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A B S T R A C T   

Background and aim: Hypoxia of the cartilage has been considered as a potential pathogenic factor in knee 
osteoarthritis (KOA). Studies have shown that impaired blood perfusion of joint leads to cartilage hypoxia. 
Electroacupuncture (EA) has proven effects on pain relief and improving microcirculation. This study aimed to 
explore the effect of EA on articular microcirculation and cartilage anoxic and the underlying mechanisms. 
Procedures: Videman’s method was used for 6 weeks to establish the KOA model. EA intervention was performed 
in four points around the knee for 3 weeks after KOA modeling. The Lequesne MG score was used to assess 
ethology. We recorded the oxygen tension of synovial fluid and the synovial microcirculation in vivo. HE-staining 
was used to assess cartilage morphology, and immunohistochemistry (IHC), Western blotting, and RT-PCR were 
used to assess expression of the major glycolytic enzymes glucosetransporter1 (GLUT1), pyruvate kinase M2 
(PKM2), and lactate dehydrogenase A (LDHA). Enzyme-linked immunosorbent assay (Elisa) was used to detect 
lactate content. 
Results and conclusion: There was a significant decrease in Lequesne MG score and improvement in Mankin score 
after EA intervention (P < 0.01), a significant increase in synovial microcirculation (P < 0.05) and synovial fluid 
oxygen tension (P < 0.01), and there was significant decrease in the expression of GLUT1, PKM2 and LDHA (P <
0.01) and lactate (P < 0.05). This study suggested that EA ameliorate cartilage hypoxia and regulate glycolytic 
metabolism in chondrocytes in KOA model rabbits by improving articular microcirculation and oxygen tension.   

1. Introduction 

Knee osteoarthritis (KOA) is characterized by synovial inflammation, 
cartilage degeneration and subchondral bone sclerosis, but the main 
pathological feature is articular cartilage degeneration. KOA is a major 
public health problem affecting 500 million people worldwide,1 with the 
elderly being disproportionately affected by the condition.2 The main 
cause of KOA in older adults is movement disorders and disabilities, 
which place a significant burden on individuals and society. The treat-
ments for KOA are mainly pharmacotherapy, physiotherapy, and reha-
bilitation in the early stage. Electroacupuncture (EA) is a relatively 
common therapy in Chinese medicine that has reached the clinical effect 

of KOA,3,4 but its mechanism needs further investigation. 
Tissue oxygen supply is mainly controlled by the distribution of 

blood vessels.5 Cartilage is an avascular tissue that exists in a hypoxic 
environment6 and receives its oxygen and nutrients from the superficial 
synovial blood vessels.7,8 The plasma in the synovial capillaries is 
filtered to form synovial fluid and secreted into the joint lumen, which 
carries oxygen and nutrients.9 The oxygen partial pressure (PO2) of sy-
novial fluid in healthy joints is 3–11 kPa, which may reflect the oxygen 
homeostasis of the joint cavity.10 Hypoxia, a condition caused by low 
PO2, is a relevant feature of osteoarthritis affecting angiogenesis, 
inflammation, apoptosis, cartilage degradation and energy meta-
bolism.11 Abnormal activation of tissue hypoxia-induced transcriptional 
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pathways may contribute to metabolic changes and result in cartilage 
lesions.12 Under low oxygen tension, HIF-1α upregulates the expression 
of metabolic enzymes, transporters, and mitochondrial proteins 
involved in glucose metabolism and redirects energy metabolism from 
oxidative phosphorylation to glycolysis.13 As KOA progresses, increased 
intraarticular pressure can decrease synovial blood flow due to vascular 
susceptibility to mechanical load, which inhibits the diffusion and 
transfer of oxygen from synovial capillaries into synovial fluid,14 and the 
PO2 decreases to 1–1.25 kPa and further contributes to cartilage hyp-
oxia. Therefore, the improvement of the synovial microcirculation and 
the synovial fluid PO2 in the joint cavity is the target of the remedy of 
cartilage hypoxia. 

