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absorptiometry (DXA Prodigy, GE Lunar Corp., Madi-
son, WI USA). HFC, SAT and VAT was measured by 1H 
MRS [23, 24]. BMI was calculated as weight (kg) divided 
by height squared  (m2).

Insulin and glucose were assessed from glucose toler-
ance test (performed after overnight fasting and 2 h after 
the intake of 75 g glucose). Total cholesterol and triglyc-
erides were measured from serum by conventional meth-
ods [21].

Genome‑wide DNA methylation analysis
DNA was extracted from peripheral blood; methylation 
of genomic DNA was quantified using Infinium Methyla-
tion EPIC BeadChip assay (Illumina, CA, USA), which 
covers 865,918 CpGs [25]. After bisulfite-converting the 
genomic DNA samples with Zymo EZ DNA Methylation-
Gold Kit (Zymo Research, Orange, CA, USA), pre- and 
post-amplification automated laboratory protocols were 
performed according to the Infinium HD methylation 
Assay Guide [26–28]. The BeadChips’ images were cap-
tured with the Illumina iScan. Raw methylation score 
for each CpG site expressed as β-values was calculated 
(β = intensity of the Methylated allele (M)/intensity of 
the Unmethylated allele (U) + intensity of the Methyl-
ated allele (M) + 100) with Genome Studio software 
(version 2011.1). The output Idat files were processed 
using ChAMP data package (version 2.8.1). After load-
ing Idat files, several filtering steps were preformed: (1) 
Discard the sample with probes’ ratio above threshold 
(default = 0.1); (2) Filter out probes with < 3 beads in at 
least 5% of samples per probe and all non-CpG probes 
contained in this dataset; (3) Exclude all SNP-related 
probes, multi-hit probes or probes located in chromo-
some X and Y to improve the hybridization efficiency 
and explore the true signals [29, 30]. Next, normalization 
with BMIQ function was conducted to adjust the effects 
of type-II probe bias. To account for multiple testing 
and reduce the number of false positives, we applied the 
false discovery rate (FDR) on our genome-wide analy-
sis of DNA methylation (q < 0.05), and CpG sites which 
are located in promoters (transcription start site 200 
(TSS200), TSS1500 and 5 prime untranslated region 
(5’UTR)) were used for subsequent analysis (|Δβ|≥ 0.1), 
as there is incontrovertible evidence that methylation at 
promoters silenced gene transcription [31], thus making 
us focus on tissue specific DNA methylation in NAFLD 
and NASH after lifestyle intervention, not be distracted 
by the relationship between DNA methylation of differ-
ent gene regions and gene transcription activity.

3D genome [32]
3D genome information from human embryonic stem 
cell [33] was built through high-throughput chromosome 

conformation capture (Hi-C) technology. As genes with 
adjacent position of chromosome had similar func-
tion [34], k-means clustering method was firstly used to 
cluster differentially methylated genes from the aspect 
of gene structure/location according to 3D genome of 
human cells. Then, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis was 
performed with the R package clusterProfiler [35] and q 
value less than 0.05 was considered statistically signifi-
cant. We also constructed the KEGG pathway gene inter-
action network using the STRING database, and visualize 
the pathways with igraph and ggraph R packages. By this 
double-fisted approach combined with 3D genome infor-
mation and KEGG enrichment analysis, the most differ-
entially methylated genes could be selected.

