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Abstract

Femoroacetabular impingement (FAI) is an important trigger of hip osteoarthritis

(OA). Epigenetic changes in DNA methyltransferase 3B (DNMT3B) attenuate

catabolic gene expression in cartilage hemostasis. This study aimed to examine

the articular chondrocyte catabolic state and DNMT3B and 4‐aminobutyrate

aminotransferase promoter (ABAT) expression during OA progression in FAI.

Cartilage samples were collected from the impingement zone of 12 patients with

cam FAI (early‐FAI) and 12 patients with advanced OA secondary to cam FAI (late‐

FAI‐OA). Five healthy samples were procured from cadavers (ND: nondiseased).

Explants were cultured under unstimulated conditions, catabolic stimulus (IL1β), or

anabolic stimulus (TGFβ). Histology was performed with safranin‐O/fast‐green

staining. Gene expression was analyzed via qPCR for GAPDH, DNMT3B, ABAT,

MMP‐13, COL10A1. Methylation specific PCR assessed methylation status at the

ABAT promoter. Cartilage samples in early‐FAI and late‐FAI‐OA showed a

histological OA phenotype and increased catabolic marker expression (MMP13/

COL10A1, ND vs. early‐FAI, p = 0.004/p < 0.001, ND vs. late‐FAI‐OA, p < 0.001/

p < 0.001). RT‐PCR confirmed DNMT3B underexpression (ND vs. early‐FAI,

p < 0.001, early‐FAI vs. late‐FAI‐OA, p = 0.016) and ABAT overexpression (ND

vs. early‐FAI, p < 0.001, early vs. late‐FAI‐OA, p = 0.035) with advanced disease.

End‐stage disease showed ABAT promoter hypomethylation. IL1β stimulus

accentuated ABAT promoter hypomethylation and led to further ABAT and catabolic

marker overexpression in early‐FAI and late‐FAI‐OA while TGFβ normalized these

alterations in gene expression. Catabolic and epigenetic molecule expression

suggested less catabolism in early‐stage disease. Sustained inflammation induced

ABAT promoter hypo‐methylation causing a catabolic phenotype. Suppression of

ABAT by methylation control could be a new target for therapeutic intervention to

prevent OA progression in hip FAI.
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1 | INTRODUCTION

Osteoarthritis (OA) is the most frequent joint disease affecting

30 million adults in the United States.1,2 The OA pathophysiology has

been clarified mostly using tissues from end stage disease; however,

precipitating molecular changes take place in early disease stages.3,4

Femoroacetabular impingement (FAI) is well‐known important

etiologic factor for hip OA,5,6 and is spotted as a leading trigger of

degenerative arthritis in the hip.6,7 Thus, FAI offers a valuable chance

to study early molecular changes in hip OA.

Several studies have elucidated the expression of specific genes in

articular cartilage from hips with FAI. Cartilage samples from the

impingement zone were found to express highly inflammatory and

catabolic markers such as matrix metalloproteinase 13 (MMP13) and a

disintegrin and metalloproteinase with thrombospondin motif 4

(ADAMTS4), confirming a catabolic phenotype compared to the

nondiseased (ND) cartilage.8–10 However, these studies could not identify

a detectable difference between the early and late stages of disease.

Recent transcriptome analysis has characterized a distinct transcriptome

profile of early‐stage FAI, which differs from late‐stage hip OA secondary

to FAI.11 The study also found several key genes and pathways that

should be explored as potential therapeutic targets for hip OA.11 In

further exploring therapeutic approaches to slow downOA progression in

FAI, the anabolic and catabolic states of articular cartilages (ACs) should

be evaluated to test whether the FAI‐specific cartilage phenotype can be

modulated by some therapeutic interventions.

Recent investigations into OA pathophysiology have shown that

OA progression is associated with abnormal epigenetic changes of

many OA‐susceptible genes, suggesting that the onset and progression

of OA is also coordinated by unclarified epigenetic mechanisms.12

Specifically, DNA methyltransferase 3B (Dnmt3b), one of the DNA

methyltransferases, is reported to be highly expressed in healthy

murine and human cartilage.13 Additionally, previous murine studies

showed that Dnmt3b loss of function leads to the reduction of DNA

methylation at the 4‐aminobutyrate aminotransferase promoter (Abat),

causing overexpression of this gene and subsequent cartilage damage

in the knee joint.13,14 In murine models, inhibition of Abat has shown

to block the development of OA following knee joint injury.14 These

studies suggest that Dnmt3b regulates post‐natal articular cartilage

homeostasis and that Abat is a downstream target for Dnmt3b,

attenuating catabolic gene expression.13,14 However, there is scant

evidence of the role of ABAT in the pathogenesis of human OA, and to

the best of our knowledge, there are no studies addressing the

expression of DNMT3B and ABAT in the progression of hip OA.

