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Abstract 

The environment, including maternal nutrition, alters the DNA methylome of the 
developing organism. The investigation of these programmed epigenetic changes 
might contribute to our understanding of metabolic disease susceptibility and disease 
progression. The aim of our current study was to characterize the long-term epigenetic 
consequences of maternal western-style diet in C57/BL6 mice, followed by western-
style postweaning diet. The DNA methylome of the 14-days-old and 32-weeks-old 
liver were examined at the genome-wide level by reduced representation bisulfite 
sequencing (RRBS) to analyze the potential contribution of disease progression. The 
maternal pre/perinatal western-style diet feeding had already altered numerous 
of CpGs in the DNA methylome of the offspring at 14 days of age, but only 318 of 
differentially methylated CpGs from the early examined alterations remained at 32 
weeks of age. Over 300 differentially methylated promoters were identified to be 
affected by nutritional programming. The differences of the methylated signature 
change in time. More hypermethylation was detected at 14 days of age than at 32 
weeks of age. We show that there are a number of genes belonging to metabolic 
pathways affected by the maternal dietary programming. Our data allow a distinction 
between early conserved epigenetic alterations occurring in liver and late stochastic 
events promoting liver steatosis progression.
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Introduction

Perinatal nutrition directly influences fetal growth and the development of 
physiological functions of all organ systems [133-137]. It has been shown that 
environmental exposures including nutrition during critical and sensitive 

periods of early life can have permanent consequences in many physiological 
processes, which is known as “programming” [138]. There is now considerable 
evidence for epigenetic factors mediating programming of health and disease as 
a response to early nutrition [139-141]. Epigenetic programming, and especially 
the functional epigenetic states following nutritional exposure, is particularly 
relevant to the issue of metabolic disease susceptibility [142,143]. Epidemiological 
and experimental evidences have revealed that environmental factors modulate 
epigenetic patterns in the embryo, fetus and even breastfed offspring. Then, these 
environmental factors influence the susceptibility to non-communicable diseases 
such as diabetes, non-alcoholic fatty liver disease (NAFLD) and cardiovascular 
diseases in later life [142-144].

Epigenetic regulations such as DNA methylation and histone modifications play 
an important role in genomic reprogramming during early development including 
gametogenesis, embryogenesis and fetal development [140]. DNA methylation is a 
stable and heritable element of epigenetic regulation that also serves as an important 
memory mechanism during embryogenesis [145]. DNA methylation primarily occurs 
on cytosine residues of CpG dinucleotides, which are often clustered as CpG islands, 
and subsequently influences transcriptional expression. DNA methylation plays 
important roles during embryogenesis including genomic imprinting, regulating 
chromatin structure jointly with histone modification, either maintaining levels of 
gene transcription in all tissues, and X chromosome inactivation  [146].

DNA methylation alterations are known to induce the susceptibility to obesity and 
increase the risk to develop NAFLD in rodent models [33,147-151]. Programming 
studies mostly focus on the impact of maternal epigenetically-active diets which 
induce alterations in the epigenome of the offspring and predispose to certain 
diseases in adult life. Reductions of methyl-donors in diets endorses steatohepatitis, 
cirrhosis, and liver cancer in mice and rats, while priming methyl stores prevent these 
outcomes [152-156]. Animal studies have demonstrated that when the methylome 
is altered on obesity- or adipogenesis-related genes such as leptin, leptin receptor, 
glucocorticoid and peroxisome proliferator-activated receptor gamma (PPARG), 
predispose towards an obese phenotype is observed in adult life [143,157-159].

The increased prevalence of obesity-related diseases observed in the last decade 
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supports a critical role of the fetal programming scenario either by undernutrition 
or overnutrition. Animal studies have shown that rodents and sheep that underwent 
either a high-carbohydrate or a high-fat (HFD) dietary treatment during pregnancy 
are able to transmit the metabolic syndrome related phenotypes to their offspring 
[133,140,151,158]. Recent evidence from experimental animals has revealed that the 
fatty liver is a strong modifier of and/or a primary player in the metabolic syndrome 
related diseases as a long-term consequence of a poor or fat rich nutritional 
environment during early life [16,19,97,160-163].