The guidelines for non-surgical KOA treatment issued by Osteoar-
thritis Research Society International (OARSI) recommend that biome-
chanical intervention for KOA treatment is applicable in different 
populations.15 EA is a non-surgical treatment that acts on the muscles 
and combines traditional acupuncture with electrical stimulation to 
reduce pain and improve functional activity, recommended under the 
American College of Rheumatology guidelines on KOA.16 The electrical 
stimulation effect of EA on acupoints has unique properties in alleviating 
pain and movement disorders that have achieved continuous thera-
peutic effects.17,18 Studies have shown that EA is effective in chon-
drocyte apoptosis and collagen synthesis, preventing cartilage 
degradation and delaying the pathological progression of KOA.19,20 

According to genetic analysis, EA induces similar changes as movement 
in skeletal muscles, partially activates similar signaling pathways that 
induce glucose uptake and improve metabolic disorders.21–23 a EA 
intervention can attenuate pain via regulation of expression of multiple 
proteins in the hypothalamus，while there was a significant regulation 
of glycolysis metabolism pathway.24 Studies showed that EA can acti-
vate AMP-activated protein kinase (AMP-APK) and enhance the process 
of glycolysis in the early stage of Alzheimer’s disease, the expression of 
proteins associated with glycolysis in the hippocampus was increased， 
including pyruvate kinase M2 (PKM2).25 EA can effectively upregulate 
glucosetransporter1 (GLUT1) expression in the hippocampus in cerebral 
ischemia rats by raising the glucose transportation of microvascular 
endothelial cells.26 

Therefore, this study investigated the effect of EA on synovial 
microcirculation and synovial fluid PO2, the glycolytic pathway in the 
chondrocytes, lactate and the key enzymes associated with chondrocytes 
hypoxia to explore whether EA could improve articular microcircula-
tion, synovial fluid PO2, and the hypoxic state of the joint cavity. 

2. Materials and methods 

2.1. Animals 

A total of 18 purebred male New Zealand rabbits, weighing 2.5 kg, 
were purchased from Beijing Fulong Tengfei Experimental Animal 
Research Institute Ltd. (Certificate Number: SYXK 2018–0041). The 
rabbits were acclimated to the environment for one week and had free 
access to food and water. The animals were reared under the appropriate 
conditions at a temperature of 18–20 ◦C and a relative humidity of 40%– 
60 %. This experiment has been approved by the Beijing University of 
Chinese Medicine Committee on Ethics of Animal Experiments 
(Approval Number: BUCM-4-2,022,041,502-2114). The procedure was 
performed strictly according to the Guidance Suggestions for the Care 
and Use of Laboratory Animals (2021) by the Ministry of Science and 
Technology of China.27 

2.2. Induction of KOA models 

Eighteen New Zealand rabbits were randomized into three groups: 
control group (n = 6), model group (n = 6), and EA group (n = 6). 
Videman’s method was used for 6 weeks to induce the KOA model.28 The 
rabbits were fasted and dehydrated for 16 h. Then they were anes-
thetized through the ear vein by intravenous injection of 3 % pento-
barbital sodium solution (30 mg/kg). After complete anesthesia, rabbits 
were placed on the operating table. Their left hindlimb was wrapped 
with pressure-sensitive adhesive tape, double-sided foam tape and resin 
bandages from groin to ankle, fixed the knee in a straight position.29 

Finally, a splint was used in the outer layer to prevent the rabbits from 
biting. Blood circulation and swelling of the toes were observed daily 
during the modeling weeks. After 6 weeks of immobilization, the ban-
dages were removed and adjusted for 3 days. Animals in control group 
were grasped daily during KOA modeling and intervention period. 

2.3. EA intervention 

After removing the bandages in the EA group, four main acupoints in 
the left hindlimb were selected: Liangqiu (ST34), Xuehai (SP10), 
Waixiyan (ST35) and Neixiyan (EX-LE4). After disinfection, needle was 
inserted into each acupoint and connected to electrode clips of the Han’s 
Acupoint Nerve Stimulator (LH202H, Beijing Huawei Industry Devel-
opment Company, China) (frequency: 2/100 Hz, intensity: 2 mA, 20 
min).30 EA intervention was performed on EA group once every other 
day for 3 weeks.31 

2.4. Ethological assessment 

After the bandages were removed, the modified Lequesne MG 
Arthritis Level Rating Scale for pain and motibility was assessed in each 
group to evaluate model.32 The items were scored according to the scale. 
The results of the Lequesne MG scores from model rabbits were >1, 
which indicated that all KOA modeling was successful. The rabbit’s 
passive range of motion was measured with goniometer, the axis of it 
was opposed to the lateral femoral condyle, parallel to the long axis of 
the femur, and the axis of motion was parallel to the long axis of the tibia 
when the knee joint of KOA’s left hind limb was passively flexed. And 
the flexion angle value was read when the knee joint was flexed to the 
minimum amplitude. After 3 weeks of intervention, Lequesne MG score 
was evaluated again on each group. The details of Lequesne MG Arthritis 

Table 1 
Standard of Lequesne MG scores.  