Animal experiment
Experimental design
Seventy C57BL/6 male mice with specific pathogen free 
(SPF) grades, aged 9 weeks were used in this study. After 
acclimating to their environment for 1  week, weight 
≥ 25 g, all animals had free access to food and tap water 
at a pathogen free animal care facility. At 10 weeks of age, 
the mice were randomly assigned to either a methionine 
choline deficient diet (MCD, #519580, Dyets, n = 55) or a 
methionine choline sufficient diet (MCS, #519581, Dyets, 
n = 15) group, respectively, for 4  weeks. After 4  weeks, 
7 mice in each group were sacrificed when finishing an 
exercise training to evaluate their exercise adaptability 
and check whether they are NASH mice. Then NASH 
mice were randomly assigned to 6 groups for 4  weeks 
of intervention period: feeding with HFD (#D12492, 
Research Diets, n = 8), aerobic exercise plus HFD (EHFD, 
n = 8), LFD (#LF10C, Dyets, n = 8), aerobic exercise plus 
LFD (ELFD, n = 8), MCS diet (MCSM, n = 8), MCD diet 
(MCD, n = 8). The control group remained to MCS diet 
(MCSC, n = 8).

Exercise training was performed on a motor-driven 
rodent treadmill. For 5  days acclimation, mice in the 
EHFD and ELFD groups ran 10 min at a speed of 10 m/
min on Monday, 13 m/min for 25 min on Tuesday, 14 m/
min for 35  min on Wednesday, 15  m/min for 45  min 
on Thursday and Friday, then had rest for 2 days. In the 
end, mice ran 15 m/min for 45 min for 4 weeks, at a fre-
quency of 5 day/week. Food intake and body weight were 
recorded twice and once a week for the entire period of 
the study, respectively.

After 4 weeks of intervention, the blood was obtained 
when the mice were sacrificed; the serum was stored at 
− 80  °C for the biochemical analysis. Liver and epididy-
mal fat tissues were collected and weighed. Aliquots 
were snap frozen and stored at − 80 °C. Part of the liver 
tissue was fixed in 4% buffered paraformaldehyde and 

















Page 11 of 14Wu et al. Cell Biosci          (2021) 11:189  

human [45, 46], and LFD (10% fat and 70% carbohydrate) 
was used in NASH mice in the present study. Increased 
DNA methylation level of CpG island within GAB2 in 
adipose of mice NASH after LFD and ELFD interven-
tion was observed, which was in line with the result 
from NAFLD human after LCD and ELCD interven-
tion, as a decrease in DNA methylation of the promoter 
within GAB2 has shown. These findings strongly sug-
gest that DNA methylation modification plays a critical 
role in human NAFLD and mice NASH fed a MCD diet 
responding to the lifestyle intervention.

To explore the optimal lifestyle intervention for 
NAFLD and NASH via influence on DNA methylation, 
respective and concurrent exercise and diet intervention 
were both applied in this study. The results revealed the 
mRNA expression of GAB2 was repressed correspond-
ing to the upregulated DNA methylation in NASH after 
ELFD intervention. Therefore, ELFD intervention was the 
preferred effective strategy for the treatment of NASH 
in this study. This discovery is in line with the report of 
Eckard et  al. [47] that the combined intervention with 
exercise and diet improved liver histology, rather than 
the sole exercise intervention, and moreover, Goodpas-
ter et  al. [48] found that there was an addition of exer-
cise on the reduction of HFC and waist circumstance in 
the obese. In contrast, Gepner et al. [49] showed that no 
additive effects of moderate physical activity upon Medi-
terranean diet and LFD intervention on HFC of NAFLD; 
Andersson et  al. [50] reported that effects on HFC was 
independent of exercise or exercise plus diet interaction. 
More research is needed to explain these inconsisten-
cies and elucidate the role of exercise or exercise and diet 
intervention in NAFLD, especially focusing on the DNA 
methylation mechanism behind these conditions, as this 
epigenetic modification is dynamically regulated by envi-
ronmental factors and subsequently affect diseases.

