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Abstract 

Background:  Epigenetic modifications, such as DNA methylation, can influence the genetic susceptibility to type 2 
diabetes mellitus (T2DM) and the progression of the disease. Our previous studies demonstrated that the regulation 
of the DNA methylation pattern involves the poly(ADP-ribosyl)ation (PARylation) process, a post-translational modifi-
cation of proteins catalysed by the poly(ADP-ribose) polymerase (PARP) enzymes. Experimental data showed that the 
hyperactivation of PARylation is associated with impaired glucose metabolism and the development of T2DM. Aims 
of this case–control study were to investigate the association between PARylation and global and site-specific DNA 
methylation in T2DM and to evaluate metabolic correlates.

Results:  Data were collected from 61 subjects affected by T2DM and 48 healthy individuals, recruited as controls. 
Global levels of poly(ADP-ribose) (PAR, a surrogate of PARP activity), cytosine methylation (5-methylcytosine, 5mC) 
and de-methylation intermediates 5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) were determined in 
peripheral blood cells by ELISA-based methodologies. Site-specific DNA methylation profiling of SOCS3, SREBF1 and 
TXNIP candidate genes was performed by mass spectrometry-based bisulfite sequencing, methyl-sensitive endonu-
cleases digestion and by DNA immuno-precipitation. T2DM subjects presented higher PAR levels than controls. In 
T2DM individuals, increased PAR levels were significantly associated with higher HbA1c levels and the accumulation 
of the de-methylation intermediates 5hmC and 5fC in the genome. In addition, T2DM patients with higher PAR levels 
showed reduced methylation with increased 5hmC and 5fC levels in specific SOCS3 sites, up-regulated SOCS3 expres-
sion compared to both T2DM subjects with low PAR levels and controls.

Conclusions:  This study demonstrates the activation of PARylation processes in patients with T2DM, particularly in 
those with poor glycaemic control. PARylation is linked to dysregulation of DNA methylation pattern via activation of 
the DNA de-methylation cascade and may be at the basis of the differential gene expression observed in presence of 
diabetes.
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Background
Type 2 diabetes mellitus (T2DM) is an expanding global 
health problem and the rate of increase shows no signs of 
slowing [1]. Lifestyle and environmental factors such as 
diet, lack of exercise and age, contribute to the aetiology 
of T2DM. Because epigenetic modifications represent 
important links between genetic and environmental cues, 
altered epigenetic marks have been proposed to increase 
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susceptibility to the disease and to underpin its develop-
ment by impinging the expression of multiple genes. Epi-
genetic modifications refer to changes in gene function 
that do not result from altered DNA sequence, but fore-
see changes in chromatin structure [2]. DNA methyla-
tion—the addition of a methyl group to cytosine, mostly 
in the context of CpG dinucleotides [3]—is the most 
studied epigenetic mechanism. DNA methylation plays 
an important role in the development of several diseases, 
such as T2DM itself [4–7]. This is because of its potential 
to alter gene expression directly, by inhibiting the bind-
ing of specific transcription factors, and indirectly, by 
recruiting methyl-CpG-binding proteins and their asso-
ciated repressive chromatin remodelling activities [8]. 
DNA methylation modifications are reversible yet herit-
able, conferring important contributions to epigenetic 
memory.

Little is known about how DNA methylation is tar-
geted to specific regions. Our group provided evidence 
that the control of DNA methylation patterns involves 
the poly(ADP-ribosyl)ation (PARylation) process [9]. 
PARylation is a post-translational protein modification 
catalysed by the poly(ADP-ribose) polymerase (PARP) 
enzymes. By using NAD+ as a substrate, PARP enzymes 
add ADP-ribose polymers (PAR) to a target protein, 
thus governing its function [9]. PARylation competes 
with DNA methylation either by directly counteracting 
the recruitment to DNA and catalytic activity of DNA 
methyl transferases [10, 11], writer enzymes involved 
in 5-methyl cytosine (5mC) placement, or by promot-
ing the action of factors that maintain a local chroma-
tin conformation that is refractory to 5mC acquisition 
[12–14]. In addition, PARylation facilitates active DNA 
de-methylation by promoting the expression, activity and 
access to DNA of DNA methylation erasers, such as the 
Ten-eleven translocation methylcytosine dioxygenase 
enzymes (TET), which promote locus-specific reversal of 
DNA methylation by catalysing the sequential oxidation 
of 5mC into 5-hydroxymethylcytosine (5hmC), 5-formyl-
cytosine (5fC) and 5-carboxylcytosine (5caC) [15–19]. In 
active DNA de-methylation, 5fC and 5caC are replaced 
by unmodified cytosine via the base-excision repair sys-
tem, thus resulting in DNA de-methylation [20].

Data from animal models showed that chronic excess 
of energy intake caused over-activation of PARP enzymes 
in response to over-production of reactive oxygen species 
and inflammation [21–27]. PARylation hyperactivation 
has been associated with dysfunction of glucose metab-
olism and development of T2DM, while the inhibition 
or genetic deficiency of PARP enzymes exert protective 
effects in diabetic rats and mice [28–31].

Notably, studies on a zebrafish model of diabetes have 
documented that inhibition of PARylation prevents 

hyperglycaemia-induced DNA de-methylation [32]. 
However, little is known on the interplay between PAR-
ylation processes and DNA methylation alterations in 
the clinical setting of human diabetes.

