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In the last years, epigenetic processes have emerged as a promising area of complex diseases research. DNA
methylation measured in Long Interspersed Nucleotide Element 1 (LINE-1) sequences has been considered a surrogate
marker for global genome methylation. New findings have suggested the potential involvement of epigenetic
mechanisms in Type 2 diabetes (T2DM) as a crucial interface between the effects of genetic predisposition and
environmental influences. Our study evaluated whether global DNA methylation predicted increased risk from T2DM or
other carbohydrate metabolism disorders in a cohort study. We used a prospective cohort intervention study and a
control group. We collected phenotypic, anthropometric, biochemical, and nutritional information from all subjects.
Global LINE-1 DNA methylation was quantified by pyrosequencing technology. Subjects that did not improve their
carbohydrate metabolism status showed lower levels of global LINE-1 DNA methylation (63.9 + 1.7 vs. 64.7 £ 2.4) and
they practiced less intense physical activity (5.8% vs. 21.5%). Logistic regression analyses showed a significant
association between LINE-1 DNA methylation and metabolic status after adjustment for sex, age, BMI, and physical
activity. Our study showed that lower LINE-1 DNA methylation levels were associated with a higher risk metabolic status
worsening, independent of other classic risk factors. This finding highlights the potential role for epigenetic biomarkers

as predictors of T2DM risk or other related metabolic disorders.

Introduction

Epigenetic modifications are heritable changes in gene func-
tion that are not caused by variation in DNA sequence.' In mam-
mals, methylation involves addition of methyl groups to cytosine
to form 5-methyl-cytosine (5 mC).> About one-third of DNA
methylation occurs in repetitive elements, representing a large
portion of the human genome. Long Interspersed Nucleotide
Element 1 (LINE-1) is the most abundant family of non-long
terminal repeat retrotransposons found in the genome.” CpG
sites in repetitive elements, like LINEs, are largely methylated in
normal somatic tissue suppressing most of their transposition
activity.*”> DNA methylation measured in LINE-1 sequences has
been considered a surrogate marker for global genome
methylation.®

Although most epigenetic studies have been focused on can-
cer,”8, previous studies have suggested that DNA methylation in
these LINE-1 elements may play a role in other complex human
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diseases, such as cardiovascular disease or diabetes.”'> However,
there are still many unresolved issues about the role of epigenetic
changes in the study of complex diseases.

LINE-1 methylation is also susceptible to be modified by
environmental factors (e.g., diet, exercise, smoking, and air pollu-
tion exposure) or DNA sequence variation.”? Tt is well known
that several of these environmental exposures are associated with
risk of complex diseases, such as Type 2 diabetes mellitus
(T2DM).

Type 2 diabetes mellitus is a metabolic disorder influenced by
interactions between environmental and genetic factors. Environ-
mental changes can affect the phenotype directly or through epi-
genetic mechanisms that provide an interface with the genome.'*
New findings suggest the potential involvement of epigenetic
mechanisms in T2DM as a crucial interface between the effects
of genetic predisposition and environmental influences.”> How-
ever, until now, only few studies have documented impaired

DNA methylation events in T2DM.'®
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Table 1. Baseline and follow-up characteristics of the study subjects

Baseline After one year

Improvement Same or worsening P value Improvement Same or worsening P value
Age (years) 52.18 +£8.2 53.8+7.6 NS
Sex (male/female)(%) 46.2 vs 53.8 422 vs 57.8 NS
Group (control/intervention) 51.8/48.2 48/52 NS
Weight (kg) 79.1 £13.6% 81.7 £15.2° NS 76.6+12.8% 80.6 + 14.7° 0.03
BMI (Kg/m?) 302+ 4.7° 313452° NS 29.2+4.3° 309 +5.2° 0.01
WHR 0.94 + 0.08 0.93 + 0.08 NS 0.94+0.08 0.94 + 0.07 NS
Fasting glucose (mmol/l) 5.92 4+ 0.74° 6.0 & 1.0¢ NS 5.27+0.6° 6.08 & 0.93¢ <0.001
Alcohol consumption (%) Every day 274 31.1 NS
Smoking (%) Yes 29.2 238 NS
Physical activity (%) 0.001
Slight 3338 47.1
Moderate 446 47.1
Intense 21.5 5.8
Mediterranean Diet Pattern (%) 53.1 474 NS
Global methylation (%5mC) 64.7 +24 639+ 1.7 0.003

