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ABSTRACT
Both genetic and lifestyle factors contribute to the risk of non-alcoholic steatohepatitis (NASH).
Additionally, epigenetic modifications may also play a key role in the pathogenesis of NASH. We therefore
investigated liver DNA methylation, as a marker for epigenetic alterations, in individuals with simple
steatosis and NASH, and further tested if these alterations were associated with clinical phenotypes. Liver
biopsies obtained from 95 obese individuals (age: 49.5 § 7.7 years, BMI: 43 § 5.7 kg/m2, type 2 diabetes
[T2D]: 35) as a wedge biopsy during a Roux-en-Y gastric bypass operation were investigated. Thirty-four
individuals had a normal liver phenotype, 35 had simple steatosis, and 26 had NASH. Genome-wide DNA
methylation pattern was analyzed using the Infinium HumanMethylation450 BeadChip. mRNA expression
was analyzed from 42 individuals using the HumanHT-12 Expression BeadChip. We identified 1,292 CpG
sites representing 677 unique genes differentially methylated in liver of individuals with NASH (q < 0.001),
independently of T2D, age, sex, and BMI. Focusing on the top-ranking 30 and another 37 CpG sites
mapped to genes enriched in pathways of metabolism (q D 0.0036) and cancer (q D 0.0001) all together,
59 NASH-associated CpG sites correlated with fasting insulin levels independently of age, fasting glucose,
or T2D. From these, we identified 30 correlations between DNA methylation and mRNA expression, for
example LDHB (r D ¡0.45, P D 0.003). We demonstrated that NASH, more than simple steatosis, associates
with differential DNA methylation in the human liver. These epigenetic alterations in NASH are linked with
insulin metabolism.
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Introduction

Non-alcoholic steatohepatitis (NASH), known as the severe
form of the most common liver disease worldwide, non-alco-
holic fatty liver disease (NAFLD), is a significant risk factor for
cirrhosis and hepatic carcinoma.1,2 Importantly, simple steato-
sis, a less advanced form of NAFLD, may progress to NASH in
a considerable proportion of the cases.1,3 NAFLD is often con-
sidered as part of the metabolic syndrome due to its close rela-
tion with metabolic factors, including obesity and insulin
resistance.4 However, the pathogenesis of NAFLD and NASH
and the related metabolic disorders are yet to be fully
elucidated.

Both genetic and lifestyle factors contribute to the risk of
NASH.1,5-7 Therefore, epigenetic modifications, either inher-
ited or induced by lifestyles,8,9 may play a key role in the
pathogenesis of the disease. To some extent, the epigenetic
mechanisms resulting in aberrant histone modifications, dif-
ferences in DNA methylation, and dysregulation of micro-
RNAs are the ones that have been related to NAFLD and

its transition to more advanced stages.10 So far, the most
studied epigenetic mechanisms related to NAFLD in
humans are the microRNA serum/plasma profile and DNA
methylation.10,11

In human liver, very few studies have demonstrated the
importance of DNA methylation in NAFLD,12-15 from which
only 2 have applied a genome-wide (GW) approach.13,14 How-
ever, none of these GW studies have carefully explored the rela-
tion between differential methylation and clinical parameters
related to NASH.

In the present study, we investigated liver DNA meth-
ylation, as a marker for epigenetic alterations, in obese
individuals with either normal liver, simple steatosis, or
NASH. To identify epigenetic alterations in liver we used
a GW approach where DNA methylation of »455,000
sites covering 99% RefSeq genes was analyzed. We further
tested if epigenetic changes in the liver were associated
with clinical phenotypes that are related to NAFLD.
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Results

NASH but not steatosis associates with altered liver DNA
methylation

The clinical characteristics of the participants in this study are
shown in Table 1. While there were no significant differences in
age, BMI, and serum cholesterol, individuals with normal liver
had lower fasting glucose, insulin levels, and T2D cases com-
pared with individuals with NASH, and lower triglyceride levels
than individuals with either simple steatosis or NASH (Table 1).

We first examined if the average DNA methylation levels of
different genomic regions in human liver would associate with
NASH, either based on their relation to the nearest gene and
functional genome distribution (Fig. 1 A) or in relation to the
CpG content (Fig. 1 B). We found no association between
NASH or steatosis and differences in average DNA methylation
for these genomic regions.

