with an MX3000P (Stratagene; Agilent Technologies, Inc.).
The comparative 2224 method was used to calculate the
relative quantification (26). All qPCR primer sequences were
as follows: c-Src forward, 5'-GGACAGTGGCGGATTCTA
CAT-3' and reverse, 5'-GGGTCTGAGGCTTGGATGTG-3';
p3-integrin forward, 5'-"-TACTCTGCCTCCACCACCAT-3'
and reverse, 5-TTTCCCGTAAGCATCAACAA-3'); MMP-9
forward, 5'-GCAGAGGCATACTTGTACCG-3' and reverse,
5'"TGATGTTATGATGGTCCCACTTG-3'"; IL-6 forward,
5-GGCCCTTGCTTTCTCTTCG-3' and reverse, 5'-ATAATA
AAGTTTTGATTATGT-3'". Total cDNA was amplified and
analyzed using SYBR Green PCR Master Mix (Thermo Fisher
Scientific, Inc.) in a Fast Real-time PCR 7500 System (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The original Cq
values were adjusted to GAPDH (3,10).
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Tartrate-resistance acid phosphatase (TRAP) staining.
RAW264.7 cells (1x10° cells/well) were cultured in a-MEM
(Sigma-Aldrich; Merck KGaA) at 37°C supplemented with
10% FBS (Dalian Meilun Biology Technology Co., Ltd.) and
RANKL (100 ng/ml) to induce differentiation (27). These cells
were treated with 8 mM PCA for 2 h and continuously treated
with RANKL (100 ng/ml) for 4 days. The cells were collected
and washed with PBS, then fixed in formalin for 10 min at
room temperature and permeabilized in ethanol/acetone (1:1)
for 1 min at room temperature. The number of TR AP-positive
multinucleated cells (MNCs) was observed and images
captured using a light microscope at x100 magnification
(Leica Microsystems GmBH) (20,28).

Functional bone resorption pit assay. The resorption pit
assay was conducted following the methods described by
Lu et al (28). RAW264 7 cells (1x10° cells/well) were seeded
at 37°C on a 24-well Corning Osteo Assay Surface well plate
(Corning, Inc.), and were pretreated with PCA (8 mM) for
2 h followed by the addition of 100 ng/ml RANKL. After
5 days of incubation, all remaining cells were lysed by
NaOH (1 M) for 10 min at 4°C, then the wells were washed
twice with PBS. The numbers of bone lacuna were observed
under a phase contrast inverted microscope (BH-2; Olympus
Corporation) and analyzed with Metamorph imaging anal-
ysis software version 2.5 at x400 magnification (Molecular
Devices, LLC).

Western blotting. RAW264.7 cells were pretreated with PCA
(8 mM) for 2 h at room temperature and then cultured with
RANKL (100 ng/ml) for 1 h at 37°C [for CTX-I, CTX-II,
c-Src, interleukin (IL)-6, mitogen-activated protein kinases
(MAPKS5s) and phosphorylated (p)-Akt expression] or for 3 h at
37°C [for p65, cyclooxygenase (COX)-2 and NFATcl expres-
sion]. RIPA lysis buffer (Sangon Biotech Co., Ltd.) was used
to isolate the whole cell protein and a Nuclear Extraction kit
(cat. no. Ab113474; Abcam) was used to isolate the nuclear
extracts. The bicinchoninic acid method was used to deter-
mine protein concentration. Proteins (100 ug) were separated
by 10% SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with 5% powdered non-fat milk for
1 h at room temperature and were then incubated with anti-
bodies against CTX-I (1:500; cat. no. CEA665Ra; Wuhan Uscn
Business Co.,Ltd.), LCTX-I1(1:500; cat.no. CEA686Ra; Wuhan
Uscn Business Co., Ltd.), MAPK (1:250; cat. no. ab151279;
Abcam), Akt (1:250; cat. no. ab151279; Abcam), p-Akt (1:500;
cat. no. ab38449; Abcam), COX-2 (1:1,000; cat. no. ab179800;
Abcam), NFATcl (1:1,000; cat. no. ab207215; Abcam), Lamin
A/C (1:1,000; cat. no. ab108922, Abcam), B-actin (1:1,000; cat.
no. ab8226; Abcam), c-Src (1:500; cat. no. ab207462; Abcam),
IL-6 (1:1,000; cat. no. ab208113; Abcam), NF-kB p65 (1:1,000;
cat. no. ab207297; Abcam) overnight at 4°C. The membranes
were further incubated with a 1:10,000 of goat anti-rabbit
IgG (H+L) horseradish peroxidase conjugate (cat. no. A2028,;
Beyotime Institute of Biotechnology) as a secondary antibody
for 2 h at room temperature. The immunoreactivity was visu-
alized using an ECL system (Amersham; GE Healthcare). The
relative intensity of the signal produced by the western blotting
bands was analyzed using ImageJ software (version 1.4.0,;
National Institutes of Health) (20).
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Statistical analysis. Results in the present study are presented
as the mean + SEM of three independent experiments. Data
comparisons between groups and within groups were analyzed
using either unpaired or paired Student's t-test and one-way
ANOVA with Tukey's post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