2P value before vs. after intervention < 0.001.
bp value before vs. after intervention < 0.001.
P value before vs. after intervention = 0.001.
9p value before vs. after intervention = NS.

Recent studies prompt that LINE-1 DNA methylation might
be useful in predicting the risk of common complex diseases,
such as T2DM and cardiovascular diseases (CVD)."”

This study forms part of a wider research project about life-
style changes to achieve an improved metabolic status. The pres-
ent study was performed on a population-based cohort including
subjects 40 y old and older, suffering carbohydrate metabolism
disorders (impaired fasting glucose (IFG), impaired glucose toler-
ance (IGT), or Type 2 diabetes mellitus (T2DM)), selected from
the general population of 2 semi-urban towns of the south of
Spain.

Our study evaluated whether global DNA methylation
(LINE-1) predicted increased risk from T2DM or other carbohy-
drate metabolism disorders in a prospective study.

Results

Characteristics of the study subjects

Baseline and follow-up characteristics of the participants are
shown according to their glycemic status one year after the inter-
vention. A variable was created with 2 categories: 1) subjects with
a carbohydrate metabolism disorder (IFG, IGT, or T2DM) at
baseline and who showed an improved status metabolic one year
later, and 2) subjects who did not change or worsened their glyce-
mic status after one year.

At baseline, there were no differences between the 2 groups
except for physical activity and levels of LINE-1 DNA methyla-
tion (Table 1). Subjects that did not improve their carbohydrate
metabolism status showed lower levels of global DNA methylation
(63.9 £ 1.7 vs. 64.7+2.4) and practiced less intense physical
activity (5.8% vs. 21.5%). After the intervention, significant differ-
ences were found in BMI, weight, and glucose levels [both fasting
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and post oral glucose tolerance test (OGTT; Table 1]. There was
no difference in the dietary pattern between both groups.

Regarding to subjects’ characteristics and LINE-1 methyla-
tion, we only identified a statistical association for gender: levels
of LINE-1 DNA methylation were higher in males than females
(65.9 £ 1.6 vs. 64.8 £2.0; P=0.01).

Association between global DNA methylation and
carbohydrate metabolism disorders

To evaluate the relationship between LINE-1 methylation lev-
els and the risk of metabolic status worsening, a regression logis-
tic analysis was performed. We found that age, sex, and BMI at
baseline were not significantly associated with the risk of meta-
bolic status worsening (Table 2). The group to which they

Table 2. Association of LINE-1 methylation with carbohydrate metabolism
disorders after unadjusted and adjusted logistic regression models

OR 1C95% P value
Model 1
Age (years) 1.01 0.98-1.05 NS
Sex (male vs. female) 0.85 0.48-1.52 NS
BMI (Kg/m?) 1.01 0.96-1.07 NS
Group (control vs. intervention) 0.85 0.46-1.58 NS
Model 2°
Physical activity
Slight vs intense 4.74 1.61-13.90 0.005
Moderate vs intense 3.14 1.11-8.88 0.031
Model 3°
LINE-T methylation levels (%5mC) 0.81 0.68-0.97 0.021

Dependent variable: metabolic status after one year (0: improvement, 1:
same or worsening).

?Adjusted for age, gender, baseline BMI, and group.

