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A B S T R A C T   

Background: Type 2 diabetes mellitus (T2DM) is characterized by disrupted glucose homeostasis and metabolic 
abnormalities, with oxidative stress and inflammation playing pivotal roles in its pathophysiology. Poly(ADP- 
ribosyl)ation (PARylation) is a post-translational process involving the addition of ADP-ribose polymers (PAR) 
to target proteins. While preclinical studies have implicated PARylation in the interplay between oxidative stress 
and inflammation in T2DM, direct clinical evidence in humans remains limited. This study investigates the 
relationship between oxidative stress, PARylation, and inflammatory response in T2DM patients. 
Methods: This cross-sectional investigation involved 61 T2DM patients and 48 controls. PAR levels were deter
mined in peripheral blood cells (PBMC) by ELISA-based methodologies. Oxidative stress was assessed in plasma 
and PBMC. In plasma, we monitored reactive oxygen metabolites (d-ROMs) and ferric-reducing antioxidant 
power. In PBMC, we measured the expression of antioxidant enzymes SOD1, GPX1 and CAT by qPCR. Further, we 
evaluated the expression of inflammatory mediators such as IL6, TNF-α, CD68 and MCP1 by qPCR in PBMC. 
Results: T2DM patients exhibited elevated PAR levels in PBMC and increased d-ROMs in plasma. Positive asso
ciations were found between PAR levels and d-ROMs, suggesting a link between oxidative stress and altered PAR 
metabolism. Mediation analysis revealed that d-ROMs mediate the association between HbA1c levels and PAR, 
indicating oxidative stress as a potential driver of increased PARylation in T2DM. Furthermore, elevated PAR 
levels were found to be associated with increased expression of pro-inflammatory cytokines IL6 and TNF-α in the 
PBMC of T2DM patients. 
Conclusions: This study highlights that hyperactivation of PARylation is associated with poor glycemic control 
and the resultant oxidative stress in T2DM. The increase of PAR levels is correlated with the upregulation of key 
mediators of the inflammatory response. Further research is warranted to validate these findings and explore 
their clinical implications.   

1. Introduction 

Type 2 diabetes mellitus (T2DM) poses a significant global health 
challenge characterized by disrupted glucose homeostasis and 

associated metabolic abnormalities. Its pathogenesis involves a multi
faceted interplay of genetic and environmental factors, culminating in 
insulin resistance, hyperinsulinemia and impaired pancreatic beta-cell 
function [1]. Despite extensive research, the precise mechanisms 
driving T2DM and its complications are, in the main, still undetermined 
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[2]. 
Oxidative stress and inflammation are acknowledged as pivotal 

contributors to the pathophysiology of T2DM and its associated com
plications. Elevated levels of reactive oxygen species (ROS) and dysre
gulated inflammatory mediators have been implicated in the 
development of insulin resistance, beta-cell dysfunction, and vascular 
complications among diabetic individuals [3–6]. 

Understanding the intricate relationship between oxidative stress, 
inflammation, and metabolic dysregulation in T2DM is paramount for 
identifying new therapeutic targets and for improving patient outcomes. 

A central mechanism in the cellular response to oxidative stress is 
poly(ADP-ribosyl)ation (PARylation), a post-translational process 
involving the addition of ADP-ribose polymers (PAR) to target proteins 
by poly(ADP-ribose) polymerases (PARP) [7–9]. PARP-1 accounts for 
85 % of the PARP activity in most cellular systems and its activation 
occurs in response to DNA damage [10]. PARylation plays pivotal roles 
in DNA repair, multiple cellular homeostasis processes, and gene 
expression regulation [7–9]. However, hyperactivation of PARP in 
response to oxidative stress can compromise cellular function and 
exacerbate disease progression [11,12]. 

Different studies exploiting cellular and animal models of diabetes 
have shown elevated levels of PAR to be connected to hyperglycemia 
and subsequent oxidative stress in various tissues and cells [13–16]. 
Activation of PARylation has also been confirmed in diabetic patients 
[17–24], including those with T2DM [18,20–24], as well as in healthy 
individuals at risk of developing T2DM [23], and is associated with 
increased oxidative and nitrosative stress [17,19,23]. 

Excessive PARylation can cause multiple alterations in cellular 
function, including changes in metabolism and in cell survival, which 
can lead to long-term dysfunction and tissue damage [25–28]. Of 
particular interest is the evidence linking increased PARylation to the 
induction of pro-inflammatory cytokines, the activation of transcription 
factors NF-κB and AP-1, and the chemotaxis of immune cells [29–31]. In 
fact, excessive PARP-1 activity has been associated with various in
flammatory diseases such as cancer, arthritis, atherosclerosis, and 
neurodegenerative diseases. Similarly, excessive PARylation may pro
mote a chronic inflammatory state in diabetes, contributing to insulin 
resistance, vascular damage, and diabetic complications [29–31]. 
Furthermore, inhibition of PARylation or genetic deletion of PARP-1 can 
reduce inflammation and alleviate inflammation-associated complica
tions in experimental diabetic animals, as demonstrated in studies on 
cardiovascular complications [32–34]. 

