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Objective. Obesity is associated with low-grade inflammation and the infiltration of immune
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cells in insulin-sensitive tissues, leading to metabolic impairment. Epigenetic mechanisms
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control immune cell lineage determination, function and migration and are implicated in
obesity and type 2 diabetes (T2D). The aim of this study was to determine the global DNA

Keywords:

methylation profile of immune cells in obese and T2D individuals in a cell type-specific manner.

Epigenetic changes

Material and methods. Fourteen obese subjects and 11 age-matched lean subjects, as well as

Metabolic diseases

12 T2D obese subjects and 7 age-matched lean subjects were recruited. Global DNA

Leukocytes

methylation levels were measured in a cell type-specific manner by flow cytometry. We

Flow cytometry

validated the assay against mass spectrometry measures of the total 5-methylcytosine content
in cultured cells treated with the hypomethylation agent decitabine (r = 0.97, p < 0.001).
Results. Global DNA methylation in peripheral blood mononuclear cells, monocytes,
lymphocytes or T cells was not altered in obese or T2D subjects. However, analysis of blood
fractions from lean, obese, and T2D subjects showed increased methylation levels in B cells
from obese and T2D subjects and in natural killer cells from T2D patients. In these cell types,
DNA methylation levels were positively correlated with insulin resistance, suggesting an
association between DNA methylation changes, immune function and metabolic dysfunction.

Abbreviations: PBMCs, peripheral blood mononuclear cells; T2D, type 2 diabetes; 5meC, 5-methylcytosine; BMI, body mass index;
HOMA-IR, Homeostasis Model Assessment; FBS, fetal bovine serum; D-PBS, Dulbecco's phosphate-buffered saline; BSA, bovine serum
albumin; PFA, paraformaldehyde; NK, natural killer; MFI, median fluorescence intensity; LC-MS/MS, liquid chromatography tandem mass
spectrometry; 5mdC, 5-methyl-2′-deoxycytidine.
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Conclusions. Both obesity and T2D are associated with an altered epigenetic signature of
the immune system in a cell type-specific manner. These changes could contribute to the
altered immune functions associated with obesity and insulin resistance.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1.

Introduction

The immune system is composed of a wide variety of cell
types, each possessing a specific gene expression signature
determined by epigenetic processes such as DNA methylation
and histone modification [1]. Through the control of chromatin structure, epigenetic processes modulate the access of
DNA-binding transcription factors, thereby selecting for
transcriptional activation or repression of, for example,
lineage-specific genes. Studies investigating the DNA methylome of peripheral blood mononuclear cells (PBMCs) have
shown specific methylation patterns at genes important for
immune function and further suggested that alteration in
DNA methylation is likely to be an important mechanism
contributing to the inter-individual variation in immune cells
function [2,3].
Obesity, characterized by an increased adiposity over lean
mass, is associated with epigenetic variability in blood [4–9]. It
is now clear that immune cells participate to the chronic, lowgrade systemic inflammation observed in obesity, with
infiltration of macrophages in adipose tissue promoting
inflammation [10]. Adipose tissue macrophages contribute to
the etiology of insulin resistance through the secretion of proinflammatory cytokines, such as tumor necrosis factor-α or
interleukin-6, known down-regulators of insulin signaling
[11]. The role of immune cells in the development of insulin
resistance is not limited to macrophages. Both B and T
lymphocytes have also been shown to be important contributors to the inflammatory process and the resulting insulin
resistance in metabolically active tissues, and in particular in
adipose tissue [12,13].
In studies investigating DNA methylation in blood from
subjects with metabolic dysfunction, DNA methylation was
exclusively analyzed in whole PBMC fractions, which are
composed of numerous cell types. However, global DNA
methylation measures made from whole PBMC fractions
could be obscured by potential changes in blood cell types
counts [14]. Given that obesity and type 2 diabetes (T2D)
were found to be associated with a remodeling of blood
celltype counts [15,16] and that leukocyte sub-populations
exhibit a specific global DNA methylation signature [17],
altered DNA methylation in whole PBMC fractions could
simply mirror a change in the frequency of certain leukocytes'
sub-populations.
In the present study, we aimed to use a cell-specific assay
to determine the global DNA methylation profile of the
different PBMCs' sub-types in obese and T2D individuals.
Using a monoclonal antibody to 5-methylcytosine (5meC) and
flow cytometry, we provide the first measurement of relative
global DNA methylation levels in individual cell types within
PBMCs of lean, obese and T2D subjects.

