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there are no disease-modifying agents that can prevent or 
control OA development, resulting in an increase in the 
number of patients with OA eventually requiring joint 
replacement surgery. Therefore, the OA pathophysiology 
should be completely elucidated, and novel treatments 
must be developed. OA is a multifactorial disease, and 
its associated risk factors include aging [2], sex [3], race 
[4], obesity [5], dietary changes [5, 6], trauma history [7], 
occupation [8], and genetics [9]. In recent years, there 
has been a growing interest in epigenetics, which links 
genetics, a factor in the development of congenital OA, 
and lifestyle, an acquired factor [10].

Based on epigenetics, several mechanisms can modify 
gene expression without causing changes to the under-
lying DNA sequence [11]. DNA methylation at the C5 
position of cytosine in CpG dinucleotides, which is the 

Introduction
Osteoarthritis (OA) is among the most prevalent mus-
culoskeletal diseases. In 2020, it affected approximately 
595  million people worldwide, which is equivalent to 
approximately 8% of the global population. The inci-
dence rates of osteoarthritis are projected to increase to 
75% in the knee and 79% in the hip by 2050 [1]. To date, 
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Abstract
Background  This study aimed to validate alterations in the gene expression of DNA methylation-related enzymes 
and global methylation in the peripheral blood mononuclear cell (PBMC) and synovial tissues of animal hip 
osteoarthritis (OA) models.

Methods  Animals were assigned to the control (no treatment), sham (25 µL of sterile saline), and OA (25 µL of sterile 
saline and 2 mg of monoiodoacetate) groups. Microcomputed tomography scan, histopathological assessment 
and pain threshold measurement were performed after induction. The mRNA expression of the DNA methylation 
machinery genes and global DNA methylation in the PBMC and hip synovial tissue were evaluated.

Results  The OA group presented with hip joint OA histopathologically and radiologically and decreased pain 
threshold. The mRNA expression of DNA methyltransferase (Dnmt 3a), ten–eleven translocation (Tet) 1 and Tet 3 in the 
synovial tissue of the OA group was significantly upregulated. Global DNA methylation in the synovial tissue of the OA 
group was significantly higher than that of the control and sham groups.

Conclusions  The intra-articular administration of monoiodoacetate induced hip joint OA and decreased pain 
threshold. The DNA methylation machinery in the synovial tissues of hip OA was altered.
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most commonly evaluated factor, is among the repre-
sentative epigenetic mechanisms [12]. Several studies 
have reported that this modification is not static. Rather, 
it is dynamically affected by environmental factors, such 
as aging, diet, and exercise [13, 14]. DNA methylation 
mainly involves adding a methyl group to the 5′ carbon of 
the cytosine pyrimidine ring of CpG dinucleotides, which 
act as a repressive signal and inhibit gene transcrip-
tion activity. DNA methyltransferases are enzymes that 
transfer methyl groups to the DNA. DNMT 1, DNMT 2, 
DNMT 3a, DNMT 3b, and DNMT 3  L are classified as 
members of the DNMT family. The primary function of 
DNMT 2 is to catalyze the methylation of RNA. Mean-
while, DNMT 3 L does not have a catalytic activity. Thus, 
CpG methylation is determined by the following DNA 
methyltransferases: DNMT1, DNMT 3a, and DNMT 
3b. DNMT 1 is responsible for maintaining methylation 
during DNA replication and damage repair, and DNMT 
3a and DNMT 3b play a major role in de novo meth-
ylation [15]. Enzymes of the ten–eleven translocation 
(TET) family, such as TET 1, TET 2, and TET 3, cata-
lyze the stepwise oxidation of 5-methylcytosine (5-mC) 
in the DNA to 5-hydroxy-methylcytosine and further 
promote product oxidation. Moreover, they are respon-
sible for methylation homeostasis [16]. Previous animal 
studies have reported that trauma and dietary changes 
alter DNA methylation and induce OA. The association 
between epigenetic changes and OA has attracted atten-
tion [17, 18]. Moreover, a recent matched case-control 
study identified a connection between DNMT polymor-
phisms and primary knee OA [19].

