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Abstract. Cartilage degradation is an important in the patho
genesis of osteoarthritis (OA). Abnormal activation of the 
mitogen‑activated protein kinase (MAPK) signaling pathway 
in chondrocytes promotes an inflammatory response, resulting 
in the release of chondral matrix‑degrading enzymes that 
accelerate the degradation of cartilage. As a non‑pharma-
ceutical and non‑invasive physical therapy regimen, warm 
sparse‑dense wave (WSDW) has been successfully used for 
the treatment of OA. However, it remains unclear whether 
WSDW inhibits cartilage degradation in OA through the 
MAPK signaling pathway. The present study investigated the 
effects of WSDW on papain‑induced OA in rat knee joints. 
Papain‑induced OA was established in rats, which were subse-
quently divided into a model group and three experimental 
groups that received a WSDW with the following ratios: 
WSDW=1:1, WSDW=1:2 and WSDW=2:1. After 12 weeks of 
treatment, cartilage degradation was evaluated by Mankin 
scoring of paraffin‑embedded sections stained with hema-
toxylin and eosin. The changes in cartilage structure were 
observed by transmission electron microscopy, and the expres-
sions of RAS, extracellular signal‑regulated kinase (ERK), p38 
and p53 were measured by reverse transcription‑quantitative 

polymerase chain reaction and western blot analysis. WSDW 
was demonstrated to improve the arrangement of collagen 
fibers, inhibit the tidemark replication and delay cartilage 
degradation in papain‑induced OA. The expressions of RAS, 
ERK, p38 and p53 in the WSDW (1:2) and (2:1) groups were 
significantly decreased when compared with the model group 
(P<0.01). Furthermore, amongst the WSDW groups, the inhibi-
tory effects of the WSDW (1:2) group were typically greater 
than those of the WSDW (1:1) and (2:1) groups. The results 
indicate that WSDW may inhibit cartilage degradation in 
papain‑induced OA in rat knee joints by regulating the MAPK 
signaling pathway.

Introduction

Osteoarthritis (OA) is among the most prevalent chronic 
diseases to occur in adults, particularly in elderly patients, and 
is characterized by cartilage degradation (1). The most common 
risk factors for OA include age, previous joint injury, obesity, 
sex and mechanical factors such as malalignment and abnormal 
joint kinematics during ambulation. OA leads to the loss of 
tissue integrity and function (2). Therefore, the inhibition of 
cartilage degradation may be a potential strategy for the treat-
ment of OA. The mitogen‑activated protein kinase (MAPK) 
signaling pathway, composed of serine/threonine kinases, is a 
major pathway in the process of cartilage degradation (3). In 
particular, the pathway is involved in the proliferation, apop-
tosis and differentiation of chondrocytes, and the inflammatory 
response functions of a variety of physiological processes that 
are directly and indirectly related to inflammatory factors (4). 
This includes mechanical stress stimulation that occurs via 
intracellular signaling pathways, signal transmission to all 
types of transcription factors and regulation of the patho-
logical process of cartilage degradation (5‑7). Signals of the 
MAPK signaling pathway are transmitted from cell surface 
receptors to a variety of effectors, which regulate pathways 
governing cell differentiation, proliferation and programmed 
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cell death (8). Furthermore, scaffold proteins are an increas-
ingly recognized component of MAPK signaling and other 
signaling pathways (9). While these have no direct function 
in catalysis, they may act as platforms upon which signaling 
complexes assemble (10). As numerous scaffolds are spatially 
restricted within cells, this class of molecules may contribute 
to, and in some cases define, compartmentalized signaling. 
Furthermore, the MAPK cascade is a major intracellular 
signal transduction system, which includes p38, extracellular 
signal‑regulated kinase (ERK) and multiple members of the 
c‑Jun N‑terminal kinase family (11). In addition, the MAPK 
cascade may be important in the onset of OA, and thus may 
be a useful target in the treatment of OA (12,13). A previous 
study by our group demonstrated that warm sparse‑dense 
wave (WSDW) upregulated the mRNA of p21 and B‑cell 
lymphoma‑2, downregulated the mRNA of p53, inhibited 
chondrocyte apoptosis and delayed the degradation of articular 
cartilage (14). However, the mechanisms underlying the effects 
of WSDW on the apoptosis of chondrocytes via the MAPK 
signaling pathway remain to be elucidated. Therefore, using a 
papain‑induced OA in rat knee joints, the present study evalu-
ated the effect of WSDW on cartilage degradation and the 
potential underlying mechanisms involving MAPK signaling.