Items Behavioral manifestation of animals Scores 

Local pain reaction through 
palpation 

No abnormal pain response. 0 
Mild contraction of affected hind limb. 
Contraction of affected hind 

1 

limb with systemic reaction, such as 
shaking, turning head to lick. 

2 

Severe contraction of affected hind limb 
with shaking, struggling or escaping. 

3 

Gait change Normal gait without limping. 0 
Mild limping when running. 1 
The affected hind limb could participate 
in walking but limped obviously. 

2 

The affected hind limb couldn’t 
participate in walking, touch or pedal 
the ground. 

3 

Passive range of motion of 
affected joint (Straight 
position = 0◦) 

Above 90◦ 0 
45◦~90◦ 1 
15◦~45◦ 2 
Below 15◦ 3 

Degree of joint swelling No swelling, bone markers clearly 
visible. 

0 

Mild swelling, bone markers shallow. 1 
Obvious swelling, disappearance of bone 
markers. 

2  
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Level Rating Scale presented in Table 1. 

2.5. Detection of synovial fluid oxygen pressure and microcirculation in 
vivo 

2.5.1. Synovial fluid oxygen partial pressure 
The rabbits were anesthetized with 3 % pentobarbital sodium solu-

tion (30 mg/kg), placed in the supine position, the temperature was 
maintained at 37 ◦C by a heating pad, and the ambient temperature was 
kept constant at 28 ◦C. The depth of anesthesia was determined by 
response to noxious stimuli applied to the ear. The skin of left knee joint 
was exposed and the underlying fascia was removed on either side of the 
patella. To avoid damage to the oxygen partial pressure probe, the probe 
was inserted into the articular cavity in a 10 mL syringe-needle from the 
lateral side of the patellar ligament into the articular cavity and con-
nected to a Microx TX3 instrument (Microx TX3, Regensburg, Germany). 
Images were recorded continuously for 90 s and the measurements were 
analyzed with the customized TX3v602 software. 

2.5.2. Synovial microcirculation 
The synovial microcirculation was recorded with a laser Doppler 

perfusion instrument (Moor Instruments, Millwey, Axm, UK). The un-
derlying fascia was exposed of the left knee joint through longitudinal 
incisions on either side of the patella. Three synovial regions of interest 
(ROI) were selected: the suprapatellar sac, the anterior cruciate liga-
ment, and the subpatellar fat pad. A laser needle probe was inserted into 
the suprapatellar bursa, fixed on adjustable height stands and connected 
to the instrument. Images of a continuous length of 90 s were recorded 
and measurements analyzed using moorVMS customized PC software. 
The ROI was selected on the area of the synovial in the joint: (1) the 
suprapatellar sac, the largest synovial sac in the knee which communi-
cates with the joint cavity; (2) The anterior cruciate ligament, which 
surrounded by the synovial membrane; (3) The subpatellar fat pad, 
adipose tissue between the synovial membrane and the fibrous layer of 
the joint capsule. The synovial membrane covers the subpatellar fat pad 
and extends posteriorly toward the intercondylar fossa. 