Genetic variation related to OA pathology commonly 
occurs in the noncoding regions of the genome [20]. 
Thus, most genetic variations affect gene regulation that 
alters protein expression rather than the function of the 
protein by changing its original sequence [21]. Thus, 
increasing studies have focused on epigenetics, particu-
larly DNA methylation, which regulates gene expression 
without changing the gene sequence [22]. There are a 
growing number of reports on the use of epigenetics for 
assessing DNA methylation as a representative mecha-
nism. Several studies have focused on the DNA methyla-
tion of individual genes in the cartilage, one of the main 
OA pathologies [23, 24]. However, all CpG sites within 
a gene’s regulatory region cannot be analyzed. More-
over, previous studies have investigated genes already 
associated with OA. Therefore, it is challenging to iden-
tify novel pathways that can be essential for a deeper 
understanding of OA pathogenesis. To understand the 
effects of methylation in OA, it is important to examine 
not only the expression of individual genes but also the 
expression of enzymes that regulate DNA methylation, 
such as DNMTs and TETs. Nevertheless, the pathologi-
cal changes in OA encompass progressive degeneration 

of the articular cartilage, thickening of the subchondral 
bone, osteophyte formation, and inflammation of the 
synovial tissue. However, previous studies have com-
monly investigated the gene expression of enzymes that 
regulate DNA methylation in the cartilage. To date, only 
a few studies have focused on the use of synovial tis-
sue, which is used to assess the underlying OA patholo-
gies, and blood, which can be easily evaluated in clinical 
settings.

Previous studies have developed hip OA animal mod-
els [25–27]. This study aimed to validate alterations in the 
gene expression of DNA methylation-related enzymes 
and global methylation in the synovial tissue and periph-
eral blood mononuclear cell (PBMC) tissue in hip OA 
animal models.

Materials and methods
Animals
All research protocols were approved by our institutional 
ethics committee (#4-118) and were in accordance with 
the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals.

Male Sprague Dawley rats weighing 200–300  g were 
used (CLEA, Tokyo, Japan) in this experiment. The 
number of animals required for this experiment was 
determined using the resource equation method [28]. 
The animals were housed in a semibarrier system with 
a controlled environment (12-h/12-h light/dark cycle, 
temperature: 21–23 °C, and humidity: 45–65%). The rats 
had unrestricted access to food and water upon arrival at 
the facility. All rats were fed with a standard rodent diet 
(CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan).

Intra-articular injection of monoiodoacetate into the hip 
joint
All rats were anesthetized via the intraperitoneal injec-
tion of 0.3  mg/kg of medetomidine (Nippon Zenyaku 
Kogyo Co., Ltd., Tokyo, Japan), 4.0 mg/kg of midazolam 
(Maruishi Pharmaceutical Co., Ltd., Osaka, Japan), and 
5.0 mg/kg of butorphanol (Meiji Seika Pharma Co., Ltd., 
Tokyo, Japan), according to previously reported methods 
[29]. The analgesic agents medetomidine, which acts as 
an analgesic by stimulating alpha-2 receptors, and butor-
phanol injection were selected. During surgery, the ani-
mals were carefully monitored to ensure that they were 
not in pain. All procedures were performed aseptically. 
The following solutions were injected into the right hip 
joint of each rat using the posterior approach [25, 30]: 25 
µL of sterile saline and 2 mg of monoiodoacetate (MIA) 
(Sigma-Aldrich, St. Louis, MO, the USA) (OA group, 
n = 18) and 25 µL of sterile saline (sham group, n = 18). In 
total, 18 rats were untreated (control group). The injected 
agent was restricted to the joint cavity, as described in 
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a previous study [25]. The MIA dose was determined 
according to a previous report [26].

Microcomputed tomography scan
The rats were positioned in a chamber. A mixture of 
oxygen and 1.5% sevoflurane vapor (Mylan Inc., Can-
onsburg, PA, the USA) was delivered at a flow rate of 
3.0  L/min. The sevoflurane concentration was gradually 
increased to obtain the target anesthetic depth [31]. CT 
scan was performed before and 2 and 4 weeks after MIA 
administration. The right hip joints were scanned using 
a CosmoScan FX (Rigaku Corp., Tokyo, Japan) at 360° 
rotation. The X-ray source was set at an energy of 90 kV 
and intensity of 88  mA with a field of view of 45  mm 
and an imaging time of 18  s. The imaging area was the 
whole hip joint. Coronal and axial images, including the 
center of the femoral head, were used for evaluation. The 
radiographic assessment results were classified using the 
Kellgren and Lawrence (KL) classification system [32, 33] 
(Table 1).