Considering that CpG sites within the promoter region 
of human GAB2 gene were reported to be hypomethyl-
ated in the blood of NAFLD patients in response to LCD 
and ELCD, and GAB2 deletion prevented hepatic steato-
sis induced by HFD and steatohepatitis induced by MCD 
diet in mice [38], in this study, GAB2 in the LFD vs. MCD 
or ELFD vs. MCD comparison was selected to examine 
its DNA methylation and gene expression in liver and 
adipose of NASH mice after LFD or ELFD intervention. 
Regarding the function of GAB2, Chen et al. [38] showed 
that GAB2 could promote lipid accumulation in HepG2 
cells in vitro, and Wang et al. [39] found that increase of 
GAB2 expression in adipose was induced by HFD in mice. 
GAB2 plays important roles in differentiation, prolifera-
tion and cell migration in multiple cells [51] by recruit-
ing factors, e.g., Ras, p85 and Shp2 [52, 53]. Although no 
significant difference in GAB2 mRNA expression in liver 

between ELFD and MCD groups was found in this study, 
mRNA expression level in MCD group was much higher 
than ELFD, in accord with DNA methylation in MCD 
group was significantly lower than ELFD in adipose. This 
suggests that ELFD could modulate GAB2 methylation 
and expression status of adipose in NASH.

Liver disfunction was assessed by serum measure-
ments of liver enzymes ALT and AST. The elevation of 
these enzymes reflects liver damage caused by either 
cell death or a transient leak [54, 55]. A positive corre-
lation between average methylation of GAB2 in adipose 
and ALT or AST was demonstrated, and both ALT and 
AST level were much lower after LFD and ELFD inter-
vention in this study, indicating a role of adipose tissue 
GAB2 in liver damage. Nevertheless, only methylation 
of CpG_5 and CpG_18.19 of GAB2 was associated with 
ALT and AST in liver, which might result from the tis-
sue specific changes between liver and adipose in NASH 
after LFD and ELFD intervention, as NASH and these 
lifestyle interventions can make it difficult to not only 
identify the pathological or adaptive role of DNA meth-
ylation events but also to recognize the primary benefits 
that triggers secondary or systemic changes of these 
stimulation. In addition, Nano et al. [56] has shown that 
ALT, gamma-glutamyl transferase and triglyceride were 
associated with methylation of SLC7A11 in blood, which 
was reported to be linked to adiposity [57]. These find-
ings gave indirect evidence that DNA methylation could 
be a contributor to the development or prevention of 
liver diseases.

It is well known that most CpG islands are not methyl-
ated when located at TSS, and methylation of CG island 
at TSS is associated with silenced gene expression [31]. 
Most gene bodies have poor CpG sites, but can still be 
extensively methylated, making the role of gene body 
methylation in mammal very intriguing. It has been 
reported that there is a positive correlation between 
gene body methylation and active transcription in ani-
mal genomes [58], and that methylation blocks the start 
of transcription rather than elongation. Our results were 
consistent with above findings which showed that meth-
ylation of CpG island of GAB2 was upregulated via ELFD 
in NASH mice, and mRNA expression of GAB2 was 
downregulated. It is thus conjectured that methylation 
of CpG island in GAB2 might interrupt the start of tran-
scription activity and thus inhibit the mRNA expression 
of GAB2.

This study focuses on two main contributions. Firstly, 
a quantitative methylation analysis via Sequenom’s Mas-
sARRAY system was employed to validate the DNA 
methylation change of GAB2, which was screened 
with Infinium Methylation EPIC Bead Chip assay on a 
genome wide scale in this study to increase the reliability. 
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Secondly, respective and combined exercise and diet 
intervention were conducted as strategies to combat 
NAFLD and NASH, and the importance of concurrent 
intervention (i.e., ELFD) which effectively affected DNA 
methylation and mRNA expression of GAB2 in adipose 
of NASH mice was revealed. Some limitations of this 
study include: firstly, the human sample size is relatively 
small, and the result was not replicated in an independent 
population, and more studies with larger sample sizes are 
needed to confirm our findings; secondly, because of the 
lack of RNA sample, this study may not provide the infor-
mation of expression data of GAB2 in human; thirdly, 
only CpG sites of promoters in human trial were included 
for the screening of differentially methylated genes, and 
methylation in other gene regions 901611 599618 were inclu-19(S.aoa)9(u)-5(t)6()8(ondly)51(, b)-13 
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