2.6. HE staining of the cartilage 

Cartilage sections were sequentially treated with dimethylbenzene 
for dewaxing and an ethanol decreasing gradient for hydration. Sections 
were stained with hematoxylin for 5 min and rinsed with distilled water. 
After treatment with 1 % hydrochloric acid-ethanol solution for 3 s, the 
sections were transferred to eosin for 3 min and then covered with 
neutral balsa for observation and analysis of changes in chondrocyte 
morphology and cartilage thickness with Mankin score.33 

2.7. Immunohistochemistry (IHC) 

Paraffin-embedded cartilage slices (4 μm) were obtained and baked 
for 30 min at 65 ◦C, deparaffinized in xylene and rehydrated in alcohol 
and deionized water. Then the cells were incubated with 0.3 % hydrogen 
peroxidase. Incubation with primary antibodies was performed after 
blocking the sections with 10 % normal goat serum (Abcam) for 30 min 
Against GLUT1 (Proteintech, 1:200), PKM2 (Bioss, 1:200), and LDHA 
(Proteintech, 1:100) overnight at 4 ◦C. The secondary antibody used was 
biotinylated antirabbit IgG conjugated to HRP (1:200, Servicebio, 
Wuhan, China). The chromogenic reaction appeared after incubating 
with DAB for 28 s. The staining was then visualized and photographed in 
5 different fields using an optical microscope. 

2.8. Western blot analysis 

After the cartilage was completely ground, total proteins were 
extracted using RIPA lysis buffer, centrifuged at 12,000 rpm for 20 min 
at 4 ◦C, the supernatant collected. BCA protein assay kits (Pierce 

Biotechnology) were used to determine total protein concentration. 
Polyacrylamide gel electrophoresis was used to separate the proteins, 
which were then transferred to PVDF membranes and blocked with 5 % 
non-fat milk for 2 h, and the samples were incubated with primary an-
tibodies overnight at 4 ◦C. The following primary antibodies were used: 
GLUT1 (Proteintech, 1:1000), PKM2 (Bioss, 1:1000), and LDHA (Pro-
teintech, 1:2000). β-Actin (Proteintech, 1:2000) was used as an internal 
reference. Secondary antibody (HRP-labeled goat anti-rabbit 1:10,000, 
Servicebio, Wuhan, China) was incubated for 1 h at room temperature. 
Electrochemiluminescence (Servicebio, Wuhan, China) reagent was 
applied to the membranes in a darkroom, and images were acquired 
with a ChemiDoc XRS+ (Bio-Rad Laboratories, Hercules, CA, USA). 
Image-Pro Plus software 5.0 was used to analyze the grayscale value of 
the protein bands. The target protein to β-actin was used to calculate the 
relative protein concentrations of GLUT1, PKM2 and LDHA. 

2.9. Real-time PCR 

Total RNA was extracted from cartilage using TRIzol reagent (Serv-
icebio, Beijing, China) and transcribed into cDNA using RT First Strand 
cDNA Synthesis Kit (Servicebio, Beijing, China) according to the in-
structions. The cDNA amplification was analyzed in triplicate by real- 
time PCR (RT‒PCR) using 2 × SYBR Green PCR Master Mix (Service-
bio, Beijing, China). The expression of the genes was calculated using 
the 2− ΔΔCt method. The primer sequences are shown in Table 2. 

2.10. ELISA of lactate 

ELISA kits were used for concentration determination and relative 
calculation of lactate according to the instructions. Briefly, blank con-
trol, standard and sample wells were processed, and 50 μl of the samples 
were loaded with biotinylated binding protein on target-coated plastic 
plates and into monoclonal antibody-coated 96-well plates and incu-
bated for 2 h at room temperature. After washed with washing buffer, 
the plates were incubated with detection antibodies. Then the immu-
noreactivity of the sample was measured by adding the substrate solu-
tion, incubating in the dark for 30 min at room temperature and then 
adding the stop solution. Finally, the absorbance was recorded by a 
multiscan approach (MK3, Thermo, USA) at a wavelength of 450 nm to 
obtain optical density (OD) values. The lactate content of the cartilage 
was determined using the standard curves of the linear regression 
calculation. 

2.11. Statistical analysis 

Statistical analysis was performed using IBM SPSS 20.0 software. All 
experimental results were expressed as mean ± standard deviation (SD). 
All datasets were tested for normality and homogeneity of variance. 
One-way ANOVA with the Least Significant Difference (LSD) test was 
used for comparisons of between-group differences when variance and 
normal test conditions were met. When homogeneity of variance or 
normality failed, the Kruskal-Wallis independent-samples test was used. 
Differences were considered statistically significant at P < 0.05 and P <
0.01. 

Table 2 
Primers used in this study.  

