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Purpose: DNA methylation is thought to play a role in exercise-induced gene expression.

We aimed to examine changes in muscular strength and body composition in elderly patients

with end-stage knee osteoarthritis before and after artificial knee arthroplasty and exercise

therapy. We aimed to confirm the relationship between DNA methylation and body composi-

tion, using the methylation rate of the pyruvate dehydrogenase kinase 4 (PDK4) gene that

regulates skeletal muscle and fat metabolism.

Patients and methods: Patients underwent artificial knee arthroplasty between April 2017

and June 2017 at Kansai Medical University Hospital. Six patients (seven knees) were

included in the analysis (four males/two females; average age, 75.7 years; body mass

index, 25.1 kg/m2). Body composition and knee extension muscle strength were measured

before surgery and 5 months after surgery. Rehabilitation was performed for 3 months after

surgery. In the remaining 2 months, patients performed resistance training and aerobic

exercise using an ergometer for 20 mins, twice a week. A biopsy of the vastus medialis

was taken during surgery and 5 months post-surgery. Biopsy samples were treated with

bisulfite after DNA extraction, and DNA methylation rate was calculated.

Results: Body weight (P=0.046), total weight (P=0.027), and total fat mass (P=0.028) were

significantly lower 5 months postoperatively than preoperatively. Five months post-surgery,

the PDK4 gene was significantly more hypomethylated at eight sites in the CpG island,

compared to pre-surgery. There was a significant correlation (r=0.88, P=0.02) between

promoter region hypomethylation and weight loss. Total methylation rate and weight loss

were significantly correlated (r=0.829, P=0.042). Total methylation rate and decrease in total

fat mass showed a positive trending relationship (r=0.812, P=0.05).

Conclusion: Rehabilitative exercise resulted in significant decreases in weight and body fat.

Hypomethylation of the PDK4 gene promoter region signified the effect of postoperative

management focus on exercise therapy on weight and fat loss.
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Introduction
Osteoarthritis of the knee (OA knee) is a chronic and degenerative disease of the tissues

of the knee joint that negatively affects the quality of daily life of elderly people because

of pain and limited range of motion.1 A risk factor for OA knee is obesity, which can lead

to the onset of OA knee, as well as contribute to its worsening.2–4 In addition, it is

reported that steatosis and disused muscle atrophy occur in the quadriceps muscle of OA

knee patients because the patient experiences severe pain and cannot exercise.5,6

Correspondence: Tomohiro Kamo
Department of Health Science, Kansai
Medical University, 2-5-1 Shinmachi,
Hirakata, Osaka 573-1010, Japan
Tel +81 72 804 2334
Fax +81 72 804 2548
Email kamotom@hirakata.kmu.ac.jp

Clinical Interventions in Aging Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Clinical Interventions in Aging 2019:14 1433–1443 1433
DovePress © 2019 Kamo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://doi.org/10.2147/CIA.S213154

http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


Furthermore, in obese patients, the long-term success

of total knee arthroplasty/unicompartmental knee arthro-

plasty (TKA/UKA) is poor and revision rates are higher.7,8

Therefore, it is important to reduce weight with diet and to

improve lower limb muscle strength by exercising to treat

and/or prevent OA knee.

The effects of exercise therapy vary greatly from one

individual to another. Two individuals who undertake the

same exercise program, matched for intensity and quantity,

can show very different results with regard to weight loss

and improvements in muscle strength. Some studies have

shown that when rehabilitation exercises are undertaken

by elderly people and there are minimal changes to diet,

the degree of body weight and fat mass change varies

greatly from individual to individual.9,10 Despite these

findings, the reasons for these differences are not fully

understood.