Aim of this study  was  to explore the association 
between PARylation process and DNA methylation 
profile in peripheral blood mononuclear cells (PBMC) 
from T2DM subjects and controls. Firstly, we measured 
PAR levels and evaluated clinical and biochemical cor-
relates. Then, we investigated global levels of 5mC and 
of the DNA de-methylation intermediates 5hmC and 
5fC in relation to PAR levels and clinical/biochemi-
cal parameters. Lastly, we studied whether differential 
methylation of some candidate genes (SOCS3, SREBF1, 
and TXNIP), causing dysfunctional effects that impinge 
on glucose metabolism, was related to PAR levels.

Results
Characteristics of the study population
This study involves 61 patients with T2DM and 48 
normoglycaemic individuals who make up the control 
group. The main demographic and clinical features of 
the study population together to treatment of subjects 
with oral antidiabetic agents are shown in Table 1.

Measurement of PAR levels and evaluations of clinical 
and biochemical correlates
PAR levels were markedly increased in T2DM patients 
in comparison with controls (p = 0.001) (Table  1 and 
Fig. 1).

After stratifying the T2DM population in two sub-
groups of patients with PAR levels above (high PAR) or 
below (low PAR) the median PAR value, we found that 
subjects with high PAR had significantly greater HbA1c 
levels than those with low PAR (p = 0.004) (Additional 
file 2: Table S1). PAR levels showed a strong positive cor-
relation with HbA1c and a weaker positive correlation 
with GGT, not confirmed at the Benjamini–Hochberg 
(BH) false discovery rate (FDR) correction (Additional 
file 2: Table S2). No association was found between PAR, 
markers of obesity, presence and/or type of antidiabetic 
treatment and other metabolic parameters (Additional 
file 2: Tables S1 and S2).

HbA1C levels remained significantly associated with 
high PAR levels at the multivariable linear regression 
analysis after adjustment for age, sex and FBG (r2 = 0.638, 
p = 0.009, Table 2).

Moreover, high PAR levels associated with the pres-
ence of increased HbA1c with an AUC = 0.860 (95% CI: 
0.691–1.0; p = 0.004) at the ROC curve adjusted for age, 
sex and FBG (Fig. 2).
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Measurement of 5mC, 5hmC and 5fC global 
levels and evaluation of correlations with clinical 
and biochemical parameters and with PAR levels
5hmC and 5fC levels were significantly higher in T2DM 
patients compared to controls (p < 0.001, p = 0.001, 
respectively) (Table 1 and Fig. 3).

Stratification analysis showed that T2DM patients 
with elevated 5hmC had significantly higher HbA1c 
levels, total and direct bilirubin and PAR levels in com-
parison to those with low 5hmC levels (Additional 
file 2: Table S3).

T2DM individuals with high 5fC showed significantly 
increased FBG and HbA1c levels than those with low 
5fC levels (Additional file 2: Table S3).

At the bivariate correlation analysis, 5hmC levels 
positively correlated with PAR levels, HbA1c, total 
and direct bilirubin, FBG and triglycerides and nega-
tively correlated with HDL cholesterol (Additional 
file  2: Table  S4). Concerning 5fC, bivariate correlation 
analyses displayed its positive association with FBG, 
HbA1c, total bilirubin and PAR levels (Additional file 2: 
Table S4).

All the above associations shown in Additional file 2: 
Table S3 and S4 were confirmed by BH correction.

Multivariate regression analysis adjusted for age and 
sex, identified PAR level and HbA1c as the major deter-
minants of increased 5hmC levels (Table  3, r2 = 0.89, 

Table 1  Characteristics of the study population

BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood 
pressure; FBG, fasting blood glucose; HbA1c, glycated haemoglobin A1c; ALT, 
Alanine Transaminase; AST, Aspartate Transaminase; GGT, Gamma-glutamyl 
Transpeptidase; MALB, microalbuminuria; PAR, poly ADP-ribose; 5mC, 
5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; 5fC, 5-formylcytosine

P value: Student t-test or Mann–Whitney U-test (continuous variables) and chi-
square test1 (prevalence, for categorical variables). Bold text indicates significant 
P values (≤ 0.05)

Values are mean ± SD for continuous variables; percentage (number) for 
categorical variables

CT T2DM P

N 48 61

Age (years) 60 ± 8 63 ± 9 0.065

Male % (n) 48 (23) 62 (38) 0.1741

Disease duration (years) – 8.51 ± 7.47

BMI (kg/m2) 26.12 ± 3.77 29.85 ± 5.14  < 0.001
Waist circ. (cm) 84 ± 8.1 106.8 ± 11.69  < 0.001
DBP (mm Hg) 79.09 ± 7.70 81.33 ± 11.08 0.311

SBP (mm Hg) 124.76 ± 10.39 139.35 ± 18.65  < 0.001
FBG (mg/dl) 88.69 ± 10.98 143.13 ± 41.04  < 0.001
HbA1c (%) 5.25 ± 0.35 7.58 ± 1.39  < 0.001
Total cholesterol (mg/dl) 213.18 ± 35.27 181.86 ± 39.56  < 0.001
LDL cholesterol (mg/dl) 124.65 ± 30.82 91.29 ± 45.61  < 0.001
HDL cholesterol (mg/dl) 64.41 ± 14.78 46.41 ± 11.41  < 0.001
Triglycerides (mg/dl) 100.11 ± 33.53 177.56 ± 83.39  < 0.001
ALT (U/l) 19.93 ± 6.4 22.67 ± 13.51 0.184