In chapter 2 we have developed a western-style diet model of programming of 
fatty liver disease [75], that extensively characterized the postnatal development 
of the liver [128] and of the intestine [164]. Hence, we hypothesized that maternal 
western-style diet feeding not only contributes to metabolic disease susceptibility; 
it is even promoting the progression of advanced NAFLD in obesogenic state of the 
offspring respectively. To highlight the importance of DNA methylation alterations 
triggered by early maternal diet in this model, we here aimed to compare the DNA 
methylome of the liver from different dietary groups at different ages. Therefore, 
extensive liver DNA methylation profiles were generated by reduced representation 
bisulfite sequencing (RRBS). Differences in the liver methylome were correlated 
with differences in liver gene expression and with available human methylation data. 
Frequent functionally relevant methylation differences were discovered that might 
promote disease progression from mild to advanced NAFLD.

 

Methods

Animals 
All experimental protocols were approved by the Ethics Committee for Animal 

Experiments at the University of Groningen. Five week old virgin female C57BL/6 
mice were purchased from Harlan (Horst, the Netherlands) and randomly assigned to 
either a semi-synthetic energy-rich western-style diet (W) (D12451, Research Diets, 
New Brunswick) or a semi-synthetic control low-fat diet (L) (D12450B, Research 
Diets, New Brunswick) for 6 weeks. After this period female mice were mated with 
males and continued their diets during pregnancy and lactation. Litter sizes were 
adjusted to 5–6 pups to avoid nutritional bias. Based on our previous analyzes 
[75,128] only male offspring were selected to examine epigenetic alterations. All 
animal were terminated by cervical dislocation under isoflurane anaesthesia. Blood 
was collected by cardiac puncture and livers were dissected, weighed, snap-frozen 
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in liquid nitrogen, and stored at -80°C until analysis. The four experimental groups 
of this study were: 14-days-old male offspring from maternal L (L; n= 6), 14-days-
old male offspring from maternal W (W; n= 6), 32-weeks-old male offspring from 
maternal L postweaning W (LW; n =6), 32-weeks-old male offspring from maternal 
W and postweaning W (WW; n= 6). Physiologic data including weight, weekly weight 
gain, body mass index (BMI, kg/m2), and lipid profile were obtained and described 
in our preceding publication [75,128].

Generation of genomic data by EpiQuest library construction, sequence 
alignments and data analysis

DNA and RNA were extracted from frozen liver tissues using the AllPrep Mini 
Kit (Qiagen, Venlo, The Netherlands). EpiQuest libraries were prepared from 200 
to 500 ng mouse genomic DNA obtained from the mentioned 24 samples above. 
RRBS sequencing was performed by Baseclear (Leiden, Netherlands) according to 
their protocols. Sequence reads from the bisulfite-treated EpiQuest libraries were 
identified using standard Illumina base-calling software and then analysed using a 
Zymo Research proprietary computational pipeline. We collected a comprehensive 
set of regions of interest, which includes promoters, CpG islands, and repetitive 
elements. For each of these regions, the number of methylated and unmethylated 
CpG observations was determined, and a P-value is assigned using Fisher’s exact test. 
The software pipeline is implemented in Python (alignment processing module) and 
R (statistical analysis module) by Zymo Epigentic Core Services (Zymo Research, CA, 
USA). For the selection of the strongly differentially methylated sites, the following 
criteria were used: statistical significance p<0.05 using Fischer`s exact test and 
methylation difference was smaller than -0.35 by hypermethylation or greater than 
0.35 by hypomethylation.

Integration of DNA methylation and expression data 
Total RNA was isolated from liver tissue as described with the generated 

expression data. The microarray data is publically available through NCBI (GSE4901, 
GSE46359). Correlation between gene expression and DNA methylation for each 
gene was measured via the Spearman rank correlation coefficient. 

Bioinformatics analysis 
Genes with strongly significant DNA methylation changes were analyzed for 

biological processes, disease and gene networks enrichment. GO term using GoRilla 
and ingenuity were used to study the pathway and functionality of genes. KEGG 
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pathway analysis was performed by WebGestalt.

Results

The workflow (Figure 1) for exploration of specific DNA methylation signatures 
of our nutritional programming model consisted of the following steps: generation 
of RRBS data, determination of methylation differences between groups L versus W 
offspring and LW versus WW offspring, correlation between DNA methylation and 
RNA expression datasets and identification of identical methylation changes among 
groups. This figure also summarizes the general findings of this study.