Histopathological findings
Samples were collected 28 days after the administration 
of MIA or saline. The animals were intraperitoneally 
anesthetized and perfused transcardially as previously 
described [27]. The tissues around the right hip joint, 
including the bone, cartilage, synovium, and capsule, 
were harvested. The resected limbs were resected at the 
mid-femur and the center of the femoral head immersed 
in 10% neutral buffered formalin for 3 days. The speci-
mens were continuously demineralized in K-CX reagent 
(FALMA, Tokyo, Japan) for 30 h and 5% sodium sulfate 
for 16  h. Then, they were paraffin embedded for subse-
quent coronal sectioning. The samples were serially sec-
tioned in steps of 8  μm and stained using hematoxylin 
and eosin, safranin O, and toluidine blue. Osteoarthritic 
changes were evaluated using the Osteoarthritis Research 
Society International (OARSI) histopathological score 
[34]. For each joint, 10 slices centered on the maximum 
diameter of the femoral head were scored. Each sample 
was assessed using the depth (grading) and width (stag-
ing) of the osteoarthritic changes. The score was finally 

expressed by multiplying the depth and width. The aver-
age scores of each group were compared.

Pain threshold measurement
Pain threshold assessment was conducted to evaluate 
pain, which is the primary symptom of OA, to confirm 
the validity of this OA model and rule out other condi-
tions such as Charcot arthropathy. Using the von Frey 
assay, mechanical plantar skin sensitivity was evaluated. 
The animals were habituated to the testing room for 
60  min and moved to the testing apparatus. They were 
also kept on the apparatus for another 60  min before 
the measurements. All tests were conducted between 
9:00 am and 3:00 pm. The experimenter was blinded to 
each group. The von Frey tests have been extensively 
described in a previous study [35]. Mechanical sensitiv-
ity was determined using the up–down technique with 
von Frey filaments (Mono-filament kit; Smith & Nephew, 
Germantown, WI) on the right hind paw plantar surface 
[36]. The testing was performed before (baseline) and 7, 
14, and 28 days after induction. The von Frey filaments 
were applied for 4 s or until paw withdrawal. Results were 
expressed as 50% threshold to withdraw in grams, as 
described in a previous study [35]. The stimulus intensity 
ranged from 1 g to 60 g, corresponding to filament num-
bers (4.08, 4.17, 4.31, 4.56, 4.74, 4.93, 5.07, 5.18, 5.46, and 
5.88).

RNA extraction and quantitative real-time polymerase 
chain reaction
Total RNA was extracted from the PBMCs and synovial 
tissues with the acid guanidinium thiocyanate–phenol–
chloroform method using the ISOGEN RNA extraction 
kit (Nippon Gene, Tokyo, Japan) 28 days after induction. 
Peripheral blood sample was collected from each rat, and 
PBMCs were isolated via Ficoll-Paque™ PLUS gradient 
centrifugation (GE Healthcare, Chicago, IL, the USA). 
The PBMCs were homogenized while immersed in 0.75 
mL of ISOGEN-LS. In total, 25 mg of synovial tissue was 
collected under direct visualization from the hip joint 
of the affected side of each rat. Synovial samples were 
immediately crushed in liquid nitrogen using a mortar 
and pestle and were immersed in 1 mL of ISOGEN. They 
were completely homogenized using a pellet pestle motor 
(Sigma-Aldrich, St. Louis, MO, USA; Z359971) on ice. 
Chloroform was added to each tube, and samples were 
centrifuged for 15 min at 12,000 × g at 4  °C. The RNA-
containing aqueous phase was obtained via centrifuga-
tion. RNA was precipitated via centrifugation in 0.8 mL 
of isopropanol, purified with 70% ethanol, and dissolved 
in deionized distilled water to obtain the total RNA solu-
tion. The RNA quality was assessed using the NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, the USA) and RNA Pico Chip Bioanalyzer 

Table 1  Kellgren-lawrence grading system for osteoarthritis
Grade Radiological findings
0 No radiological findings of osteoarthritis
I Doubtful joint space narrowing and possible osteophyte
II Presence of definite joint space narrowing, definite 

osteophytes, and slight sclerosis
III Marked joint space narrowing, slight osteophytes, some 

sclerosis and cyst formation, and deformity of the femo-
ral head and acetabulum

IV Gross loss of joint space with sclerosis and cysts, marked 
deformity of the femoral head and acetabulum, and 
large osteophytes
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2100 (Agilent, Santa Clara, CA, the USA). The RNA 
integrity number of all samples ranged from 7.0 to 9.2. 
In total, 500 ng of RNA from each sample was reverse-
transcribed into single strands using the High Capacity 
cDNA Reverse Transcription kit (Applied Biosystems, 
Foster City, CA, the USA). A cDNA template was mixed 
with SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad, Hercules, CA, the USA), and quantitative poly-
merase chain reaction (qPCR) was performed using the 
CFX Connect Real-Time PCR System (Bio-Rad, Hercu-
les, CA, the USA). Table  2 shows the primers used for 
qPCR. Each qPCR was conducted in duplicate for each 
sample. The mRNA expression was normalized to the 
average CT values of glyceraldehyde 3-phosphate dehy-
drogenase using the ΔΔCt method [37]. The fold-change 
relative expression was calculated with the control group 
as the reference group.