AST (U/l) 21.37 ± 5.0 19.42 ± 8.49 0.154

GGT (U/l) 16.94 ± 5.79 28.51 ± 21.4 0.004
Total bilirubin (mg/dl) 0.57 ± 0.06 0.58 ± 0.27 0.929

Direct bilirubin (mg/dl) 0.19 ± 0.01 0.22 ± 0.008 0.624

Creatinine (mg/dl) 0.89 ± 0.17 0.9 ± 0.32 0.744

MALB (mg/l) – 24.95 ± 29.61

PAR (pg/ml) 63.96 ± 38.04 108.38 ± 70.57 0.001
5mC (%) 0.566 ± 0.185 0.679 ± 0.246 0.144

5hmC (%) 0.037 ± 0.009 0.070 ± 0.037  < 0.001
5fC (%) 0.002 ± 0.002 0.006 ± 0.006 0.001
Insulin treated % (n) – 28 (17)
Metformin treated % (n) – 54 (33)
Incretins treated % (n) – 28 (17)

Fig. 1  PAR levels in diabetic and control individuals. Box-whisker plot 
of PAR amount in T2DM patients and control individuals (CT). Boxes 
show the median, the 25th and the 75th percentiles. Whiskers show 
the minimum and the maximum data point. **p ≤ 0.01 (Student 
t-test). N = 48 CT, 61 T2DM

Table 2  Multivariate regression analysis. PAR level, considered as 
a continuous trait, is the dependent variable

N = 61 T2DM subjects. Bold text indicates significant P values (≤ 0.05)

Unst. coeff Std. coeff P
B Beta

(Constant) − 155.59 0.032

Age 0.78 0.12 0.371

Gender 7.80 0.05 0.692

FBG − 0.42 − 0.26 0.117

HbA1c 34.28 0.82  < 0.001
GGT​ 0.42 0.13 0.404

r2 = 0.638 P = 0.009
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p = 0.002) and 5fC (Table  4, r2 = 0.58, p = 0.009), 
respectively.

Evaluation of PAR‑related differential methylation 
of candidate genes SOCS3, SREBF1, and TXNIP
We then evaluated the DNA methylation of three gene 
loci (SOCS3, SREBF1 and TXNIP), recently reported 
to be associated with T2DM and T2DM risk in whole 
blood epigenome-wide studies [33, 34]. We focused on 
the microarray probes emerged in these studies and we 
measured DNA methylation of the target loci by mass 
spectrometry-based bisulfite sequencing (Materials and 
methods). In our design, cpg18181703 corresponds to 
CpG 13 in SOCS3 amplicon (Fig. 4a), cpg11024682 cor-
responds to CpG 2 in SREBF1 amplicon (Additional 

file 1: Figure S1a) and cpg19693031 corresponds to CpG 
5 in TXNIP amplicon (Additional file  1: Figure S1b). 
This analysis showed the presence of an altered meth-
ylation profile in T2DM patients compared to controls, 
only for the SOCS3 gene. Specifically, multiple CpG 
sites (i.e. CpG 10, 11.12, 15.16, 17.18, 21, 28 and 29) 
showed reduced methylation levels in T2DM patients 
(Fig.  4b). Parallel gene expression analyses showed a 
significant upregulation of SOCS3 transcript levels in 
T2DM patients compared with controls (Fig.  4c). In 
contrast, no significant differences were found for the 
other genes (Additional file 1: Figure S1c–f ).

The relationship between SOCS3 DNA methylation 
and PAR levels in T2DM patients was then investigated. 
High PAR T2DM patients showed elevated SOCS3 gene 

Fig. 2  Receiver operating characteristics (ROC) and the corresponding area under the curve (AUC) for HbA1c as predictor for high-PAR levels in 
T2DM patients. The T2DM group median of PAR level was used as threshold for the binary classification of patients into the low- (N = 30) or high-PAR 
(N = 31) categories. aBased on nonparametric assumption. bNull hypothesis: real area = 0.5
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expression and decreased methylation levels—mostly 
in the CpG sites described above (i.e. CpG 10, 11.12, 
15.16, 17.18, 28 and 29) and in one additional site 
(i.e. CpG 13) (Additional file 2: Table S5). In high PAR 
T2DM subjects, most of these sites showed also a dif-
ferent methylation level compared to low PAR T2DM 
individuals and controls (i.e. CpG 11.12, 13, 15.16, 
17.18 and 28) (Additional file  2: Table  S5 and Fig.  5). 
Bivariate correlation analyses carried out in T2DM 
patients (Additional file  2: Table  S6) displayed that 

increased PAR levels associated with reduced methyla-
tion in multiple SOCS3 CpG sites (i.e. CpG 11.12, 13, 
15.16, 17.18, 28) and with up-regulated SOCS3 expres-
sion. In addition, the methylation level of most of these 
sites (i.e. CpG 11.12, 13, 28) also correlated negatively 
with the SOCS3 gene expression.

The BH correction confirmed most of the associations 
shown in the Additional file 2: Table S5 and S6, with the 
exception of the CpG sites 13 and 28 association with 
SOCS3 gene expression (Additional file 2: Table S6).