PCA relieves ACLT-induced OA. To confirm the effect of
PCA on collagen degradation and synthesis, two osteoarthritic
markers, CTX-I and CTX-II, were detected within whole knee
joints from the sham, ACLT and ACLT with PCA-treated
groups at weeks 0, 1, 2 and 4 after the operation. The levels of
CTX-II in the ACLT group were significantly raised 1-4 weeks
after surgery compared to the sham control, while this effect
was significantly reversed in the ACLT-PCA group (Fig. 1A).
This suggested that the rat model of ACLT was success-
fully established and that PCA had an anti-osteoarthritic
effect (Fig. 1A). By contrast, concentrations of CTX-I were not
altered during the period after surgery in any group (Fig. 1B).
The Safranin-O/Fast Green staining demonstrated decreased
proteoglycans in the superficial and even the middle zone, with
clefts extending into the middle layers after ACLT surgery.
However, the severity of degenerative features in the PCA
treatment group was much milder than that in ACLT group,
demonstrating that PCA relieved the ACLT-induced degenera-
tive changes in the articular cartilage (Fig. 1C). Collectively,
these results indicated that PCA has potential for treating
ACLT-induced OA.

PCA decreases the activation of osteoclasts in ACLT
rats. To further identify the therapeutic effects of PCA for
treating ACLT-induced OA, the mRNA expression of osteo-
clast-related genes in knee tissues were analyzed by RT-qPCR.
Compared with the sham group, the expression levels of c-Src,
p3-integrin, matrix metalloproteinase (MMP)-9 and IL-6
were significantly increased at the mRNA level after ACLT
surgery (Fig. 2A-D). However, PCA treatment effectively
reserved these abnormalities. Furthermore, it was also found
that the protein levels of CTX-I, CTX-II, c-Src and IL-6 were
raised after ACLT surgery compared to the sham-operated
group (Fig. 2E). PCA treatment significantly reversed the
increased levels of CTX-I, CTX-II, c-Src and IL-6 compared
to the ACLT group (Fig. 2E). These results demonstrated that
PCA can decrease ACLT-induced osteoclastogenesis in vivo.

PCA suppresses RANKL-induced osteoclast differentiation
and the bone resorbing activity of RAW264.7 cells. To
observe the effect of PCA on osteoclast differentiation, murine
macrophage RAW264.7 cells were incubated in the presence
of RANKL with or without PCA. The effect of PCA on
osteoclast differentiation was evaluated using TRAP staining.
Microscopic assessment showed that abundant TRAP + MNCs
were formed in the culture as a response to RANKL on day 4
(Fig. 3A), whereas the PCA treatment reduced the number of
RANKL-stimulated TRAP + MNCs cells (P<0.01). Consistent
with the function of preventing osteoclastic differentiation,
PCA disrupted the pit-forming activity of RANKL-stimulated
osteoclasts. Compared to the group treated with RANKL alone,
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Figure 1. PCA relieves ACLT-induced osteoarthritis. Rats with surgically induced ACLT were treated with or without PCA for 0, 1, 2 and 4 weeks. Levels of
(A) CTX-II and (B) CTX-I in the knee joints were tested by ELISA. (C) The degenerative changes in the articular cartilage were examined by Safranin-O/Fast
Green staining. Rats undergoing sham surgery were used as a control. The results are shown as the percentage mean = SEM (n=6). Statistical analysis: ANOVA
with Tukey's post-hoc test; NS, “P<0.01 vs. sham; #P<0.01 vs. ACTL. Scale bars, 500 ym. ACLT, anterior cruciate ligament transection; CTX, C-terminal

telopeptide of type I collagen; PCA, protocatechuic acid.