Pretreatment
42 days

Gestation
21 days

Lactation
21 days

Post-weaning dietary treatment
29 weeks

L diet for dam

W diet for dam

L diet for offspring

W diet for offspring

L diet for offspring

W diet for offspring

LW

WW

L

W

Programming Comparison at 14 days
L versus W

L (n=6) 14-days-old male mice exposed
maternal control low fat diet

W (n=6) 14-days-old male mice exposed
maternal western-style diet

5412 hypo and 11344 hyper
SDM CpGs in L vs W

9007 hypo and 5833 hyper
SDM CpGs in LW vs WW

63 hypo- and 255 hypermethyated
identical promoters between comparison

Reduced Representation Bisulfite Sequencing (RRBS)

291 hypo and 4063 hyper
SDM promoters in L vs W

2186 hypo and 684 hyper
SDM promoters in LW vs WW

96 hypo- and 244 hypermethyated
identical CpGs between comparison

4 hypo and 11 hyper
SDM promoters showed
inverse correlation with
transcription
in L vs W

6 hypo and 21 hyper
SDM promoters showed
inverse correlation with
transcription
in LW vs WW

Programming Comparison at 32 weeks
LW versus W

LW (n=6) 32-weeks-old male mice exposed
Maternal control low fat diet and
postweaning western diet

WW (n=6) 32-weeks-old male mice exposed
maternal western-style diet and postweaning
western-style diet

 Figure 1. Study design, workflow and general findings.
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Characteristics of genome-wide DNA methylation profiles in offspring groups
To investigate the DNA methylation patterns that were altered as a result of 

maternal diet, we compared control and “programmed” liver tissue of wild type 
C57BL/6J mice at age 14 days (L versus W) and at age 32 weeks (LW versus WW). Six 
samples per group were subjected to RRBS to generate reads, which were mapped 
to the mouse genome. The observed changes were subtle. As we anticipated the 
maternal diet did not provoke any dramatic changes in the DNA methylation pattern, 
neither in young nor adult liver, since that would lead to developmental defects. 

Table 1. Numbers of DMTracks identified by RRBS, and assignment to subgenomic regions

L vs. W LW vs. WW

Hypo Hyper Total Hypo Hyper Total

All 5412 11344 16756 9007 5833 14840

Promoter 291 4063 4354 2186 684 2870

Exon 361 1764 2125 1336 604 1940

Intron 2012 4273 6285 3310 2230 5540

“Open-sea” 2748 1244 3992 2175 2315 4490

CGI 205 3152 3357 1961 565 2526

Promoter CGI 131 2457 2588 1490 395 1885

We identified 16756 differentially methylated CpGs, of which 32.3% were 
hypomethylated and 67.7%  hypermethylated in the young animals (14 days, L vs 
W (Table 1)). Hypermethylation was found highly enriched in promoter and exon 
regions at this early developmental stage of maternal programming (L versus W). 
Figure 2A shows the abundance of CpG methylation along the chromosomes, with 
a relative peak at chromosome 11. However, these data were not corrected for 
chromosome length or CpG content.

For the adult animals (32 weeks, LW versus WW comparison), 14840 strongly 
differentially methylated CpGs were identified that displayed more hypomethylation 
which could be a partial aging effect (Table 1). The same, lower frequencies of 
differential methylation were observed in the transcription determining regions 
at later stage. The highest percentage of hypomethylated CpGs were detected in 
intergenic and intronic regions in all comparison, which make up the largest fraction 
of the genome. The relative enrichment in promoter areas of those differentially 
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methylated CpG sites was increased (20%) at early life (day 14) compared to later life 
(week 32) (Figure 3A & B). We found that ~37% of the differentially methylated CpG 
sites in maternal diet exposure are located in introns independent from age, while 
CpGs located in the promoter are more differentially methylated at the early time-
point (26%) compared to adult (19%). However, CpGs located in “open sea” area 
were more frequently methylated in later and early (~30% vs ~23%). Most of the 
differentially methylated CpG sites were overrepresented in intron and in “open sea” 
(Figure 3 A & B). Concerning the genomic localization of the differentially methylated 
regions, the pattern along the chromosomes is very similar to that after 14 days of 
age, althought the number of hypomethylated sites is generally higher (Figure 2B).

 Figure 2. Distribution of strongly methylated CpGs across the genome. A, at 14 days of age in L vs. W. B, 
at 32 weeks of age in LW vs. WW.
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 Figure 3. Distribution of strongly methylated CpGs in different functional areas of the genome. A, at 14 
days of age in L vs. W. B, at 32 weeks of age in LW vs. WW.