As all calculated variance inflation factors of the covariates
(T2D, gender, BMI, and age) included in the linear regression
models were close to 1 (1.06–1.41), the problem with multicol-
linearity among these variables is very limited. Subsequently,
based on the linear regression model and after correction for
multiple testing, we found only 1 CpG site (cg17468553 in both
50UTR and 1st Exon of ALKBH5, encoding alkB homolog 5,
RNA demethylase) differently methylated in individuals with
steatosis (q D 0.0016), which was directly associated with this
phenotype. Conversely, we identified 21,368 CpG sites, repre-
senting 7788 unique genes, with significant differences in DNA
methylation in the liver between individuals with NASH
and those with normal liver or simple steatosis at q < 0.05
(Table S1), independently of T2D, gender, BMI, and age.

Approximately half of the significant CpG sites (11,413
sites; 53.4%) displayed decreased DNA methylation in indi-
viduals with NASH and the other half (9,955 sites; 46.6%)
displayed increased DNA methylation (Fig. 1 C). In addition,

to gain further biologic relevance we filtered out DNA meth-
ylation results requiring absolute difference in methylation
of � 5% points (b-value) in individuals with NASH and fur-
ther considered a q < 0.001. Here, we identified 1,292 CpG
sites representing 677 unique genes. These CpG sites are pre-
sented in Table S2. Again, nearly half of the significant (q <

0.001) CpG sites (697 sites; 54%) displayed decreased DNA
methylation associated with NASH and the other half (595
sites; 46%), increased DNA methylation (Fig. 1D). The top
ranking 30 CpG methylated sites associated with NASH are
presented in Fig. 1E.

Global methylation in liver estimated by LINE-1
methylation levels is altered in NASH liver

We next analyzed global DNA methylation in a sub-sample of
participants (36 individuals: 12 with normal liver, 12 with sim-
ple steatosis, and 12 with NASH) by measuring LINE-1 methyl-
ation levels as a surrogate marker for global DNA
methylation.16,17 We found that NASH, but not steatosis, was
associated with lower methylation of LINE-1 in liver (P D 0.03
for NASH and P D 0.52 for steatosis). Models adjusted for
T2D, however, attenuated the association with NASH (P D
0.08). Overall, individuals with NASH had lower LINE-1 meth-
ylation levels than individuals with simple steatosis or normal
liver (75.9 § 1.68% vs. 78.2 § 2.37%; P D 0.03).

In addition, we also looked at the expression levels of DNMT1,
a maintenance methyl transferase and the enzyme responsible for
adding or removing methyl groups to the genome. DNMT1
expression was measured in the HumanHT-12 Expression Bead-
Chip array (Illumina) and remained after pre-processing and fil-
tering of the data.18 The liver DNMT1 expression was »5%
higher in individuals with NASH compared with individuals
with simple steatosis or normal liver (7.1 § 0.5 vs. 6.7 § 0.5; P D
0.007 in models adjusted for BMI, age, sex, and T2D).

Table 1. Clinical characteristics and liver histology of individuals included in the study.

Normal liver Simple steatosis NASH P valuea

Total, N (men/women) 35 (11/24) 34 (10/24) 26 (13/13) 0.20
Age (years) 50.7 § 7.0 46.9 § 7.6 51.3§ 7.9 0.05
BMI (kg/m2) 42.4 § 6.1 43.5 § 4.7 43.4§ 6.4 0.66
fS-Total cholesterol (mmol/l) 4.2 § 0.8 4.1 § 0.9 4.3 § 1.1 0.63
fS-HDL cholesterol (mmol/l) 1.1 § 0.3 1.0 § 0.2 1.0 § 0.3 0.69
fS-LDL cholesterol (mmol/l) 2.5 § 0.8 2.3 § 0.9 2.5 § 0.9 0.41
fS-Tryglycerides (mmol/l) 1.2 (1.1 – 1.7)b 1.7 (1.3 – 2.3) 1.6 (1.2 – 2.4) 0.007
fP-glucose (mmol/l) 5.8 § 0.6c 6.6 § 2.3 7.4 § 2.7 0.02
fS-insulin (mU/l) 11.0 (7.3 – 19.4)d 15.9 (11.2 – 24.9)e 23.5 (13.5 – 41.8)f 0.0003
Type 2 diabetes, N (%) 8 (22.9)c 13 (38.2) 14 (53.8) 0.045
Steatosis grade, n

