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Abstract. In China, electroacupuncture (EA) is a therapeutic 
method that is extensively applied in the clinical treatment of 
osteoarthritis (OA); however, the underlying molecular mecha-
nism remains unclear. Chondrocyte apoptosis may be observed 
in cartilage tissue in OA, and is often considered a key target 
for the treatment of this condition. Therefore, the present study 
aimed to determine the effects of EA on sodium nitroprusside 
(SNP)‑induced chondrocyte apoptosis. Chondrocytes were 
obtained from the knee joints of Sprague Dawley rats by type II 
collagenase digestion. Following microscopic observation and 
authentication with type II collagen immunohistochemistry, 
articular cartilage cells were used in subsequent experiments. 
Using inverted phase contrast microscopy, DAPI staining and 
flow cytometry, it was revealed that chondrocytes treated with 
SNP became apoptotic, whereas EA inhibited SNP‑induced 
chondrocyte apoptosis. Subsequently, JC‑1 single staining, 
reverse transcription‑quantitative polymerase chain reaction 
analysis, western blotting, colorimetric assays and immuno-
fluorescence staining were performed for further investigation. 
The results demonstrated that, when compared with normal 
chondrocytes, the mitochondrial membrane potential of 
SNP‑treated chondrocytes was markedly lowered, B‑cell 

lymphoma 2 (Bcl‑2) expression was reduced, and the expres-
sion levels of Bcl‑2‑associated X protein (Bax), cytochrome c, 
caspase‑9 and caspase‑3 were increased. Compared with in 
SNP‑treated chondrocytes, the decrease in the mitochondrial 
membrane potential of chondrocytes treated with SNP and EA 
was smaller, Bcl‑2 expression was increased, and the expres-
sion levels of Bax, cytochrome c, caspase‑9 and caspase‑3 were 
decreased following EA intervention. In conclusion, the present 
study demonstrated that EA modulated the mitochondrial 
pathway to suppress SNP‑mediated chondrocyte apoptosis. 
Therefore, EA may be of value in the treatment of OA.

Introduction

Osteoarthritis (OA) is a common chronic degenerative joint 
disease, clinically manifesting with pain, swelling and stiff-
ness, and progressive OA may lead to permanent disability (1). 
The clinical manifestations of OA seriously affect the work 
and everyday life of patients, and may pose a major socioeco-
nomic burden (2,3). With the gradual increase in the size of 
the elderly population, the incidence of OA is also expected 
to increase (4). In order to alleviate the personal and social 
burden, it is particularly important to investigate safe and 
effective preventive and curative measures.

There is currently no particularly effective treatment for 
OA. Common treatment methods for the relief of symptoms, 
including non‑steroidal anti‑inflammatory drugs, hyaluronic 
acid injections and arthroplasty, among others, are associ-
ated with certain limitations  (5‑7). In China, in addition 
to the aforementioned methods, the treatment of OA also 
includes alternative methods, including Chinese herbal 
medicine, acupuncture and massage therapy, among which, 
electroacupuncture (EA) is often used in the management 
of OA. Certain clinical and evidence‑based studies have 
suggested that EA can effectively relieve pain and improve 
joint function (8‑10). It was previously demonstrated that 
EA promotes the differentiation of bone marrow‑derived 
mesenchymal stem cells into chondrocytes (11), promotes 
the proliferation of chondrocytes  (12), and reduces the 
inflammatory response of chondrocytes induced by tumor 
necrosis factor α (13). However, the precise mechanism of 
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action of EA in the treatment of OA remains to be fully 
elucidated.