Programmed differential methylation according to advance in life and disease
To extend our scope we selected the identical promoters among significant 

methylation differences within time: we compared the significant methylation 
differences at day 14 (L vs W) to those at week 32 (LW vs WW). 63 promoters were 
hypomethylated at both ages, while 255 hypermethylated promoters were identified 
as stable over time (Table 2).
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Table 2. List of identical differential methylated promoters over time (conserved between L vs, W and LW 
vs WW)

Identical 
hypomethylated 

promoters
Identical hypermethylated promoters

2410127L17Rik
2510003E04Rik
Ago2
Ahi1
Ammecr1l
Bivm
Bloc1s3
Brsk2
C030046E11Rik
Cabp2
Casp7
Ccdc124
Ccdc64
Cdh11
Clcf1
Dis3l
Dpf1
Eng
Epha7
Fbxw2
Fbxw7
Fgr
Foxb2
Gkap1
Gm5134
Gpr141
Gpr153
H2afx
Haus4
Impdh2
Ing3
Irf2bp2
Kpna2
Lmo2
Lrrc10b
Mir671
Mirlet7i
Mt2
Mtss1l
Ndufs1
Nip7,Cog8
Pcdhac1
Pgbd1
Pim1
Plxnd1
Ppapdc1a

Ppfibp2
Rfx4 
Rgl2
Rilpl1
Rtca
Scnn1a
Serp2
Sin3a
Slc6a17
Spen
Stard10
Steap2
Tbx2
Thsd7b
Vwc2
Zc2hc1a
Zfp191

1110035M17Rik
1700007L15Rik
1700025G04Rik
1700045I19Rik
1810010H24Rik
3110002H16Rik
4833424O15Rik
4922501C03Rik
4932438H23Rik
A330050B17Rik
A930003O13Rik
Abca1
Ablim3
Acvr1c
Adamts15
Adcy3
Adipor1
Aip
Ankrd63
Anp32a
Arih1
Arntl
Arvcf
Ascl1
Asic4
Atoh8
Atp1a3
Atp8b1
Atpaf1
Atxn1
AU040320
AV039307
B3galt4
Bach1
Bambi-ps1
Barhl2
Boll
Brms1
Brsk2
Cacnb1
Cacng3
Cadm4
Cadps
Camk2b
Camta2
Cap2

Cbfa2t3
Ccdc146
Cdh8
Cdk2
Cep164
Cnnm3
Col4a4
Commd1
Crnkl1
Cxadr
Dap3
Dchs1
Dcun1d2
Dcun1d4
Ddit3
Def8
Depdc5
Dhx16
Dlc1
Dmtf1
Dock5
Ebf4
Efcab7
Elac2
Elfn2
Entpd4
Epha2
Erf
Eri1
Erlin1
Esco1
Ezr
F2r
Faim2
Fam212a
Fam46a
Fance
Fbxl7
Fbxo21
Fbxo9
Fcf1
Flnb
Fnbp1
Fnip2
Fosb
Fzd8

Gar1
Gata4 
Glis3
Glyctk
Gm14327
Gm20257
Gm527
Gm5577
Gm561
Gpc1
H2afz
H2-Bl
H3f3b
Herpud1
Hes5
Hipk1
Hltf
Hmgcr
Hmx3
Hnrnpa3
Hnrnpf
Hnrpll
Hoxa5
Hoxb1
Hs3st3b1
Hspb3
Htr6
Inhbb
Jag1
Katnal1
Kcnh3
Kcnip3
Khdrbs1
Kif2c
Klf16
Kremen2
Lasp1
Lmna
Lnp
Lrfn4
Lrrc24
Lypd6
Map3k9
Mapk12
Mapk14
Mapt

Mboat1
Mdm1
Mesp2
Metap1
Mfap2
Mgll
Miip,Fv1
Mir3058
Mir615
Mrpl40
Mrps9
Msh6
Mtmr4
Myo10
Ndst2
Nek1
Nexn
Nfxl1
Nmt2
Ntrk1
Odf2
Pacs1
Pax6
Paxbp1
Pcdhb13
Pcsk1
Phf2
Phf21b
Pkn1
Plekho1
Pnma2
Podxl
Polr3h
Pomt2
Ppp1r18
Ppp2r2b
Ppp2r2d
Prelid2
Prkar2b
Prmt6
Prom1
Prox1
Ptma
Ptms
Ptpn9
Ptprg