Materials and methods

Animals. A total of 50 2‑month-old Sprague‑Dawley (SD) rats 
260‑290 g [license no. SCXK (Min) 2012‑0001] that were 
specific‑pathogen‑free (SPF) and half male and half female 
were purchased from Fujian Medical University Laboratory 
Animal Co., Ltd. (Fuzhou, China). All animals were kept in a 
12‑h light/dark cycle, in a humidity (56±5%) and temperature 
(22±1˚C) controlled environment and maintained on a 0.3% 
sodium diet. The Experimental Animal Center of Fuzhou 
General Hospital (Fuzhou, China) provided SPF medical 
laboratory animal environmental facilities. The experimental 
protocol was ethically approved by the Scientific Research 
Committee of Fuzhou General Hospital.

Experimental design. Following adaptive feeding for 
1 week, all rats were randomly divided into control (n=10, 
regular feeding) and treatment (n=40) groups according to 
a 50:50 ratio of male:female rats. The rats in the treatment 
group received a 12 µl intra‑articular injection of 1 U/ml 
L‑cysteine‑activated‑papain in phosphate‑buffered saline 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) in the 
bilateral knee joints at 1, 4 and 7 days to induce OA, as previ-
ously described (15). At 2 weeks after the final injection of 
papain, the rats in the treatment group were randomly divided 
into four groups in each group (n=10), namely a model group 
(regular feeding) and three experimental groups that received 
a WSDW with the following ratios: WSDW=1:1, WSDW=1:2 
and WSDW=2:1. All animals of the treatment groups in 
the waking state were restrained on an operating platform, 
and the WSDW machine (XX‑hx01LB; Fujian Province 
Xiangxing Electronic Technology Co., Ltd., Fuzhou China) 
covered the surface of the knee joint. The treatment groups 
were then treated for 30 min/day for 12 weeks, after which 
the animals were sacrificed. The changes in cartilage struc-
ture were observed by optical microscopy and transmission 

electron microscopy (TEM; H-7650, Hitachi, Ltd., Tokyo, 
Japan).

Gross morphology of the knee joints. After 12 weeks the 
animals were sacrificed and the tibial plateau cartilage was 
immediately isolated from the surface of the knee joint, 
then prepared with the dimensions 1x1x3 mm for TEM. 
The specimens were fixed with 3% glutaraldehyde and 1.5% 
paraformaldehyde solution (pH 7.3) at 4˚C for 24 h, washed 
with 0.1 M sodium cacodylate buffer and post‑fixed with 
1% osmic acid and 1.5% potassium hexacyanoferrate (II) 
solution (pH 7.3) at 4˚C for 2 h. The specimens were then 
dehydrated in dehydrated with graded alcohol (50, 70, 80, 90 
and 100%), and embedded in Epon‑Araldite resin. All speci-
mens were observed by TEM, as previously described (16). 
Briefly, ultrathin sections (50  nm) were cut on a Leica 
ultramicrotome and stained with 2% aqueous uranyl acetate, 
counterstained with 0.3% lead citrate at 4˚C overnight and 
examined by TEM.