The principal pathological manifestations of OA are 
cartilage degeneration, synovitis and osteophyte hyper-
plasia, among which cartilage degeneration is the main 
characteristic  (14). Therefore, the alleviation of cartilage 
degeneration may be key to the treatment of OA. Normal 
articular cartilage comprises chondrocytes and extracel-
lular matrix, which are in a state of dynamic equilibrium. 
Alterations in chondrocyte proliferation, apoptosis and other 
physiological functions may cause dynamic balance disor-
ders, which affect cartilage functional status (15). Therefore, 
chondrocytes may represent a valuable focus of investigation 
in OA research. It has been reported that levels of nitrite, 
a stable end product of nitric oxide (NO) metabolism, are 
elevated in serum and synovial fluid samples of OA (16). In 
addition, synovial cells and cartilage cells in OA produce 
large amounts of NO  (17). The negative effects of NO 
include enhancement of matrix metalloproteinase activity, 
a reduction in interleukin‑1 receptor antagonist synthesis 
and the promotion of apoptosis, which are closely associated 
with the occurrence and development of OA (18‑20). Sodium 
nitroprusside (SNP), which is a widely used NO donor, is 
extremely unstable and produces NO when added to chon-
drocyte culture fluids (21,22). To the best of our knowledge, 
no previous studies have used SNP to generate animal 
models of OA; however, SNP‑induced chondrocytes are 
common in vitro models of OA (23‑25). The present study 
aimed to determine whether EA may serve a therapeutic role 
in OA by inhibiting SNP‑induced chondrocyte apoptosis.

Materials and methods

Animals. Chondrocytes were obtained from 4‑week‑old male 
Sprague Dawley rats (n=30; weight, 70±10 g) purchased from 
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, 
China; permit no. SCXK 2012‑0002). The rats were raised 
in the Animal Experimental Center of Fujian University of 
Traditional Chinese Medicine (permit no. SYXK 2014‑0005; 
Fujian, China) at a room temperature of 24±2˚C, a relative 
humidity of 55±5%, a 12/12 h light/dark cycle and free access 
to food and water. The present study was approved by the 
Animal Care and Use Committee of Fujian University of 
Traditional Chinese Medicine.

Chondrocyte acquisition and culture. Articular cartilage 
cells were isolated and cultured as previously described (26). 
After the rats were euthanized, their knee joints were 
removed and transferred to a clean bench for further 
processing. Cartilage tissue from the rat knees was removed 
and rinsed three times with PBS (HyClone; GE Healthcare 
Life Sciences, Logan, UT, USA). The cartilage tissue was 
digested with type II collagenase (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) in an incubator (Heraeus 
Holding GmbH, Hanau, Germany) at 37˚C and 5% CO2 after 
mincing. After 90 min, the supernatant was collected and 
centrifuged at 503.1 x g for 3 min to achieve cell precipitation. 
The cell pellet was suspended in 4 ml Dulbecco's modified 
Eagle's medium (DMEM) containing 10% fetal bovine 
serum (both from HyClone; GE Healthcare Life Sciences). 

The cell suspension was transferred to a 25‑mm2 flask, and 
was then cultured in the incubator at 37˚C and 5% CO2. The 
cartilage tissues were digested four times repeatedly. The 
culture medium was replenished every 2 days. Passages were 
performed when chondrocytes had grown to 90% confluence. 
Second‑generation chondrocytes were employed for subse-
quent experiments.

Chondrocyte observation and identification. Chondrocyte 
morphology on different culture days and of different 
generations was observed under an inverted phase‑contrast 
microscope (Leica Microsystems, Inc., Wetzlar, Germany) 
and images were captured. Second‑generation chondrocytes 
are often selected for experimentation (27); therefore, type II 
collagen immunohistochemistry was applied to identify 
passage 2 chondrocytes. A total of 5x104 second‑generation 
chondrocytes per well were implanted onto a sterile round 
coverglass in a 6‑well plate. Chondrocytes in the 6‑well 
plate (2  ml medium/well) were incubated for 48  h and 
were then randomly divided into two groups. The positive 
group was treated with 100 µl rabbit polyclonal antibody 
against collagen II (dilution 1:200; cat. no. ab34712; Abcam, 
Cambridge, UK), whereas the negative group was treated with 
100 µl PBS. Both groups were incubated overnight at 4˚C. After 
incubation, the two groups of chondrocytes were treated with a 
secondary antibody (cat. no. KIT‑9707; MXB Biotechnologies, 
Inc., Fujian, China) at 37˚C for 1 h, in accordance with the 
manufacturer's instructions; color was developed using a DAB 
kit (cat. no. DAB‑0031; MXB Biotechnologies, Inc.); and the 
cells were stained with hematoxylin (Sigma‑Aldrich; Merck 
KGaA) for 1 min. The staining of the two groups of cells was 
observed and compared under a phase‑contrast microscope 
(Leica Microsystems, Inc.).