Global DNA methylation analysis
Genomic DNA was extracted from the PBMC and syno-
vial tissues 28 days after MIA administration. The PBMC 
and synovial tissues were harvested in the same manner 
as RNA extraction. The harvested synovial samples were 
immediately flash frozen in liquid nitrogen and stored at 
− 80 °C. They were homogenized in liquid nitrogen with 
a mortar and pestle for DNA extraction. Genomic DNA 
was extracted using the Qiagen DNeasy Blood & Tissue 
kit (Qiagen, Hilden, Germany), according to the manu-
facturer’s instructions. Global DNA methylation was 
measured using the MethylFlash Methylated DNA Quan-
tification kit (Epigentek, Farmingdale, NY, the USA). In 
100 ng of genomic DNA, methylated DNA was detected 
using capture and detection antibodies against 5-mC and 
then quantified colorimetrically by reading absorbance at 
450 nm. Relative quantification was used to calculate the 
percentage of 5-mC (%5-mC) in the total DNA accord-
ing to the manufacturer’s instructions. The fold-change 

relative expression was calculated with the control group 
as the reference group.

Statistical analysis
All data were analyzed using GraphPad Prism version 
9 (GraphPad Software, San Diego, CA, the USA). Data 
were analyzed using one-way analysis of variance, fol-
lowed by Tukey’s post hoc test. A p value of < 0.05 was 
considered statistically significant. Data were analyzed as 
indicated in the figure legends.

Results
Microcomputed tomography scan and histological analysis
The OA group presented with significant joint space nar-
rowing (JSN) and subchondral bone cyst formation on 
µ-CT scan (Fig.  1Q and U). However, the control and 
sham groups did not present with osteoarthritic changes 
(Fig. 1A, E and I, and 1M). In the KL classification eval-
uation, the OA group had a significantly higher grade 
than the control and sham groups (Fig.  2A). Histologi-
cal analysis revealed a decrease in the number of super-
ficial cells in the articular cartilage and minor superficial 
fibrillation with slight edema in the sham group (OARSI 
grade 1, Fig.  1J–L and N–P). In the OA group, the sur-
face tissue was detached over half of the articular surface, 
and it was free in the joint cavity, showing significant 
cartilage matrix loss. The deep surface was serrated 
(deep fibrillation) (OARSI grade 4, Fig. 1R–T and V–X). 
The OA group exhibited a significant difference in the 
OARSI score compared with those of the other groups 
28 days after induction (control group: 0.17 ± 0.17, sham 
group: 2.11 ± 0.19, and OA group: 15.33 ± 0.67). The OA 
group presented with significant osteoarthritic alteration 
compared with the control and sham groups (Fig.  2B, 
p < 0.0001, control vs. OA group and sham vs. OA group, 
respectively).

Pain threshold measurement
The OA group presented with a significantly lower pain 
threshold than the control and sham groups from 7 to 28 
days after induction (Fig. 3). There was a significant dif-
ference between the control and sham groups on day 7 
after MIA administration.

mRNA expression of DNA methyltransferases and the 
ten–eleven translocation family in peripheral blood 
mononuclear cells
DNA methyltransferases
The mRNA expression of the genes encoding Dnmt1, 
Dnmt3a, and Dnmt3b was measured. The mRNA expres-
sion of Dnmt 1 in the OA group significantly increased 
compared with that in the sham group (Fig. 4A).

Table 2  Primer pairs used for quantitative PCR analysis
Gene name Forward primer Reverse primer
Gapdh 5’ CTCTCTGCTCCTCCCTGTTC3’ 5’TACGGCCAAATC-