<5% 35 0 0
5–33% 0 29 12
33–66% 0 5 9
>66% 0 0 5
Lobular inflammation, n 0 0 25
Portal inflammation, n 0 0 4
Ballooning, n 0 0 14
Fibrosis, n (stage range) 0 0 24 (1–4)

Data shown as mean § SD or median (IQR). fS: fasting serum; fP: fasting plasma
aOne-way ANOVA test (continuous variable) or Chi2 test (categorical variable)
bP < 0.05 vs. simple steatosis and NASH after Post hoc Bonferroni correction for multiple testing
cP < 0.05 vs. NASH after Post hoc Bonferroni correction for multiple testing
dP < 0.01 vs. NASH after Post hoc Bonferroni correction for multiple testing, n D 34
en D 31
fn D 25
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Figure 1. Global DNA methylation in human liver from normal, steatosis and NASH individuals is shown for (A) each gene region and (B) CpG island regions. Global DNA
methylation is calculated as average DNA methylation based on all CpG sites in each annotated region on the Infinium HumanMethylation450 BeadChip. TSS, proximal
promoter, defined as 200 or 1,500 bp upstream of the transcription start site. Shore, flanking region of CpG islands (0–2,000 bp); Shelf, regions flanking island shores
(2,000–4,000 bp from the CpG island). N, northern; S, southern. Pie chart describing the number of sites that exhibit increased or decreased DNA methylation in NASH at
(C) q < 0.05 and (D) q < 0.001 and � 5% point difference. (E) CpG sites displaying the most significant increased or decreased DNA methylation (q < 0.001 and at least
5% point change) in NASH.
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Methylation of top ranking CpG sites associated with
NASH and liver histology

We first explored correlations of the histological features char-
acterizing NAFLD and DNA methylation with the top ranking
CpG sites associated with NASH. These correlations are illus-
trated in Fig. 2 (see also Table S3). In general, the correlations
between these NASH-associated CpG sites were stronger and
more significant with fibrosis stage or lobular inflammation
than with steatosis grade and ballooning (Fig. 2).

Gene-mapped CpG sites related to NASH are enriched in
cancer and metabolic KEGG pathways

We next performed a KEGG pathway analysis using WebGelstat
tool (http://bioinfo.vanderbilt.edu/webgestalt/) to identify biologic

pathways with enrichment of genes mapped to CpG sites asso-
ciated with differential DNA methylation in NASH (q < 0.001
and �5% difference in methylation points). Interestingly, for
inverse associations of DNA methylation and NASH, 2 KEGG
pathways, one involved in cancer (11 genes mapped to 17 CpG
sites; qD 0.0001) and another in metabolism (18 genes mapped
to 22 CpG sites) were significantly enriched (q D 0.0036)
(Table S4). From those, 2 CpG sites overlapped with the top
ranking sites associated with NASH (Table S2). For direct asso-
ciations of DNA methylation and NASH, no KEGG pathways
were significantly enriched.

Association of DNA methylation with clinical phenotypes

To explore the relationship between NASH-related differential
DNA methylation and clinical phenotypes, we first focused on
the top ranking 30 CpG sites associated with NASH. Addition-
ally, we also tested for correlations between clinical phenotype
and methylation of the additional 37 CpG sites negatively asso-
ciated with NASH that mapped the genes enriched in the
KEGG pathways in cancer and metabolism.

As illustrated in Fig. 3 A and B, age was correlated with
DNA methylation of CpG sites associated with NASH, but
overall, the strongest correlations were found with serum
fasting insulin followed by plasma fasting glucose (see also
Table S5). Without distinction, methylation of each of the CpG
sites that correlated negatively or positively with fasting insulin
were, respectively, inversely or directly associated with NASH
(Fig. 3A and B).

Taken together, a total of 59 out of 67 NASH-associated
methylated sites correlated with fasting insulin levels, and
remained significant also after adjustments for age, fasting glu-
cose, or T2D (Table S5).