One of the factors influencing these different exercise

effects is an individual’s genetic makeup.11 Another influen-

cing factor is “epigenetics”, which is expressed by the addi-

tion or removal of methyl groups to skeletal muscle-related

genes, or the modification of histones.12 Acquired environ-

mental factors may also play a role.13 “Epigenetics”, which is

the control and maintenance of gene expression by acquired

modifications without accompanying DNA base sequence

alteration, is a concept proposed by Waddington in 1956.14

Even though all cells have the same original base

sequence, it is thought that they have high tissue specifi-

city because they mature into cells with different functions

in each organ. Barres et al demonstrated the possibility

that epigenetics may be involved in the phenotype of

skeletal muscle.15

The pyruvate dehydrogenase kinase 4 (PDK4) gene is

associated with lipid metabolism in the skeletal muscle.16

PDK4 plays the role of inactivation via phosphorylation of

pyruvate dehydrogenase complex (PDC). PDC is inacti-

vated, thereby inhibiting the conversion from pyruvic acid

to acetyl-CoA, and the role of energy substrate utilization

is shifted from carbohydrate to lipid.17,18 Previous studies

have reported that DNA methylation in skeletal muscle has

an important role in gene regulation that depends on CpG

methylation in promoter regions.19 Other studies have

reported that in the short-term, hypomethylation of DNA

occurs in the CpG island in the promoter region of the

PDK4 gene, which is a skeletal muscle-related gene, by

providing exercise load to healthy people and improving

skeletal muscle metabolism.20–24 This suggests that the

presence of “DNA methylation” may be an important

factor in skeletal muscle metabolism. We theorized that

epigenetics can bring about changes in weight and body

composition via exercise therapy, not only via adjustments

in energy balance, but also changes in metabolic effective-

ness. Specifically, OA knee patients can only participate in

low levels of physical activity due to pain. Physical activ-

ity increases after exercise therapy following TKA/UKA,

triggering DNA hypomethylation and changes in body

composition. We believe that confirmation of hypomethy-

lation of DNAwill be essential in the future guidelines for

exercise therapy.

Hence, we hypothesized that the PDK4 gene would be

released in the methyl group (triggered by exercise therapy),

and fat metabolism activity would occur, resulting in reduc-

tion of body weight and fat mass.

The purpose of this study was to calculate for the first

time the “methylation rate” of the PDK4 gene that regu-

lates skeletal muscle and fat metabolism in the elderly

using a next-generation sequencer (NGS) and elucidate

the relationship between body composition and exercise

therapy after OA knee surgery. We also considered the

possibility that the derived methylation rate could be one

of the indexes of exercise therapy.

Materials and methods
Patients
The enrolled patients attended the Department of

Orthopedics Clinic at Kansai Medical University Hospital

and underwent artificial knee arthroplasty between April

2017 and June 2017 for osteoarthritis and osteonecrosis.

There were nine patients (10 knees), comprising five males

and four females with an average age of 74.8 years and

average body mass index (BMI) of 26.6 kg/m2. Exclusion

criteria were rheumatoid arthritis (RA), mental disorders

including dementia, inability to tolerate the exercise regimen,

or a history of difficulty performing exercise therapy.

This study was conducted according to the Ethics

Regulations of Kansai Medical University. After explaining

the purpose, contents, and precautions of the study to all

subjects, written informed consent regarding study participa-

tion was obtained (Approval no. 2,016,709, date of approval:

December 26, 2016), and conformed to the standards set by

the latest revision of the Declaration of Helsinki.

Body composition
The body composition of all patients was measured,

including total weight, total body lean mass, lower limb
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lean mass, total body fat mass, and lower limb fat mass,

using the Lunar Prodigy Advance DXA Ver. 13.6 (GE

Healthcare Co., Ltd., Waukesha, WI), and body weight,

skeletal muscle mass, and body fat mass, using InBody720

(Biospace Corp., Paris, France) pre-operatively and

5 months after surgery.

Lower limb muscle strength
The knee extensor muscular strength of subjects was mea-

sured in a sitting position and with the affected limb sus-

pended at a knee flexion of 90° using a knee muscle strength

device, the μTasMF-01 (Anima Corp., Tokyo, Japan). This

device was worn 5 cm proximal to the ankle joint and knee

extensor muscular strength was measured pre-surgery and

5 months after surgery. Muscular strength of the affected

lower limb was measured twice on the left and right by

actively extending the knee joint and performing isometric

contraction. Themeasurements were taken after several prac-

tices to familiarize patients with the activity. The maximum

value of the two was adopted as the measured value.

Muscle biopsy
Muscle biopsy of the affected limb was performed using a

mid vastus approach during surgery. Approximately

1×1 cm2 of the vastus medialis muscle was collected.

The collected specimen was frozen in liquid nitrogen and

stored in a freezer at −80 ºC.

At 5 months after surgery, the vastus medialis muscle

was visualized under echo guidance at the same site where

the biopsy was collected during surgery.

After local anesthesia with 1% xylocaine® (Astra-

Zeneca, Mölndal, Sweden), a needle biopsy was per-

formed on each affected knee with a 14G biopsy needle

(Medicon, Seoul, Korea). The obtained sample was also

frozen in liquid nitrogen and stored in a freezer at −80 ºC.