CGTTCACA3’
Dnmt 1 ​C​A​A​T​G​A​G​G​C​A​C​T​G​T​C​C​G​T​C​T ​A​A​G​T​G​A​C​C​G​C​G​A​C​

T​G​C​A​A​T​A
Dnmt 3a ​C​T​T​C​T​C​T​G​A​A​G​C​C​C​T​C​G​C​A​G ​C​G​C​T​C​T​T​C​C​T​T​A​C​C​

A​C​G​G​T​T
Dnmt 3b ​A​C​A​A​C​C​A​T​T​G​A​C​T​T​T​G​C​C​G​C ​C​G​T​T​C​T​C​G​G​C​T​C​T​

C​C​T​C​A​T​C
Tet 1 ​C​C​A​A​A​G​A​T​G​G​C​T​C​T​C​C​A​G​T​T ​G​A​G​C​T​G​A​G​T​C​A​G​T​

G​C​T​T​C​T​A​T​G
Tet 2 ​C​T​G​C​C​C​T​G​T​A​G​G​A​T​T​T​G​T​T​A​G​A ​G​A​G​G​G​T​A​A​G​C​T​G​C​

T​G​A​A​T​G​T
Tet 3 ​T​G​G​A​G​A​T​T​C​A​A​G​G​C​A​G​C​T​A​A​G ​A​A​G​T​C​G​G​G​C​T​T​C​T​

G​G​T​C​T​A
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Ten–eleven translocation family
The mRNA expression of Tet 1, Tet 2, and Tet 3 was eval-
uated. The mRNA expression of Tet 1 in the OA group 
was significantly higher than that in the sham group 
(Fig. 4D).

mRNA expression of DNA methyltransferases and the ten–
eleven translocation family in the synovial tissue from the hip 
joint

DNA methyltransferases
The mRNA expression of Dnmt 3a in the OA group sig-
nificantly increased compared with that in the control 
and sham groups (Fig. 5B).

Fig. 1  Representative microcomputed tomography (µ-CT) scan images and histopathological images of the hip on after induction day 28. The control 
group did not present with osteoarthritic changes in the coronal and axial µ-CT scan images (A and E). There was no evidence of degeneration or narrow-
ing of the joint space on either low- or high-magnification images (B–D and F–H). The sham group did not present with evident osteoarthritic changes 
on the coronal and axial µ-CT scan images (I and M). A decrease in the number of superficial cells in the articular cartilage and minor superficial fibrillation 
with slight edema were observed (OARSI Grade 1, J–L and N–P). The OA group presented with significant joint space narrowing and subchondral bone 
cyst formation in the acetabulum, and the femoral head migrated proximally and laterally (Q and U). The surface tissue was detached over half of the 
articular surface, and it was free in the joint cavity, thereby indicating significant cartilage matrix loss (OARSI grade 4, R–T and V–X). From left to right are 
the µ-CT scan, hematoxylin and eosin, safranin O, and toluidine blue images
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Ten–eleven translocation family
The mRNA expression of Tet 1 (Fig.  5D) and Tet 3 
(Fig.  5F) in the OA group was significantly higher than 
that in the control and sham groups.

Global DNA methylation in the peripheral blood 
mononuclear cells and synovial tissue
Global methylation of the whole genomic DNA, includ-
ing that from the CpG sites from promoter, coding, and 
noncoding sequences, was measured. The OA group 
had a significantly higher global DNA methylation in 

Fig. 3  Alteration in hypersensitivity over time as determined using the von Frey assay in each group. The von Frey testing was performed before admin-
istration (baseline, BL). Then, the animals were injected with 2.0 mg of MIA (OA group) or saline (Sham group). However, the control group did not receive 
any treatment. They animals were tested 7, 14, and 28 days after induction. There was a significant difference between the control and sham groups on 
day 7 after MIA administration. In the OA group, mechanical hypersensitivity was observed from 7 to 28 days after administration. Data were presented 
as mean ± standard error of the mean, n = 18 per group. Mechanical sensitivity was analyzed using one-way analysis of variance, followed by the Tukey’s 
post hoc test. *, p < 0.05, control vs. OA group. ¶, p < 0.05, sham vs. OA group. §, p < 0.05, control vs. sham group

 

Fig. 2  Radiographic and histopathological scoring. In the KL classification evaluation (A), the OA group had a significantly higher grade than the control 
and sham groups. In the histological analysis (B), the OA group exhibited a significant difference in the OARSI score compared with the other groups 28 
days after induction. Unlike the control and sham groups, the OA group presented with significant osteoarthritic alteration. The medians are depicted 
using the horizontal lines inside the boxes. The 25th and 75th percentiles are shown as the bottoms and tops of the boxes, respectively. The minimum and 
maximum values are presented as the small horizontal lines below and above the boxes. n = 6 per group. Data were analyzed using the one-way analysis 
of variance, followed by the Tukey’s post hoc test. ****, p < 0.0001
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Fig. 5  mRNA expression of DNA methyltransferases and the ten–eleven translocation family in the synovial tissue from the hip joint. The OA group 
presented with significant increases in the mRNA expression of Dnmt3a (B), Tet 1 (D), and Tet 3 (F) compared with the control and sham groups. There 
were no other significant differences in the mRNA expression of Dnmt1 (A), Dnmt3b (C), and Tet 2 (E). The medians are depicted using the horizontal lines 
inside the boxes. The 25th and 75th percentiles are shown as the bottoms and tops of the boxes, respectively. The minimum and maximum values are 
presented as the small horizontal lines below and above the boxes. n = 6 per group. Data were analyzed using one-way analysis of variance, followed by 
the Tukey’s post hoc test. *, p < 0.05; **, p < 0.01