Evaluation of PAR‑related differential accumulation 
of active DNA de‑methylation intermediates in the SOCS3 
locus
The association between PAR levels and global accumula-
tion of active DNA de-methylation intermediates 5hmC 
and 5fC suggested that reduced CpG methylation and 
upregulation of SOCS3  may correlate with increased 
5hmC and 5fC in high PAR T2DM subjects. Therefore, 
to confirm this assumption we assessed 5hmC and 5fC 

Fig. 3  Levels of global 5mC, 5hmC and 5fC in control and T2DM 
individuals. Box-whisker plots of 5mC (a), 5hmC (b) and 5fC (c) 
percentage in genomic DNA. Boxes show the median, the 25th and 
the 75th percentiles. Whiskers show the minimum and the maximum 
data point. **p ≤ 0.01, ***p ≤ 0.001 (Student t-test). N = 48 CT, 61 
T2DM

Table 3  Multivariate regression analysis.  5hmC level is the 
dependent variable

N = 61 T2DM subjects. Bold text indicates significant P values (≤ 0.05)

Unst. coeff Std. coeff P
B Beta

(Constant) − 2.20E−02 0.738

Age 1.00E−03 0.30 0.131

Gender − 5.00E−03 − 0.06 0.801

FBG − 3.01E−04 − 0.32 0.142

HbA1c 5.00E−03 0.25 0.269

HDL − 1.00E−03 − 0.29 0.286

Triglycerides 1.43E−05 0.03 0.865

Total bilirubin 2.80E−02 0.19 0.343

PAR 3.26E−04 0.61 0.009
r2 = 0.888 P = 0.002

Table 4  Multivariate regression analysis.5fC level is the 
dependent variable

N = 61 T2DM subjects. Bold text indicates significant P values (≤ 0.05)

Unst. coeff Std. coeff P
B Beta

(Constant) − 7.00E−03 0.205

Age − 4.64E−05 − 0.112 0.505

Gender 1.00E−03 0.087 0.612

FBG 5.40E−06 0.048 0.803

HbA1c 2.00E−03 0.656 0.016
Total bilirubin 3.00E−03 0.185 0.343

PAR − 1.15E−06 − 0.019 0.938

r2 = 0.581 P = 0.009
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amounts in the SOCS3 locus of high PAR and low PAR 
T2DM subjects, and controls. We selected 10 subjects 
for each group, matched by age and gender and deter-
mined both the amount of 5hmC versus 5mC/unmethyl-
ated cytosine for specific CpG sites by MSRD assay and 
the amount of 5fC versus 5hmC within a DNA region 
encompassing SOCS3 CpG sites 5–16 (Fig. 4a) by using 
the mDIP assay.

The first analysis involved the CpG 16 (Fig. 4a), part of 
the CpG unit 15.16 that showed hypomethylation in our 
cohort of T2DM patients in relation to PAR level and 
the CpG 14 (Fig.  4a) as an invariant control site show-
ing no methylation changes (Additional file 2: Table S5). 
As shown in Fig.  6, the results confirmed that CpG 16 
was hypomethylated in high PAR compared to low PAR 
T2DM patients and controls, showing reduction of 5mC, 
accumulation of unmethylated cytosine and, moreover, 

a significant increase in the active de-methylation inter-
mediate 5hmC. As expected, no significant changes in 
5mC, 5hmC or unmethylated cytosine were detected in 
the CpG 14.

On the other side, the mDIP analysis evidenced that 
high PAR T2DM patients had significantly higher lev-
els of both 5hmC and 5fC compared to low PAR T2DM 
patients and controls, as shown by a greater immunopre-
cipitation of 5hmC- and 5fC-rich DNA fragments in this 
subgroup (Fig. 7).

Discussion
This study demonstrates that individuals with T2DM 
have higher PAR levels than age-, sex-comparable meta-
bolically healthy individuals, and that increased PAR 
is associated with high HbA1c levels independently of 
potential confounders. Moreover, in our study T2DM 

Fig. 4  DNA methylation and gene expression profiles of SOCS3 in control and T2DM individuals. (a) Schematic representation of the CpG sites 
distribution within the DNA region under investigation in the SOCS3 locus. The image indicates the location and extent of the region analysed in the 
EpiTYPER assay (filled and empty circles represent the analysed and unanalysed CpG sites, respectively) and the PCR amplicon used in the modified 
DNA immunoprecipitation assay (mDIP). The arrows indicate the CpG sites analysed in the methylation-sensitive PCR assay. Filled boxes represent 
exons. The genomic positions refer to the 2009 (GRCh37/hg19) genome assembly. (b) SOCS3 CpG methylation percentage in T2DM patients and 
controls. Data are mean ± SD. *p ≤ 0.05, **p ≤ 0.01 (Student t-test). (c) Box-whisker plots of SOCS3 mRNA levels in T2DM patients and controls. Boxes 
show the median, the 25th and the 75th percentiles. Whiskers show the minimum and the maximum data point. **p ≤ 0.01 (Student t-test). N = 48 
CT, 61 T2DM
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patients have greater 5hmC and 5fC levels compared 
to controls, and these alterations correlate with PAR 
levels and with poor glyco-metabolic profile in these 
individuals.