Postoperative exercise therapy
Postoperative rehabilitative exercise therapy was per-

formed according to the post-TKA/UKA protocol of our

institution until 3 months after surgery. After surgery,

continuous passive motion (CPM) was performed until

the knee joint movement exceeded 120º. Passive joint

movement range exercises, lower limb strength training

using about 3 metabolic equivalents (METs), and walking

training for about 10 mins were carried out in the presence

of a physical therapist (PT). From the third month after

surgery, patients performed resistance training, mainly

involving the quadriceps muscle using about 3 METs.

The resistance training regime was set at 10 repetitions

of slow training (afferent contraction for 3 seconds, iso-

metric contraction for 1 second, and isometric contraction

for 3 seconds, performed at 50% of 1RM) and an aerobic

exercise using a bicycle ergometer at 40–50% strength

according to the Karvonen method calculated from the

predicted maximum heart rate.25 This aerobic exercise

was performed for 20 mins, twice a week.

DNA methylation measurement
Skeletal muscle samples were obtained from the affected

knees using a QlAamp DNA Mini Kit (QIAGEN, Hilden,

Germany). Bisulfite treatment was carried out according to

the MethylEasyTM Xceed (TaKaRa, New Delhi, India)

protocol. In order to analyze the targeted PDK4 gene, we

designed a primer group (Eurofins Genomics, Tokyo,

Japan) covering the region of about 1400 bases, from

711 bases upstream to 692 bases downstream of the tran-

scription start codon, with 13 fragments. Polymerase chain

reaction (PCR) amplification (Figure 1) was performed

with the Epi-Taq (TaKaRa) using a primer group specific

to the sequence after bisulfite treatment. The PCR condi-

tions were 40 cycles of 98 ºC for 10 seconds, 55 ºC for

30 seconds, and 72 ºC for 30 seconds using 1 ng of

genomic DNA after bisulfite treatment as a template.

After amplification, the library was adjusted using the

Ion XpressTM Plus Fragment Library Kit (Thermo Fisher

Scientific, Waltham, MA), and the template was prepared

by emulsion PCR using a Chef instrument kit (Fisher

Scientific, Pittsburgh, PA). Then, sequencing was carried

out using a Personal Genome Machine (PGM) sequencer

and 318 Ion chips (Ion Torrent, Life Technologies,

Carlsbad CA). Data analysis determined the methylation

rate of each cytosine treated with bisulfite using a plug-in

methylation analysis.26

We determined all the base sequences of each DNA

strand, which represented an amplification product amplified

by PCR. The analyzed results were depicted in an Excel

table, and each mixed methylation site included methylated

cytosine (C) and unmethylated cytosine (T). The methylated

cytosine (C) count and unmethylated cytosine (T) count were

assessed. The value obtained by dividing the counted C

number by the total number (C + T), and (C/C + T) was

evaluated as the methylation rate (%) at the methylation

site.27,28 In addition, in bilateral knee surgery cases, the

skeletal muscle obtained from bilateral knee muscles was

evaluated using the methylation rate (%), calculated from the

C number and the T number of the right and left sides.
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Statistical analysis
All data were expressed as mean ± standard deviation. We