 

Fig. 4  mRNA expression of DNA methyltransferases and the ten–eleven translocation family in the peripheral blood mononuclear cells. The OA group 
presented with significant increases in the mRNA expression of Dnmt1 (A) and Tet 1 (D) compared with that in the sham group. The medians are depicted 
using the horizontal lines inside the boxes. The 25th and 75th percentiles are shown as the bottoms and tops of the boxes, respectively. The minimum 
and maximum values are presented as the small horizontal lines below and above the boxes. n = 6 per group. Data were analyzed using one-way analysis 
of variance, followed by the Tukey’s post hoc test. *, p < 0.05. PBMC, peripheral blood mononuclear cell
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the synovial tissue than in the control and sham groups 
(Fig. 6B).

Discussion
Injection of 2  mg of MIA into the hip joint resulted in 
the marked JSN, subchondral bone cyst formation, sub-
chondral sclerosis, and femoral head deformity. Hence, 
mild to moderate OA based on the KL classification was 
observed. This study first investigated arthritic changes in 
rat hip joints using µCT scan images. Our previous stud-
ies using X-ray images reported that 2 mg of MIA admin-
istered in the hip joint can cause possible JSN and cystic 
changes [26, 29]. However, it was challenging to evalu-
ate arthritic changes and subchondral bone sclerosis in 
the acetabulum. Therefore, this study used µCT scan to 
evaluate the hip joint. Yoh et al. performed radiographic 
assessment on rats at 4 weeks after the administration of 
2 mg of MIA into the hip joints, and results showed the 
development of KL2-3 OA [33]. Another study investi-
gated arthritic changes in MIA-induced shoulder OA 
on µCT scan. In total, 0.5  mg and 2.0  mg of MIA were 
injected into the shoulder joint, and µCT scan was per-
formed from 1 to 12 weeks after induction. At 4 weeks 
after induction, 83% and 100% of rates who received 0.5 
and 2.0 of MIA developed arthritis, and 67% and 83% 
presented with osteophyte development [38]. The study 
result supports these findings.

A previous study revealed that intra-articular MIA 
injection to the hip joints of rats induced diverse OA 
changes based on the dose, similar to previous stud-
ies on knee joints [33, 39]. Low-dose MIA caused fewer 
radiographic and histopathological OA changes than 
high-dose MIA. The low-dose groups experienced OA 

progression over time, and > 2  mg of MIA caused end-
stage OA 8 weeks after injection. Therefore, osteoar-
thritic changes based on each concentration without any 
ceiling effect can be sufficiently assessed 4 weeks after 
MIA administration. In a previous study, the OARSI 
score at 4 weeks after the administration of MIA at a dose 
of 2 mg was 19.6 [33]. Miyamoto et al. examined cartilage 
degeneration using the Mankin score in MIA-induced 
hip OA. Results showed that severe cartilage degenera-
tion occurred 4 weeks after induction [25, 40], and our 
results are consistent with these findings.

The OA group had a significantly lower pain threshold 
than the control and sham groups from 7 to 28 days after 
induction. In addition, none of the rats in the OA group 
were painless, and the pain could not be associated with 
other pathological conditions such as Charcot arthropa-
thy. There was a significant difference between the con-
trol and sham groups on day 7 after MIA administration. 
Thereafter, this finding disappeared over time. Thus, it is 
reasonable to consider this phenomenon as a change in 
pain threshold due to surgical invasion. Several reports 
have revealed that the injection of MIA into the hip 
joint induces pain-related behavior in the affected limb. 
In 2016, the study revealed that the injection of 2 mg of 
MIA into the hip joint induced gait disturbance based 
on changes in various parameters such as standing time, 
swing speed, print area, and maximum intensity based on 
a gait analysis [41]. This study showed that 2 mg of MIA 
administered to the hip joint elicited hypersensitivity in 
the affected limb. More data on MIA-induced knee OA 
than MIA-induced hip OA have been collected. However, 
changes in pain-related behavior in MIA-induced knee 
OA are consistent with the abovementioned results in 