The purposes of the present study are: (1) to examine the catabolic

and anabolic states of ACs during FAI progression, (2) to assess the

expression levels of DNMT3B, ABAT and DNA methylation status at

the ABAT promoter site during early (early‐FAI) and late (late‐FAI‐OA)

stage disease, and (3) to assess if an inflammatory stimulus dysregulates

DNA methylation at the ABAT promoter site. We hypothesized that (1)

ACs in early stage hip FAI present a less catabolic phenotype than late

stage disease, (2) human hip ACs show decreased expression of

DNMT3B and overexpression of ABAT as OA progresses, and (3) an

inflammatory stimulus (interleukin1: IL1β) dysregulates methylation at

the ABAT promoter site in FAI, and TGFβ alleviate dysregulation of

methylation at this site and rescue ACs from catabolic phenotype.

2 | METHODS

2.1 | Patients

This study was approved by the institutional review board (NO.

202007168). Patients who underwent hip preservation surgery or

total hip replacement (THR) were enrolled in a longitudinal prospec-

tive cohort. All surgical procedures were performed by two

experienced surgeons (C. P‐G. and J. C. C.) between April 2021 and

November 2021. Patients with prior hip surgery, pincer morphology,

infection, idiopathic osteonecrosis of the femoral head, psoriasis, and

rheumatoid arthritis, were excluded in this study. Full‐thickness

cartilage samples from the anterolateral head‐neck junction of 24

patients undergoing hip surgery were included. Of these, 12 patients

underwent hip surgery for the symptomatic cam FAI (early‐FAI;

n = 12) and 12 patients underwent THR for the advanced OA

secondary to cam FAI (late‐FAI‐OA; n = 12).

The diagnosis of cam FAI or OA was determined by the treating

surgeons (C. P‐G. and J. C. C.) using the minimum basic criteria of pain

in the affected hip for a period of more than 3 months, hip range of

motion, radiographic findings, and intraoperative findings. TheTönnis

classification15 was used to define the OA severity: Early‐FAI was

diagnosed in patients with Tönnis grades 0–1 and late‐FAI‐OA in

patients with Tönnis grades 2–3. A cam deformity was defined by an

alpha angle greater than 55° on the preoperative anteroposterior (AP)

pelvic, frog‐leg lateral, and/or 45° on Dunn radiographs.16 All

radiographs were performed with a standardized protocol including

a standing AP pelvis, 45° Dunn, and frog‐leg lateral view.

Interobserver and intraobserver reliability of the radiographic analysis

of FAI was previously performed by our group.17 ND healthy samples

(control, n = 5) were harvested from the anterolateral head‐neck area

of fresh femoral head allografts with similar methodology. Femoral

head fresh grafts were only used if they had macroscopically normal

articular cartilage and the donor's age was less than 30‐year‐old

without any history of hip OA and articular cartilage was macro-

scopically judged as normal by two hip surgeons (C. P‐G. and T. K).

Allografts were obtained within 24 h of donor death (JRF Ortho) and

delivered to the laboratory in a cell culture medium at 4°C.

2.2 | Cartilage sample collection

Full‐thickness cartilage samples were obtained through use of a liberator

and an arthroscopic biter in arthroscopic procedures or a half‐inch

osteotome in patients undergoing either open surgical dislocation or THR.

All samples were obtained from the anterolateral aspect of the head‐neck

junction (impingement area) of the proximal femur. Dynamic impingement

area was evaluated intraoperatively and care was taken to harvest

2 | KAMENAGA ET AL.



cartilage tissue from the most affected areas (visible chondromalacia and

discoloration) localized between the 12‐ and 3‐o'clock positions.