PAdjusted for age, gender, group, BMI, and physical activity at baseline.
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belonged (control or intervention) was included in all models as a
potential confounding variable. Regression logistic analyses were
done including known predictors of T2DM, such as physical
activity, smoking, alcohol drinking, fasting glucose, and family
history of diabetes mellitus. Only physical activity and LINE-1
DNA methylation levels showed a statistically significant associa-
tion (OR = 4,7; p = 0.005 and OR = 0,817; p = 0.021, respec-
tively; Table 2). Subjects with low baseline LINE-1 methylation
levels exhibited a higher risk of T2DM or other related metabolic
disorders (IFG, IGT, or both) during follow-up (Table 2).
Finally, to test if there was a trend according to LINE-1 meth-
ylation levels, a logistic regression analysis was done using only
DNA methylation as an independent variable. Our study showed
that participants with lower LINE-1 methylation (below the
25th percentile) had an increased risk of worsening their carbohy-
drate metabolism versus subjects with values above the 75th per-

centile (Table 3).

Predictive value for global DNA methylation as risk marker
Finally, our study assessed the predictive value for LINE-1
DNA methylation in T2DM and related metabolic disorders.
The areas under the curve (AUCs) for the different risk models

Table 3. Association of LINE-1 methylation with carbohydrate metabolism
disorders after logistic regression analysis using only DNA methylation as an
independent variable

OR 1C95% P value
LINE-1 methylation levels at 0.06
baseline
Reference category >65.2 (above 1
the 75th percentile) (%5mC)
63.05-65.21 (%5mCQC) 1.76 0.92-3.36 0.084
<63.05 (below the 25th percentile) 2.54 1.11-5.80 0.026

(%5mC)

Dependent variable: metabolic status after one year (0: improvement;
1: same or worsening).

were reported. The model based on classic risk factors (age, sex,
and BMI) showed an AUC of 0.582 (0.491-0.673) and was not
statistically significant (Fig. 1). However, the addition of physical
activity and LINE-1 methylation measures improved the predic-
tive capacity from 0.582 to 0.650. Although the improvement
was small, it was statistically significant (p = 0.001). Figure 1
shows the AUC:s for the 3 models.

1.0

Sensitivity

AUC

Discussion

Our study shows that lower LINE-1 DNA
methylation is associated with a higher risk of
worsening the carbohydrate metabolism in a
prospective study. Our data show how global
DNA methylation (measured in LINE-1 ele-
ments) could be considered as a risk factor for
T2DM and related metabolic disorders, inde-
pendently of other established risk factors.
Furthermore, the predictive capacity for this
new biomarker was measured.

LINE-1 DNA methylation correlates with
global genomic DNA methylation. Hypome-
thylation in these elements increases their
activity as retrotransposable sequences, which

P value may induce genomic alterations and affect

hModel 1
Model 2 0,646
Model 3 0,663

0,598

gene expression by a number of mecha-
nisms.'®'? Previous studies have suggested
that DNA methylation in these types of

sequences may play a role in complex diseases

0,026
0,001
<0,001

other than cancer, such as cardiovascular dis-

COa

3 5 .
Specificity

Model 1: age, sex, group and weight at baseline
—— Model 2: model 1+ physical activity at baseline
— Model 3: model 2 + LINE1 methylation levels at baseline

eases and diabetes.”!%2°

It is well known that DNA methylation is a
dynamic process and it is affected by environ-
mental factors, both from development in

1,0

uterus (intrauterine development) and in
adult life. Several of these environmental
exposures are associated with the risk of com-
plex diseases. Therefore, it is reasonable to

postulate that global DNA methylation may

| Figure 1. ROC curve for the different risk prediction models.

| provide a link between such environmental
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factors and T2DM.'* There is an increasing interest in the role of
these epigenetic modifications as possible biomarkers and for
their potential to
phenotype.”!

Global DNA methylation and T2DM are affected by com-
mon factors, such as age, sex, and diet, among others. Our study
evaluated whether LINE-1 DNA methylation could be a bio-
marker of risk of T2DM or related metabolic disorders indepen-
dently of classical risk factors.

Growing evidence supports that global DNA methylation is
associated with age, although some controversies still remain.”?