Experimental grouping. A cell suspension (1x105/ml) was 
seeded in 6‑well plates (2 ml/well). After 72 h, the cells were 
randomly divided into the following groups: i) The control 
group without treatment, ii) the 1 mM SNP‑treated group, iii) 
the group treated with 1 mM SNP and EA for 30 min every 
8 h (electrical stimulator was obtained from Suzhou Medical 
Appliance Factory, Suzhou, China), and iv) the group treated 
with 1 mM SNP and EA for 60 min every 8 h. The intervention 
time for all groups was 24 h. EA intervention on chondrocytes 
was conducted as described previously (11).

DAPI staining. After treatment, the chondrocyte morphology 
in each group was observed under a microscope, and the 
nuclear alterations in each group were observed using DAPI 
staining. Initially, chondrocytes were fixed in 1 ml 4% neutral 
paraformaldehyde (HyClone; GE Healthcare Life Sciences) 
at 4˚C for 30  min. After washing with PBS three times, 
the chondrocytes were stained with 500 µl DAPI (5 µg/ml; 
cat. no. D1306; Thermo Fisher Scientific, Inc.) for 5 min in the 
dark. After staining, the nuclear alterations were observed and 
images were captured under a fluorescence microscope (Leica 
Microsystems, Inc.).

Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) staining and flow cytometry. After treatment, 
chondrocytes from each group were digested with EDTA‑free 
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trypsin (Gibco; Thermo Fisher Scientific, Inc.) and collected 
in separate 15‑ml centrifuge tubes, in accordance with the 
instructions of the apoptosis detection kit (cat. no. KGA108; 
Nanjing KeyGen Biotech Co. Ltd. Nanjing, China). A total of 
5x105 chondrocytes were collected in flow tubes and suspended 
in 500 µl binding buffer. Subsequently, 5 µl Annexin V‑FITC 
and 5 µl PI were added to the chondrocyte suspension and the 
cells were incubated in the dark for 15 min at room tempera-
ture. The chondrocyte apoptotic rate was measured using 
a fluorescence‑activated cell sorting (FACS) machine (BD 
FACSCalibur™; BD Biosciences, San Jose, CA, USA).

JC‑1 staining and flow cytometry. After treatment, chon-
drocytes were digested with EDTA‑free trypsin and were 
collected in separate 15‑ml centrifuge tubes. A total of 5x105 
chondrocytes in flow tubes were then suspended in 500 µl 
PBS containing JC‑1 (cat. no. 420200; Calbiochem; Merck 
KGaA) at 10 µg/ml. The mixture was placed in a cell incubator 
at 37˚C and 5% CO2 for 15 min. Alterations in mitochon-
drial membrane potential were then detected using the BD 
FACSCalibur™ (BD Biosciences).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). After treatment, TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was applied to extract total 
RNA. The PrimeScript™ RT reagent kit (cat. no. RR0047A; 
Takara Bio, Inc., Otsu, Japan) was used to reverse transcribe 
RNA (1 µg) into cDNA in the PCR amplification instru-
ment according to the manufacturer's protocol. The primer 
sequences were as follows: B‑cell lymphoma 2 (Bcl‑2), 
forward 5'‑TCC​AGG​CAT​CAG​GTT​AGT​C‑3', reverse 5'‑GGT​
CAG​TGT​CCA​GGT​AGG‑3'; Bcl‑2‑associated X protein 
(Bax), forward 5'‑TGT​CAG​TCC​TGG​CAG​TCA​AC‑3', reverse 
5'‑GGC​TCA​GTA​GTA​GGC​GAT​GG‑3'; caspase‑9, forward 
5'‑AAT​GGA​TGT​GGT​GCT​GTC‑3', reverse 5'‑AAC​TGT​ATA​
GGA​AGG​CTG​AG‑3'; caspase‑3, forward 5'‑TAC​AGG​AAC​
AGA​CCA​TAA​TAC​C‑3', reverse 5'‑AGA​CCA​GTG​CTC​ACA​
AGG‑3'; and β‑actin, forward 5'‑ACC​ACT​GGC​ATT​GTG 
ATG GA‑3' and reverse 5'‑CGC​TCG​GTC​AGG​ATC​TTC 
T‑3' (Sangon Biotech Co., Ltd., Shanghai, China). The qPCR 
SYBR Green Master Mix (cat. no. Q111‑02; Vazyme Biotech 
Co., Ltd., Nanjing, China) was used to detect the respective 
mRNA expression levels. The total reaction volume was 20 µl, 
including 10 µl qPCR SYBR Green Master Mix, 8 µl sterilized 
distilled water, 1 µl cDNA, 0.5 µl forward primer and 0.5 µl 
reverse primer. RT‑qPCR was conducted using the 7500 Fast 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with the following reaction conditions: Stage 1, 
pre‑denaturation at 95˚C for 3 min; stage 2, 40 cycles at 95˚C 
for 10 sec and 60˚C for 30 sec; stage 3, dissolution curve at 
95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec. The 2‑ΔΔCq 