2.

Material and methods

2.1.

Study population

This project was approved by the Ethics Committee from the
Capital Region of Denmark (reference number H-1-2011-077).
Forty-four male subjects, aged 18–60 were recruited by local
advertisement on university campuses or local hospitals and
informed consent was obtained from the participants.
Participants were free of recent illness, and infectious or
inflammatory diseases, other than metabolic disorders, that
might affect their immune system. Body mass index (BMI) and
diagnosis of T2D were used to generate 4 groups: 14 obese
males (OBESE, age = 35.1 ± 6.7 yr, BMI = 36.3 ± 6.3 kg/m2,
non-diabetic/healthy) and 11 age-matched lean males (LEAN,
age = 34.8 ± 3.0 yr, BMI = 23.0 ± 1.4 kg/m 2 , non-diabetic/
healthy) as well as 12 patients with type 2 diabetes (T2D,
age = 44.1 ± 6.5 yr, BMI = 34.9 ± 4.8 kg/m2) or 7 age-matched
lean subjects (LEAN, age = 44.1 ± 6.0 yr, BMI = 23.7 ± 2.2 kg/m2,
non-diabetic/healthy) were recruited for this study.

2.2.

Sample collection

Blood samples were obtained by venipuncture from an
antecubital vein and collected on ethylenediaminetetraacetic
acid-treated tubes (BD vacutainer, USA) or acid-citrate-dextrose
treated tubes (ACD, BD vacutainer, USA) followed by
PBMCs isolation by Ficoll gradient centrifugation as previously
described [18].

2.3.

Full blood cell count and insulin resistance index

In small subgroups, differential cell count was performed
using a Sysmex XE-2100 automated hematology analyzer
(Sysmex, USA) for the determination of the frequency of
neutrophils, monocytes, lymphocytes and T helper (CD3/CD4
double positive), T cytotoxic cells (CD3/CD8 double positive), B
cells (CD45/CD19/CD20 triple positive) and NK cells (CD3
negative, CD45/16/56 triple positive). Fasting glucose and
insulin levels were measured using automated analyzers
(Beckman LX analyzer, Beckman Coulter, USA and Immulite
2000, Diagnostic Products Corporation, USA respectively) and
the level of insulin resistance was calculated using the
Homeostasis Model Assessment (HOMA-IR) [19].

2.4.

Cell culture

The colorectal cancer cell line RKO (ATCC, USA) was maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco,
Life Technologies, USA) supplemented with 25 mM glucose,
10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, 100 ug/
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mL streptomycin and 2 mM glutamate (all from Life Technologies, USA) and grown at 37 °C in 5% CO2. Cells were treated
every 24 h for a period of 72 h by replacing media supplemented with 2.5 uM decitabine (5-aza-2′deoxycytidine,
Sigma-Aldrich, Australia) freshly prepared in 50% filter
sterilized acetic acid (Sigma-Aldrich, Australia). Cells were
harvested at daily time points before and during treatment
and at 3 days following drug withdrawal.
The human T lymphocyte cell line Jurkat (ATCC, USA) was
maintained in RPMI 1640 (Gibco, Life Technologies, USA)
supplemented with penicillin (100 U/mL), streptomycin
(100 ug/mL), L-glutamine (1 mmol/mL) and 10% FBS. The
culture medium was refreshed every third day and the cell
density was maintained below 1 million cells/mL. Twentyfour hours after the last passage, cells were treated with
2.5 uM decitabine as described above and harvested at
different time points up to 52 h.

2.5.