Several studies have shown a decrease of global DNA methylation
23

explain inter-individual variability in

(mainly measured in LINE-1 elements) with increasing age.
However, other authors have not found any association.** In our
study, no relationship was found between both variables, but age
was included as a possible confounder in all statistical analysis.
Another risk factor related to global DNA methylation is gender.
It was observed, as in other studies that women had lower DNA
methylation levels than men.?* A few studies have investigated
the association between physical activity and DNA methylation.
Among them, Zhang et al. reported a trend of higher levels of
LINE-1 methylation with higher levels of physical activity.*®
Nitert and colleagues also demonstrated that exercise for 6
months is associated with epigenetic changes.?®

Our data shows that LINE-1 DNA methylation was associ-
ated with the risk of metabolic status worsening. Several models
were analyzed including those confounder variables, and it was
observed that levels of global DNA methylation at baseline were
associated with the risk of developing some metabolic disorders
after one year. This association was independent of other classic
risk factors, such as age, gender and physical activity. The inclu-
sion of lifestyle variables (smoking habits, diet, and alcohol) did
not modify this association; in fact, DNA methylation, together
with physical activity, was statistically significant in all models.
Our study showed that this association was also independent of
the intervention program. When either “group” or “dietary
pattern” was added in the models, the association of DNA meth-
ylation level with carbohydrate metabolism remained significant.

DNA methylation pattern could be used as a biomarker to
identify subjects susceptible to developing complex diseases, such
as those presenting obesity or type 2 diabetes mellitus. Recently,
Pearce et al. found an association between global LINE-1 DNA
methylation and blood glycemic and lipid profiles in a sample of
228 individuals aged 49-51 from the Newcastle Thousand Fami-
lies Study. Their data suggest that that LINE-1 DNA methyla-
tion might be useful in predicting the risk of common complex
diseases such as Type 2 diabetes and CVD.!” On the other hand,
other authors have also proposed a role for epigenetic modifica-
tions as a biomarker of CVD. For example, Baccarelli and col-
leagues showed that individual differences in repetitive element
DNA methylation predicted the risk of developing ischemic heart
disease and stroke in elderly men, independently of established
risk factors.'® Another study performed by Smulders et al. found
that individuals with metabolic syndrome showed relative DNA
hypomethylation compared to participants without the syn-
drome. In the same way, the study showed that people with
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T2DM or impaired glucose metabolism showed DNA hypome-
thylation compared to normoglycemic individuals.”” Cash et al.,
reported that global DNA hypomethylation (measured in LINE-
1 elements) was associated with altered levels of LDL and HDL,
both risk factors of CVD, in peripheral blood samples from
Samoan islanders.”® Most of these studies were cross-sectional
and they were not able to determine the causal direction of this
relationship.

Although several studies showed a link between epigenetic
modifications and diabetes in animal models,?’ reported studies
of DNA methylation patterns of tissues derived from diabetic
patients are limited.'** For example, Ling et al. found DNA
hypermethylation at the peroxisome proliferator-activated recep-
tor 7y coactivator low (PPARGCIA) promoter and concomitant
transcriptional repression in pancreatic islets isolated from
patients with T2DM compared to healthy control subjects.'®
Recently, McCarthy et al.’® published a review showing the dif-
ferent DNA methylation candidate genes and epigenome-wide
association studies for T2DM. These projects were performed in
pancreatic islets and whole blood. Taken together, there is con-
siderable evidence that an altered DNA methylation pattern plays
a role in the development of T2DM.°

Our study has shown that LINE-1 DNA methylation could
be used to improve the predictive capacity of other risk factors,
but these results should be interpreted with caution and repli-
cated in other populations. The area under curve is not signifi-
cant to consider it a good biomarker, and more studies are
needed to confirm the role of global DNA methylation as a possi-
ble biomarker of T2DM risk.