2.3 | Human cartilage explant culture

Obtained cartilage samples were used to perform cartilage explant

cultures. These included early‐FAI (n = 12), late‐FAI‐OA (n = 12), and

control ND healthy samples (n = 5). The experiment was performed

according to methods previously described by Yan et al.18 All

cartilage samples were stored in Hank's balanced salt solution (HBSS)

immediately after being harvested and transported within 2 h to the

laboratory. Immediately after transporting the tissue to the labora-

tory, explanted cartilage tissue was washed several times with HBSS

containing antibiotics and then incubated in Dulbecco's Modified

Eagle Medium/Nutrient Mixture F‐12 (DMEM/F12) medium con-

taining 10% Fetal Bovine Serum (FBS), penicillin/streptomycin (100

U/0.1mg/ml) in a 6‐well plate at 37°C and 5% CO2 for 48 h.

Then, explants were cultured either in an untreated condition,

under a catabolic stimulus with interleukin1 (IL1β) (1.0 ng/ml,

Peprotech),19,20 or under an anabolic stimulus with transforming

growth factor‐beta (5.0 ng/ml, TGFβ)21 for 48 h. Of the 12 samples in

the early‐FAI and late‐FAI‐OA groups, 6 were used for histological

analysis and immunofluorescence analysis, while the remaining 6

were used for western blots and PCRs. This is because the affected

cartilage was limited and insufficient to perform all the experiments

with a single sample. In the ND group, one cartilage sample was

sufficient to perform all experiments.

(Figure 1 shows cartilage culture and experiments).

2.4 | Histological assessment

Following culture, cartilage explant specimens were fixed in 10%

neutral buffered formalin for 24 to 48 h, decalcified in Immunocal

(Stat‐Lab) for 3 days, dehydrated in graded ethanol, embedded in

paraffin wax, and sectioned to a thickness of 5mm by standard

protocol10 (n = 6 for early‐FAI and late‐FAI‐OA, n = 5 for ND). Safranin‐

O/fast green staining was performed to histologically evaluate the

cartilage degeneration of five samples in each group. Cartilage

degeneration was graded in blinded fashion based on the Mankin

score.22 On this scale (normal = 0), cartilage is graded on structural

compromise (0–6 points), loss of matrix staining (0–4), anomalies in

cellularity (0–3), and violation of tidemark integrity (0–1), with a total

score of 0–14 points (0 as the best and 14 as the worst).22

2.5 | Gene expression analysis

Real‐time polymerase chain reaction (RT‐PCR) was performed to assess

the expression levels of genes including: DNMT3B, ABAT, MMP13,

COL10A1, and COL2A1 (n= 6 for early‐FAI and late‐FAI‐OA groups,

n= 5 for ND group). Total RNA was extracted from cartilage tissue and

reverse‐transcribed into cDNA using the High‐Capacity cDNA Reverse

Transcription Kit (Applied Biosystems). RT‐PCR amplification of the

cDNA was performed in triplicates using SYBR Green reagent (Applied

F IGURE 1 Study design. DNMT; DNA methyltransferase; FAI, femoroacetabular impingement; MSP, methylation specific PCR;
OA, osteoarthritis; PPARγ; peroxisome proliferator‐activated receptor‐gamma; RT‐PCR, real‐time polymerase chain reaction. [Color figure can
be viewed at wileyonlinelibrary.com]
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Biosystems). Relative gene expression was normalized against the

housekeeping gene glyceraldehyde 3‐phosphate dehydrogenase

(GAPDH) using the comparative cycle threshold method.23 Relative

gene expression was normalized to the mean value of the ND group

samples for each gene. Primer sequences were listed in Table 1.

2.6 | Immunofluorescence (IF) analysis

Fluorescent immunostaining was performed as previously described22

(n = 6 for early‐FAI and late‐FAI‐OA, n = 5 for ND). After deparaffiniza-

tion, sections were permeabilized with Sodium Citrate Buffer (10mM

Sodium Citrate, 0.05% Tween‐20, pH 6.0) and blocked with 2.5%

Donkey serum for 2 h at room temperature. After blocking, the sections

were incubated with the primary antibodies, DNMT3B (1:200, Cat#

A7239; Abcam) and ABAT (1:200, Cat# sc‐393769; Santa Cruz

Biotechnology), overnight at 4°C. After washing, the sections were

incubated with the corresponding secondary antibody, Goat Anti‐Rabbit

IgG H&L (Alexa Fluor® 488) (1:200, Cat# ab150077, Abcam), for 2 h.