Global methylation quantification by flow cytometry

Global methylation in PBMCs, RKO and Jurkat cells was
quantified as previously described with slight modifications
[20]. Cryopreserved PBMCs were quickly thawed at 37 °C,
transferred into culture medium and washed twice in RPMI
10% FBS. For RKO cells, cells were detached from the culture
vessel by incubating with trypsin (0.25%, Gibco, Life Technologies, USA) at 37 °C for 5 min. Cells were then washed twice in
Dulbecco's phosphate-buffered saline (D-PBS, Sigma-Aldrich,
Australia) with 1% BSA. For Jurkat cells, cells were transferred
to a new sterile tube and washed twice in D-PBS with 1% BSA.
Cell viability was assessed by visual inspection using
trypan blue staining (Sigma-Aldrich, Australia) and density
was normalized to a maximum of 5 million cells per mL. After
30 min at 37 °C, 5% CO2, cells were fixed in 2% paraformaldehyde (PFA, Sigma-Aldrich, Australia) in D-PBS for 10 min at
37 °C. After two washes using D-PBS with 1% bovine serum
albumin (BSA, Sigma-Aldrich, Australia) and 0.1% Tween 20
(Sigma-Aldrich, Australia), cells were permeabilized in 100%
methanol (Sigma-Aldrich, Australia) at −20 °C for 30 min.
After three additional washes, cells were incubated at 37 °C in
2 N HCl for 30 min and then transferred into 0.1 M of borate
buffer for 5 min. After three additional washes the PBMCs
were stained with a combination of anti CD3-phycoerythrin
conjugated, CD8- and CD14-peridinin chlorophyll conjugated,
CD4- and CD19-allophycocyanin conjugated (all from BD,
USA). Stained PBMCs, RKO and Jurkat cells were further
stained with unconjugated anti-5-methylcytosine (5meC,
AbD serotec, Bio-Rad, USA) or its corresponding isotype
control (Mouse IgG1, BD, USA). Both unconjugated antibodies
were labeled using a labeling kit according to the manufacturer's instructions (Zenon Alexa Fluor 488 Mouse IgG1
labeling kit, Molecular Probes, Life Technologies, Australia).
Cells were incubated with the different antibodies or their
corresponding isotype controls for 20 min at room temperature in the dark. After two more washes, they were
resuspended in 400 uL of 1% PFA in D-PBS and acquired
immediately on a flow cytometer (FACS Calibur, BD, USA).
All data were analyzed using FlowJo version 10 (Tree Star,
USA) and Cytobank (Cytobank Inc., USA). Lymphocytes and
monocytes were gated based on their size and granularity.

Monocytes were further gated based on CD14 positivity.
Lymphocytes CD3+CD4+ were considered as T helper cells,
CD3+CD8+ as T cytotoxic cells, CD3−CD19+ as B cells and CD3−
CD8+ as natural killer (NK) cells. For RKO or Jurkat cells, the
population was gated based on size and granularity. In each
population the median fluorescence intensity (MFI) was
measured and normalized by the MFI from the isotype control.

2.6.

Global methylation quantification by LC-MS/MS

Global methylation in RKO cells was quantified as previously
described using liquid chromatography tandem mass spectrometry (LC-MS/MS) [21]. The absolute quantity of 5-methyl2′-deoxycytidine (5mdC; global methylation) was determined
as a percentage of 2′-deoxycytidine plus 5mdC in genomic
DNA extracted from RKO cells by phenol-chloroform extraction using LC-MS/MS as previously published [22]. This
involved the in-house biosynthesis of [15N3]-dC and [15N3]5mdC internal standards and a one-step digestion of 1 ug
genomic DNA spiked with [U-15N]-internal standards into
deoxyribonucleosides. Analyses were performed using an
Ultra High Performance Liquid Chromatography Accela
Pump (Thermo Finnigan, USA) and HTC PAL (CTC Analytics,
USA) autosampler coupled directly to a TSQ Quantum Access
triple quadrupole mass spectrometer (Thermo Finnigan, USA)
in the positive ion mode via an electrospray interface. Data
were processed using the Quanbrowser function of the
Xcalibur Software package v2.0.7 (Thermo Finnigan, USA).

2.7.