Increased PARylation may interfere with the dynamic 
balance between methylation and de-methylation, there-
fore, its upregulation may underpin DNA hypomethyla-
tion [35–39] and the increase in hydroxymethylation [40, 
41] observed in T2DM individuals with poor glycaemic 
control. The identification of high PAR levels in our pop-
ulation of T2DM patients is in line with previous data 
reporting PAR accumulation in blood cells [21] and skin 
biopsies [22, 24] from T2DM patients, substantiating the 
view that PARP activity is increased in human diabetes. 
The association of PAR level with HbA1c matches ear-
lier findings showing a positive correlation between PAR 
levels in skin biopsies and HbA1c in T2DM patients [24]. 
This further supports multiple evidence obtained from 
in-vitro and animal studies that identified high glucose as 
a major factor triggering activation of PARylation in dia-
betes [25, 30, 32, 42].

In contrast to previous findings [24], we did not detect 
an association between PAR and fasting glucose levels. 
This discrepancy may depend on the tissue-dependent 
dynamics of PARylation processes in response to fluctua-
tions in blood glucose[43].

In this study, we found higher global levels of the de-
methylation intermediates 5hmC and 5fC in T2DM 
patients. This result is in line with previous evidence 
obtained in both blood [40, 44] and cardiac cells [41] 

from subjects with T2DM. Given that 5hmC and 5fC 
serve as consecutive intermediates in the 5mC turnover 
process, their accumulation suggests that an active DNA 
de-methylation process may occur in presence of T2DM. 
Moreover, 5hmC and 5fC share a positive association 
with HbA1c and FBG, pointing towards the existence of 
a close association between poor glycaemic control and 
changes in the epigenome in patients with diabetes. Of 
note, high 5hmC levels are also associated with low HDL 
cholesterol and high triglycerides, suggesting a potential 
specific relationship between this de-methylation inter-
mediate and the presence of an altered lipid profile.

The detection of PAR-related accumulation of 5hmC 
and 5fC agrees with our previous observations describ-
ing PARylation as a negative regulator of DNA methyla-
tion. From this point of view, the increase of these 5mC 
oxidative intermediates could be indicative of an ongoing 
process of active DNA de-methylation induced by upreg-
ulated PARylation, as previously reported in physiologi-
cal [15, 19, 45] and pathological [32] contexts.

Alterations of global DNA methylation profile may be 
at the basis of key dynamic epigenetic states that impair 
the expression of diabetes-related genes, finally resulting 
in the manifestation of pro-inflammatory, insulin-resist-
ant phenotypes. In this context, we evaluated the differ-
ential methylation pattern of the candidate genes SOCS3, 
SREBF1, and TXNIP between T2DM patients and con-
trols, and found the presence of an altered methylation 
profile only for the SOCS3 gene. However, we cannot 
rule out that part of the EpiTyper signal for SREBF1 and 

Fig. 5  Levels of SOCS3 CpG methylation in low and high PAR T2DM patients and in control individuals. Box-whisker plot showing the methylation 
percentage of different SOCS3 CpG sites as detected by the EpiTYPER assay. Boxes show the median, the 25th and the 75th percentiles. Whiskers 
show the minimum and the maximum data point. Comparison between groups was performed by the Kruskal–Wallis test followed by the 
Dunn-Bonferroni post hoc test for pairwise comparisons. Significant differences are indicated by the asterisks. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. N  
= 48 CT, 30 low PAR, 31 high PAR 
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TXNIP genes may hide changes in 5hmC levels. In fact, 
this assay is based on treatment of DNA with bisulphite, 
which cannot discriminate between 5mC and 5hmC. 
In addition, non-findings for SREBF1 and TXNIP genes 
with respect to previous reports may be also ascribed 
to location effects and differences in cohort size and 
composition.

Focusing on SOCS3 gene, increased PAR levels associ-
ated with reduced methylation in multiple SOCS3 CpG 
sites and with up-regulated SOCS3 expression levels. 
Lastly, our results demonstrated that high PAR T2DM 

subjects had increased 5hmC and 5fC in  SOCS3 (CpG 
16 site) in comparison with low PAR T2DM subjects and 
controls.

Predominant hypomethylation of SOCS3 in T2DM 
subjects was inversely associated with both PAR and 
SOCS3 transcript levels, suggesting that increased PAR-
ylation may mediate between hypomethylation and 
upregulation of SOCS3 expression. On the other hand, 
the accumulation of 5hmC and 5fC supports the possibil-
ity that hypomethylation of SOCS3 is due to an active de-
methylation process in high PAR T2DM subjects.

Fig. 6  Methylation and hydroxymethylation status of SOCS3 CpG 14 and 16 in low and high PAR T2DM patients and in control individuals. 
Percentage of methylated (5mC), hydroxymethylated (5hmC) and unmethylated (C) cytosine as detected by methylation-sensitive PCR. Data 
are mean ± SD. Statistically significant differences as detected by ANOVA followed by the Bonferroni post-hoc test are indicated by the asterisks. 
*p ≤ 0.05, **p ≤ 0.01. N = 10 CT, 10 low PAR, 10 high PAR 
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The finding that SOCS3 methylation levels in low PAR 
T2DM patients did not differ from those measured in 
healthy controls suggests that such epigenetic changes 
are related to PARylation dynamics -which may occur in 
T2DM mostly in presence of poor glycaemic control- and 
not to diabetes per se.