compared preoperative and 5-month postoperative mea-

sures, including body composition (10 items: body weight,

skeletal muscle mass, body fat mass, total weight, total

lean mass, lower limb lean mass, total fat mass, lower limb

fat mass, and knee extension muscle strength), the methy-

lation rate at each position in the CpG island of the muscle

(methylated C/C+T ratio from 744 bp upstream to 890 bp

downstream from the transcription initiation codon), and

Primer name Sequence Position

PDK4_BSP1_F GGGTAGAGTGAATAAATTTTTTGA -711bp -688bp

PDK4_BSP1_R ACCCAAATACATTTACTTTTTCCTA -560bp -531bp

PDK4_BSP2_F AAAAAGTAAATGTATTTGGGTAGTT -556bp -535bp

PDK4_BSP2_R AAAAAAATAAACAACCTAAAAACC -436bp -422bp

PDK4_BSP3_F TTTTTTTGTTTAGTGGTAGAGAA -422bp -400bp

PDK4_BSP3_R CACAAACTATTTCCAAAAATTT -321bp -300bp

PDK4_BSP4_F TTTGGAAATAGTTTGTGGTTAG -316bp -295bp

PDK4_BSP4_R ACAACRAAATACCCTAACAC -204bp -180bp

PDK4_BSP5_F AAGAGGTTAATTTTAAGTTTAYGTTG -206bp -181bp

PDK4_BSP5_R ACCACRAAATACCCTAACAC -109bp -90bp

PDK4_BSP6_F GGTATYGGTGTTAGGGTATTT -116bp -96bp

PDK4_BSP6_R TCCTAAACTCCAAATCRC -14bp -1bp

PDK4_BSP7_F AGTTTTTTTTTTGATTTGATTGG -38bp -16bp

PDK4_BSP7_R AATTCAAATCTTCCCACCAA +89bp +108bp

PDK4_BSP8_F GGGAAGATTTGAATTTGAATTT +94bp +115bp

PDK4_BSP8_R TACRCTAACTAACTTATACRCCC +186bp +208bp

PDK4_BSP9_F GGGYGTATAAGTTAGTTAGYGT +186bp +207bp

PDK4_BSP9_R AACRAACCRCCTTCATCT +318bp +335bp

PDK4_BSP10_F GGAATTAGGTTTTGTTTYGAG +244bp +264bp

PDK4_BSP10_R CACCTCTCRAAACACCAA +374bp +391bp

PDK4_BSP11_F YGTTAAGATGAAGGYGGTT +313bp +331bp

PDK4_BSP11_R TCCAATAACTACTTCATAAACAACRA +419bp +444bp

PDK4_BSP12_F GGGGTTTATTTTGTTGTTGAGT +550bp +571bp

PDK4_BSP12_R CAAATAAAATCAAACCATCCAA +670bp +691bp

PDK4_BSP13_F TTGGATGGTTTGATTTTATTTG +670bp +691bp

PDK4_BSP13_R ATTCAAAAACTTCTCCAAACAA +795bp +816bp–
–

–
–
–

–

–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Figure 1 Designed primer.

Note: The PDK4 gene is designed with 13 fragments.

Abbreviations: PDK4, pyruvate dehydrogenase kinase 4; BSP, bisulfite sequencing polymerase chain reaction.
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the C/C+T ratio at all positions (the total methylation rate)

using the Wilcoxon signed rank test. In addition, the

association between the change rate of PDK4 methylation

in the CpG island in skeletal muscle and the change in

body composition before and after surgery was assessed

using a Spearman’s rank correlation coefficient.

Preoperative and 5-month postoperative comparisons

between the two groups with regard to body composition

(seven items: body weight, BMI, body fat mass, body fat

percentage, lean fat mass, lean free rate, and leg muscle

strength per affected limb) and the methylation rates of the

CpG island cytosines in muscle were evaluated using a

Wilcoxon’s signed rank test. In addition, the correlation

between body composition and muscle methylation

changes of each cytosine in the CpG island before and

after surgery was assessed using a Spearman’s rank corre-

lation coefficient. All statistical analyses were performed

using SPSS software version 25.0 for Mac OS (IBM

Corp., Armonk, NY). P<0.05 was considered significant

for all analyses.

Results
One male was treated postoperatively for cervical myelo-

pathy and two females experienced pain to a degree that

they could not complete the prescribed rehabilitation, so

six patients (seven knees; four males and two females)

with an average age of 75.7 years and BMI of 25.1 kg/

m2 were analyzed (Table 1).

Changes in body composition and lower

limb muscle strength
Body weight, as measured by InBody720 (Biospace

Corp.), changed from 58.4±7.7 kg preoperatively to 57.4

±7.9 kg 5 months post-surgery (P=0.046). Total weight

changed from 58.5±7.8 kg to 56.5±8.8 kg (P=0.027). Total

body fat mass, as measured by DXA (GE Healthcare Co.,

Ltd.), changed from 17.1±3.2 kg to 15.6±3.3 kg

(P=0.028). These three parameters were significantly

lower at 5 months post-surgery. Skeletal muscle mass

(20.7±3.1 kg preoperatively vs 20.5±3.1 kg 5 months

post-surgery) (P=0.916), body fat mass (19.3±5.3 kg pre-

operatively vs 18.9±5.2 kg 5 months post-surgery

(P=0.752), total lean body mass (39.4±5.2 kg preopera-

tively vs 39.0±6.1 kg 5 months post-surgery (P=0.600),

lower limb lean mass (11.7±1.9 kg preoperatively vs 11.5

±2.1 kg 5 months post-surgery (P=0.463), lower limb fat

mass (5.0±1.0 kg preoperatively vs 4.6±0.9 kg 5 months

post-surgery (P=0.116), and knee extension muscle

strength (21.1±4.7 kg preoperatively vs 24.4±12.4 kg

5 months post-surgery(P=0.893) were not significantly

different (Table 2).