Correlation between DNA methylation and mRNA
expression

To further support the findings on the relationship between
DNA methylation and fasting insulin levels, we correlated

Figure 2. Pearson correlation coefficients (r; axis Y) between liver histology (axis X)
and the 30 top ranking DNA methylated sites inversely or directly associated with
NASH. Size of the circles indicates statistical significance (P-value). Filled circles:
P > 0.05; empty circles: P < 0.05 ranging from P D 0.048 to P D 1.2 £ 10¡16

Figure 3. Pearson correlation coefficients (r; axis Y) between clinical phenotype (axis X) and (A) the 30 top ranking DNA methylated sites inversely or directly associated
with NASH or (B) CpG methylated sites that mapped to the genes in the KEGG enriched pathways negatively associated with NASH. Size of the circles indicates statistical
significance (P-value). Filled circles: P > 0.05; empty circles: P < 0.05 in panel A ranging from P D 0.049 to P D 7.1 £ 10¡6 and in panel B ranging from P D 0.049 to
P D 4.0 £ 10¡6, where a larger circle indicates a higher statistical significance. C: cholesterol; TG: triglycerides; Glucose: fasting glucose; Insulin: fasting insulin.
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DNA methylation of the 59 CpG sites associated with fasting
insulin levels with the expression for transcripts located in the
genomic region around these CpGs (within the cis distance
500 kb upstream and 100 kb downstream of the gene).

We identified 30 correlations (9 negative and 21 positive)
between DNA methylation and mRNA expression at P < 0.05
(Table 2). Among the strongest (¡0.40 < r > 0.40) correlations
were the ones between methylation of cg08836954 and mRNA
expression of both RNF167 (encoding the ring finger protein
167) (r D ¡0.46) and CANX (encoding calnexin) (r D 0.44)
(Table 2). Other examples are DNA methylation of the
cg04949489 in the LDHB gene (encoding the enzyme lactate
dehydrogenase B) and of cg06429466, which were respectively
negatively correlated with LDHB (r D ¡0.45) and ZYX (encod-
ing zyxin) mRNA expression levels (r D ¡0.43) (Table 2). We
also found positive correlations between DNA methylation of
cg00193613, cg21172319, and cg22220467, respectively, with
the mRNA expression of LGALS3BP (encoding lectin, galacto-
side-binding, soluble 3 binding protein), NAT2 (encoding N-
Acetyltransferase 2), and CEACAM1 (encoding carcinoem-
bryonic antigen-related cell adhesion molecule 1) (Table 2).

Discussion

In the present study, we demonstrated that NASH was associ-
ated with differential DNA methylation compared with normal
liver and simple steatosis. More important, we showed that the
majority of the top-ranking CpG sites associated with NASH

correlated with fasting insulin, independently of the presence
of T2D, and that, at least to some extent, this relationship is
mediated by the expression of genes involved in insulin
signaling.

Our first main finding was that global liver methylation
based on the GW methylation array was not associated either
with simple steatosis or NASH. Nevertheless, when we assessed
liver global DNA methylation by LINE-1 methylation levels,
NASH was associated with hypomethylation when compared
with simple steatosis or normal liver. Therefore, it is possible
that LINE-1 methylation levels vary independently of genomic
CpG islands.19,20

On the other hand, Murphy et al. have earlier demonstrated
that individuals with advanced NAFLD had livers generally
more hypomethylated than those with mild NAFLD.14

Although the platform used for measuring DNA methylation
was the same in both studies, the approach for analyzing the
differences between liver phenotypes in this regard was not
necessarily similar to ours, therefore limiting straight compari-
son of the results between these studies. Still, other differences
may have accounted for differences concerning global DNA
methylation and GW methylation results. In our study, partici-
pants had either normal liver, simple steatosis (presence of stea-
tosis grade <5%, no presence of fibrosis, ballooning, or
inflammation), or NASH; while in the study by Murphy et al.
the difference in liver histology between the study groups (mild
and advanced NAFLD) was based on the degree of fibrosis and
activity score. Moreover, in both mild and advanced NAFLD
groups various subjects also presented lobular or portal inflam-
mation and ballooning. Consequently, the clinical characteris-
tics of the participants in Murphy et al. did not differ between
the study groups to the same extent they did in our study. The
study design was also different considering the fact that we had
a reference group (normal liver) for comparisons of the results
derived from the GW array methylation, while in Murphy et al.
the reference group was studied only for validation of the array
results that consisted in the measurement of only 3 CpG sites.
In our study, the main analyses were controlled not only for
age and sex, but also for BMI and T2D.