There are several clinical implications deriving from 
the finding of altered SOCS3 methylation in T2DM indi-
viduals. First, SOCS3 is an important negative regulator 
of the insulin signalling pathway and SOCS3 upregulation 
has been involved in insulin resistance [46–50]. Moreo-
ver, hypomethylation of SOCS3 associated with T2DM 
risk and mediated the effect of important environmental 
factors such as obesity, sedentary time and stress [33, 34, 
51–54].

This study provides some new evidence on epigenetic 
processes occurring in diabetes. Investigating causes 
of alterations of DNA methylation in T2DM can pro-
vide relevant information for understanding the basis 
of disease and for the identification of novel therapeutic 
approaches and prevention strategies.

Our work has some limitations. First, this is an explora-
tory study with a cross-sectional design, and a cause-
and-effect relationship in our study findings cannot be 
established with certainty. Further studies are required 

to elucidate the molecular aspects linking unbalanced 
PARylation to DNA de-methylation in T2DM. Further-
more, analyses for this study were carried out in PBMC, 
as altered PARylation [21, 23, 55] and changes of meth-
ylation pattern [33, 34, 56, 57] have been both demon-
strated in these cells in presence of T2DM. However, we 
acknowledge that the use of PBMC may provide partial 
information on the overall DNA methylation profile, 
which is known to vary in relation to the cell type. Nev-
ertheless, mounting evidence indicates that diabetes-
related epigenetic changes in immune blood cells are 
associated with chronic inflammation [58] and partly 
mirror the deteriorated metabolic function of diabetes-
relevant tissues [59].

Conclusions
This work demonstrates the existence of a relationship 
between DNA methylation alterations in T2DM and 
hyper-activation of PARylation, via activation of the DNA 
de-methylation pathway, and links these molecular alter-
ations to impaired glycaemic control.

Although new research paths in the pursuit of mecha-
nisms underlying epigenetic deregulation in T2DM are 
needed, this finding may have significant implications on 
clinical practice. In the foreseeable future, specific epige-
netically defined subgroups of T2DM patients could be 
identified through PAR detection and benefit from the 
use of PARP inhibitors as “epigenetic drugs” for disease 
treatment.

Methods
Study population
This case–control study involved 109 male and female 
participants in the age range of 31–86 years comprising 
61 patients with T2DM and 48 age- and sex-matched 
healthy individuals as controls. The enrolment of dia-
betic subjects was carried out at the Diabetes Outpatient 
Clinic of the Umberto I Hospital, Sapienza University of 
Rome, Italy. The enrolment of controls was carried out at 
the Blood Donor Unit of the same Hospital.

Clinical evaluation
Study participants underwent medical history collection, 
clinical work-up and fasting blood sampling for routine 
biochemistry and experimental evaluations. Weight and 
height were measured with light clothes and without 
shoes and the body mass index (BMI, kg/m2) was then 
calculated. Waist circumference (cm) was measured mid-
way between the 12th rib and the iliac crest. Systemic 
systolic and diastolic blood pressure (SBP, DBP, mmHg) 
were measured after 5-min resting; three measurements 
were taken and the average of the second and third meas-
urements was recorded and entered in the analyses. 

Fig. 7  Enrichment of 5hmC and 5fC within SOCS3 locus in low and 
high PAR T2DM patients and in control individuals. Percent of input 
detected in 5hmC, 5fC and IgG immunoprecipitated DNA fractions 
in mDIP experiments. Data are mean ± SD. Statistically significant 
differences as revealed by ANOVA and the Bonferroni post-hoc tests 
are indicated by the asterisks. *p ≤ 0.05, **p ≤ 0.01. N = 10 CT, 10 low 
PAR, 10 high PAR 
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Diabetes mellitus has been diagnosed according to the 
American Diabetes Association 2020 criteria [60]. 53 out 
of 61 T2DM patients were under treatment with oral glu-
cose controlling agents, such as metformin (54%), incre-
tins (28%), and/or with insulin (28%).

Laboratory evaluations
Venous blood samples were collected after 12-h fasting 
for measuring blood glucose (FBG, mg/dl), glycosylated 
haemoglobin (HbA1c, mmol/mol, %), total cholesterol 
(mg/dl), high-density lipoprotein cholesterol (HDL, 
mg/dl), triglycerides (mg/dl), aspartate aminotrans-
ferase (AST, IU/l), alanine aminotransferase (ALT, IU/l), 
gamma-glutamyl transpeptidase (GGT, mg/dl), total 
bilirubin (mg/dl), conjugated bilirubin (mg/dl) and cre-
atinine (mg/dl) by centralized standard methods. Low-
density lipoprotein (LDL, mg/dl) cholesterol value was 
obtained using the Friedewald formula.

Morning urine samples were collected for albuminuria 
assessment (mg/dl).

Isolation of PBMC
Venous blood samples (6  ml) were collected in vacu-
tainer EDTA- containing tubes. PBMC were isolated by 
density gradient centrifugation using the Lymphoprep™ 
− 1.077  g/mL solution (Axis-Shield) according to the 
instructions of the manufacturer. The isolated cells were 
immediately processed or stored at − 80°C as pellets.