PDK4 methylation results
The CpG island region of PDK4 is shown in Figure 2. A total

of 77 CpG sites were sequenced. The promoter region of

the PDK4 gene from the Swiss Institute of Bioinfor-

matics (SIB, Lausanne, Switzerland) comprises 60 bp (5ʹ-

GAGAGTGCGGGGAGACAAAACCTCGGGCGGCGGC-

GGCTGGGAAGACTTGAACT-3ʹ) from 49 bp to 108 bp

downstream of the transcription initiation codon. The tran-

scription initiation codon is also shown in Table 1.

Results of the PDK4 gene methylation rate in skeletal

muscle were: 185 bp (83.67±2.23% preoperatively vs

78.83±1.26% 5 months post-surgery (P=0.028) upstream

of the CpG island transcription initiation codon, and 188

bp (18.55±1.05% vs 15.94±0.95%, P=0.046), 205 bp

(26.80±0.34% vs 24.22±0.74%, P=0.027), 228 bp (9.23

±0.28% vs 8.07±0.42%, P=0.028), 261 bp (4.88±0.51% vs

4.07±0.66%, P=0.046), 317 bp (8.21±0.61% vs 7.67

±0.24%, P=0.046), 366 bp (6.68±0.66% vs 4.29±0.72%,

P=0.028), 420 bp (70.74±2.03% vs 65.84±1.70%,

P=0.028) downstream of the CpG island transcription

initiation codon. Significant hypomethylation was

observed at eight out of 77 sites. No significant hypo-

methylation was observed in the promoter region (2.19

±3.52% preoperatively vs 0.31±0.75% 5 months post-sur-

gery (P=0.285). No significant hypomethylation was

observed in the total methylation rate (85.93±0.45% pre-

operatively vs 85.66±1.81% 5-months post-surgery

(P=0.463) (Table 3). However, the change in methylation

rate of the promoter region showed a significant positive

correlation with change in body weight (r=0.880,

P=0.021). In addition, the change in methylation rate of

the total methylation showed a significant positive correla-

tion with change in body weight (r=0.829, P=0.042), and a

positive tendency with change in body fat mass (r=0.829,

P=0.050) (Figure 3, 4, and 5).

Discussion
In this study, body weight, as measured by InBody720

(Biospace Corp.), total weight, and total body fat mass, as

measured by DXA (GE Healthcare Co., Ltd.), were all sig-

nificantly decreased following surgery and exercise therapy.

Significant hypomethylation of the skeletal muscle PDK4

gene was found at eight sites of the non-promoter region
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(185 bp upstream of the CpG island transcription initiation

codon, and 188 bp, 205 bp, 228 bp, 261 bp, 317 bp, 366 bp,

and 420 bp downstream of the CpG island transcription

initiation codon). However, the promoter region and total

methylation rate did not change significantly. Barres et al

previously reported that exercise causes hypomethylation in

the promoter region of the PDK4 gene.20 Methylation of the

promoter region is known to be involved in gene expression,-
29 but the role of DNA methylation in the non-promoter

region is not yet fully elucidated.30,31 However, Carmen et

al reported that the non-promoter region also plays an impor-

tant role, and methylation of the non-promoter region indi-

cates the existence of alternative promoters, RNA

processing, and transposable elements.31 Given the above,

it was considered to be clinically important to examine the

influence of hypomethylation on body composition, not only

in the conventional promoter region, but also in the non-

promoter region.

Although one of the causes of onset and progression of

OA knee has been reported to be the increased knee

loading that results from being overweight or obese,32

recent reports suggest that OA knee progression may

also be influenced by the cytokines released from

adipocytes.33,34 Therefore, reduction of body fat and

body weight is clinically important in the prevention of

OA knee.35 In addition, after TKA/UKA, obese patients

have a high complication rate, and although there is no

apparent short-term difference in knee function after

surgery,36,37 knee joint function in obese patients is sig-

nificantly worse in the long-term.7 The results of this study

show a favorable postoperative course for TKA/UKA

patients, supporting previous studies and suggesting that

improvements in long-term prognosis can be expected.