Rad51
Ranbp17
Rbm46
Reln
Rexo2
Ripk2
Rnf146
Rnf149 
Rnft1
Rpa2
Rpl14
Rspo3
Rybp
Samd14
Sap30l
Scn9a
Scpep1
Sec14l1
Serf2
Sez6l
Sfmbt1
Shank2
Shisa9
Skida1
Slc13a5
Slc35d1
Slc7a5
Smg5
Snhg9
Snrpa1
Sorbs3
Sorcs3
Sowahb
Sox21
Sox7
Ssh2
St3gal3
St6gal2
St8sia4
T
Tacc1
Tbkbp1
Theg
Thrap3
Thsd7b
Thumpd3

Tmem106a
Tmem150c
Tmem65
Traf6
Trim45
Trip6
Trmt12
Tspan13
Ttc38
Twist1
Ubac2
Ubqln1
Unkl
Usp3
Usp30
Vasp
Vgll3
Wnk1
Wnt4
Wnt7b
Xkr6
Ythdf3
Zcchc14
Zfp52
Zic1

Based on the general assumption that promoter hypomethylation often causes 
up-regulation of gene expression, whereas promoter hypermethylation is associated 
with down-regulation of genes, we examined the correlation between differentially 
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methylated gene promoters and gene transcription. Gene expression microarray data 
(published earlier, GSE44901 and GSE46359) derived from the same tissue samples 
that were used for RRBS, were used to analyze the functional correspondence 
with the differentially methylated promoters. However, only eleven genes were 
hypermethylated at their promoters and down-regulated in maternal western-style 
diet exposed condition at early stage in the L vs W comparison (Table 3). Several genes 
showed differential expression either at age 14 days (L vs W) or at age 32 weeks (LW 
vs WW). However, none of the differentially methylated identical promoters showed 
correlation with significantly differential expressed genes in 14 days liver (L vs W) 
and 32 weeks liver (LW vs WW) (Table 3). Differential promoter DNA methylation and 
differential gene transcription in maternal western-diet exposure did not correlate 
extensively in our study.

Table 3. List of differentially methylated promoters associated with inverse transcription level of the gene

Young liver Adult liver

Hypomethylated Hypermethylated Hypomethylated Hypermethylated

Impdh2 1700025G04Rik Ccdc124 Ankrd63

Mt2 Ablim3 Clcf1 Camta2

Ppfibp2 Inhbb Epha7 Cbfa2t3

Sin3a Lypd6 Rfx4 Cnnm3

Nmt2 Rgl2 Dcun1d4

Prom1 Slc6a17 Dmtf1

Ptpn9 Fam46a

Reln Fance

Rspo3 Fbxo21

Shisa9 Nek1

Tmem150c Phf2

Podx1

Rad51

Sec14l1

Skida1

Sorbs3

Sowahb

Tacca

Trap3

Ubqln1

Usp3
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Functional enrichment of genes that reveal differential methylation by maternal 
western diet exposure

To identify biological pathways in the liver with enrichment of genes that exhibit 
differential DNA methylation in maternal western-diet exposed offspring, a KEGG 
pathway analysis was performed using WebGestalt. The 318 identical programmed 
promoters (from Table 2), represented by CpG sites with differential DNA 
methylation in liver, showed relevant enriched KEGG pathways as MAPK signaling 
pathway, NOD-like receptor signaling pathway, Pathways in cancer, Melanogenesis, 
RIG-I-like receptor signaling pathway, Gastric acid secretion, Hepatitis C, Dilated 
cardiomyopathy (Table 4). The corresponding, significantly enriched GO biological 
processes that represent the effect of nutritional programming in differentially 
methylated promoters are summarized in Table 5.