The sections were probed with COL2 antibody (1:200, Cat# sc‐518017,

Santa Cruz Biotechnology) followed by TRITC‐conjugated anti‐rat

secondary antibody (1:100, Cat# 712‐295‐153, Jackson ImmunoRe-

search). Nuclei were counter‐stained with DAPI solution (1:1,000,

Vector Laboratories) for 5min. The images were acquired with ZEISS

LSM 880 Confocal Laser Scanning Microscope. The data was presented

as the mean ratio of positive cells. The number of positive cells was

determined as the average cell count in five randomly selected fields in

each section under a fluorescent microscope.

2.7 | Western‐blot analysis

First, the cultured cartilage samples were washed with Tris‐buffered

saline with Tween‐20 (TBST) and lysed in a lysis buffer. The lysates

were centrifuged at 4°C at 15,000 g for 10 min. Next, the debris‐

free lysates were collected and mixed with 4× electrophoresis

sample buffer; 30 µg of protein were electrophoresed on a 15%

SDS‑polyacrylamide gradient gel and electrically transferred onto a

polyvinylidene difluoride blotting membrane. The membrane was

blocked with 5% bovine serum albumin in TBST at 25°C for 30 min,

incubated with primary antibodies against DNMT3B (Cat# A7239,

Abcam) and ABAT (Cat# sc‐393769, Santa Cruz Biotechnology) at

4°C for 12 h (overnight), and further incubated with horseradish

peroxidase‐conjugated goat anti‐rabbit IgG secondary antibody

(Cat# ab216773, Abcam) at 25°C for 1 h. The results were

quantified, and the images were processed using ImageJ software

(National Institutes of Health). β‐actin was used as an internal

loading control.

2.8 | Methylation specific PCR (MSP)

According to previous established methods,24,25 the primer of the

ABAT promoter for MSP was designed with MetPrimer software

(https://www.urogene.org/methprimer).26 Genomic DNA isolated

from ACs was enzymatically digested by methylation‐sensitive or

methylation‐dependent enzymes separately (n = 5 for all groups).

The primer sequences were the following: methylated primers

(forward/reverse); TTTAGAGATCGGATTCGAGAC/AAACGACTAAAAA

CCCCCGT, unmethylated primers (forward/reverse); TTAGAGATTGGA

TTTGAGATG/ACAACTAAAAACCCCCATCA.

2.9 | Statistical analysis

Statistical analyses were performed using GraphPad Prism 9

(GraphPad Software). The comparisons between groups were

performed using the Man–Whitney U, one‐way analysis of variance

(ANOVA), or Kruskal–Wallis tests. Multiple comparisons were

performed with the post hoc test with Bonferroni correction if

needed. The level of significance was set at p < 0.05. Datas are

presented as mean ± standard deviation for parametric test and

median with range for nonparametric test.

Sample size calculations were performed using G*Power 3

(Heinrich‐Heine‐Universität Düsseldorf).27 The minimum sample size

required to detect an effect size f of 1.0 in ANOVA was 15 samples (5

samples in each group) when using a type I error (a) of 0.05 and

power (1 − b) of 0.80.

3 | RESULTS

3.1 | Characteristics of study patients

Characteristics of study participants are presented in Table 2. The

early‐FAI group included younger patients. There were no significant

differences in gender, BMI, LCEA and α‐angle between groups.

TABLE 1 Primer sequences for real‐time qPCR

Genes Sequences (5ʹ‐3ʹ)

DNMT3B‐F TTGATATTCCCCTCGTGCTTC

DNMT3B‐R CGAGTCCTGTCATTGTTTGATG

ABAT‐F CAGGTGTTGAAGATCCGGTAG

ABAT‐R CAGCAGACGTGATGACCTTC

MMP13‐F CTTGACCACTCCAAGGACCC

MMP13‐R CCTGGACCATAGAGAGACTGGA

COL2A1‐F ACCAGATTGAGAGCATCCGC

COL2A1‐R AAAACCTTCATGGCGTCCAA

COL10A1‐F CCCTTTTTGCTGCTAGTATCC

COL10A1‐R CTGTTGTCCAGGTTTTCCTGGCAC

GAPDH‐F GACAGTCAGCCGCATCTTCT

GAPDH‐R GCGCCCAATACGACCAAATC
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3.2 | Cartilage phenotype is altered in progressing
hip FAI disease