For optical microscopy, the isolated tibial plateau carti
lage was sectioned into samples of 0.5x0.5x0.5  cm in 
size. The specimens were then fixed with 40 g/l formalin 
(Sigma‑Aldrich; Merck KGaA) for 3 days at room temperature, 
and then decalcified for 2 weeks in buffered 12.5% EDTA 
(Sigma‑Aldrich; Merck KGaA). The samples were embedded 
in paraffin, sectioned at a thickness of 10 µm and stained with 
0.5% hematoxylin for 5 min and 1% eosin for 1 min at room 
temperature (17). Using ordinary optical microscopy, layers 
of articular cartilage and subchondral bone changes were 
visualized. The cartilage histological changes were evaluated 
according to the Mankin scoring system (18).

Western blot analysis. Total protein was extracted from 
the tibial plateau cartilage using RIPA buffer [50  mM 
Tris‑HCl (pH 7.4), 150 mM NaCl, 1% NP‑40, 0.5% sodium 
deoxycholate] with centrifugation at 20,000 x g at 4˚C for 
15 min. The protein concentrations were determined by the 
BCA protein assay (Beyotime Institute of Biotechnology, 
Shanghai, China), and heated to 100˚C for 5 min. An equal 
amount of protein (20 µg) per lane was separated by 12% 
SDS‑PAGE and transferred onto PVDF membranes. The 
membranes were blocked for 1 h at room temperature with 
5% non‑fat milk (19), and incubated with primary antibodies 
against ERK (ab54230, 1:250), p38 (ab31828, 1:1,000), p53 
(ab1431, 1:500), RAS (ab52939, 1:500) (all from Abcam, 
Cambridge, UK) and β‑actin (8457, 1:1,000; Cell Signaling 
Technology, Inc., Beverly, MA, USA), then washed in 
TBST. The membranes were then incubated with a goat 
anti‑rabbit horseradish peroxidase‑conjugated secondary 
antibody IgG (1:10,000, ZB‑2301; Zhongshan Golden Bridge 
Biotechnology, Co., Ltd., Beijing, China) for 2 h at room 
temperature. Immunoreactive proteins were visualized using 
Western Blot Chemiluminescence Luminol Reagent (Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), and bands 
were quantitated with a Bio‑Rad ChemiDoc XRS+ imaging 
system (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). All 
data were collected from at least 3 independent experiments.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Cartilage was obtained from the knee joints of SD 
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rats after treatment for 12 weeks. Total RNA was isolated using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) following the manufacturer's instruc-
tions. RNA (1 µg) was reverse transcribed into cDNA using 
a reverse transcription kit (K1622; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. qPCR was 
performed in a separate 20 µl reaction mixture, including 1 µl 
cDNA, 0.25 µl Taq DNA polymerase (Invitrogen; Thermo 
Fisher Scientific, Inc.), 2 µl primers, 2 µl dNTPs, 2.5 µl 10X 
buffer and 17.25 µl ddH2O, to quantify the target genes and 
GAPDH using an ABI Prism 7500 Sequence Detection system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR 
cycling conditions for each amplicon were as follows: 95˚C 
for 30 sec, followed by 40 cycles of amplification consisting of 
denaturation at 95˚C for 5 sec and extension at 60˚C for 34 sec. 
The PCR primers used were as follows: For ERK forward, 
5'‑GGC ATC CGA GAC ATC CTC AG‑3' and reverse, 
5'‑TAT GTA CTT GAG GCC CCG GA‑3'; for p38 forward, 
5'‑GAA TGG AAG AGC CTG ACC TAC GAT‑3' and reverse, 
5'‑AGA GGC ACT TGA ATG GTA TTT GGA G‑3'; for p53 
forward, 5'‑CCA TCA TCA CGC TGG AAG AC TC‑3' and 
reverse, 5'‑TGG TGG GCA GTG CTC TCT TTG‑3'; for RAS 
forward, 5'‑GGA CAA TCG CTA ACA ACC CCC T‑3' and 
reverse, 5'‑GGC ACT CTT TCC CAC GCC TCT A‑3'; and 
for GAPDH forward, 5'‑ACG GCA AGT TCA ACG GCA 
CAG‑3' and reverse, 5'‑GAA GAC GCC AGT AGA CTC CAC 
GAC‑3'. The levels of target gene expression were normal-
ized to that of GAPDH using the ABI Prism 7500 Sequence 
Detection system and the SYBR Florescence Quantization 
kit (Invitrogen; Thermo Fisher Scientific, Inc.). Fold-changes 
were calculated using the 2‑ΔΔCt method (20). All data were 
collected from at least 3 independent experiments.