method (28) was applied for data analysis.

Western blot analysis. Chondrocytes from the four groups 
were lysed on ice for 30 min with radioimmunoprecipita-
tion assay lysis buffer and phenylmethanesulfonyl fluoride 
(both from Beyotime Institute of Biotechnology, Shanghai, 
China), in order to extract proteins. A bicinchoninic acid 
kit (cat. no. P0010; Beyotime Institute of Biotechnology) 
was applied to determine protein concentrations in the 

different groups. Protein samples (20 µg) were separated 
by 12% SDS‑PAGE and were transferred to polyvinylidene 
fluoride membranes. Blocking buffer (Beyotime Institute 
of Biotechnology) was used to block the membranes at 
room temperature for 1 h. After 1 h, the membranes were 
incubated with antibodies against Bax (1:5,000 dilu-
tion; cat.  no.  ab32503; Abcam), Bcl‑2 (1:1,000 dilution; 
cat.  no.  2870; Cell Signaling Technology, Inc., Danvers, 
MA, USA) and β‑actin (1:1,000 dilution; cat. no. 8457; Cell 
Signaling Technology, Inc.) at 4˚C overnight, followed by 
incubation with secondary antibodies (1:20,000 dilution; 
cat.  no. AP132P; Merck KGaA) at room temperature for 
1 h. Finally, protein expression semi‑quantified using the 
ChemiDoc™ XRS+ system (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) with BeyoECL Plus (Beyotime Institute 
of Biotechnology).

Colorimetric assays. Two colorimetric kits (cat. nos. ab65608 
and ab39401; Abcam) were applied to detect caspase‑9 and 
caspase‑3 activity. The experimental procedure was conducted 
according to the manufacturer's protocol. After the chondro-
cytes were completely lysed, the mixture was centrifuged at 
10,000 x g for 1 min at 4˚C to obtain total cellular protein. 
The total reaction volume for this experiment included 100 µg 
protein dissolved in 50 µl cell lysis buffer, substrate, 50 µl 
reaction buffer and either 5 µl LEHD‑p‑NA (for caspase‑9 
detection) or DEVD‑p‑NA (for caspase‑3 detection; all 
reagents contained within relevant kits); this reaction mixture 
was mixed thoroughly in 96‑well plates and then incubated 

Figure 1. Observation and identification of chondrocytes (magnifica-
tion, x100). (A‑D) Cartilage cells were observed under an inverted phase 
contrast microscope. (A)  Newly extracted cartilage cells. (B)  Newly 
isolated cells cultured for 2  days. (C)  Chondrocytes grown for 2  days 
after one passage. (D) Chondrocytes grown for 2 days after two passages. 
(E and F) Chondrocytes were identified by type II collagen immunohisto-
chemistry. (E) Cytoplasm of positive second‑generation chondrocytes was 
stained brown. (F) Negative control cells were not stained.
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in the dark at 37˚C for 2 h. The optical density of the samples 
was measured at 405 nm using a microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA).