Assessment of PAR concentration in PBMC
In order to determine the net concentration of PAR, 
nuclear extracts were prepared from fresh PBMC sam-
ples and processed for PAR quantification by the use of 
the HT PARP in vitro Pharmacodynamic Assay II (Trevi-
gen) following the instructions of the manufacturer. Col-
lection of the chemiluminescent signal was performed by 
using the Victor X light plate reader (Perkin Elmer Inc.). 
PAR concentrations were calculated by using the stand-
ard curve method and a standard sample for PAR con-
centration supplied by the kit. The standard curve ranged 
from 10 t 1000  pg/ml. The r2 value for the linear curve 
fit was 0.993. In each experimental plate, samples were 
measured in duplicate and Jurkat cell lysates were used as 
an inter-run calibration sample.

Isolation of total DNA and quantification of global 5mC, 
5hmC and 5fC content
Total DNA was isolated from PBMC by using the DNeasy 
Blood and Tissue Kit (Qiagen) following the instruc-
tions of the manufacturer. Purified DNA was used to 
detect global content of 5mC (MethylFlash methylated 
DNA quantification kit, Epigentek), 5hmC (MethylFlash 
hydroxymethylated DNA quantification kit, Epigentek) 

and 5fC (MethylFlash 5-Formylcytosine (5-fC) DNA 
Quantification Kit). Collection of the chemiluminescent 
signal was performed by using the Victor X light plate 
reader (Perkin Elmer Inc.). The content of each cytosine 
modification in the samples was determined by using the 
standard curve method and a standard DNA sample sup-
plied by the kit. In each experimental plate, samples were 
measured in duplicate and positive DNA control sam-
ples, supplied by the manufacturer, were used as inter-
run calibration samples.

DNA methylation profiling of SREBF1, SOCS3 and TXNIP 
gene loci by the EpiTYPER assay
The methylation profiling of selected DNA regions in the 
SREBF1, SOCS3 and TXNIP genes was determined by the 
EpiTYPER assay (Sequenom), which measures the meth-
ylation ratio of the specific CpG sites or groups of adja-
cent CpG sites, termed CpG units. Genomic coordinates 
(GRCh37/hg19 assembly) of the analysed DNA regions 
are given in Fig.  4a and Additional file  1: Figure  S1A,B. 
PBMC DNA (500  ng) was bisulfite-converted using the 
EZ-96 DNA Methylation Kit (Zymo Research) with the 
following modifications: the incubation in the CT buffer 
was performed for 21 cycles of 15 min at 55 °C and 30 s 
at 95  °C; the elution of bisulfite-treated DNA was per-
formed with 100  μl of water. PCR amplifications were 
performed using the following bisulfite-specific pairs, 
designed by the EpiDesigner online software: SREBF1 
FP aggaagagagAGG​AGG​TAT​AGA​TTT​TGG​GTT​ATG​G, 
RP cagtaatacgactcactatagggagaaggctATA​AAA​AAC​TCC​
CTC​TTC​CAA​AAA​A; SOCS3 FP aggaagagagGTT​TGT​
TAT​ATT​TTG​TAG​GGA​GAG​GG, RP cagtaatacgactcac-
tatagggagaaggctACC​CAA​TCT​AAA​ACC​AAA​AAC​CTA​
C; TXNIP FP aggaagagagAAT​AGT​TTT​TGT​AAT​GGA​
GTG​TGG​G, RP cagtaatacgactcactatagggagaaggctAAA​
ACA​ATT​ACT​ACT​ACT​TTA​AAA​ACC​AAA​.

Amplicons were then processed according to Epi-
TYPER standard protocol. In each experimental plate, 
samples were measured in duplicate.

CpG‑specific quantification of 5hmC in the SOCS3 locus 
by methyl‑sensitive restriction digestion (MSRD)
The CpG-specific analysis of 5hmC content in the 
SOCS3 locus was performed by the EpiMark 5hmC 
and 5mC analysis kit (New England Biolabs), which is 
based on Glucosyl-5-hmC (5-ghmC)-sensitive restric-
tion endonucleases. The assay discriminates between 
5-ghmC and 5mC in the CpG site present in the tar-
get sequence (CCGG) of the methylation-sensitive 
restriction enzymes MspI and HpaII. The level of DNA 
methylation is then inferred from its differential sus-
ceptibility to restriction by MspI and HpaII after gluco-
sylation of 5-hmC. MspI can cut DNA when cytosine, 
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5mC or 5hmC is present at the recognition site. Con-
versely, the digestion is blocked when 5hmC is modi-
fied by the glucose addition. By contrast, HpaII activity 
is blocked by all these modifications, so it only cuts 
in the presence of unmethylated cytosine. The SOCS3 
CpG sites available to this analysis are shown in Fig. 4a 
(i.e. the CpGs 14 and 16).

The analysis was performed according to the manu-
facturer protocol. Briefly, purified total PBMC DNA 
was subjected to 5hmC glucosylation reaction for 16 h 
at 37  °C. Subsequently, the sample underwent diges-
tion with either the HpaII or the MspI for 16 h at 37 °C. 
After that, digested samples were diluted in water and 
used as templates for quantitative PCR reactions per-
formed by using the SYBR green MasterMix (BioLabs) 
and primer pairs recognizing the SOCS3 locus DNA 
regions containing the HpaII/MspI restriction sites of 
interest. The sequence of primer pairs used was as fol-
lows: CpG 14 FP CGA​GAA​GAT​CCC​CCT​GGT​GT, RP 
TGA​CGG​TCT​TCC​GAC​AGA​GA;

CpG 16 FP CGT​CTG​CCC​AGC​CACTC, RP ACA​
CCA​GGG​GGA​TCT​TCT​CG. In each experimental 
PCR plate, samples were measured in triplicate.