Statistical analysis. All data are presented as the mean ± stan-
dard deviation. Data were analyzed using SPSS software 
version 13.0 for Windows (SPSS, Inc., Chicago, IL, USA). 
Statistical analysis of the data was performed by ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate statistically significant differences.

Results

WSDW delays cartilage degradation in papain‑induced OA. 
In the knee joints, significant gross morphological changes 
were observed between the control and treatment groups 
(Fig. 1). The four layers of cartilage, in the control group, 
including the tangential zone, intermediate zone, calcified 
cartilage and subchondral bone, exhibited a clear articular 
cartilage structure and uniform cartilage matrix. Furthermore, 
the surface cells exhibited a fusiform and uniform distribution 
with neat rows of cells indicated by the cell nuclei (Fig. 1A). 
The cartilage in the model group exhibited disordered struc-
ture in the four layers of cartilage and damage to the articular 
cartilage surface. Nuclear pycnosis and necrosis was also 
observed in the chondrocyte area (Fig. 1B). The articular 
cartilage of the WSDW (1:2) group exhibited some diffuse 
hypercellularity and improvement in cellularity and cellular 
organization of cartilage compared with the model group 
(Fig. 1D). The pathological changes of articular cartilage in 
the WSDW (1:1) and (2:1) groups were improved compared 
with the WSDW (1:2) group but worse compared with the 
model group (Fig. 1C and E). The cartilage Mankin scores 
in the model and WSDW (1:1), (1:2) and (2:1) groups were 
significantly higher than those in the control group (P<0.001, 
P<0.001, P=0.002 and P<0.001, respectively), while the 

Figure 1. Histological analysis of the medial tibial plateau treated with WSDW. (A) The control group exhibited uniform surface of articular cartilage (arrow) 
and orderly transitional layer cells (star). (B) The model group exhibited exposed surface of articular cartilage (arrow) and disordered transitional layer cells 
(star). (C) The WSDW (1:1) group exhibited a loss of surface of articular cartilage (arrow) and disordered transitional layer cells (star). (D) The WSDW (1:2) 
group exhibited uniform surface cells (arrow) and an orderly distribution of transitional layer cells (star). (E) The WSDW (2:1) group exhibited partial repair of 
surface of articular cartilage (arrow) and transitional layer cells (star). Cartilage structures were detected with hematoxylin and eosin stain. Scale bar, 200 µm. 
(F) The Mankin scores of the cartilage in all groups. **P<0.01 vs. control group; ✩✩P<0.01 vs. model group; ΔΔP<0.01 vs. WSDW (1:1) group. WSDW, warm 
sparse‑dense wave.
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Mankin scores in the WSDW (1:1), (1:2) and (2:1) groups were 
significantly lower than those in the model group (P=0.009, 
P<0.001 and P<0.001, respectively). Notably, the Mankin 
scores in the WSDW (1:2) group were lower than those in the 
WSDW (1:1) group (P=0.002; Fig. 1F).