Bisulfite sequencing of DNA from isolated B-cells

PBMCs were resuspended in PBS 1% BSA and stained with
anti-CD19 APC (BD Biosciences, Europe). Stained cells were
washed twice in PBS 1% BSA and resuspended in 400 uL of PBS
1% BSA prior to sorting on a FACS-Aria (BD Biosciences,
Europe). Genomic DNA was purified from B-cells using
DNeasy Blood & Tissue Kit (Qiagen, Denmark). Bisulfite
conversion was performed using the EZ DNA methylationlightning kit (Zymoresearch, Germany) according to the
manufacturer's protocol. Regions corresponding to TFAM
(Transcription factor A, mitochondria), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), UBASH3a (ubiquitinassociated and SH3 domain-containing protein A) and TRIM3
(tripartite motif-containing 3) were amplified using the respective primers: Forward GGGGATAGAGGTGGTTTAATAG and
Reverse AAACACTATAAAAAATCTACTAACATC, Forward
GGGAGAAAGTAGGGTTGGTTATTAG and Reverse
TCCCTAACCTCCCGAATTTCTCTC, Forward ATAGATAAGGAGATTGGGATTTAGG and Reverse CAATTTTCAAAATTCTATTTACAAAATACT, Forward GTTTTGGGTATTGTTTTTTTGT and
Reverse ATCTCAAAAATTAAAATAAAACTCC. Purified PCR
products were prepared for sequencing using the TruSeq DNA
preparation protocol adapted to low input concentrations
(Illumina, USA). Samples were sequenced using a MiSeq
sequencer (Illumina, USA). Fastq files were analyzed by FastQC
version 0.9, and adapters/primers identified were removed
by Trimmomatic 0.30. Read ends were clipped to remove
nucleotides with a score below 3, and an average score above
15 across 4 bases. The QCed reads were mapped by Bismark
version 10.0 using bowtie2 version 2.2.2, allowing 1 mismatch in
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the seed, and a seed length of 10 bases. The aligner was set to a
very sensitive mode using -D 50 and -R 10. Bismark was also
used to process the resulting alignment files, generating a
report on all methylated cytosines in the 4 sequences (using –CX
and –cytosine_report). Subsequent analyses were done in R
version 3.1.0. For every sample, positions covered by less
than 1000 reads were excluded. For plotting, the mean and the
95% confidence interval were calculated using the adjusted
bootstrap percentile method. Plots were generated using the
ggplot2 package.

2.8.

Statistical analysis

Results are reported as mean ± standard deviation. All
statistical analyses were performed on the SPSS Statistics
Package Version 21 (IBM, USA) and statistical significance was
set at p < 0.05. The normality of the distribution was tested
using the Skewness and the Kurtosis tests. When the
assumption of normality was violated, log transformation
was performed to achieve normal distribution. The difference
between groups (Lean vs Obese and Lean vs T2D) for
anthropometric and hematological values or global methylation levels was tested using a Student t test. Correlation levels
were assessed using the Pearson's correlation coefficient.
Bisulfite sequencing results were analyzed for every cytosine
position, where differences between lean and obese or T2D were
tested using the non-parametric Kolmogorov–Smirnov test.

3.

Results

To determine the global DNA methylation profile of individual
cell types within PBMCs, we used a method previously
developed in cell lines [20]. We tested this method, that relies
on the assessment of DNA methylation using a monoclonal
antibody to 5meC detected by flow cytometry, against highresolution mass spectrometry, which represents, to our
knowledge, the assay having the highest sensitivity and
precision for the quantification of 5meC [23]. DNA methylation analysis was performed on untreated RKO cells as well as
cells exposed to the DNA hypomethylating agent decitabine
for 24, 48, 72 h and 3 days after drug withdrawal. Pearson's
correlation analysis of the total cytosine methylation levels
measured using both techniques revealed a tight association
(r = 0.97, p = 0.001, Fig. 1A and B). This was confirmed in Jurkat
cells where decitabine effect was successfully detected by flow
cytometry (Fig. 1C), further validating the use of flow
cytometry to monitor global DNA methylation.
We next used this assay to determine global DNA
methylation levels in PBMCs from obese and T2D individuals.
Importantly, because blood global DNA methylation has been

Table 1 – Blood cell counts.

Fig. 1 – Validation of the 5-methylcytosine quantification
assay using flow cytometry. A — Representative
quantification of 5-methylcytosine levels measured by flow
cytometry in RKO cells treated with decitabine for 72 h and
then left for 3 days after drug withdrawal. B — Correlation
between % of 5-methylcytosine quantified by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
and 5-methylcytosine median fluorescence intensity (MFI)
measured by flow cytometry. C — 5-Methylcytosine MFI
levels measured in Jurkat cells after exposure to decitabine.