Table 4. Enrichent of KEGG analysis in differential methylated promoters using WebGesalt 

PathwayName #Gene EntrezGene Statistics

NOD-like receptor 
signaling pathway 5 192656 26416 

22051 22034 29857
C=57;O=5;E=0.28;R=17.87;rawP=9.34e-
06;adjP=0.0003

MAPK signaling 
pathway 9

18211 54376 22034 
12295 26416 13198 
286940 29857 
17762

C=268;O=9;E=1.32;R=6.84;rawP=8.26e-
06;adjP=0.0003

Neutrophin signaling 
pathway 6

18211 192656 
26416 22034 29857 
12323

C=131;O=6;E=0.64;R=9.33;rawP=4.96e-
05;adjP=0.0010

Melanogenesis 5
22417 12323 
104111 22422 
14370

C=100;O=5;E=0.49;R=10.19;rawP=0.0001;ad
jP=0.0015

Pathways in cancer 8
18211 19361 22417 
12566 17688 22034 
22422 14370

C=325;O=8;E=1.60;R=5.02;rawP=0.0002;ad
jP=0.0025

RIG-I-like reseptor 
signaling pathway 4 26416 73174 22034 

29857
C=69;O=4;E=0.34;R=11.81;rawP=0.0004;ad
jP=0.0041

Gastric acid secresion 4 22350 12323 
104111 232975

C=73;O=4;E=0.36;R=11.16;rawP=0.0005;ad
jP=0.0044

Progesterone-
mediated oocyte 
maturation

4 26416 12566 29857 
104111

C=88;O=4;E=0.43;R=9.26;rawP=0.0010;ad
jP=0.0069

Dilated 
cardiomyopathy 4 54376 12295 

104111 16905
C=89;O=4;E=0.44;R=9.16;rawP=0.0010;ad
jP=0.0069

GnRH signaling 
pathway 4 26416 29857 12323 

104111
C=99;O=4;E=0.49;R=8.23;rawP=0.0015;ad
jP=0.0085

The statistic s for the enriched pathways: C; number of reference genes in the category, O; number of genes 
in the gene set and in the category, E; expected number in the category, R; ratio of enrichment, rawP; p 
value from hypergeometric test, adjP; p value adjusted by the multiple test adjustment.
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Table 5. Enrichent of GO biological processes in differentially methylated promoters by nutritional 
programming using GoRilla 

GO term Description P-value FDR q-value Enrichment (N, B, n, b)

GO:0044260 cellular macromolecule 
metabolic process 9,66E-06 9,23E-02 1.39 (6118,1879,284,121)

GO:0043170 macromolecule 
metabolic process 1,24E-05 5,91E-02 1.36 (6118,2048,284,129)

GO:0090304 nucleic acid metabolic 
process 1,08E-04 3,42E-01 1.48 (6118,1136,284,78)

GO:0051252 regulation of RNA meta-
bolic process 2,53E-04 6,04E-01 1.44 (6118,1184,284,79)

GO:2001141 regulation of RNA 
biosynthetic process 2,88E-04 5,50E-01 1.44 (6118,1151,284,77)

GO:0006351 transcription, DNA-
templated 3,41E-04 5,43E-01 1.55 (6118,808,284,58)

GO:0016070 RNA metabolic process 3,83E-04 5,23E-01 1.47 (6118,1012,284,69)

GO:0006355
regulation of 
transcription, DNA-
templated

4,11E-04 4,90E-01 1.43 (6118,1145,284,76)

GO:0032774 RNA biosynthetic process 4,28E-04 4,54E-01 1.53 (6118,815,284,58)

GO:0034654
nucleobase-containing 
compound biosynthetic 
process

4,67E-04 4,46E-01 1.51 (6118,872,284,61)

GO:0019219

regulation of 
nucleobase-containing 
compound metabolic 
process

5,24E-04 4,55E-01 1.36 (6118,1422,284,90)

GO:1901362 organic cyclic compound 
biosynthetic process 7,40E-04 5,89E-01 1.47 (6118,924,284,63)

GO:0009059 macromolecule 
biosynthetic process 7,97E-04 5,85E-01 1.46 (6118,945,284,64)

GO:0018130 heterocycle biosynthetic 
process 8,25E-04 5,63E-01 1.47 (6118,891,284,61)

GO:0034645 cellular macromolecule 
biosynthetic process 8,79E-04 5,60E-01 1.46 (6118,930,284,63)

GO:0044271
cellular nitrogen 
compound biosynthetic 
process

8,90E-04 5,31E-01 1.46 (6118,912,284,62)

GO:0019438 aromatic compound 
biosynthetic process 9,00E-04 5,06E-01 1.47 (6118,894,284,61)

GO:0051171
regulation of nitrogen 
compound metabolic 
process

9,32E-04 4,95E-01 1.34 (6118,1446,284,90)