One of the main strengths of our study is its prospective
nature. Although we cannot determine the causal direction of
this finding, the longitudinal design provides valuable informa-
tion to advance in this exciting field. Additionally, we measured
LINE-1 methylation levels, which are considered good markers
of global DNA methylation, by pyrosequencing technology, a
highly reproducible and accurate method to quantify DNA
methylation. Our study also has some limitations. The main
weakness is that the differences found are small. Recently, several
studies'™! have evaluated the association between levels of
LINE-1 methylation and different characteristics of healthy sub-
jects in blood DNA. The significantly differences found were
also within the range of values of our study. Although greater dif-
ferences in LINE-1 methylation have been shown in people with
cancer compared to healthy subjects, studies that focused on
common human diseases showed very subtle differences. Another
limitation could be the sample size. Currently, very little is
known about actual differences in the methylation spectra at epi-
genetic variants implicated in disease; therefore, there is no con-
sensus about the recommended sample size.”> Further studies in
larger populations are needed to confirm these data.

In summary, our study has shown that lower LINE-1 methyl-
ation levels were associated with a higher risk of metabolic status
worsening, independently of other classic risk factors. Further-
more, we highlight the potential role of DNA methylation as a
possible biomarker for the risk of metabolic diseases, such as
Type 2 diabetes mellitus.
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Material and Methods

Study population and experimental design

A prospective intervention study was undertaken with a con-
trol group. The intervention group comprised subjects from
Cabra (Cordoba, Spain) and the control group subjects from
Pizarra (Malaga, Spain). Both towns are located in the south of
Spain, 80 km apart. The study was conducted in 2010, and the
first year follow-up ended at the beginning of 2012. A total of
195 subjects completed the baseline study in each group. The
cohort was evaluated one year after, and a total of 155 individuals
completed the follow-up.

The inclusion age was 40-65 y, and persons were excluded
from the study if they were institutionalized for any reason, were
pregnant, or had some severe clinical or psychological disorder
that impeded their attendance.

Briefly, after OGTT, those subjects with impaired fasting glu-
cose, impaired glucose tolerance or unknown diabetes mellitus
were selected in both populations according to the criteria of the
World Health Organization (1998).%° Subjects from the control
group received standard recommendations on lifestyle changes
and subjects in the intervention group were included in a lifestyle
program. We collected phenotypic, anthropometric, biochemi-
cal, and nutritional information from all the subjects, both at
baseline and one year later.

All the participants were informed of the nature of the study
and gave their written consent. Likewise, the participants and
their family doctors were informed of the most relevant clinical
results, whether or not they were abnormal. The study was
approved by the Ethics and Clinical Research Committee of Car-
los Haya Regional University Hospital, Malaga.

Procedures

Anthropometric and clinical measurements

The study was started at the same time in both groups and the
same methodology was used for both the baseline and the follow-
up measurements. All the participants underwent an interview
and a standardized clinical examination. Standardized measure-
ments were made of weight, height, and body mass index (BMI).
Persons were considered to be obese if their BMI was >30 kg/
m?. A blood sample was taken after overnight fasting and after
OGTT, both at baseline and one year after starting the nutri-
tional intervention. Serum was stored at —70°C for later analysis.

Intervention program

The intervention program consisted of 2 levels. Level 1: All
the subjects from the control group received general dietary rec-
ommendations and guidelines about physical activity. Level 2:
The intervention program consisted of a program with regular
controls to achieve goals for dietary habits, exercise and weight
within the Mediterranean dietary pattern. Subjects from the
intervention group underwent this program, whereas the control
subjects only underwent Level 1. Subjects from the level 2 pro-
grams were monitored at visits every 4 months over the year.
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A nutritional evaluation was carried out for all the participants
using a 14-item screening questionnaire about adherence to the
traditional Mediterranean diet. We used a questionnaire previ-
ously validated.*® The surveys were done by experienced dieti-
cians previously trained for this project. We considered as a high
adherence to Mediterranean diet pattern a score greater than
10.%> Physical activity was classified as: slight (sit down or stand
almost all day without walking), moderate (frequent walking
with light loads) or intense (strenuous physical effort).