Immunofluorescence staining. A total of 1x105/ml chon-
drocytes were seeded in a laser confocal dish. After 72 h, 
the cells were treated with either SNP or EA. Following 
this, chondrocytes were fixed with 500 µl formaldehyde at 
4˚C for 30 min and then incubated with 500 µl 0.5% Triton 
at room temperature for 10 min in order to increase cell 
membrane permeability. After blocking with PBS containing 
10% goat serum (cat. no. SL038; Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) and 0.5% bovine 
serum albumin (cat. no. A8010; Beijing Solarbio Science 
& Technology Co., Ltd) at room temperature for 1 h, the 
chondrocytes were incubated with anti‑cytochrome c (Cyt‑C; 
1:500 dilution; cat. no. ab90529; Abcam) at 4˚C overnight. 
Following this, chondrocytes were incubated with a fluores-
cent secondary antibody (1:300 dilution; cat. no. A‑11008; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature 
and with DAPI (5 µg/ml) for 5 min at room temperature in 
the dark. After three washes with PBS, the chondrocytes 
were observed and images were captured under a laser scan-
ning confocal microscope (Olympus Corporation, Tokyo, 
Japan). ImageJ 1.8.0  (https://imagej.nih.gov/ij/download.
html) was used to measure the fluorescence intensity of 
Cyt‑C in different images, and the level of intensity per area 
was used to indicate the relative expression of Cyt‑C. Three 
visual fields from each laser confocal dish were randomly 
selected for data analysis.

Statistical analysis. Each experiment was independently 
repeated at least three times. Experimental data were processed 
and analyzed using SPSS 22.0 software (IBM Corp., Armonk, 
NY, USA). The Shapiro‑Wilk test was used to determine the 
normality of all groups of data. If the data exhibited a normal 
distribution, they were analyzed with one‑way analysis of vari-
ance followed by least significant difference or Games Howell 
post hoc tests; if not, the Kruskal‑Wallis test was used and the 
Mann‑Whitney U with Bonferroni's correction was applied as 

a post hoc test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Morphological observation of chondrocytes isolated from the 
articular cartilage of rats. Cells that had just been extracted 
from rat articular cartilage were suspended in culture medium 
(Fig. 1A). After 2 days, the majority of the cells were adherent 
to the culture bottle and had an irregular shape (Fig. 1B). First‑ 
and second‑generation chondrocytes after 2 days of culture 
assumed a round or oval shape (Fig. 1C and D). Briefly, the 
rat joint cartilage cell morphology resembled that reported in 
previous studies (26,27).

Detection of type II collagen in second‑generation chon‑
drocytes. Since type II collagen is mainly produced by 
chondrocytes, type II collagen immunohistochemistry was 
used to identify second‑generation chondrocytes. Under an 
inverted phase contrast microscope, the cytoplasm of chon-
drocytes in the positive group was stained brown (Fig. 1E), 
whereas the cytoplasm of the chondrocytes in the negative 
group was not stained (Fig.  1F). Since second‑generation 
articular cartilage cells exhibited the typical morphology 
of chondrocytes and abundant type II collagen, they were 
employed in subsequent experiments.

EA inhibits SNP‑induced chondrocyte apoptosis, as deter‑
mined by morphological observation and DAPI staining. 
Microscopic observation and DAPI staining were performed 
to investigate the effects of EA on SNP‑induced apoptotic 
cells (Fig. 2). Chondrocyte morphology in the normal group 
exhibited no obvious alterations (Fig. 2A), and the nuclei 
were stained blue, and were round‑ or oval‑shaped (Fig. 2E). 
However, in the SNP‑induced group, numerous chondrocytes 
were observed floating in the culture medium, and adherent 
cells had an irregular morphology (Fig. 2B). Compared with 
the normal group, the nuclei of the SNP‑treated group were 
significantly reduced in size and were bright blue (Fig. 2F). 
Following EA treatment, there were fewer chondrocytes 