Interestingly, there was no hypomethylation in the pro-

moter region pre- and post-operatively, but there was a sig-

nificant positive correlation between the methylation change

in the promoter region and changes in body weight. There

was a significant positive correlation between the total

methylation rate and changes in body weight, and there was

also a significant positive correlation tendency between the

total methylation rate and changes in body fat. In fact, it is

unclear whether energy consumption is enough to cause a

reduction in body weight and body fat, because energy con-

sumption during exercise was minor. In this study, although

Table 1 General characteristics of the sample (six patients) at the time of admission to hospital

Variable (n=6) Age (at operation) Sex Height (cm) Body weight (kg) BMI (kg/cm2) Operation

1 76 Male 154 64.4 27.2 Rt-TKA

2 83 Male 155 52.7 21.8 Rt-TKA

3 86 Female 148 51.4 23.1 Lt-TKA

4 73 Female 146 50.6 22.5 Rt-TKA

5 69 Male 154 67.6 27.8 Rt-UKA (lateral)

6 67 Male 158 63.9 25.7 Bil-TKA

Note: Data are expressed as mean and standard deviation.

Abbreviations: BMI, body mass index. Rt, right; Lt, left; Bil, bilateral; TKA, total knee arthroplasty; UKA, unicompartmental knee arthroplasty.

Table 2 Changes in body composition and knee extension muscle strength pre- and post-surgery (TKA or UKA) and exercise therapy

in elderly patients with end-stage knee osteoarthritis

Pre (n=6) Post (n=6) P-value

Body weight (InBody) (kg) 58.4±7.66 57.4±7.94 0.046*

Skeletal muscle mass (InBody) (kg) 20.7±3.10 20.5±3.13 0.916

Body fat mass (InBody) (kg) 19.3±5.32 18.9±5.16 0.752

Total weight (DXA) (kg) 58.5±7.79 56.5±8.84 0.027*

Total body lean mass (DXA) (kg) 39.4±5.18 39.0±6.05 0.600

Lower limb lean mass (DXA) (kg) 11.7±1.88 11.5±2.11 0.463

Total body fat mass (DXA) (kg) 17.1±3.24 15.6±3.27 0.028*

Lower limb fat mass (DXA) (kg) 5.00±0.96 4.61±0.89 0.116

Knee extension strength (kg) 21.1±4.70 24.4±12.44 0.893

Notes: Data are expressed as mean and standard deviation. *P<0.05 (Pre vs Post).

Abbreviations: Pre, before surgery; Post, after surgery and exercise therapy for 5 months, TKA, total knee arthroplasty; UKA, unicompartmental knee arthroplasty.
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the energy intake was not investigated, it was difficult to

simply explain the changes in body weight and body fat by

the energy balance, and it is speculated that other metabolic

factors may be influential. In a previous study, Constantin et

al stated that transcription of the PDK4 gene was activated,

and PDC suppressed the metabolism of pyruvate to acetyl-

CoA. It is possible that this process contributed to the reduc-

tion of body fat mass and weight loss through activation of

fatty acid oxidation by β-oxidation.38 Exercise has also been
reported to induceDNAmethylation in previous studies.37–39

In other words, exercise therapy may have involved epige-

netics to activate mitochondrial function and affect body

weight and body fat.16,39,40 In the future, confirmation and

verification of the role of PDK4methylation in the control of

fat metabolism and gene expression is necessary in animal

experiments. On the other hand, changes in body composi-

tion may cause hypomethylation. Both causal relationships

are yet to be elucidated. In any case, it has been shown that

changes in body composition are associated with the promo-

ter region and total methylation of PDK4.20 These facts also

indicate that hypomethylation in the promoter region may be

an indicator of the new effects of exercise therapy on an

individual basis. Furthermore, even if the same exercise

regime is performed, it is possible that there may be indivi-

dual differences in the threshold that causes

hypomethylation.41

In this study, we verified that the actual skeletal muscle of

elderly patients underwent DNA methylation. We measured

the methylation rate of PDK4 gene comprehensively on the

CpG island using the NGS. To the best of our knowledge, no

previous studies have evaluated muscle biopsy samples from

elderly people. Unlike conventional Sanger capillary

sequences, NGS can process a large amount of data at high

speed, so it may become possible to study epigenetic change,

not only in part of the genome but also the whole genome

region.42 Although there are still few clinical applications of

NGS, its use is progressing steadily. We concluded that the

“methylation rate” evaluation calculated from the NGS has

high clinical significance.