The statistic s for the enriched pathways: C; number of reference genes in the category, O; number of genes 
in the gene set and in the category, E; expected number in the category, R; ratio of enrichment, rawP; p 
value from hypergeometric test, adjP; p value adjusted by the multiple test adjustment.
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A core set of mouse NAFLD/NASH specific methylation patterns is conserved in 
human steatohepatitis
Mouse dietary and/or genetically engineered models of NAFLD/NASH exhibit many 
clinically relevant characteristics of human mild and advanced steatohepatitis. Since 
similarities are observed at gene expression level and histological inspection, it was 
our interest to examine whether there are epigenetic traits that display analogues 
methylation aberrations in mouse NAFLD/NASH and in human progressed 
steatohepatitis. We compared the methylome data (GSE49542) of Murphy and 
colleagues, who extensively studied the DNA methylation pattern of human mild 
and advanced NAFLD, with our own datasets. Strikingly, we found 42 promoters 
that showed similar methylation patterns (identified in adult LW vs WW mouse 
offspring with matching promoter hypo- or hypermethylation) in our dataset and  
in human mild/advanced NAFLD/NASH (Table 6). Among the group of the most 
consistently hypermethylated genes in both human NAFLD and adult mouse NAFLD 
(38 gene promoters), we discovered several metabolic genes, like Lpcat1 (encoding 
lysophosphatidylcholine acyltransferase 1), Enpp2 (ectonucleotide pyrophosphatase/ 
phosphodiesterase 2), Gpd1l (glycerol-3-phosphate dehydrogenase 1-like), Gls 
(glutaminase), Aldh1a3 (aldehyde dehydrogenase family 1, subfamily A3). However 
only 4 promoters showed consistent promoter-hypomethylation in both adult mice 
and humans (4 genes).

 
Table 6. List of conserved differentially methylated promoters in mouse and human

Identical Hypomethylated Promoters in Mouse 
(LWvsWW) & Human mild vs advanced NAFLD

Identical Hypermethylated 
Promoters in Mouse(LWvsWW) & 
Human mild vs advanced NAFLD

Akap10 Fbxw11 Lbh Stk39 Dact2

Aldh1a3 Fgr Lefty1 Tanc1 Depdc7

Arrdc2 Fmnl2 Limk2 Tars Hsd17b14

Capn2 Fnbp1 Lpcat1 Uhrf1 Mgmt

Cpe Foxc1 Mad1l1 Wipf1

Dact1 Gls Nfasc

Dyrk2 Gpd1l Podxl

Eif4a1 Hey1 Ptrf

Enpp2 Jazf1 Shb

Esrrg Junb Sorcs2

Ets1 Kcnn3 Spon1
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Discussion

The intrauterine milieu has great impact on fetal development and influences 
the physiology and metabolism of the offspring in later life. The contribution of this 
fetal programming to susceptibility to non-communicable diseases such as diabetes, 
non-alcoholic fatty liver disease (NAFLD) and cardiovascular diseases has been 
shown many times during the last decade. Amongst epigenetic mechanisms, DNA 
methylation is one of the underlying factors for mediating the effects of exposure to 
the maternal nutrition. Based on this known consequences of maternal nutrition on 
epigenetics, we performed a genome-wide methylation profile analysis using RRBS 
in our nutritional programming model by Western-type diet.

To identify focal methylation alterations and the underlying molecular mechanisms 
in our maternal Western-diet feeding model, we studied the liver of 14-day-old mice 
and 32-week-old mice. Our RRBS analysis revealed considerable proportions of 
altered single CpG methylation in all comparisons. These were widely distributed 
across the mouse genome and did not exhibit a strikingly different methylome 
landscape, but rather small specific differences. To further focus on physiologically 
relevant changes in DNA methylation, we compared the differentially methylated 
promoters at 14 days with those at 32 weeks and identified 318 loci in common (63 
promoters hypomethylated, 255 hypermethylated). 