As a beginning in investigating cartilage phenotype associated with

hip OA progression, we performed histological and gene expression

analysis for comparison between the disease stages. The ND group

samples displayed normal hyaline cartilage, but the early‐FAI and

late‐FAI‐OA groups showed degenerative cartilage damage including

clefts, cell cloning, and reduced staining of safranin‐O (Figure 2A,B,

quantified by Mankin Score). Histological findings were similar for

early‐FAI and late‐FAI‐OA, and there was no significant difference in

Mankin score between the two groups (Figure 2A,B). Using RT‐PCR,

cartilage in early FAI and late‐FAI‐OA displayed higher expression of

MMP‐13 and COL10A1 compared to the ND group, confirming the

presence of cartilage degeneration, catabolism, and chondrocyte

hypertrophy. RT‐PCR revealed that expression of DNMT3B gradually

declined while ABAT was impressively increased throughout disease

progression (Figure 2C). IF staining confirmed that DNMT3B was

abundantly expressed in chondrocytes of normal cartilage but

gradually decreased with disease progression; contrarily, ABAT

expression gradually increased with disease progression

(Figure 2D). Similarly, western blotting displayed decreased DNMT3B

protein and increased ABAT protein quantities as the disease

progressed (Figure 2E).

TABLE 2 Patient characteristics

Group Nondisease Early‐FAI Late‐FAI‐OA p Value

Number 5 12 12

Age (years) 27.7 ± 2.4 34.5 ± 10.6 50.7 ± 7.3 <0.001

Gender male/female 3/2 7/5 5/7 0.68

BMI (kg/m2) ‐ 28.7 (25.1–35.4) 32.0 (20.7–38.1) 0.59

Radiographs: α angle (degree) ‐ 67.0 (57.9–87.5) 67.5 (61.0–94.2) 0.42

LCEA (degree) 27.7 (25.5–39.4) 31.6 (25.6–38.2) 0.34

Note: p Values (early‐FAI vs. late‐FAI‐OA) are shown.

Abbreviations: BMI, body mass index; FAI, femoroacetabuilar impingement; LCEA, lateral center edge angle; OA, osteoarthritis.

F IGURE 2 Alteration of cartilage phenotype during disease progression. (A) Representative histologic sections of the cartilage stained with
safranin‐O/fast green. Scale bar: 100 μm. (B) Bar graphs comparing cartilage degeneration using the Mankin score system. (C) Expression of
DNMT3B, ABAT, MMP13, COL10A1, and COL2A1 in each group, as determined by RT‐PCR. (D) Representative immunofluorescence staining
of DNMT3B (green) and ABAT (green) in cartilage sections. COL2 (red), type II collagen; DAPI (blue) stained nuclei. Scale bar: 50 μm. Bar plot
showing the quantitative analysis of the ratio of positive cells (DNMT3B and ABAT). (E) Western blot analysis of DNMT3B and ABAT from
cartilage samples. β‐actin served as the internal control. Graphs show the quantitative analysis. Early, early‐FAI; FAI, femoroacetabular
impingement; Late, late‐FAI‐OA; ND, nondisease; OA, osteoarthritis. [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Catabolic/anabolic stimulus alter the cartilage
phenotype in the early and late stages of hip FAI

To investigate the catabolic and anabolic state of articular cartilage

during the hip OA progression, cartilage explants were cultured with

either no stimulus or vehicle, under catabolic stimulus with IL1β, or

under anabolic stimulus with TGFβ for both early‐FAI and late‐FAI‐

OA. Histological degenerative changes were more pronounced under

IL1β treatment and were alleviated by TGFβ treatment in the early‐

FAI and late‐FAI‐OA samples, quantified by the Mankin‐score

(Figure 3A,B). According to RT‐PCR, a catabolic stimulus with IL1β

for both early‐FAI and late‐FAI‐OA resulted in overexpression of

ABAT, MMP‐13, and COL10A1 and decreased expression of DNMT3B,

although abnormal expression of these molecules were effectively

normalized withTGFβ treatment (Figure 3B). Furthermore, IF analysis

displayed decreased expression of DNMT3B and increased expres-

sion of ABAT when treated with IL1β, while treatment with TGFβ

displayed the opposite alteration (Figure 3C,D). These findings are

supported by protein expression in western‐blotting analysis

(Figure 3E,F).