Neutrophils
(% total leukocytes)
Monocytes
(% total leukocytes)
Lymphocytes
(% total leukocytes)
T helper cells
(% total leucocytes)
T cytotoxic cells
(% total leukocytes)
B cells (% total leukocytes)
NK cells (% total leukocytes)

Lean
(n = 4)

Obese
(n = 12)

T2D
(n = 6)

51.8 ± 4.5

52.7 ± 8.2

58.7 ± 10.6

8.9 ± 2.1

7.7 ± 1.7

6.6 ± 1.3

35.5 ± 4.7

35.6 ± 6.5

31.2 ± 10.5

16.6 ± 3.6

16.2 ± 3.8

15.8 ± 8.4

6.4 ± 1.8

10.1 ± 4.1

8.1 ± 3.0

4.6 ± 1.4
5.9 ± 2.5

5.4 ± 2.1
4.7 ± 2.8

4.0 ± 2.9
3.8 ± 1.7

T2D: type 2 diabetes group, NK: natural killer. No significant
difference was observed between the different groups for any of the
sub-populations reported here.
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Fig. 2 – Analysis of 5-methylcytosine levels in peripheral blood mononuclear cells (PBMCs), lymphocytes and monocytes
between lean and obese or type 2 diabetic subjects. A — Representative quantification of 5-methylcytosine levels in PBMCs,
lymphocytes and monocytes (obese group in dark line and lean group in filled gray). B — Comparison of 5-methylcytosine
median fluorescence intensity (MFI) between the lean group (gray) and the obese group (black). C — Representative
quantification of 5-methylcytosine levels in PBMCs, lymphocytes and monocytes (lean group in filled gray and type 2 diabetic
group (T2D) in dark line). D — Comparison of 5-methylcytosine MFI between the lean group (gray) and T2D group (black).
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Fig. 3 – Comparison of global methylation in lymphocyte sub-populations between lean and obese or type 2 diabetic patients.
A — Representative 5-methylcytosine levels in T helper, T cytotoxic, B and Natural Killer (NK) cells (lean group in filled gray and
obese group in dark line). B — Comparison of 5-methylcytosine median fluorescence intensity (MFI) between the lean group
(gray) and the obese group (black), *Significantly different from the obese group (p < 0.05). C — Representative 5-methylcytosine
levels in T helper, T cytotoxic, B and NK cells (lean group in filled gray and T2D in dark line). D — Comparison of 5-methylcytosine
MFI between the lean group (gray) and the T2D group (black), *significantly different from the T2D group (p < 0.05).
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shown to vary with age [24], we age-matched obese and T2D
participants to two separate control cohorts of lean and
normal glucose tolerant subjects. In addition, it has previously
been hypothesized that a variation in blood cell counts could
potentially mask an alteration in global methylation in a celltype-specific fashion [14]. We thus investigated leukocyte subtypes frequency. However, in our population, blood cell counts
showed similar profile across groups (Table 1, p > 0.05).
We then compared the obese and T2D subjects to their
respective control groups and found no difference in global
DNA methylation levels in the PBMCs fraction (comprising
both lymphocytes and monocytes) or in the lymphocyte or
monocyte populations assessed separately (Fig. 2A and B for

lean vs obese, n = 11 and n = 14 respectively, Fig. 2C and D for
lean vs T2D, n = 7 and n = 12 respectively, p > 0.05).
We further analyzed global DNA methylation in individual
cell sub-types (T helper, T cytotoxic, B and NK cells). We found
that B cells from obese subjects showed a marked increase in
methylation levels compared to their lean controls (Fig. 3A and B,
n = 14 for obese and n = 11 for lean, p = 0.012), but not T helper, T
cytotoxic or NK cells (Fig. 3A and B, p > 0.05). In T2D patients we
detected increased methylation levels in B and NK cells (Fig. 3C
and D, n = 12 for T2D and n = 7 for lean, p = 0.022 and p = 0.004
for B cells and NK cells, respectively) but no significant
methylation difference in T helper and T cytotoxic cells (Fig. 3C
and D, p > 0.05). Moreover, we found that global DNA methylation