Gene Primer sequences 

GLUT1 Forward: GAGCGTCATCTTCGTCCCA 
Reverse: CCAGGATGGTGACCTTCTTCTC 

PKM2 Forward: CCTCCAGTCACTCCACAGACCT 
Reverse: CTGCCAGACTCCGTCAGAACTA 

LDHA Forward: GTTAGGCACCGATGCAGACAA 
Reverse: ATGCACCCTCCTGAGATTCTTC 

GAPDH Forward: TTCCAGTATGATTCCACCCACG 
Reverse: GGGCTGAGATGATGACCCTTTT  
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3. Results 

3.1. EA improved ethology in KOA rabbits 

We used Lequesne MG scores to assess ethology in KOA rabbits. 
Results showed that Lequesne MG score was significantly increased in 
the model group compared to the control group (P < 0.01). After an 
intervention period of 3 weeks, Lequesne MG score was significantly 
decreased in the EA group compared to those in the model group (P <
0.01) (Fig. 1). These results indicated that EA intervention could 
improve ethology in KOA rabbits. 

3.2. EA restored cartilage degeneration by improving the morphological 
disorder and increasing cartilage thickness in KOA 

The main pathologic feature of KOA is cartilage degeneration. HE 
staining was used to observe the pathological changes in the cartilage 
tissue and to assess the extent of cartilage degeneration (Fig. 2A). HE 
staining of the cartilage showed no defect of the cartilage surface and 
disorganized chondrocytes in the control group. The structure of the 
cartilage was clear, the cells at all levels were neatly and regularly ar-
ranged, and the shape was normal. In the model group, chondrocytes 
manifested as aggregation, cracks, and a coarse and disordered 
arrangement. The tidal line was blurred and angiogenesis was observed 
in the subchondral bone. In the EA group, the cartilage surface was 
smooth without cracks, the cells were neatly arranged in a columnar 
array, repeated tidal lines and some chondrocyte defects were seen, the 
cell morphology was normal, and there was a small amount of sub-
chondral bone angiogenesis. The Mankin score was used to analyze HE- 
stained histological sections (Fig. 2C). 

Partial-thickness and full-thickness defects are relevant for the 
development of cartilage damage in KOA (Fig. 2B). Compared to the 
control group, the TAC was significantly decreased in the KOA group (P 
< 0.01). Compared to the model group, the TAC was significantly 
increased in the EA group (P < 0.01) (Fig. 2D). The intervention effect of 
EA group was observed from the perspective of morphology, in which 
the pathological manifestations and Mankin score showed that EA 
effectively reduced cartilage Mankin score and restored cartilage 
morphology and thickness to reverse KOA cartilage degeneration. 

3.3. EA improved synovial microcirculation and synovial fluid oxygen 
tension in KOA 

The synovial microcirculation was monitored using laser Doppler to 
reflect changes in blood flow in the joint cavity. The oxygen partial 
pressure of synovial fluid measured by the oxygen partial pressure 

Fig. 1. The evaluation of Lequesne MG scores after EA intervention. **P < 0.01 
vs. KOA group. 

Fig. 2. Effect of EA on the histological morphology of the articular cartilage and the thickness of the cartilage layer. (A) The images show typical pathological 
changes in each cartilage group stained with HE. a: partial magnification (Black arrow: cell aggregation/deficiency; Blue arrow: angiogenesis; scale bar = 50 μm, 
magnification 200). (B) Histology stained with HE of the cartilage showed the thickness of the cartilage in three groups (scale bar = 100 μm, magnification 100). (C) 
Mankin score evaluation. Values are presented as SEM means and scatterplot. ##P < 0.01 vs. control group, **P < 0.01 vs. KOA group. (D) Analysis of cartilage layer 
thickness. ##P < 0.01 vs. control group, **P < 0.01 vs. KOA group. 
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monitor reflected the oxygen environment in the joint cavity. The 3-D 
cylindrical module reflected the dynamic changes of synovial micro-
circulation blood perfusion (BP), blood velocity (BV) and synovial fluid 
PO2 in Fig. 3A. Compared with the control group (10–400 PU), the 
distribution of BP in the KOA group (10–200 PU) was lower. EA inter-
vention increased the data distribution area (40–300 PU) (Fig. 3B). 
Compared with the control group (20–60 PU), the distribution area of 
BV in the KOA group was lower (8–30 PU), and EA intervention could 
improve the data distribution area (16–60 PU) (Fig. 3C). Synovial 
microcirculation in the model group decreased significantly compared 
to the control group, including BP (P < 0.01) and BV (P < 0.01). 