WSDW inhibits the degradation of ultrastructural cartilage. 
Ultrastructural evaluation of the tibial plateau cartilage in 
all groups using TEM identified differences in the treatment 
groups when compared with the control group (Fig. 2). In 
the control group, the chondrocytes were of similar size and 
shape with round central nuclei, uniform chromatin and visible 
nucleoli. In addition, the cytoplasm was rich in rough endo-
plasmic reticulum and the extracellular matrix collagen fibers 
exhibited an orderly distribution (Fig. 2A). In the model group, 
the tibial plateau exhibited apoptotic chondrocytes undergoing 
nuclear blebbing and shrinkage, along with numerous degraded 
collagen fibers (Fig. 2B). In comparison, cell shrinkage, endo-
plasmic reticulum levels, mitochondria swelling and levels of 
metachromatic granules in the nuclei were improved in the 
cartilage of the WSDW (1:2) group (Fig. 2D). Furthermore, 
The ultrastructural changes of articular cartilage in the 
WSDW (1:1) and (2:1) groups were improved compared with 
the WSDW (1:2) group but worse compared with the model 
group (Fig. 2C‑E).

WSDW decreases the expressions of RAS, ERK, p38 and 
p53. To evaluate the potential inhibitory effects of WSDW 
on the MAPK signaling pathway, the expressions of RAS, 
ERK, p38 and p53 were measured by qPCR and western blot 
analysis. The mRNA expression of RAS in the model and 
WSDW (1:1), (1:2) and (2:1) groups was significantly higher 
than that in the control group (P<0.001, P<0.001, P=0.005 

and P<0.001, respectively). In addition, RAS mRNA expres-
sion was significantly lower in the SDW (1:1), (1:2) and (2:1) 
groups when compared with the model group (P=0.009, 
P<0.001 and P<0.001). Notably, RAS mRNA expression was 
significantly decreased in the WSDW (1:2) and (2:1) groups 
when compared with the WSDW (1:1) group (P<0.001 and 
P<0.001). Furthermore, the WSDW (1:2) group exhibited 
significantly lower expression of RAS mRNA than the WSDW 
(2:1) group (P=0.028) (Fig. 3A). The mRNA expressions of 
ERK, p38 and p53 in the model group and WSDW (1:1) group 
were significantly increased when compared with those in 
the control group (P<0.001, P<0.001, P<0.001 and P<0.001, 
P=0.002, P=0.003, respectively). In turn, all three WSDW 
groups exhibited significantly lower mRNA expression of 
p38 and p53 compared with the model group (P<0.001). The 
WSDW (1:2) and (2:1) groups also exhibited significantly 
lower mRNA expression of ERK mRNA compared with the 
model group (P<0.001). Furthermore, the WSDW (1:2) and 
(2:1) groups exhibited significantly lower expressions of ERK 
mRNA when compared with the WSDW (1:1) group (P<0.001, 
P<0.001), and the WSDW (1:2) group exhibited significantly 
lower expression of p53 mRNA when compared with the 
WSDW (1:1) group (P=0.005; Fig. 3B‑D).

As demonstrated in Fig. 4, the protein levels of RAS, ERK, 
p38 and p53 were similar to their respective mRNA expression 
levels. The protein level of RAS in the model and WSDW (1:1), 
(1:2) and (2:1) groups was significantly higher compared with 
the control group (P<0.001, P<0.001, P=0.014 and P<0.001, 
respectively; Fig. 4B). RAS protein level was significantly lower 
in the WSDW (1:2) and (2:1) groups when compared with the 
model group and WSDW (1:1) (P<0.001). Notably, the WSDW 
(1:2) group exhibited significantly lower levels of RAS protein 
level than the WSDW (2:1) group (P=0.025). The protein level 

Figure 2. Analysis of the ultrastructural characteristics of the tibial plateau treated with WSDW. Cartilage ultrastructures were stained with 2% aqueous uranyl 
acetate, counterstained with 0.3% lead citrate. (A) Control, (B) model, (C) WSDW (1:1), (D) WSDW (1:2) and (E) WSDW (2:1) groups. Red arrows indicate 
chondrocytes. WSDW, warm sparse‑dense wave.
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of ERK, p38 and p53 in the model group was significantly 
higher than that in the control group (P=0.002, P<0.001 and 
P<0.001; Fig. 4C‑E). ERK protein level was significantly lower 
in the WSDW (1:2) and (2:1) groups when compared with the 
model group (P=0.002 and P=0.005; Fig. 4C). The p38 and 
p53 protein level were significantly lower in the WSDW (1:1), 
(1:2) and (2:1) groups when compared with the model group 
(P<0.001; Fig. 4D and E). These results indicated that WSDW 
may delay cartilage degradation in papain‑induced OA through 
the inhibition of RAS, ERK, p38 and p53 expressions.