There were several limitations to this study. The first

limitation was that the number of samples was small and we

did not include a control group. NGS is an expensive test

and a complicated procedure.40 It is necessary to reduce the

-744 AGGTAAAGAT TTGGAGTAAG GACATTTCGT ACAGGGCAGA GTGAACAAAT

-694 TCTCTGATCA CCGCAAAAGG TAAGGCAAAC TGACAAATTG ATCCCTTTTT

-644 AATTTTGTTT TTAATTAACA GAACTAAACC TAACGGAAAG AATGTGTTGC

-594 CGGAGAAGAA CGAATTGATG GCCTTTTATT ACCACAGGAA AAAGTAAATG

-544 TATCTGGGCA GCCCCTCAAG TCTCAGCAAA AGGAACGTAC AGTTCCTGCC

-494 ATGTGCCGGT CTCTTCTGAA GAAAAGGGGG CGGTGGGGGT GGGGGCGCAG

-444 GTCTTTAGGT TGTTTATTCC TTTCTCTCTG TCCAGTGGCA GAGAAGCCCA

-394 TACTTTTGAA CGCAGCTTGT TGGCTACTGT AAAAGCCCTG CTCTGAGCAA

-344 GGACCAATGA GCACGCGGAG TCCAAACTCT TGGAAACAGT TTGTGGCCAG

-294 GAGTACTTGA CATTGAGACA GCCTCCGAGT TGTAAACAAG GGCGAGCCTG

-244 GGCGGGACCC CAGCCCACGC GACTCGGAGC CCCGTCCCAA GAGGCTAATC

-194 TTAAGCCCAC GTTGCCCCAG ATACCTGTTT CTGCTTCCTC TTCCCTGTTC

-144 TTCCCACCCT TTTTCCGTCA CAGCCGCGGG CACCGGTGCC AGGGCACTCC

-94 GTGGTCACCG TGCCAGGCCA TTCTGTGATG ACCGCGGCTG GAGGGGCGGA

-44 GCCCATAGTT CTTTCTCTGA TCTGATTGGC GCGACCTGGA GTTCAGGACG

+6 CGTTTCCAAG TTCCAGTGAC TCCTCCTGTT TGGGACTCGG GGGGAGAGTG

+56 CGGGGAGACA AATAAAACCT CGGGCGGCGG CGGCTGGTGG GAAGACTTGA

+106 ACTTGAATCT CGAACCACTG CATCTCCGAC TCTGCCCAGA CTCTTCACTC

+156 CGCGGCACCC TCAAACCCCA GCCCAGGCCG GGGCGCACAA GCCAGCCAGC

+206 GCACCTGCAG TCCTCGCCCG GACGCGCCGC GCCCCCTCGG AACCAGGCTC

+256 TGCTCCGAGC AGCCTTCGCC CCTCAAGCCA GCCACAGTCC CCGCCAGGCC

+306 GGGTGGGCGT CAAGATGAAG GCGGCCCGCT TCGTGCTGCG CAGCGCTGGC

+356 TCGCTCAACG GCGCCGGCCT GGTGCCCCGA GAGGTGGAGC ATTTCTCGCG

+406 CTACAGCCCG TCCCCGCTGT CCATGAAGCA GCTACTGGAC TTTGGTGAGA

+456 GGGGACACAG GGCCCAAGCT GGGTCCTAGG GTTGGGGAAC TGCCTTAACT

+506 TTCAGCCTTG GTAGAGGGAG GGCTAGGCTC AAGCTAAAAC AACTGGGGTT

+556 CACTTTGCTG CTGAGCCCTG GAGCCTCGAC GCCAGCACAC CTTTCCTTTT

+606 CCTAGATTTG GTTACTTTCT GACAGGGGTG CCTCCAGGTC AAGGCCACCT

+656 GCAAGCCTGC CGACGCTGGA TGGTTTGACT TCATCTGCAC ACTCTTCTTT

+706 CTGACCCGCT CTTCCAGTCA AAATACTTTT TGCTTTCGGT CACCGTTTAA

+756 CAATGGACTG GAAACTTTAT CCTCTCCTTC ACAGCATAGT ACTGCTTGGA

+806 GAAGTTTCTG AATAGTATTA AATAGCCTCA AATTAACAGA TTTTATTCCT

+856 TAGCCACCTG GCATCCTTCC ACAGGGTACA TCTCT +890

Figure 2 Total base sequence of PDK4 gene CpG island.

Notes: C is cytosine that is significantly hypomethylated in the reaction by

bisulfite treatment. C is cytosine that was CpG site after PCR amplification. A is

the transcription initiation codon. ATG is the translation initiation codon. 3ʹ-
GAGAGTGCGGGGAGACAAAACCTCGGGCGGCGGCGGCTGGGAAGACTT-

GAACT-5ʹ is the promoter region of the PDK4 gene.