However, the synovial microcirculation in the EA group increased 
significantly compared to that in the model group in terms of BP (P <
0.05) and BV (P < 0.05) (Fig. 3E/F). 

In the control group, PO2 data were mainly distributed in the 56–96 
hPa interval, and concentrated in the 72–90 hPa interval. In contrast, 
PO2 in KOA group was lower (2–100 hPa), and the distribution was 
discrete. After EA intervention, the distribution interval of PO2 increased 
(32–58 hPa) (Fig. 3D). PO2 of synovial fluid results showed that PO2 was 
significantly reduced in the model group compared to the control group 
(P < 0.01) and significantly reduced in the EA group (P < 0.01) 
compared to model group rise (Fig. 3G). These results suggested that EA 

Fig. 3. Effect of EA on synovial microcirculation and partial pressure of oxygen in synovial fluid. (A) Dynamic distribution of synovial microcirculation and PO2 in 
each group. (B–D) Distribution section of BP, BV and PO2 in each group. (E–G) The distribution and values of the BP, BV and synovial fluid PO2 were compared. ##P 
< 0.01 vs. control group, **P < 0.01 vs. KOA group, *P < 0.05 vs. KOA group. 
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improve the hypoxic state of the joint cavity by increasing synovial 
microcirculation and PO2 of synovial fluid in the joint cavity of the KOA 
rabbits. 

3.4. EA downregulated the expression of key enzymes involved in 
glycolysis under hypoxic conditions in KOA cartilage 

To assess the changes in oxygen content and glycolytic metabolism in 
chondrocytes, we detected the expression of the major glycolytic en-
zymes GLUT1, PKM2 and LDHA in chondrocytes by IHC, Western blot 
and RT-PCR. 

IHC showed that GLUT1, PKM2 and LDHA were all expressed in the 
nucleus and cytoplasm as shown in Fig. 4A–C. Compared to the control 
group, the OD value results showed that the positive cell expression of 
GLUT1, PKM2 and LDHA was significantly increased in the model group 
(P < 0.01; P < 0.01; P < 0.01). Date were significantly reduced in the EA 
group compared to the model group (P < 0.05; P < 0.05; P < 0.01) 
(Fig. 4D–F). 

Western blot analysis of GLUT1, PKM2 and LDHA showed similar 
results. Representative bands of major glycolytic enzyme expression in 
cartilage were shown in Fig. 5A. Compared to the control group, the 
results of the WB assay showed that the protein expression of GLUT1, 
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Fig. 4. IHC assessment of GLUT1, PKM2 and LDHA expression in articular cartilage. (A–C) Representative images of IHC staining for GLUT1, PKM2 and LDHA in 
cartilage sections of the four groups. Scale bar = 100 μm, Magnification 100. Scale bar = 50 μm, partial magnification 200. (D–F) Semi-quantitative analysis of 
GLUT1, PKM2 and LDHA positive areas in the articular cartilage of the three groups. ##P < 0.01 vs. control group, **P < 0.01 vs. KOA group, *P < 0.05 vs. 
KOA group. 
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PKM2 and LDHA was significantly increased in the model group (P <
0.01; P < 0.01; P < 0.05). However, they were all significantly reduced 
in the EA group compared to the model group (P < 0.01; P < 0.01; P <
0.05) (Fig. 5B–D). 

PCR analysis of GLUT1, PKM2 and LDHA further confirmed the re-
sults (Fig. 6A–C). Compared to the control group, the results of the PCR 
assay showed that the relative mRNA expression of GLUT1, PKM2 and 
LDHA in the model group were all significantly increased (P < 0.01; P <
0.01; P < 0.01). The three proteins were all decreased in the EA group 
compared to the model group (P < 0.05; P < 0.05; P < 0.05). These 
results demonstrated that the effect of EA on the regulation of oxygen 
levels and glycolytic metabolism can be exerted by suppressing the 
expression of GLUT1, PKM2 and LDHA in the chondrocytes of KOA 
rabbits. 