Classification criteria

Subjects who had IFG or IGT at baseline and had OGTT-N
one year later were considered to have improved their carbohy-
drate metabolism. Otherwise, subjects with T2DM at baseline
and who had IFG, IGT, or OGTT-N after the follow-up were
also included in the same group.

The rest of the subjects were considered to have maintained or
worsened their metabolic status. Those subjects who were taking
oral antidiabetic drugs were excluded from the study.

DNA isolation

Venous blood samples were collected at the beginning of the
study and one year after starting the nutritional intervention.
Genomic DNA was isolated from peripheral blood using the
QIAamp DNA Blood kit (Qiagen, Hilden, Germany) in a QIA-
CUBE instrument (Qiagen) according to the manufacturer’s rec-
ommended protocols. DNA samples were stored at —20°C.

DNA methylation analysis by pyrosequencing

DNA methylation analyses were performed on bisulfite-
treated DNA using highly quantitative analysis based on PCR-
pyrosequencing. The bisulfite conversion was performed with
500 ng genomic DNA isolated from peripheral blood using the
EpiTect bisulfite kit (QIAGEN) as recommended by the manu-
facturer. The PyroMark™Q96 ID Pyrosequencing System
(QIAGEN) was used to determine the methylation status of the
CpG island region of the LINE-1 element.

For the methylation analysis of the LINE-1 element we used
the primer sequences previously published by Daskalos et al.,*®
including 6 CpG sites. Supplementary Table 1 shows the primer
sequences for the assay.

Briefly, the PCR was performed in a 25 pl total volume. The
final primer concentrations were 0.2 pM. One of the primers
was biotinylated in order to purify the final PCR product using
sepharose beads. The biotinylated PCR products were purified
using the pyrosequencing Vacuum PrepTool (Qiagen). Finally,
15 pl of the PCR products underwent pyrosequencing using the
PyroMark™ Q96 using a
0.4 w&Mu; sequencing primer.

ID  Pyrosequencing  System

The degree of methylation was expressed for each DNA locus
as the percentage of methylated cytosine (%5 mC) over the sum
of methylated and unmethylated cytosines. Non-CpG cytosine
residues were used as built-in controls to verify efficient sodium
bisulfite DNA conversion. The control peak for the bisulphite
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conversion passed the quality assessment for all the samples. Cor-
relation between methylation at all 6 CpG sites was high
(P < 0.001), therefore the mean for all the sites was expressed
as%>5 mC. Unmethylated (Jurkat Genomic DNA, cat. N4001S),
and methylated DNA (CpG Methylated Jurkat Genomic DNA,
cat. N4002S) from New England BioLabs, were also included as
controls in each run. We measured LINE-1 methylation in 32
randomly selected duplicate samples and the intra-assay coeffi-
cient variation was <1.0%. To calculate inter-assay variability we
ran a group of 50 samples in 2 plates on different days, and the
coefficient variation was <2.5%.

Statistical analysis

The continuous variables are shown as the mean and standard
deviation and the classification variables as proportions. Calcula-
tion of the statistical difference between the means of the contin-
uous variables was done by one-way ANOVA and the qualitative
variables by the x* test. The statistical differences before vs. after
the intervention were determined using the Wilcoxon test.

The strength of association between variables was measured by
calculating the odds ratio (OR) and 95% confidence intervals by

logistic regression. The multivariate logistic regression model was
controlled for potential confounders such as age, gender, and
BMI at baseline.

To evaluate whether epigenetic markers have some clinical
utility and can help to improve the prediction of T2DM, the
receiver operator characteristic (ROC) curves 3 \was applied on
the test set and the area under the curve (AUC).

All analyses were performed using R statistical software, ver-
sion 2.8.1 (Department of Statistics, University of Auckland,
Auckland, NZ; http://www.r-project.org/).®
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