Secondly, we observed more than 20,000 CpG sites differ-
ently methylated in NASH. After adopting more stringent crite-
ria of statistical significance, still a large number of methylated
sites were significantly associated with NASH. Among those,
there was differential methylation at genes involved in choles-
terol transport and inflammation (ARL4C, encoding ADP-ribo-
sylation factor-like 4C),21,22 glucose metabolism and epigenetics
(HDAC9, encoding histone deacetylase 9),23 liver inflammation
and coronary artery disease (COL4A1, encoding collagen, type
IV, a 1),24,25 and liver fibrogenesis (SEMA3E, encoding class 1
semaphorin and ITGB4, encoding integrin b 4 subunit, which
is a receptor for laminins).26,27 These observations may reflect,
at the epigenetic level, the presence of hepatic inflammation in
NASH and the liver fibrosis contributing to the progression of
the disease,1 in addition to disturbances in cholesterol transport
that may participate in NAFLD progression28 and the increased
risk of cardiovascular disease.29 On the other hand, we found
only one CpG site differently methylated in steatosis, mapped
to ALKBH5, which encodes an enzyme that demethylates RNA.
More specifically, this enzyme demethylates N(6)-

Table 2. Correlations (r) between DNA methylation1 and mRNA expression2 at P <
0.05.

Transcript1 ID probe2 r P

RNF167 cg08836954 ¡0.46 0.002
LDHB cg04949489 ¡0.45 0.003
ZYX cg06429466 ¡0.43 0.005
GSTK1 cg00193613 ¡0.39 0.01
TUBG1 cg05299486 ¡0.37 0.015
WDR54 cg02478828 ¡0.37 0.015
LOXL4 cg04888360 ¡0.34 0.03
SQSTM1 cg08836954 ¡0.34 0.03
ABHD12 cg15988792 ¡0.34 0.03
PPL cg05009047 0.49 0.001
LGALS3BP cg00193613 0.46 0.003
NAT2 cg21172319 0.46 0.002
CANX cg08836954 0.44 0.003
CEACAM1 cg22220467 0.43 0.005
SCN9A cg25492645 0.43 0.005
STRADB cg23882545 0.43 0.005
NUDT16L1 cg05009047 0.41 0.008
CEACAM1 cg04681368 0.41 0.007
SLC16A10 cg12760508 0.41 0.008
CEACAM1 cg00524108 0.38 0.01
ABCC9 cg15016771 0.37 0.02
STRADB cg09464206 0.36 0.02
STRADB cg14962032 0.36 0.02
TACC2 cg17681491 0.35 0.02
G6PC cg05299486 0.34 0.03
SH3BP4 cg15016771 0.33 0.04
FAM133B cg05101437 0.33 0.03
NPAL3 cg02984188 0.32 0.04
GYS2 cg04949489 0.32 0.04
TACC2 cg25052156 0.31 0.046

1for transcripts within the cis distance 500 kb upstream and 100 kb downstream of
the transcript.
2methylation of the top ranking NASH-associated CpG sites and gene-annotated
CpG sites significantly enriched in KEGG pathways.
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methyladenosine (m6A), in which inhibition of methylation
may disrupt the circadian clock, thereby increasing susceptibil-
ity to obesity, diabetes, and cancer.30,31 Supporting these find-
ings, we found that the top-ranking CpG sites associated with
NASH were more strongly correlated with liver fibrosis stage
and lobular inflammation than with liver steatosis grade in the
individuals who participated in this study.

Interestingly, pathway analyses revealed that significant
hypomethylation in NASH represents genes enriched in path-
ways in cancer and metabolism. Pathways in cancer possibly
represent the association of NASH with higher risk of develop-
ing cancer, e.g., hepatocellular carcinoma.2 Metabolic pathways
representing genes within, e.g., glycosphingolipid biosynthesis
(ST3GAL4, B3GNT3) and ketolisys (ACSS2), potentially reflect-
ing the suggested benefit of glycophospholipid and decreased
ketone body metabolism in NASH.32,33

Importantly, we found that methylation of 59 out of 67 selected
CpG sites (either from the top-ranked 30 or pathway analysis) cor-
related with fasting insulin independently of age, presence of T2D
and fasting plasma glucose. Fasting insulin levels can be used to
estimate insulin resistance,34 which has been considered the pri-
mary factor underlying hepatic steatosis.1 Accordingly, methylation
of PPARGC1A promoter has been associated with differential liver
DNA methylation in NAFLD and with fasting insulin levels.15 In
our study, most of the CpGs mapped to PPARGC1A that were
nominally directly associated with NASH also correlated with fast-
ing insulin levels (data not shown).