3.5. EA reduced the lactate content of the glycolysis products in the KOA 
cartilage 

We analyzed the lactate content of glycolytic metabolism production 
in the three groups. The results showed that the articular cartilage 
lactate content was lower in the control group than in the model group 
(P < 0.01). However, it was significantly reduced in the EA group 
compared to the model group (P < 0.05) (Fig. 6D). These results indi-
cated that EA intervention could reduce lactate accumulation in KOA 
cartilage. 

4. Discussion 

This study aimed to determine the efficacy of EA in regulating 
articular microcirculation and cartilage oxygen levels in the joint cavity. 
The results of this study showed that the Videman method induced 

cartilage hypoxia in KOA via decreased synovial microcirculation and 
synovial fluid PO2 and accelerated glycolysis metabolism of chon-
drocytes, which in turn induced degeneration of articular cartilage. EA 
restored the cartilage degeneration which was observed from the 
structural morphology and thickness of the cartilage by HE staining. EA 
could improve synovial microcirculation and synovial fluid PO2 and 
slow down the rate of glycolysis, which was manifested as the decreased 
levels of the major glycolytic enzymes GLUT1, PKM2 and LDHA and 
lactate in the cartilage tissue of KOA rabbits. Therefore, EA intervention 
ameliorated cartilage hypoxia and regulated glycolytic metabolism in 
chondrocytes in KOA model rabbits by improving articular microcircu-
lation and PO2. 

The synovial membrane that plays an important role in maintaining 
the physiological function of the joints.34 Researchers adapted synovial 
microcirculation in assessing blood flow in the joint capsule.35,36 The 
synovial microcirculation consists of microvessels, such as arterioles, 
postcapillary venules, and capillaries that are involved in maintaining 
synovial fluid secretion and oxygen and nutrient exchange in the joint 
cavity to maintain homeostasis of the synovial environment.37 Cartilage 
is nourished by oxygen provided by the synovial fluid.38 Abnormal he-
modynamics, insufficient oxygen supply and release of inflammatory 
factors caused by abnormal synovial microcirculatory structure and 
dysfunction are the common pathologic mechanisms of osteo-
arthritis.39–41 Studies have shown that the intra-articular pressure in 
KOA increases significantly and far exceeds the end-perfusion pressure 
of the synovial capillaries, resulting in blocked blood flow of the syno-
vial capillaries, and hypoperfusion causes the oxygen partial pressure of 
the synovial fluid to decrease.42 Studies also found that increased 
intra-articular pressure restricted synovial blood flow, which could be 
the reason for the lower PO2 in KOA joints.43 Clinical experiments have 
shown that oxygen tension in the synovial fluid from normal joints 

Fig. 5. The effect of EA on the relative protein expression of GLUT1, PKM2, and LDHA in KOA cartilage was tested by the density of bands as fold changes after 
normalization to β-actin. (A) The bands of expression of key glycolytic enzymes in the three groups. (B–D) Ratios of GLUT1/β-actin, PKM2/β-actin and LDHA/β-actin 
measured by Western blot. ##P < 0.01 vs. the control group, #P < 0.05 vs. control group. **P < 0.01 vs. KOA group, *P < 0.05 vs. KOA group. 
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ranges from 50 to 60 mmHg and varies from 20 to 71 mmHg in patients 
with osteoarthritis.44 Sustained hypoperfusion reduced oxygen tension 
and resulted in a reduction in oxygen compulsion from the synovial 
fluid. Further reduction in cartilage oxygen uptake from synovial fluid 
eventually leads to hypoxia of KOA chondrocytes. Therefore, blockage 
of synovial microcirculation may reduce synovial fluid partial pressure 
of oxygen and further aggravate knee joint hypoxia. In this study, we 
found that synovial microcirculation of KOA rabbits was blocked, sy-
novial blood flow and blood velocity were significantly decreased, and 
this change was accompanied by a decrease in synovial fluid partial 
pressure of oxygen. After 3 weeks of EA intervention, synovial blood 
flow and blood velocity were improved compared to those in the KOA 
group. Similar results were found for the oxygen partial pressure of the 
synovial fluid. The results of the present study demonstrated that joint 
immobilization in rabbits resulted in a reduction in joint capsule blood 
flow and PO2, and EA interventions could improve joint microcircula-
tion and PO2 and further improve joint hypoxia in KOA rabbitsu. 