Although oxidative stress is a primary trigger for the activation of 
PARylation and can promote an inflammatory response, the relationship 
between these molecular aspects has not been comprehensively exam
ined in the clinical setting of T2DM. 

The present case-control study investigates the association between 

oxidative stress, hyperactivation of PARylation, and the consequent 
alteration of the inflammatory response in individuals with T2DM 
compared to normoglycemic individuals. 

We have previously found in the same cohort that PAR level, indic
ative of PARP activity, was distinctively enhanced in the peripheral 
blood cells (PBMC) of T2DM patients, correlating with the severity of 
glycemic-metabolic imbalance, measured by glycated hemoglobin 
(HbA1c) [20]. Here, we hypothesize that the observed aberrant PAR 
metabolism in T2DM patients may stem from dysregulated oxidative 
stress, potentially leading to the activation of inflammatory pathways. 

Firstly, we explored the relationship between PAR levels in PBMC 
and the antioxidant/oxidant status of T2DM patients. We monitored 
reactive oxygen metabolites (d-ROMs) and the ferric reducing antioxi
dant power (FRAP) in plasma. Additionally, we assessed PBMC expres
sion of the antioxidant enzymes Catalase (CAT), Superoxide Dismutase 1 
(SOD1), and Glutathione Peroxidase 1 (GPX1), which are crucial for 
neutralizing ROS within the cells. In particular, we evaluated the po
tential causal relationship between dysregulated glucose metabolism, 
elevated PAR levels, and oxidative stress. 

Finally, in order to ascertain the existence of a relationship between 
PARP activation and the inflammatory response, we examined the as
sociation between PAR levels and the expression of key inflammatory 
mediators, such as interleukin-6 (IL6), Tumor necrosis factor-alpha 
(TNF-α), Cluster of differentiation 68 (CD68) and monocyte chemo
attractant protein-1 (MCP1) in PBMC from T2DM patients. 

Our findings indicate that in T2DM, persistent hyperglycemia is a 
stressful stimulus capable of increasing oxidative stress, as can be seen 
both at cellular and plasma level. Cellular responses to stress include 
increased PARP activity. The increased PAR level emerges as a signifi
cant predictor of increased IL6 and TNF-α levels, highlighting its role in 
regulating inflammatory pathways in T2DM. Therefore PAR may 
possibly represent an interface between oxidative stress and the acti
vation of inflammatory processes in T2DM. 

2. Methods 

2.1. Study population 

In this case-control study, 109 participants of both sex, aged between 
31 and 86 years, were included. The cohort comprised 61 individuals 
diagnosed with T2DM and 48 healthy controls matched for age and sex. 
Diabetic patients were recruited from the Diabetes Outpatient Clinic at 
the Umberto I Hospital, Sapienza University of Rome, Italy, while con
trols were selected from the Blood Donor Unit of the same hospital. 

Abbreviations 

ALT Alanine Transaminase 
AST Aspartate Transaminase 
BMI body mass index 
CAT Catalase 
CD68 Cluster of Differentiation 68 antigen 
DBP diastolic blood pressure 
d-ROMs derivatives of reactive oxygen metabolites 
FBG fasting blood glucose 
FRAP ferric reducing antioxidant power 
GGT Gamma-Glutamyl Transpeptidase 
GPX1 Glutathione Peroxidase 1 
HbA1c glycated hemoglobin A1c 
IL6 Interleukin 6 

MALB microalbuminuria 
MCP1 Monocyte Chemoattractant Protein-1 
PAR poly ADP-ribose 
PARylation poly(ADP-ribosyl)ation 
ROS reactive oxygen species 
SBP systolic blood pressure 
SOD1 Superoxide Dismutase 1 
T2DM type 2 diabetes mellitus 
TNF-α Tumor Necrosis Factor Alpha 
PBMC peripheral blood mononuclear cells 
PARP poly(ADP-ribose) polymerase 
U CARR Carratelli units 
TPTZ tripyridyltriazine 
FDR false discovery rate  
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2.2. Clinical evaluation 

Participants underwent comprehensive medical history assessment, 
clinical examinations, and fasting blood/morning urine collection for 
routine biochemical and experimental analyses. Anthropometric mea
surements including weight, height, and waist circumference were 
recorded. Body Mass Index (BMI) was calculated using weight and 
height. Systolic and diastolic blood pressure (SBP, DBP) were measured 
following a 5-min resting period, and the average of the second and third 
measurements was utilized. Diagnosis of diabetes followed the criteria 
outlined by the American Diabetes Association in 2020. Among the 
T2DM patients, 53 out of 61 were receiving treatment with oral glucose- 
lowering agents such as metformin, incretins, and/or insulin. 