Fig. 6  Global DNA methylation in the peripheral blood mononuclear cells and synovial tissues. There was no significant difference in global DNA meth-
ylation in the peripheral blood mononuclear cells among the control, sham, and OA groups. However, the OA group had a significantly higher global 
DNA methylation in the synovial tissue than in the control and sham groups. The medians are depicted using the horizontal lines inside the boxes. The 
25th and 75th percentiles are shown as the bottoms and tops of the boxes, respectively. The minimum and maximum values are presented as the small 
horizontal lines below and above the boxes. n = 6 per group. Data were analyzed using one-way analysis of variance, followed by the Tukey’s post hoc test. 
*, p < 0.05. PBMC, peripheral blood mononuclear cell
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hip OA [42, 43]. The details of hypersensitivity observed 
in this study were also consistent with those of previous 
reports, and we believe that the reproducibility and valid-
ity of the model were adequate.

In the current study, the mRNA expression of Dnmt 
3a, Tet 1, and Tet 3 was significantly upregulated in the 
synovial tissue of the OA group. Global DNA methyla-
tion in the synovial tissue of the OA group was signifi-
cantly higher than that of the control and sham groups. 
In contrast, only the mRNA expression of Dnmt 1 and 
Tet 1 in the PBMC tissues of the OA group increased 
compared with that in the sham group. In addition, there 
was no significant difference in global DNA methylation. 
No previous studies have investigated changes in DNA 
methylation patterns across tissue types in hip OA. Based 
on other reports, changes in DNA methylation patterns 
in local tissues that reflect the pathological condition are 
more apparent than changes in DNA methylation pat-
terns in the peripheral blood [44, 45]. As with other dis-
eases, alterations in the DNA methylation machinery in 
the local synovial and cartilage tissues may provide more 
informative findings on osteoarthritis than those in the 
peripheral blood.

Most genetic variations related to OA pathology occur 
in the noncoding regions of the genome. Thus, increas-
ing studies have focused on epigenetics, particularly 
DNA methylation, which regulates gene expression with-
out changing the gene sequence [22]. Accumulating sci-
entific evidence has revealed significant changes in the 
epigenetic regulatory machinery in OA cartilage [46]. 
Articular cartilages from patients with OA and mice with 
destabilized medial meniscus showed aberrant eleva-
tions of DNMT 1 and DNMT 3a, resulting in consequen-
tial peroxisome proliferator-activated receptor-gamma 
(PPARγ) promoter hypermethylation and substantial 
PPARγ suppressions. Further, 5-Aza-2’-deoxycytidine, 
a known inhibitor of both DNMT 1 and DNMT 3a, 
reduced excessive methylation of the PPARγ promoter 
region in mice with OA, thereby suppressing the produc-
tion of excessive inflammatory cytokines and, ultimately, 
cartilage damage [47]. In another study, DNMT 3a was 
found to be upregulated in patients with OA compared 
with controls. Furthermore, the knockdown of DNMT 3a 
reduced the catabolic effect of interleukin 1β (IL1β) on 
the extracellular matrix (ECM) [48]. By contrast, DNMT 
3b has protective effects against OA changes in the car-
tilage. Shen et al. revealed that mice without DNMT 
3b were more susceptible to spontaneous OA, and the 
increased expression of Dnmt 3b had protective effects 
against surgically induced OA in mice [49]. Interestingly, 
recent evidence has shown that DNMT 3b is involved 
in the pathogenesis of secondary OA caused by femoro-
acetabular impingement (FAI). In this study, the DNMT 
3b mRNA expression was evaluated in cartilage samples 

collected from patients with early FAI and those with 
late FAI-OA. Further, the mRNA expression of DNMT 
3b decreased as OA progressed from the normal carti-
lage to the early FAI-OA and between early FAI-OA and 
late FAI-OA [50]. Thus far, all reports on Dnmts have 
used cartilage samples, and only a few studies have ana-
lyzed the profiles of Dnmts in synovial tissue. However, 
the mRNA expression of Dnmt 3a was also upregulated 
in the OA group in our study. This result is consistent 
with the results of these studies using cartilage samples. 
Our result can be reasonable considering that OA pathol-
ogy comprises the cartilage, synovium, and subchondral 
bone, which crosstalk with each other.