Figure 2. EA is associated with morphological alterations in apoptotic chondrocytes (magnification, x100). (A‑D) Chondrocyte microstructure. 
(E‑H) DAPI‑stained chondrocytes. (A and E) Normal chondrocytes. (B and F) Cells treated with 1 mM SNP for 24 h. (C and G) Cells treated with 1 mM 
SNP and EA for 30 min every 8 h for 24 h. (D and H) Cells treated with 1 mM SNP and EA for 60 min every 8 h for 24 h. EA, electroacupuncture; SNP, 
sodium nitroprusside.
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floating in the culture medium (Fig.  2C and  D), and the 
shrinking and brightness of the nuclei were less prominent 
compared with in the SNP‑treated group (Fig. 2G and H).

EA modulates the apoptotic rate of SNP‑induced chondrocytes. 
The effects of EA on chondrocyte apoptosis were assessed 
by Annexin V‑FITC/PI staining and flow cytometry. The 
results demonstrated that the apoptotic rate of SNP‑induced 
chondrocytes was significantly higher compared with that of 
normal chondrocytes (P<0.001). Conversely, the apoptotic rate 
of chondrocytes following EA treatment was lower compared 
with that of SNP‑induced chondrocytes (P<0.001). These 
findings indicated that EA reduced the apoptotic rate of chon-
drocytes (Fig. 3).

EA decelerates the reduction in mitochondrial membrane 
potential in SNP‑stimulated apoptotic chondrocytes. JC‑1 
single‑staining flow cytometry was performed to determine 
the effects of EA on the mitochondrial membrane potential 
of apoptotic chondrocytes. The mitochondrial membrane 
potential was significantly decreased following treatment of 
chondrocytes with 1 mM SNP for 24 h (P=0.001). Compared 
with in the SNP‑induced group, the decrease in mitochondrial 

membrane potential was significantly slower in the EA treat-
ment groups (P<0.001, P=0.018). The results demonstrated 
that EA increased the mitochondrial membrane potential of 
apoptotic chondrocytes (Fig. 4).

EA regulates gene and protein expression in chondrocytes. The 
aforementioned results indicated that EA may inhibit 1 mM 
SNP‑induced chondrocyte apoptosis. To further elucidate the 
mechanism of action of EA at the molecular level, the expres-
sion levels of Bcl‑2, Bax, Cyt‑C, caspase‑9 and caspase‑3 
were assessed. RT‑qPCR analysis (Fig. 5) indicated that the 
mRNA expression levels of Bcl‑2 in SNP‑induced chondro-
cytes were reduced compared with in normal chondrocytes 
(P=0.001). Furthermore, the mRNA expression levels of Bax 
(P=0.003), caspase‑9 (P<0.001) and caspase‑3 (P<0.001) were 
significantly increased in SNP‑induced chondrocytes compared 
with in normal chondrocytes. Conversely, compared with in 
SNP‑induced chondrocytes, EA treatment for 30 and 60 min 
promoted Bcl‑2 mRNA expression (P=0.159, P=0.032), and 
reduced Bax (P=0.028, P=0.018), caspase‑9 (P=0.005, P=0.002) 
and caspase‑3 (P=0.029, P=0.002) mRNA expression. 

Western blotting was conducted to detect the protein 
expression levels of Bcl‑2 and Bax (Fig. 6A‑C). In addition, 

Figure 3. EA reduces the apoptotic rate of chondrocytes. (A) Normal chon-
drocytes, and chondrocytes treated with (B) 1 mM SNP, (C) 1 mM SNP and 
EA for 30 min per 8 h, and (D) 1 mM SNP and EA for 60 min per 8 h for 24 h 
were analyzed by flow cytometry. (E) Apoptotic rates of chondrocytes treated 
with SNP with or without EA are summarized in the histogram. Data from 
three different experiments are presented as the means ± standard deviation. 
**P<0.01 vs. normal chondrocytes; ▲P<0.05 and ▲▲P<0.01 vs. SNP‑treated 
chondrocytes. EA, electroacupuncture; SNP, sodium nitroprusside.