The correlations of DNAmethylation with fasting insulin are
most logically explained by the fact that changes in DNA meth-
ylation may lead to changes in transcription of the nearby genes
regulating insulin action. At the molecular level, our findings
indicate that the disruption of insulin signaling pathway in
NAFLD could be a result of altered epigenetic regulation. For
example, we were able to replicate the findings from the previous
GW study by Ahrens et al. that has shown NAFLD-specific dif-
ferences at DNA methylation levels of IGF1, a gene coding key
enzymes of in insulin/insulin-like signaling.13 This hypothesis is
also partially supported by our findings that 30 out of the 67 of
the differentially methylated CpG sites demonstrated a correla-
tion of methylation on this site both with fasting insulin (n D
51) and transcription of a nearby gene. For example, the correla-
tions between these NASH-associated CpG sites with the
mRNA expression of genes such as LDHB and SQSTM1. The
LDHB encodes an enzyme that drives the conversion of lactate
to pyruvate. In higher amount, pyruvate could lead to
impairment of liver mitochondrial function, which has been
related to oxidative stress and insulin resistance.35,36 SQSTM1
encodes a multifunctional protein that besides binding ubiquitin
and regulating activation of the nuclear factor kappa-B (NF-kB)
signaling pathway, has also effects related to impairment of
autophagic flux,37 thereby contributing to hepatic insulin sensi-
tivity.38–40 Moreover, correlations of NASH-associated CpG
sites with mRNA expression of CEACAM1, SH3BP4 (encoding
transferrin receptor-trafficking protein), and NAT2 also support
a role for our findings relating differential DNA methylation in
NASH with impaired insulin signaling/action.41–47

The mechanisms that could alter DNA methylation in the
insulin-resistant liver remain to be elucidated. However, these
differences in methylation may be due to altered levels of

enzymes responsible for adding or removing methyl groups to
the genome, such as DNMTs. Supporting this hypothesis, liver
DNMT1 expression in our study is in fact higher in individuals
with NASH compared with individuals with simple steatosis or
normal liver. Therefore, differential methylation in the insulin-
resistant liver could also be a result of pro-inflammatory cyto-
kine signaling inducing DNMT1 expression and activity.48 Fur-
thermore, we cannot rule out the possibility that insulin
resistance or higher insulin levels would be in fact modifying
DNA methylation in liver. One can hypothesize that due to
insulin resistance, increased release into the circulation of free-
fatty acids from the adipose tissue is delivered to the liver,1

which could potentially mediate the effect of insulin resistance
on DNA methylation levels.49–52

Due to the cross-sectional nature of this study, it is not pos-
sible to determine causality in our study. However, it is unethi-
cal to have serial liver biopsies including both histological
analysis and epigenetics, in individuals with clearly defined
liver phenotypes. We were also not able to differentiate the liver
cell type composition between hepatocytes and inflammatory
cells, which has been also the case in previous GW studies.13,14

Thus, some changes in individuals with NASH could be related
to changes in cell type composition. Nevertheless, we observed
similar strength in the relationship between top-ranking
NASH-associated CpG sites with both liver fibrosis and lobular
inflammation. Moreover, we used robust statistical analyses in
our GW analyses, also adjusting for confounding factors such
as the presence of T2D, and studied unique liver samples from
a well age- and BMI-matched study groups with normal liver,
simple steatosis and NASH. We acknowledge all individuals in
this study were obese and therefore the results cannot be gener-
alized to lean individuals with NASH.

We conclude that while NASH is associated with differential
DNA methylation, simple steatosis had only minor effects on
methylation in human liver. The finding that the level of meth-
ylation in the majority of the top-ranking CpG sites related to
NASH correlated with fasting insulin indicates that these epige-
netic alterations associate with changes in insulin action. All
together, these results also support the hypothesis that genetic
and lifestyle factors contributing to NASH may interact at the
level of DNA methylation.