The DNA methylation machinery also includes the 
demethylation process by TET enzymes. Among the 
three bioactive TETs, TET1 is one of the major enzymes 
responsible for DNA demethylation in the chondrocytes 
and 5hmC generation in OA chondrocytes. Previous 
research has revealed that 5hmC accumulates in the OA-
associated genes in the human osteoarthritic cartilage 
[51]. Genetic loss of TET1 inhibited OA in a surgically 
induced knee OA model in which the medial meniscus 
was destabilized to initiate OA pathology. They also ana-
lyzed human cartilage samples and revealed that TET1 
was involved in cartilage homeostasis and the balance of 
anabolic versus catabolic factors in the ECM. The inhi-
bition of TET1 modulated inflammation in end-stage 
human OA chondrocytes, which mirrored mouse studies 
[52]. Another study reported that twist basic helix-loop-
helix transcription factor 1, a transcription factor overex-
pressed in OA, upregulated TET1 expression and 5hmC 
in chondrocytes and escalated matrix metalloprotein-
ase-3 expression [53]. According to few reports analyzing 
noncartilage tissues, the expression of TET3 and 5hmC 
were upregulated in the synovial tissue from patients 
with RA. TNFα enhanced the TET3 and 5hmC levels in 
cultured fibroblast-like synoviocytes and the stimulated 
fibroblast-like synoviocyte amplified transcription of cell 
migration-related factors such as C-X-C motif chemo-
kine ligand 8 and C-C motif chemokine ligand 2 in a TET 
3-dependent manner, leading to high cell migration [54]. 
Our findings showed that the mRNA expression of Tet 1 
and Tet 3 significantly increased in the synovial tissue of 
the OA group. This is consistent with the results of previ-
ous studies.

This study differed from others as it investigated the 
synovial tissue, an essential pathological component of 
OA, not the cartilage. To the best of our knowledge, to 
date, this is the only study that has investigated altera-
tions in the DNA methylation machinery in the synovial 
tissue of a hip OA model. Furthermore, as mentioned 
above, epigenetics, including DNA methylation, is influ-
enced by acquired factors such as diet and exercise. Fur-
ther, previous studies using human specimens cannot 
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completely eliminate the differences in each background. 
The use of the rat OA model in this study uniformed the 
background of the samples and provided a more detailed 
understanding of the effects of OA on the DNA meth-
ylation machinery. Notably, this study showed that the 
changes in global methylation and the mRNA expression 
of the DNA methylation-related genes were explicit in 
the synovial tissue. The application of epigenetic regula-
tors such as DNMTs and TETs as pharmacological can-
didates for disease-modifying OA agents is interesting as 
it can simultaneously modify multiple regulated genes. 
However, a major challenge in directly modulating epi-
genetic regulators is to ensure specificity and prevent 
adverse effects. Drugs that target epigenetic regulators 
have been used primarily as cancer drugs [55], and their 
efficacy is widely recognized. However, the fact that these 
regulators can also affect unintended genes is a challenge. 
Therefore, future studies should focus on providing a 
better understanding on the exact target of epigenetic 
enzymes such as DNMT and TET in OA and their tissue-
specific differences.

The current study has several limitations. First, changes 
in the DNA methylation machinery of the cartilage, 
which is significantly involved in OA pathology, were not 
investigated. MIA chemically induces cartilage degenera-
tion by inhibiting the glycolytic pathway of chondrocytes. 
Thus, synovial tissues that were not directly affected by 
MIA administration were analyzed. Nevertheless, car-
tilage samples taken from surgically induced knee OA 
models will be analyzed. Second, the samples used were 
collected from rats only. Although acquiring uniform 
data from humans is challenging, further research with 
human tissues is required to develop these findings. 
Third, the DNA methylation and transcriptional status 
of individual genes that contribute directly to OA should 
be examined in future studies. As mentioned above, there 
are no reports on the methylation of individual genes in 
the synovial tissue of patients with hip OA. We are cur-
rently exploring methylation patterns in the synovial 
tissue from both humans and rats with OA by isolating 
specific cell types using flow cytometry. Fourth, the vali-
dation of the PCR assay was inadequate. Particularly, the 
RNA integrity number was good, and the assays were 
evaluated in the same tissue. However, the validation 
of the assay specificity, such as primer validation, and 
assay performance was insufficient. Hence, future studies 
should be conducted to address these issues by compar-
ing human and rat samples.

Conclusion
The intra-articular administration of 2  mg of MIA-
induced radiological and histopathological hip joint OA 
and decreased pain threshold. The DNA methylation 
machinery was altered in hip OA. Specifically, the mRNA 

expression of Dnmt 3a, Tet 1, and Tet 3 was significantly 
upregulated in the synovial tissue of the OA group. The 
global DNA methylation in the synovial tissue of the 
OA group was significantly high. A better understand-
ing of alterations in the DNA methylation machinery in 
the synovial tissue of patients with OA can lead to the 
discovery of novel gene targets and treatment strategies 
against OA that are more tissue-specific and have fewer 
side effects.
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