Quantification of 5fC and 5hmC in the SOCS3 locus by DNA 
immuno‑precipitation (mDIP)
Purified PBMC DNA was subjected to sonication (40% 
amplitude; 0.5 cycle, UP100H ultrasonic processor, 
Hielscher) to obtain fragments about 500–300 bp. Sub-
sequently, samples were heat-denatured for 10  min at 
95  °C and cooled on ice for 10  min. After dilution in 
IP buffer (10 mM Na-Phosphate buffer pH 7.0, 0.14 M 
NaCl, 0.05% Triton X-100), aliquots of the samples 
(2.5  µg) were used for immuno-precipitation by the 
addition of 1 μg of anti-5hmC, anti-5fC (Active Motif ) 
antibodies or normal rabbit/mouse IgG as control. The 
samples were then incubated for 16 h at 4 °C on a rotat-
ing platform. Immunocomplexes were recovered by the 
addition of 45  μl of the Protein-A or G agarose beads 
(Millipore), incubation for 2  h on a rotating platform 
at 4 °C and washing in the IP buffer. DNA was isolated 
from the samples by standard proteinase K digestion /
phenol–chloroform, extraction/ethanol precipitation. 
The obtained DNA was then subjected to qPCR ampli-
fication by using the SYBR green MasterMix (BioLabs) 
and primer pairs recognizing the SOCS3 locus (Fig. 4a). 
The primer pair sequence was the following: FP: TAT​
TAC​ATC​TAC​TCC​GGG​GGC, RP: GCA​GCT​GGG​TGA​
CTT​TCT​CAT. In each experimental PCR plate samples 
were measured in triplicate.

Gene expression analysis by reverse transcription–
quantitative PCR (RT‑qPCR)
Frozen PBMC pellets were thawed on ice and processed 
for RNA extraction and DNAse I digestion by using the 
RNeasy Mini Kit (Qiagen) according to the instructions 
of the manufacturer. RNA concentration, purity and 
integrity were evaluated as previously described [61]. 
Reverse transcription was carried out using the Super-
Script VILO cDNA Synthesis Kit (Life Technologies) on 
equal amounts of total RNA (1 μg).

SREBF1, SOCS3 and TXNIP mRNA levels were deter-
mined by quantitative PCR performed by using the SYBR 
green MasterMix (BioLabs). Gene expression was quan-
tified according to the relative calibrator normalized 
quantification method using the Hypoxanthine Phospho-
ribosyltransferase 1 (HPRT1) gene transcript as refer-
ence for normalization. An inter-run calibration sample 
was used in each plate to correct for technical variance 
between runs and to compare results from different 
plates. The calibrator consisted of cDNA prepared from 
HEK293T cells. In each experimental PCR plate, sam-
ples were measured in triplicate. The primers used in the 
assay were as follows: SREBF1 FP ACC​AGC​GTC​TAC​
CAT​AGC​CCT, RP CAT​TGA​GCA​GCC​AGA​CCA​CT; 
SOCS3 FP GGA​GAC​TTC​GAT​TCG​GGA​CC, RP GGA​
GCC​AGC​GTG​GAT​CTG; TXNIP FP TGT​TCA​TTC​CTG​
ATG​GGC​GG, RP GCT​TTG​GGG​ACC​ACA​ATT​CG; 
HPRT-1 FP TTG​GAA​AGG​GTG​TTT​ATT​CCTCA, RP 
TCC​AGC​AGG​TCA​GCA​AAG​AA.

Statistical analysis
All measurements were performed at least in triplicate 
for every participant and average values were used for the 
analyses. For continuous variables, normal distribution of 
data was verified by the Kolmogorov–Smirnov and Shap-
iro–Wilk normality tests.

Values are given as mean ± standard deviation (SD), 
median (interquartile range, IQ) or percentage, as appro-
priate. Groups were formed by aggregating individuals 
based on the presence of T2DM and bundling together 
the T2DM patients in two consecutive categories based 
on having levels of PAR, 5hmC or 5fC above or below 
the median value. Comparisons between two independ-
ent groups were performed by the Mann–Whitney test 
(when not normally distributed) or the Student t-test 
(when normally distributed) for continuous variables and 
χ2 test for categorical parameters. Comparisons between 
more than two subgroups were performed by the 
Kruskal–Wallis test, followed by pairwise comparisons 
by the Dunn-Bonferroni method. Bivariate correlations 
were explored by Pearson or Spearman (when not nor-
mally distributed variables are involved) r coefficients.
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In order to control for false discovery rate (FDR), 
the Benjamini–Hochberg procedure was applied at a 
FDR = 0.25.

Multivariable linear regression models were built to 
investigate the relationship of PAR, 5hmC or 5fC levels 
(entered as continuous dependent variables) with sex, 
age and metabolic parameters (entered as independ-
ent variables). The predictive value of PAR levels on the 
presence of T2DM was explored by receiver operating 
characteristic (ROC) curve adjusted for sex, age and 
potential confounders. All statistical analyses were car-
ried out using SPSS software (IBM SPSS Statistics Ver-
sion 23.0).
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