Fig. 4 – Association between global DNA methylation in B and NK lymphocytes and metabolic indices. Correlation between
5-methylcytosine levels (median fluorescence intensity or MFI) in B lymphocytes and glucose A-, insulin B- and HOMA-IR
C-. Correlation between 5-methylcytosine levels (MFI) in natural killer (NK) lymphocytes and glucose D-, insulin E- and HOMA-IR F-.
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Fig. 5 – Analysis of gene specific DNA methylation in B-cells of lean, obese and type 2 diabetic subjects. Percent methylation of cytosines within the GAPDH, TFAM, UBASH3A and
TRIM3 genes in B-cells from the Lean (Red), Obese (Green) or T2D (Blue) subjects, relative to transcription start site (TSS). Data are shown as mean with 95% confidence interval.
Filled symbols — CpG, Empty symbol — non-CpG, Squares — significantly different from lean group (p < 0,05).
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in B cells was correlated with fasting insulin (Fig. 4B, r = 0.64, p =
0.008, n = 16) and insulin resistance (Fig. 4C, HOMA-IR, r = 0.63,
p = 0.009, n = 16) but not with fasting glucose (Fig. 4A), further
favoring a link between B cells and the development of insulin
resistance [12]. A similar trend was also observed in NK cells,
but only reaching near significance for insulin resistance
(Fig. 4F, r = 0.49, p = 0.057, n = 16), whereas no association
was observed with fasting glucose or insulin (Fig. 4D and E).
To determine if global changes of DNA methylation affect
every single cytosine in the genome or are gene-specific, we
analyzed the methylation of a house-keeping gene and genes
shown in other studies to be differentially methylated in
PBMCs from obese (TRIM3, UBASH3A [8]) or insulin resistant
subjects (TFAM). In the regions tested, only few cytosines
residues were found differentially methylated, notably cytosine −235 relative to the transcription start site of the
UBASH3A gene, which was hypermethylated in T2D (Fig. 5).
These data suggest that the global alteration in the DNA
methylome of B lymphocytes is gene-specific.

4.

Discussion

Numerous studies have reported that global and gene-specific
DNA methylation profiles are altered in blood from obese
individuals, without focusing on specific blood cell subpopulations [3,6–9,14]. Here, we have used a flow cytometrybased assay to further determine, in a cell type-specific
manner, the global DNA methylation profile of blood obtained
from obese and T2D subjects. We provide evidence that
obesity and T2D are associated with a dramatic remodeling of
the epigenome of specific immune cell types.
Previously, Zhao et al. reported that global DNA methylation in peripheral blood leukocytes, as assessed by bisulfite
pyrosequencing on Alu elements, was associated with insulin
resistance [9]. In our study we did not find any difference in
global DNA methylation for PBMCs, lymphocytes or monocytes between lean, obese or type 2 diabetic individuals. In
view of our results, we can only speculate that the nature of
our assay (interrogating all cytosines versus cytosines within
Alu repeats), participants characteristics, a remodeling of the
blood cell count or the contribution of granulocytes toward the
global DNA methylation levels (since we only included PBMCs)
could be accountable for the difference between our results
and those of Zhao et al. [9]. Given that each blood cell type
exhibits a specific global DNA methylation signature [17], a
variation in blood cell-types frequency could potentially mask
an alteration in global methylation in a cell type-specific
fashion as previously hypothesized [14]. In our population, we
did not observe any difference in blood cell counts across
groups ruling out a potential masking effect of altered blood
cell counts on the global DNA methylation of the whole
PBMC population.
Our gene specific analysis of DNA methylation in B
lymphocytes revealed that global hypermethylation is not
caused by hypermethylation at every single cytosine residue
but instead, are gene- and cytosine-specific. We have previously reported a similar profile in skeletal muscle after a
single bout of exercise, where global methylation was altered
but not all genes were affected [25]. Similarly, cancer cells