Functional maintenance of chondrocytes and synthesis of extracel-
lular matrix of chondrocytes were mainly depend on the balance of 
glucose metabolism in chondrocytes.45 In vitro studies have shown that 
chondrocyte metabolism was anaerobic at low PO2.46 Anaerobic meta-
bolism produces acid that provides a pH more conducive to acidophilic 
degradative enzymes, allowing components of the cartilage matrix to be 
digested. Hypoxia alters chondrocyte bioenergetics by promoting 
glycolysis, which in turn induces cartilage degeneration mechanisms.47 

It is supported by study that increased glycolysis in vitro was reflected, 
with synovial expression of GAPDH, PKM2 and GLUT1 being signifi-
cantly higher in patients with synovial tissue oxygen levels <20 mm 

Hg.48 In addition, it is consistent with a recent study that PKM2 induced 
HIF-1α and data from hypoxic cancer cells imply that transcription of the 
PKM2 gene encoding pyruvate kinase M2 was activated by HIF-1α and 
the switch from the oxidative to the glycolytic metabolism.49 Based on 
the clinical studies, LDHA levels in synovial fluid could be of diagnostic 
value to identify osteoarthritis.50 Accordingly, our results showed a 
variation in energy metabolism with increased lactate production and 
glycolysis rate, manifested as overexpression of GLUT1, PKM2 and 
LDHA in chondrocytes with low synovial fluid PO2 levels in KOA model 
rabbit knee joints. Then EA restricted the rate of glycolysis by regulating 
the expression of GLUT1, PKM2 and LDHA in chondrocytes compared to 
the KOA group. We also found that hypoxia increased lactate accumu-
lation in cartilage and this change was accompanied by an increase in 
glycolysis rate. 

In traditional Chinese medicine (TCM), KOA belongs to the category 
of arthralgia, which is the result of the dynamic evolution and devel-
opment of muscle and bone lesions.51 According to TCM theory, the 
joints of the limbs are the confluence of the twelve meridians. Sur-
rounding the knee joint are three yang and three yin meridian tendons, 
which are the attachment points of the tendons. It functions to connect 
and constrain the joint and keep joint movement.52 Where there are 
muscle and tendon lesions, qi and blood will not be able to spread 
smoothly into the joint cavity due to blockages in the meridians and 
unfavorable joint movements, leading to cartilage degeneration.53 From 
the point of view of TCM, Waixiyan (ST35) and Neixiyan (EX-LE4) are 
selected according to the principle of " taking pain points as acu-
points”54，Liangqiu (ST34) and Xuehai (SP10) are the meridian points 
of the spleen and stomach that regulate the flow of qi and blood.55 From 

Fig. 6. Effect of EA on the expression of GLUT1, PKM2 and LDHA was measured by RT-PCR and lactate content by Elisa in KOA cartilage. (A–C) Real-time PCR 
analysis of GLUT1, PKM2 and LDHA in the three groups. ##P < 0.01 vs. control group, *P < 0.05 vs. KOA group. (D) Effect of EA on the lactate content of KOA 
cartilage. ##P < 0.01 vs. control group, *P < 0.05 vs. KOA group. 
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an anatomical point of view, Dubi and Neixiyan acupoints are the best 
choice to penetrate the joint cavity, Liangqiu and Xuehai are the main 
acupoints to adjust the function of the quadriceps muscle.56 

EA is a non-surgical treatment that acts on the muscles and combines 
traditional acupuncture with electrical stimulation. A low-frequency, 
dense current creates a muscle contraction, which can regulate muscle 
function, reduce internal pressure and mechanical stimulation of tissue, 
increase blood supply, relieve inflammatory irritation and pain. This 
study suggested that EA improve ethology, regulate synovial blood flow 
in the joint cavity, and restore oxygen levels to knee chondrocytes, 
which could be a possible mechanism to treat KOA. 

5. Conclusion 

In conclusion, this study found that the intervention of EA might be 
beneficial in relieving cartilage hypoxia, increasing cartilage oxygen 
levels by improving synovial microcirculation and synovial fluid PO2 in 
KOA model rabbits, and further decreasing anaerobic glycolytic meta-
bolism rate and the levels of metabolites, which could play a protective 
role for cartilage. 
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