a notable reduction in resorption pit area and number of bone
lacuna was observed in the RANKL + PCA group (Fig. 3B).
Together, these data demonstrated that PCA suppresses osteo-
clastogenesis and osteoclast function in vitro. Thereafter, the
inhibitory effects of PCA on osteoclastogenesis and bone
resorption were further validated in vitro.

PCA inhibited the RANKL-induced activation of MAPK, Akt
and NF-kB signaling. In osteoclast precursor cells, the binding
of RANKL to its precursor RANK triggers downstream
signaling pathways, including MAPKs and Akt signaling
pathways which are essential for osteoclast differentiation
and activation. In order to investigate the signaling pathways
that PCA affects, the expression of MAPKs, p-Akt and the
three critical nuclear factors involved in osteoclastogenesis
(NF-xB p65, c-Fos and NFATcl) were evaluated. The results
showed that there was not only a significant increase in the
proportion of phosphorylated of MAPKs (ERK, p-38 and
JNK) and Akt compared to their unphosphorylated versions,
but also increased protein expression levels of NF-kB p65,
c-Fos and NFATcl (Fig. 4). However, pretreatment with
PCA in the present of RANKL led to downregulation in the
phosphorylation levels of MAPKs and Akt. Similarly, the
downstream nuclear factors (NF-xB p65, c-Fos and NFATc1),
crucial for osteoclast differentiation and activation were also

downregulated (Fig. 4). These results indicated that PCA
suppressed the activation of the MAPK, Akt and NF-«B
signaling pathways that were induced by RANKL during
osteoclastogenesis.

Discussion

OA is a prevalent form of arthritic disease, which causes
pain and dysfunction principally in the knee and hip joints.
OA affects 18% of women and 9.6% of men over the age of
60 (29). Patients are burdened with the high medical cost of
substantial use of medications. At present, the optimal therapy
for OA is a combination of non-pharmacological and pharma-
cological therapies. Pharmacological therapies are essential to
relieve pain and recover joint function for most patients (2).
Nonsteroidal anti-inflammatory drugs, corticosteroids and
hyaluronan are used clinically to improve the symptoms of OA,
but they fail to reverse cartilage damage and they also exhibit a
wide range of adverse effects, including cardiovascular, renal
and gastrointestinal side effects (30). As such, more effective
therapies with milder adverse effects need to be developed.
PCA is a phenolic compound on which a variety of research
work has been carried out. Recently, a study demonstrated
that PCA has promising anti-inflammatory and analgesic
activities in Freund's adjuvant-induced arthritis, because of
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PCA, protocatechuic acid.

its antioxidant and membrane-stabilizing properties (19).
Another study showed that PCA suppresses osteoclast
differentiation induced by RANKL in RAW264.7 cells by
regulating oxidative stress and inflammation, and that two
osteoclastogenesis-related transcription factors, NF-kB and
Nrf-2, are involved (20). PCA has also been proven to induce
apoptosis in mature osteoclasts (20). Importantly, the activa-
tion of osteoclasts plays an important role in the initiation
and progression of OA. Park ef al (31) found that PCA could
attenuate osteoclastogenesis by regulating JNK/c-Fos/NFATcl
signaling and preventing inflammatory bone loss in mice.
Considering the aforementioned observations, this present
study attempted to determine whether PCA can attenuate OA
by suppressing osteoclastogenesis mediated by the osteoclas-
togenesis-associated MAPK and Akt signaling pathways, as
well as critical nuclear factors.