exhibit a global hypomethylation signature, with genespecific methylation patterns. In our cohort, we could only
partially replicate previous findings showing that methylation
of the TRIM3 and UBASH3A promoters is altered in subjects
with T2D [8]. In our study, methylation of the TRIM3 promoter
was not altered and UBASH3A was moderately affected on
cytosine −235 relative to the transcription start site in T2D.
Given that our analysis was conducted in pure B cell fractions,
the discrepancy could be due to monocytes and other
lymphocytes subpopulations accounting for the changes
detected in whole PBMCs fractions [8].
In the present study, we found that both obese and type 2
diabetic individuals were characterized by increased global
DNA methylation in B cells. Previously, B cells have been
shown to play a central role in the development of insulin
resistance [12], through the production of IgG antibodies and
the activation of T cells and macrophages [13]. It is well
documented that several functions of B cells are epigenetically
regulated and that epigenetic dysregulation in immune cells
has been associated to altered immune function in disease
[26]. Similarly, we found that NK cells, though only in type 2
diabetes, showed increased global methylation. NK cells'
functions can also be epigenetically regulated [27] and NK
cells have been associated with diet-induced obesity and
inflammation further leading to insulin resistance [28,29]. Our
results showing that global DNA methylation is increased in B
and NK cells suggest that epigenetic changes are involved in
the altered immune function described in obesity and T2D.
This is further supported by the positive correlation we
observed between the level of insulin resistance and global
DNA methylation in B cells and to a certain extent in NK cells.
Collectively, our results show that insulin resistance is
associated with dramatic epigenetic changes in specific
lymphocyte sub-populations, potentially contributing to the
altered immune function reported in metabolic disorders.
Interestingly, the differences in global DNA methylation were
not found at the whole PBMCs level but in specific cell types.
This stresses the relevance of using cell type-specific assays
when investigating epigenetic signatures in clinical tissue
samples characterized by a high heterogeneity in cell types
frequency and phenotype, such as blood.

Authors' contribution
This study was designed by DS and RB. Data were acquired
by DS, SV, ID, JL, LH, VN and AF; analyzed by DS, SV, ID, JL, LH
and RB; and interpreted by DS, SV, ID, LH and RB. The
manuscript was written by DS and RB; and reviewed and
approved by all authors.

Funding
This study was funded by the Novo Nordisk Foundation to RB and
a Start Up Fund from UNSW Australia to DS.
The Novo Nordisk Foundation Centre for Basic Metabolic
Research is an independent Research Centre at the University
of Copenhagen partially funded by an unrestricted donation
from the Novo Nordisk Foundation (www.metabol.ku.dk).

M E TAB O LI S M CL I NI CA L A N D EX P ER IM EN T AL 6 3 (2 0 1 4) 1 18 8 –1 1 97

Conflict of interest
[15]

The authors have no competing financial interests to declare.
[16]
REFERENCES
[17]
[1] Reiner SL. Epigenetic control in the immune response. Hum
Mol Genet 2005 14(Spec No 1):R41–6.
[2] Li Y, Zhu J, Tian G, Li N, Li Q, Ye M, et al. The DNA methylome
of human peripheral blood mononuclear cells. PLoS Biol
2010;8:e1000533.
[3] Shen H, Qiu C, Li J, Tian Q, Deng HW. Characterization of the
DNA methylome and its interindividual variation in human
peripheral blood monocytes. Epigenomics 2013;5:255–69.
[4] Campion J, Milagro FI, Goyenechea E, Martinez JA. TNF-alpha
promoter methylation as a predictive biomarker for
weight-loss response. Obesity (Silver Spring) 2009;17:1293–7.
[5] Gemma C, Sookoian S, Dieuzeide G, Garcia SI, Gianotti TF,
Gonzalez CD, et al. Methylation of TFAM gene promoter in
peripheral white blood cells is associated with insulin
resistance in adolescents. Mol Genet Metab 2010;100:83–7.
[6] Milagro FI, Campion J, Cordero P, Goyenechea E, Gomez-Uriz
AM, Abete I, et al. A dual epigenomic approach for the search
of obesity biomarkers: DNA methylation in relation to
diet-induced weight loss. FASEB J 2011;25:1378–89.
[7] Toperoff G, Aran D, Kark JD, Rosenberg M, Dubnikov T, Nissan
B, et al. Genome-wide survey reveals predisposing diabetes
type 2-related DNA methylation variations in human
peripheral blood. Hum Mol Genet 2012;21:371–83.
[8] Wang X, Zhu H, Snieder H, Su S, Munn D, Harshfield G, et al.
Obesity related methylation changes in DNA of peripheral
blood leukocytes. BMC Med 2010;8:87.
[9] Zhao J, Goldberg J, Bremner JD, Vaccarino V. Global DNA
methylation is associated with insulin resistance: a
monozygotic twin study. Diabetes 2012;61:542–6.
[10] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante Jr AW. Obesity is associated with macrophage
accumulation in adipose tissue. J Clin Invest
2003;112:1796–808.
[11] Hotamisligil GS, Murray DL, Choy LN, Spiegelman BM. Tumor
necrosis factor alpha inhibits signaling from the insulin
receptor. Proc Natl Acad Sci U S A 1994;91:4854–8.
[12] Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G,
et al. B cells promote insulin resistance through modulation
of T cells and production of pathogenic IgG antibodies. Nat
Med 2011;17:610–7.
[13] Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al.
Normalization of obesity-associated insulin resistance
through immunotherapy. Nat Med 2009;15:921–9.
[14] Reinius LE, Acevedo N, Joerink M, Pershagen G, Dahlen SE,
Greco D, et al. Differential DNA methylation in purified