3.4 | Pro‐inflammatory cytokine IL1β dysregulates
DNA methylation at the ABAT promoter site

According to MSP analysis, the human ABAT promoter is character-

ized by a typical CpG island (Figure 4A, blue highlight). To clarify the

relationship between DNA methylation status and DNMT3B under-

expression and ABAT overexpression, human ABAT promoter

methylation was further assessed using MSP according to the

recommendations of the MethPrimer software. This analysis con-

firmed a gradual decrease of DNA methylation at the ABAT promoter

CpG site during OA progression (Figure 4B), and further suggested

that inflammatory stimulation with IL1β accentuated the DNA

hypomethylation in this region (Figure 4C), which likely leads to the

upregulation of ABAT in ACs. In contrast, anabolic stimulation with

TGFβ normalized DNA hypo‐methylation at ABAT promoter site.

4 | DISCUSSION

This study describes the catabolic and anabolic state of human ACs in

the early and late stages of hip FAI. Although histological findings

were similar between early‐FAI and late‐FAI‐OA, epigenetic molecule

expression varied, suggesting a gradual epigenetic dysregulation

during OA progression associated with FAI, confirming that early FAI

is molecularly different from both advanced hip OA and healthy

controls. In addition, sustained inflammatory stimulus dysregulated

DNA methylation at the ABAT promoter and caused cartilage

catabolism and hypertrophy for both early‐FAI and late‐FAI‐OA.

Histological analysis revealed an OA phenotype in cartilage at

the impingement zone in both early‐FAI and late‐FAI‐OA. MMP‐13

and COL10A1 elevation was observed in early‐FAI and late‐FAI‐OA

samples, confirming cartilage degeneration, catabolism, and chondro-

cyte hypertrophy. These findings are in agreement with previous

studies,9,10 suggesting that early OA changes already occur in the

femoral head‐neck cartilage area of patients with symptomatic hip

FAI. Initial inflammation at the impingement zone may contribute as a

F IGURE 3 Cartilage phenotypes under catabolic and anabolic stimuli throughout disease progression. (A) Representative histologic sections
with the safranin‐O/fast green stain after either no treatment, anabolic stimulus with TGFβ, or catabolic stimulus with IL1β for early‐FAI and
late‐FAI‐OA samples. Scale bar: 100 μm. Graphs show quantitative comparisons of cartilage degeneration in the Mankin score system.
(B) Expression of DNMT3B, ABAT, MMP13, and COL10A1 after either no treatment, anabolic stimulus with TGFβ, or catabolic stimulus with
IL1β for early‐FAI and late‐FAI‐OA samples, as determined by RT‐PCR. (C) Representative immunofluorescence staining of DNMT3B (green) and
ABAT (green) in cartilage sections after either no‐treatment, anabolic stimulus with TGFβ, or catabolic stimulus with IL1β. COL2 (red), type II
collagen; DAPI (blue) stained nuclei. Scale bar: 50 μm. (D) Bar plot showing the quantitative analysis of the ratio of positive cells. (E) Western blot
analysis of DNMT3B and ABAT from cartilage samples under either anabolic stimulus with TGFβ or catabolic stimulus with IL1β for early‐FAI
and late‐FAI‐OA. βactin served as the internal control. Graphs show quantitative analysis of western blot protein levels. Early, early‐FAI; FAI,
femoroacetabular impingement; Late, late‐FAI‐OA; OA, osteoarthritis. [Color figure can be viewed at wileyonlinelibrary.com]
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molecular mechanism leading to a catabolic phenotype in chondro-

cytes of lateral femoral neck.8,10 Here, we confirmed that anabolic

factor TGFβ and pro‐inflammatory cytokine IL1β altered the cartilage

phenotype in early‐FAI and late‐FAI‐OA samples as expected. This

suggests that cartilage degeneration in the impingement zone in hip

FAI is progressive at the molecular level, but could be rescued to

some extent from the catabolic state, suggesting that a potential

molecular therapy could beneficially alter the progression of hip FAI.

Certainly, for patients with symptomatic hip cam FAI, surgical

deformity correction should be prioritized to suppress molecular

inflammation and improve or restore joint homeostasis. However, the

high prevalence of chondral lesions in patients with FAI is well

reported,7,28–30 and the severity of cartilage damage is associated

with an increased risk of poor surgical outcomes and postoperative

OA progression.29,31,32 This suggests that a molecular therapy may

be useful, in the future, concomitantly to the surgical treatments,

hoping to slow down OA progression during early stage of hip FAI

disease. Further studies are warranted to investigate cartilage

response to osteochondroplasty, removal of impingement, and/or

molecular therapeutic interventions.