In this present study, it was demonstrated that PCA exerts
an anti-arthritic effect on ACLT-induced OA rats, a model that

has been widely applied to investigate OA. Many biomarkers
such as collagens, chondroitin sulfate and aggrecan are used to
evaluate OA (32,33). CTX-II is a primary component of artic-
ular cartilage and accounts for 90-95% of collagen content,
acting in the formation of the fibrillar structure to maintain
the tensile strength of cartilage (33). Thus, CTX-II has been
considered as a crucial biomarker for OA in many studies (34).
This present research revealed that ALCT surgery substantially
raised CTX-II levels in the knee joints compared to the levels
in the sham group. Notably, PCA inhibited the degradation of
CTX-II induced by ACLT surgery. These results suggested that
PCA could regulate the expression of CTX-II during the devel-
opment of OA. Safranin-O/Fast Green staining demonstrated
reduced proteoglycan loss and milder degenerative changes in
articular cartilage with PCA treatment. However, consistent
with another study (24), the levels of CTX-I were not changed
by ACLT or PCA administration. Based on these results, PCA
appears to exert a chondroprotective effect on OA induced by
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Figure 3. PCA suppresses RANKL-induced osteoclast differentiation and the bone resorbing activity of RAW264.7 cells. (A) The effect of PCA on osteo-
clast differentiation was evaluated using TRAP staining. The TRAP + multinucleated cells were visualized and counted using an inverted microscope.
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Data are expressed as the mean = SD (n=4). “P<0.01 vs. sham; “P<0.05, “/P<0.01 vs. RANKL. PCA, protocatechuic acid; RANKL, receptor activator of nuclear

factor-kB ligand; TRAP, tartrate-resistance acid phosphatase.

ACLT by correcting the metabolism of proteoglycans as well
as by inhibiting the degradation of CTX-II, and possibly even
promoting the synthesis of CTX-II in the cartilage.

Osteoclast activation plays a crucial role in the progression
of OA. Inhibiting osteoclast activity prevents bone resorption
and can prevent the progression of OA (9). Thus, the expres-
sion of osteoclast-related genes in knee tissues was examined
in this present study. ACLT enhanced the expression of c-Src,
p3-integrin and IL-6 at both the mRNA and protein level.
Additionally, Dong et al (35) reported that the absence of
MMP-9 restrained the movement of osteoclasts and further
affected the functions of osteoclasts. The present study also
found that ACLT upregulated the expression of MMP-9.
PCA treatment effectively corrected these abnormalities,
demonstrating that PCA can reduce osteoclastogenesis in
ALCT-induced OA, which may account for the antiarthritic
activity of PCA.

To further confirm that PCA suppresses osteoclastogen-
esis, RAW264.7 osteoclast precursor cells were incubated with
PCA and their differentiation induced by RANKL. These data
demonstrated that PCA effectively inhibits osteoclast differ-
entiation, reflected by the decrease in TRAP+ MNCs when
the cells were treated with both RANKL and PCA, compared
to RANKL alone. Osteoclasts are essential for bone resorp-
tion which may be enhanced by excessive osteoclastogenesis.
A previous study indicated that osteoclast bone resorption is
critical in pathological bone diseases including OA (3), and
inhibition of osteoclasts has been proven to prevent pain
and cartilage degradation in a degenerative joint disease
rat model (7,8). In this present study, it was also found that
PCA was chondroprotective to the ACLT-induced OA. Thus,
it was further speculated that PCA inhibits osteoclast bone

resorption. The results from this present study confirmed
that PCA significantly decreased the resorption pit area and
the number of bone lacuna compared to RANKL treatment
alone. Altogether, these in vitro results demonstrated that
PCA suppresses osteoclastogenesis and osteoclast func-
tion. This conclusion is similar to that of Wu et al (20), who
demonstrated that PCA suppresses osteoclast differentiation
by negatively regulating osteoclast-related genes and oxidative
stress through two crucial transcription factors, NF-kB and
Nrf-2 (20).