Patients and methods

Study participants and analyses of clinical and metabolic
parameters

Participants were selected from an ongoing study recruiting all
subjects undergoing bariatric surgery Kuopio Obesity Bariatric
Study (KOBS).18,33,53 Ninety-five individuals who were
accepted for the Roux-en-Y gastric bypass (RYGB) operation,
were selected for this study from the KOBS cohort to obtain
balance study groups with normal liver steatosis, simple steato-
sis and NASH (see below histological analysis).

Liver histology

Liver biopsies were obtained using Trucut needles (Radiplast
AB, Uppsala, Sweden) or as a biopsy during elective gastric

292 V. D. DE MELLO ET AL.



bypass operations as described previously.33,53 Briefly, overall
histological assessment of liver biopsy samples was performed
by one pathologist according to the standard criteria.54,55 Histo-
logical diagnosis was divided into 3 categories: 1) Normal liver
without any steatosis, inflammation, ballooning or fibrosis; 2)
simple steatosis (steatosis >5%) without evidence of hepatocel-
lular ballooning, inflammation or fibrosis; and 3) NASH. Of
the 95 individuals, 35 had a normal liver phenotype, 34 had
simple steatosis, and 26 had NASH (Table 1). Type 2 diabetes
(T2D) was defined according to WHO’s criteria of diabetes.
The study was performed in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all
participants and the study protocol was approved by the Ethics
Committee of the Northern Savo Hospital District (54/2005,
104/2008, and 27/2010).

GW analysis of DNA methylation in human liver

After DNA extraction from human liver biopsies DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany), nucleic acid
concentration and purity were determined, and DNA methyla-
tion was analyzed in liver from all 95 individuals using the
Infinium HumanMethylation450 BeadChip (Illumina, San
Diego, CA, USA), as described previously.18,56 The raw methyl-
ation data in b-values were converted to M-values {M D log2
[b/(1-b)]}, which were then used for data normalization, to
correct for probe design bias and batch effects as well as statisti-
cal tests, as described previously.18 To easier interpret the
results, M-values were reconverted to b-values, which were
used when describing the data and creating figures. A total of
455,526 CpG sites were studied for DNA methylation differen-
ces associated with liver phenotypes.

LINE-1 DNA methylation

For the measurement of LINE-1 DNA methylation, 200 ng
of DNA from a subset of the original cohort of 95 individu-
als (36 individuals: 12 with normal liver, 12 with simple
steatosis, and 12 with NASH) was bisulfite converted (Epi-
Tect Bisulfite Kit, Qiagen, Hilden, Germany). Next, 2 ul of
DNA was used for PCR together with the PyroMark Q24
CpG LINE-1 assay and the PyroMark PCR kit according to
the manufacturers’ recommendation (Qiagen). Pyrosequenc-
ing was performed on the PyroMark Q96ID (Qiagen) using
all PCR product (40 ul), with the recommended dispensa-
tion order (GCTCGTGTAGTCAGTCG). This assay quanti-
fies methylation levels of 3 CpG sites of LINE-1, in
positions 318 to 331. We used the averaged value of these 3
CpG sites to estimate global DNA methylation.

GW analysis of gene expression in human liver

RNA expression was analyzed in liver samples from a subset of
individuals included in this study (42 individuals: 14 with nor-
mal liver, 13 with simple steatosis, and 15 with NASH) using
the HumanHT-12 Expression BeadChip (Illumina), which cov-
ers 28,688 coding transcripts, according to the manufacturer’s
recommendations, as described previously and validated.18

Statistical analyses

Since we have earlier published results related to differential
DNA methylation and T2D,18 we now carefully adjusted our
analyses for T2D. To identify differences in DNA methylation
and mRNA expression in the liver associated with NASH and
steatosis, a linear regression model was used including T2D,
gender, BMI, and age as covariates and DNA methylation or
mRNA expression as the dependent variable. Variance inflation
factors, which provide information about potential multicolli-
nearity of studied phenotypes, were calculated. To account for
multiple testing in the GW analysis, we applied false discovery
rate (FDR).

Pearson correlations were used to relate clinical phenotype
with the top ranking differentiated CpG methylated sites. As
post-hoc analyses, partial correlations were further applied to
control for confounding factors (e.g., age and T2D). We also
correlated these top ranking CpG sites with the mRNA expres-
sion of their nearby gene(s) (within the cis distance 500 kb
upstream and 100 kb downstream of the gene). For these analy-
ses, a P < 0.05 was considered statistically significant.
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