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

1197

human blood cells: implications for cell lineage and studies
on disease susceptibility. PLoS One 2012;7:e41361.
Pratley RE, Wilson C, Bogardus C. Relation of the white blood
cell count to obesity and insulin resistance: effect of race and
gender. Obes Res 1995;3:563–71.
Vozarova B, Weyer C, Lindsay RS, Pratley RE, Bogardus C,
Tataranni PA. High white blood cell count is associated with a
worsening of insulin sensitivity and predicts the
development of type 2 diabetes. Diabetes 2002;51:455–61.
Wu HC, Delgado-Cruzata L, Flom JD, Kappil M, Ferris JS, Liao
Y, et al. Global methylation profiles in DNA from different
blood cell types. Epigenetics 2011;6:76–85.
Fuss IJ, Kanof ME, Smith PD, Zola H. Isolation of whole
mononuclear cells from peripheral blood and cord blood. Curr
Protoc Immunol 2009 ;85:7.1.1–8.
Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA
modeling. Diabetes Care 2004;27:1487–95.
Habib M, Fares F, Bourgeois CA, Bella C, Bernardino J,
Hernandez-Blazquez F, et al. DNA global hypomethylation in
EBV-transformed interphase nuclei. Exp Cell Res
1999;249:46–53.
Liu J, Hesson LB, Meagher AP, Bourke MJ, Hawkins NJ, Rand
KN, et al. Relative distribution of folate species is associated
with global DNA methylation in human colorectal mucosa.
Cancer Prev Res (Phila) 2012;5:921–9.
Quinlivan EP, Gregory III JF. DNA methylation determination by
liquid chromatography-tandem mass spectrometry using novel
biosynthetic [U-15 N]deoxycytidine and [U-15 N]methyldeoxycytidine internal standards. Nucleic Acids Res 2008;36:e119.
Ehrich M, Nelson MR, Stanssens P, Zabeau M, Liloglou T,
Xinarianos G, et al. Quantitative high-throughput analysis of
DNA methylation patterns by base-specific cleavage and
mass spectrometry. Proc Natl Acad Sci U S A
2005;102:15785–90.
Bjornsson HT, Sigurdsson MI, Fallin MD, Irizarry RA,
Aspelund T, Cui H, et al. Intra-individual change over time in
DNA methylation with familial clustering. JAMA
2008;299:2877–83.
Barres R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz T, et al.
Acute exercise remodels promoter methylation in human
skeletal muscle. Cell Metab 2012;15:405–11.
Lawson BR, Eleftheriadis T, Tardif V, Gonzalez-Quintial R,
Baccala R, Kono DH, et al. Transmethylation in immunity and
autoimmunity. Clin Immunol 2012;143:8–21.
Cichocki F, Miller JS, Anderson SK, Bryceson YT. Epigenetic
regulation of NK cell differentiation and effector functions.
Front Immunol 2013;4:55.
Berrou J, Fougeray S, Venot M, Chardiny V, Gautier J-F, Dulphy
N, et al. Natural killer cell function, an important target for
infection and tumor protection, is impaired in type 2 diabetes.
PLoS ONE 2013;8:e62418.
Guo H, Xu B, Gao L, Sun X, Qu X, Li X, et al. High frequency of
activated natural killer and natural killer T-cells in patients
with new onset of type 2 diabetes mellitus. Exp Biol Med
2012;237:556–62.