Figure 4. EA decelerates the mitochondrial membrane potential of apoptotic 
chondrocytes. (A) Normal chondrocytes, and chondrocytes treated with 
(B) 1 mM SNP, (C) 1 mM SNP and EA for 30 min every 8 h, and (D) 1 mM 
SNP and EA for 60 min every 8 h for 24 h were analyzed by JC‑1 staining and 
flow cytometry. (E) R2 percentage of cartilage cells treated with SNP with 
or without EA is summarized in the histogram. Data from three different 
experiments are presented as the means ± standard deviation. **P<0.01 vs. 
normal chondrocytes; ▲P<0.05 and ▲▲P<0.01 vs. SNP‑treated chondrocytes. 
EA, electroacupuncture; SNP, sodium nitroprusside.
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caspase‑9 and caspase‑3 activities were measured using 
colorimetric assays (Fig. 6D and E), and immunofluores-
cence staining was used to detect the expression of Cyt‑C 
(Fig. 6F and G). SNP inhibited Bcl‑2 protein expression 
(P=0.001), promoted Bax (P=0.007) and Cyt‑C (P<0.001) 
protein expression, and enhanced caspase‑3 (P=0.005) 
and caspase‑9 (P=0.001) activities. Conversely, EA treat-
ment for 30 and 60 min increased Bcl‑2 protein expression 
(P= 0.083, P= 0.012), downregulated Bax (P= 0.047, 
P=0.021) and Cyt‑C (both P<0.001) protein expression, and 
reduced caspase‑9 (both P=0.001) and caspase‑3 (P=0.049, 
P=0.009) activities.

Discussion

The present study demonstrated that EA suppressed 
SNP‑mediated chondrocyte apoptosis, and exerted an 
inhibitory effect on apoptosis through modulation of the mito-
chondrial pathway.

Chondrocytes, which are the only type of cell present in 
mature cartilage, synthesize and secrete matrix components 
and fibers, thus maintaining cartilage tissue structure and 
function (29). Cartilage degeneration is the most important 
pathological manifestation of OA, and chondrocyte apoptosis is 
closely associated with cartilage degeneration (30). Therefore, 
it has been hypothesized that effective inhibition of chondro-
cyte apoptosis is key to the treatment of OA (31,32). In previous 
studies, cartilage histomorphological examination revealed 
that EA treatment significantly inhibits cartilage degeneration 

in an ovariectomized rabbit OA model and an anterior cruciate 
ligament transection rabbit OA model (33,34). In addition, a 
previous TUNEL assay demonstrated that EA reduces the 
rate of chondrocyte apoptosis in cartilage tissue (35), which 
was similar to the present findings. However, to the best of 
our knowledge, the mechanism through which EA inhibits the 
apoptosis of chondrocytes has not been extensively investi-
gated to date.

SNP is a nitrosylated sodium ferricyanide dihydrate, which 
readily releases NO, as it contains an extremely unstable 
nitroso group. NO, which is an important mitochondrial apop-
tosis‑inducing factor, may cause chondrocyte apoptosis (21). 
Based on previous experiments, 1 mM SNP was used for 24 h to 
induce chondrocyte apoptosis. After treatment, it was revealed 
that EA improved morphological alterations in apoptotic 
chondrocytes. DAPI, a fluorescent DNA‑binding dye (36), is 
widely used to evaluate apoptosis. DAPI staining revealed that 
the nuclei of chondrocytes treated with SNP and EA exhibited 
less shrinkage, reduced brightness and higher nuclear density 
compared with SNP‑treated chondrocytes. Furthermore, 
Annexin V‑FITC/PI staining was used to assess overall 
chondrocyte apoptosis. When cells undergo apoptosis, phos-
phatidylserine (PS), originally located inside the lipid bilayer, 
is relocated to the outer surface of the bilayer (37). Annexin‑V, 
which binds strongly to PS, may be used to label early apoptotic 
cells (38). PI is a nucleic acid dye that does not penetrate the 
intact cell membrane, but permeates the cell membrane of late 
apoptotic and dead cells (39). Annexin V‑FITC/PI staining is 
a classic experimental method for the detection of apoptosis. 