To understand the underlying molecular mechanism involved in our programming 
model, we followed the classical way to identify the differential methylated promoters 
and the correlated changes in gene expression. We assumed that a candidate pathway 
could be pinpointed by this association (the effect of maternal diet at DNA and RNA 
level). However, none of the conserved differentially methylated identical promoters 
showed correlation with significantly differential gene expression in both 14 days 
liver and 32 weeks liver. At early only, 11 genes were hypermethylated at their 
promoters and down-regulated in maternal western-style diet exposed condition 
at early stage. Amongst those, Ablim3 (encoding for actin binding LIM protein 
family, member 3) is a known differentially regulated gene in hepatoblastoma and 
play roles in embryonic development [165]. Likewise, promoter hypomethylation 
correlated for some genes with increased gene expression, but the overlap between 
promoter hypomethylated genes and transcriptionally up-regulated genes was not 
significant. However, one gene might be interesting to mention: Sin3a  (encoding 
SIN3 transcription regulator family member A) is involved in regulation of lipid 
metabolism via peroxisome proliferator-activated receptor alpha (PPARA) and may 
therefore by relevant for metabolic regulation.
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Differential promoter DNA methylation and differential gene transcription in 
maternal western-diet exposure did not correlate extensively in our study; this is, 
however, also the case in other recent studies [166,167]. Comparative methylation-
transcriptome studies demonstrated that the negative association between DNA 
methylation and gene expression is present in low CpG dense promoters (also 
observed here), while the CpG rich promoters are mostly unmethylated and 
methylation does not correlate with constitutive gene expression [168,169]. On 
the other hand, the programmed methylation differences might influence gene 
expression in the context of a second stimulus (like an adverse postweaning diet), 
so the collection of multiplied risk factors induces substantive expression changes 
and lead to the disease. The importance of complex traits and disease requires more 
multifarious analysis at epigenetic, genetic and expression level.

Recently, several genome-wide studies revealed that gene body methylation 
is evolutionally conserved and associated with actively transcribed genes [170], 
providing compelling evidence that gene body methylation may be functionally 
important [171]. It has already been indicated that gene body methylation is a general 
feature of highly expressed genes in human cell lines [172,173]. Recent studies in 
adverse maternal environmental mouse models have revealed that differential gene 
body methylation of the offspring DNA is generally associated with transcriptional 
changes [174-176]. Growing evidence suggests that maternal adversity during 
gestation induces epigenetic changes in the offspring genome [175], although the 
gene body methylation still remains unclear and inconclusive [170,172,175]. Our 
study supports the evidence that association between gene body methylation and 
transcriptional expression may be more complex than previously thought and, 
perhaps, underestimated.

Ultimately, we are interested in fatty liver disease in humans, not in rodents. 
Epidemiological studies also provided/provide first-hand support indicating a close 
correlation of maternal diet consumption with either disease prevention or disease 
development. Therefore, we analyzed the possible correlation of our data with an 
available human dataset. It was interesting to discover a significant overlap (42 
genes) between the methylation status of human and mouse genes. Unfortunately, 
no direct mechanistic link was found connecting the two datasets, so we did not 
found a gene or a set of genes which could explain the disease in humans and mice. 
Nevertheless this overlap deserves confirmation through further studies. The genes 
described in Table 5 could still be valuable to predict the risk of fatty liver disease or 
its progression in humans, maybe in association with genetic markers [166].

One of the potential limitations of our study was using liver homogenates to carry 
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out methylation analysis rather than purifying specific cell types. Therefore, the 
mixture of cell populations might mask DNA methylation differences. However, the 
relatively small tissues at day 14 after birth implied a technical challenge to perform 
all metabolic measurements and isolation of the specific cell population for genome 
wide analysis.

Conclusion

The present study suggests that substantial changes of methylation in the liver 
DNA of the offspring may cause epigenetic dysregulation, which may mediate the 
increased risk of obesity and NAFLD in individuals exposed to adverse intrauterine 
environment. The persistent influence of maternal diet on early and adult tissue 
proposed that the correlation between focal DNA methylation changes and 
transcriptional changes is more complex than expected. Epigenetic modifications 
provide a mechanism by which external environmental factors can modify genetic 
predisposition for health and disease. The observed DNA methylation changes, 
especially when conserved between mice and human, may provide potential 
biomarkers for disease prediction in the offspring. In contrast to genetic changes, 
epigenetic changes occur in a gradual manner during the disease progression and 
they are potentially reversible. Epigenetic manipulation through metabolic pathways 
such as one-carbon metabolism has been proposed as a promising approach to retard 
the progression of NAFLD. Investigating postnatal diet as epigenetic modifiers may 
lead to the development of preventive strategies for NAFLD/NASH and associated 
complications.
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