Abbreviation: PDK4, pyruvate dehydrogenase kinase 4.

Table 3 Changes in PDK4 gene hypomethylation before and after

TKA/UKA surgery and exercise therapy in elderly patients with

end-stage knee osteoarthritis

CpG island (position) (%) Pre Post P-value

185bp (upstream) 83.67±2.23 78.83±1.26 0.028*

188bp (downstream) 18.55±1.05 15.94±0.95 0.046*

205bp (downstream) 26.80±0.34 24.22±0.74 0.027*

228bp (downstream) 9.23±0.28 8.07±0.42 0.028*

261bp (downstream) 4.88±0.51 4.07±0.66 0.046*

317bp (downstream) 8.21±0.61 7.67±0.24 0.046*

366bp (downstream) 6.68±0.66 4.29±0.72 0.028*

420bp (downstream) 70.74±2.03 65.84±1.70 0.028*

Promoter region 2.19±3.52 0.31±0.75 0.285

Total methylation rate 85.93±0.45 85.66±1.81 0.463

Notes: Data are expressed as mean and standard deviation. The promoter region

is 60 bp from 49 bp to 108 bp downstream of the CpG island transcriptional

initiation codon (SIB). Total methylation rate is the C/C+Tratio at all positions from

744 bp upstream to 890 bp downstream from the CpG island transcriptional

initiation codon. *P<0.05 (Pre vs Post).

Abbreviations: Pre, before TKA/UKA; Post, after TKA/UKA and exercise therapy

for 5 months; PDK4, pyruvate dehydrogenase kinase 4; TKA, total knee arthro-

plasty; UKA, unicompartmental knee arthroplasty.
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cost and simplify the procedure by the widespread use of

this medical device. In this study, post-operative rehabilita-

tion and exercise therapy were absolutely necessary treat-

ments for all patients. Furthermore, it was extremely

invasive and ethically impossible to perform similar tests,

including muscle biopsy, on healthy individuals. In other

words, the result of this study may be that the change was

only related to time or due to the dispersion of the measured

value, and it cannot be denied that the result may be

changed by increasing the number of samples. This study

is the first pilot study to evaluate body composition using

the “methylation rate” of the PDK4 gene. The second

limitation was that it was unclear which part of the CpG

island was involved in transcription. We could not evaluate

mRNA and miRNA, other than DNA methylation, or the

protein involved in the expression of the PDK4 gene. In the

future, we should evaluate not only methylation, but also

histone modifications. Furthermore, by clarifying the

mechanism behind protein expression of the PDK4 gene,

it may be possible to understand the fat metabolism of the

PDK4 gene in more depth.

Finally, methylation may also affect factors other than

exercise. In this study, all patients received similar surgical

procedures and rehabilitation programs and pain relief was
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Figure 3 Correlation chart between promoter change in the PDK4 gene and body weight change. A positive correlation is found between hypomethylation change at the

promoter region in the PDK4 gene and body weight change.

Abbreviation: PDK4, pyruvate dehydrogenase kinase 4.
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Figure 4 Correlation between total methylation change in the PDK4 gene and body weight change. A positive correlation is found between total methylation change in the

PDK4 gene and body weight change.

Abbreviation: PDK4, pyruvate dehydrogenase kinase 4.
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achieved; however, it was difficult to standardize dietary

intake. However, lifestyle intervention only included exer-

cise therapy. The results of this study were probably gen-

erated by exercise therapy.

Conclusion
Body weight and total body fat mass decreased significantly

5 months post-surgery, following exercise therapy. The ske-

letal muscle PDK4 gene was significantly hypomethylated at

eight sites in the CpG island. The methylation change rate of

in the promoter region and body weight changes were sig-

nificantly correlated. The changes in methylation rate com-

pared to total methylation was also related to changes in body

weight and body fat. These results suggest that postoperative

management, with a focus on exercise therapy, affects body

weight and body fat via activation of fat metabolism by

hypomethylation of the PDK4 gene.

Abbreviation list
PDK4, pyruvate dehydrogenase kinase 4; OA knee, osteoar-

thritis of the knee; TKA/UKA, total knee arthroplasty/unicom-

partmental knee arthroplasty; PDC, pyruvate dehydrogenase

complex; NGS, Next Generation Sequencer; BMI, body mass

index; RA, rheumatoid arthritis; CPM, continuous passive

motion; METs, metabolic equivalents; PT, physical therapist;

PCR, polymerase chain reaction.
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