Figure 5. Expression of genes in chondrocytes treated with SNP and/or EA. (A) Bcl‑2, (B) Bax, (C) caspase‑3 and (D) caspase‑9 mRNA expression levels were 
detected by reverse transcription‑quantitative polymerase chain reaction. Data from three different experiments are presented as the means ± standard devia-
tion. **P<0.01 vs. normal chondrocytes; ▲P<0.05 and ▲▲P<0.01 vs. SNP‑treated chondrocytes. Bax, Bcl‑2‑associated X protein; Bcl‑2, B‑cell lymphoma 2; EA, 
electroacupuncture; SNP, sodium nitroprusside.
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Figure 6. Expression of proteins in chondrocytes treated with SNP and/or EA. (A‑C) Bcl‑2 and Bax protein expression was measured and results were 
semi‑quantified. (D and E) Colorimetric assays were performed to detect caspase‑9 and caspase‑3 activities. (F and G) Cyt‑C expression was evaluated by 
laser scanning confocal microscopy (magnification, x400) and the results were semi‑quantified. Data from three different experiments are presented as the 
means ± standard deviation. **P<0.01 vs. normal chondrocytes; ▲P<0.05 and ▲▲P<0.01 vs. SNP‑treated chondrocytes. Bax, Bcl‑2‑associated X protein; Bcl‑2, 
B‑cell lymphoma 2; Cyt‑C, cytochrome c; EA, electroacupuncture; OD, optical density; SNP, sodium nitroprusside.
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In this study, EA reduced the rate of chondrocyte apoptosis, as 
demonstrated by the results of Annexin V‑FITC/PI staining.

Having confirmed that EA inhibited SNP‑induced chondro-
cyte apoptosis, further analysis was conducted. Since SNP has 
been reported to induce mitochondrial apoptosis (40), altera-
tions in mitochondrial membrane potential, and associated gene 
and protein expression levels, were investigated. Mitochondrial 
membrane potential is often detected using JC‑1 (41). In the JC‑1 
assay, mitochondrial membrane potential decline, which reflects 
the onset of apoptosis, is indicated by the change in fluorescence 
from red to green. A decrease in mitochondrial membrane 
potential leads to increased membrane permeability, and 
mitochondrial membrane permeability may be regulated by the 
Bcl‑2 family (42). The Bcl‑2 family promotes and inhibits cell 
apoptosis through modulating mitochondrial outer membrane 
permeabilization (43). Bcl‑2 can suppress apoptosis by inhibiting 
the increase in mitochondrial permeability (44). Conversely, 
Bax, another Bcl‑2 family member, accelerates apoptosis. The 
Bax protein increases the permeability of the mitochondrial 
membrane by forming activated oligomers, promoting Cyt‑C 
release and ultimately inducing apoptosis  (45). When cells 
are stimulated by NO, mitochondrial membrane permeability 
increases, which leads to Cyt‑C release into the cytoplasm, 
triggering the caspase cascade, namely sequential activation 
of caspase‑9 and caspase‑3, leading to cell apoptosis (46). In 
the present study, EA reduced the extent of the mitochondrial 
membrane potential decline, and regulated the expression levels 
of Bcl‑2, Bax, Cyt‑C, caspase‑9 and caspase‑3.

In conclusion, EA inhibited SNP‑induced chondrocyte 
apoptosis through regulating the mitochondrial pathway, 
which is likely the mechanism of action of EA in OA treat-
ment. However, there were certain limitations to the present 
study. The experiments were only conducted in vitro, and the 
results have yet to be further validated in vivo. In addition, the 
experiments regarding the inhibitory effects of EA on apop-
tosis focused only on the mitochondrial pathway; therefore, 
more in‑depth research is required. Further in vitro and in vivo 
experiments must be conducted to fully elucidate the mecha-
nism underlying the action of EA in the treatment of OA.
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