Discussion

Chondrocyte apoptosis leads to cartilage degradation, and are 
considered to be key in the pathological development of knee 
OA (21). Therefore, inhibition of chondrocyte apoptosis may 
be effective for the treatment of OA (22‑24). The results of the 
present study suggested that WSDW inhibited papain‑induced 
OA by regulating the MAPK signaling pathway, as indicated 
by the downregulation in RAS, ERK, p38 and p53 following 
WSDW. This indicates that WSDW may be a potential thera-
peutic agent for the treatment of OA.

OA is a chronic illness and there is currently no radical 
therapy available. In addition, only a few drugs, including 
non‑steroidal anti‑inflammatory drugs and cyclooxygenase 2 
inhibitors, are used to treat OA (25), and a number of adverse 

effects have been associated with these drugs  (26‑28). 
Traditional Chinese Medicine (TCM), including acupunc-
ture and Chinese herbal medicine, has been demonstrated to 
effectively alleviate pain for thousands of years, particularly 
pain associated with joint diseases such as OA (29‑31). An 
increasing number of patients are now turning to alterna-
tive and complementary medicine due to the side effects 
and limitations of conventional therapies. Therefore, novel 
therapeutic methods need to be developed to reduce the 
impacts of OA.

According to a TCM theory, OA is a bone obstruction 
disease, in which the knee joints undergo pain, stiffness 
and/or malfunction, consequently resulting in the syndromes 
of ‘blood stasis’ and ‘cold dampness’  (32,33). WSDW has 
been widely used as an effective, safe and non‑pharmaceutical 
therapy regimen for the management of OA, and is based 
on the theory of TCM acupuncture and meridian theory, 
suggesting that WSDW works via electrical stimulation of 
knee joint points (12).

The MAPK signaling pathway serves an important role 
in the regulation of the inflammatory response, and may be 
affected by a variety of inflammatory factors, such as inter-
leukin‑1 and tumor necrosis factor‑α (34). With regard to OA, 
p53 inhibits DNA replication and terminates cell replication, 
which may lead to cell apoptosis and accelerated cartilage 
degradation (35). In addition, high‑level expression of ERK 

Figure 3. WSDW decreased the expression levels of RAS, ERK, p38 and p53 mRNA. The mRNA expression of (A) RAS, (B) ERK, (C) p38 and (D) p53 
were measured by quantitative polymerase chain reaction analysis. GAPDH was used as an internal control for normalization. Values are presented as the 
mean ± standard deviation. **P<0.01 vs. control group; ✩✩P<0.01 vs. model group; ΔΔP<0.01 vs. WSDW (1:1) group; ◊P<0.05 vs. WSDW (1:2) group. ERK, extra-
cellular signal‑regulated kinase; WSDW, warm sparse‑dense wave.
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has been reported in OA (36). Furthermore, activated RAS, 
upon stimulation from extracellular signals, may activate ERK 
in the regulation of cell proliferation, differentiation, apoptosis 
and inflammation, and has been associated with OA cartilage 
degradation (37).

The results of the present study demonstrated that WSDW 
inhibited the expressions of RAS, ERK, p38 and p53, indi-
cating that prompt WSDW may inhibit the MAPK signaling 
pathway and reduce inflammation‑induced chondrocyte 
apoptosis. However, the present results are only applicable to 

the rat model of papain‑induced OA, and the clinical efficacy 
of WSDW in humans remains to be investigated in larger 
samples and randomized controlled clinical trials.
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sparse‑dense wave.
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