Importantly, this study analyzed the expression of DNMT3B and

ABAT and found that in human hip ACs the expression level of

DNMT3B were gradually decreased during hip OA progression while

ABAT and catabolic markers were elevated. Furthermore, our MSP

analysis of the ABAT promoter confirmed the DNA hypomethylation

in this region as OA progresses. These findings were in line with a

previous report, suggesting that the decrease in DNMT3B is

associated with a significant increase in ABAT expression in human

and mice OA cartilages.14 Notably, in the current study, the

inflammatory stimulus with IL1β further reduced DNA methylation

at the ABAT promoter and resulted in a concomitant excessive

increase of ABAT and catabolic markers in human hip OA ACs. This

suggests that ABAT overexpression concomitant with DNA

hypomethylation will worsen in early and late‐stage FAI disease as

patients continue to be exposed to additional inflammation. In

contrast, anabolic stimulation with TGFβ reversed hypomethylation,

suggesting an anabolic effect of TGFβ that should be investigated

further as a potential future intervention. Previous in vivo studies

have shown that the effect of TGFβ on cartilage depends on its

concentration, with an anabolic effect with low concentrations but

catabolic when using it in high dose.33–35 Future in vivo studies are

needed to explore appropriate dosage of TGFβ to induce cartilage

anabolism. DNMT3B has been reported to be downregulated in OA

cartilage and to play a role in mitigating extracellar matrix degrada-

tion and chondrocyte apoptosis whereby interacting with specific

microRNAs.36,37 ABAT is a key intermediate in the TCA cycle.38

Recently, this enzyme has been reported to be increased in OA and

accelerates the OA development in mice through chondrocyte

hypertrophy, a catabolic phenotype, and increased mitochondria

respiration.14 Taken together with the findings from the current

study, suppression of ABAT via regulation of methylation at this

promoter region could deter OA progression and be a new potential

target for therapeutic interventions to prevent OA progression in

hip FAI.

The current study had some limitations. First, the cartilages were

collected only from symptomatic patients. Inflammation may be

existing at a lower level in FAI patients with minimal symptoms.

Second, age and sex were not matched between early‐FAI and late‐

FAI‐OA groups. Although this would have been ideal, previous

studies have reported no differences in the expression of inflamma-

tory and catabolic molecules in cartilage samples from the head‐neck

junction between younger (<30 years) and older (≥30 years) pa-

tients.39 Third, the data presented in this study did show some

variability in the response to anabolic and catabolic stimulus. In the

future, we will continue to analyze a larger cohort of patients to

investigate better if this variability is related to severity of OA or

F IGURE 4 Methylation status at the ABAT promoter site. (A) Schema of human ABAT promoter. The positions of CpG (blue highlight) and MSP
primer was depicted relative to the transcription starting site. (B) Quantification of MSP for the three groups. Values are normalized using input PCR and
expressed as ratios of methylated/unmethylated over total PCR products. (C) Quantification of MSP for early‐FAI and late‐AI‐OA with and without the
IL1β catabolic stimulus. MSP, Methylation specific PCR; PCR, polymerase chain reaction. [Color figure can be viewed at wileyonlinelibrary.com]
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intraarticular inflammation. Fourth, the ideal approach should be to

compare the same patients longitudinally as the disease progresses,

rather than comparing patients at different stages. This would require

long‐term studies, but should be considered in the future. Fifth, since

OA is a whole joint disease, we believe that future investigations of

other key structures such as synovium will be critical to better

understand the entire pathology of OA progression. However, there

are ethical issues with harvesting joint tissues from early‐stage

patients. An animal model of OA secondary to hip FAI could provide a

platform to study the mechanisms during hip OA progression in the

near future.

Despite these limitations, this current study shows gradual

epigenetic dysregulation of ACs during OA progression associated

with FAI. Furthermore, an inflammatory stimulus altered the cartilage

phenotype to a catabolic state and exacerbated aberrant epigenetic

alteration in hip FAI. Future studies should involve deciphering the

mechanism of how these DNMT‐mediated epigenetic processes

control cartilage homeostasis.
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