RANK/RANKL/osteoprotegerin signaling is an important
mediator of osteoclast differentiation and activation (36,37).
TNF receptor associated factor 6 (TRAF6) is a key adaptor
that assembles signaling proteins and triggers the expression
of osteoclast-specific genes, resulting in osteoclast differen-
tiation and activation (38,39). Among those known signaling
cascades involved in osteoclast differentiation and activation,
MAPK signaling is critical for osteoclast differentiation and
has been relatively well characterized (40). c-Src plays an
important role in osteoclast activation, by binding to TRAF6
and delivering RANK-induced signaling to PI3K and Akt,
promoting cell survival, cytoskeletal rearrangement and
cellular motility (38,39,41). Many downstream molecules of
PI3K/Akt, such as mTOR, protein tyrosine kinase 23 and
CBL, are known to induce osteoclast differentiation, survival
and bone resorption (40,42,43). The NF-xB pathway is also
involved in osteoclast activation and the subsequent bone
resorption. Upon RANKL stimulation, IKK phosphorylates
p65, which is then translocated to the nucleus (44). NF-kB
regulates the expression of c-Fos (45) and NFATcl (46) in
RANKL-mediated osteoclastogenesis. MAPKs also regulate
the RANKL-induced activation of AP-1 through c-Fos and
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Figure 4. PCA negatively regulates the osteoclastogenesis-associated MAPK and Akt signaling pathways and critical nuclear factors. RAW 264.7 cells were
treated with PCA for 2 h and cultured with RANKL for the corresponding time. (A) Western blotting was used to analyze the total protein extracts of proteins
associated with the MAPKs and Akt signaling pathways. Phosphorylation of MAPKs (ERK, p-38 and JNK) and Akt was quantified. (B) Western blotting
was used to analyze the expression of p65, c-Fos and NFATcl. All data represent at least three independent experiments. Values represent the mean + SEM.
“P<0.01 vs. sham; "P<0.05, "P<0.01 vs. RANKL. MAPK, mitogen-activated protein kinases; NFATcl, nuclear factor of activated T cells 1; p, phosphorylated,;
PCA, protocatechuic acid; RANKL, receptor activator of nuclear factor-«B ligand.

NFATcl. The two factors work synergistically to promote the
expression of terminal osteoclastogenesis-related genes (44).
Consistent with a previous study (20), the results of this present
study demonstrated that all three MAPK families, ERK, INK
and p38, as well as Akt, were activated by RANKL in osteoclast
precursors. The downstream nuclear factors p65, c-Fos and
NFATcl, essential for osteoclastogenesis, were also activated.

Nevertheless, PCA effectively inhibited the phosphorylation
of MAPKs and Akt induced by RANK signaling. Likewise,
the critical downstream factors p65, c-Fos and NFATcl were
suppressed by PCA.

There are several limitations related to the current study.
For example, PCA can promote the proliferation and pheno-
typic maintenance of rabbit articular chondrocytes (47).
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However, the effect of PCA on chondrocytes has not been
assessed in the ACLT-induced OA rat model. Additionally, the
balance between osteoblasts and osteoclasts is important for
the progression of OA. It has been proven that PCA also can
promote the proliferation and differentiation of primary rat
osteoblasts cultured in vitro (48). This present study aimed to
determine the effects of PCA on osteoclasts in OA; the effects
of PCA on osteoblasts in OA will be the focus of future studies.
It is planned for future research to use MAPK, Akt or NF-«xB
agonists for rescue experiments in osteoclasts after PCA treat-
ment. Changes in related phenotypes and biomarkers, such as
osteoclast proliferation and differentiation will be examined in
further in vitro experiments.

In conclusion, this present study suggested that PCA
can efficiently attenuate ALCT-induced OA. PCA not only
suppressed the formation of osteoclasts, but also interrupted
osteoclast bone resorption. It was found that osteoclastogen-
esis-associated signaling, including MAPK, Akt and NF-kB
signaling, as well as the critical nuclear factors induced by
RANKL, were suppressed by PCA. Thus, the anti-arthritic
effect of PCA is primarily associated with the inhibition effect
of osteoclastogenesis. Therefore, it was indicated that PCA has
the potential to be developed as a new therapy for OA and
other diseases associated with excessive osteoclast differentia-
tion and activation.
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