Venous blood samples were collected after a 12-h fasting period for 
analysis of various parameters including blood glucose (FBG), glycosy
lated hemoglobin (HbA1c), lipid profile (total cholesterol, HDL choles
terol, triglycerides, LDL cholesterol calculated using the Friedewald 
formula), liver enzymes (AST, ALT, GGT), bilirubin (total and conju
gated), and creatinine. Morning urine samples were collected for 
assessment of albuminuria (MALB). 

2.3. Isolation of peripheral blood mononuclear cells (PBMC) 

Isolation of PBMC was performed as previously described [35]. 
Briefly, venous blood samples (6 ml) were collected in vacutainer 
EDTA-containing tubes. Plasma and PBMC were isolated via density 
gradient centrifugation over the Lymphoprep™ solution (density: 1.077 
g/ml) according to the manufacturer’s instructions. Isolated plasma and 
cells were either processed immediately or stored at − 80 ◦C for future 
use. 

2.4. Evaluation of PAR levels in PBMC 

To assess the concentration of PAR, nuclear extracts were prepared 
from freshly collected PBMC samples. PAR quantification was conducted 
using the HT PARP in vitro Pharmacodynamic Assay II kit from Trevigen, 
following the manufacturer’s protocol [36]. Chemiluminescent signals 
were recorded using the Victor X light plate reader from PerkinElmer 
Inc. PAR concentrations were determined using the standard curve 
method, with a standard PAR sample provided in the kit. The standard 
curve spanned from 10 to 1000 pg/ml, with an r2 value of 0.993 for the 
linear curve fit. Each sample was measured in duplicate on experimental 
plates, and Jurkat cell lysates served as an inter-run calibration sample 
to ensure consistency across experiments. 

2.5. Assessment of oxidative stress in plasma by the d-ROMs test 

Plasma levels of d-ROMs were measured using Diacron® commercial 
colorimetric assay kits (MC013/FREE d-ROMs Test) on the FREE Car
peDiem System analyzer (Diacron®, Grosseto, Italy), according to 
manufacturer’s instructions. The results of the d-ROMs analysis were 
expressed in Carratelli units (U CARR) where 1 U CARR corresponds to 
0.8 mg/l H2O2 [37]. 

In the colorimetric determination, the ROMs (primarily hydroper
oxides and ROOH), in presence of iron (that is released from plasma 
proteins by an acid buffer, the R2 reagent of the kit), are able to generate 
alkoxyl (R–O◦) and peroxyl (R–OO◦) radicals, according to the Fenton’s 
reaction. Such radicals, in turn, are able to oxidize an alkyl-substituted 
aromatic amine (A-NH2, that is solubilized in a chromogenic mixture, 
the R1 reagent of the kit) thus transforming them in pink-colored de
rivatives ([A-NH2

◦]+), which are photometrically quantified. 
The assay was performed on 20 μl of plasma in 1 ml of specific buffer 

added of 20 μl of the color-developing chromogen. 

2.6. Assessment of antioxidant power of in plasma by the FRAP assay 

FRAP assay [38] is a direct measurement of the total reducing power 
of a sample, representing an indirect index of the system ability to 
withstand the oxidative damage. It is a colorimetric method based on 
redox reactions, where antioxidants act as reductant molecules. The 
reduction of the complex Fe3+- tripyridyltriazine (TPTZ) to the ferrous 
form Fe2+-TPTZ is performed at low pH. The intense blue color devel
oped during the reaction is monitored by measuring the changes in 
absorbance at 595 nm by a Sunrise absorbance plate reader (Tecan Italia 
s.r.l, Segrate, MI). Each sample was analyzed in duplicate. Quantifica
tion was obtained by using a Fe2+ standard curve and results were 
expressed in μmol/l. 

2.7. Analysis of mRNA expression by RT-qPCR 

PBMC pellets, stored at − 80 ◦C, were thawed on ice and subjected to 
RNA extraction and DNase I digestion using the RNeasy Mini Kit (Qia
gen), following the manufacturer’s protocol. Assessment of RNA con
centration, purity, and integrity was conducted as described previously 
[39]. Subsequently, reverse transcription was performed utilizing the 
qPCRBIO cDNA Synthesis Kit (PCR Biosystems) on equivalent amounts 
of total RNA (1 μg). 

Quantitative PCR was carried out to determine specific mRNA levels 
using the qPCRBIO Master Mix (PCR Biosystems) and the following 
predesigned primers/probes: Hs_SOD1_2_SG for SOD1 (QuantiTect, 
Qiagen); Hs_CAT_1_SG for CAT (QuantiTect, Qiagen); Hs_GPX1_1_SG for 
GPX1 (QuantiTect, Qiagen); Hs00174128_m1 for TNF-α (Thermo Fisher 
Scientific); Hs02836816_g1 for CD68 (Thermo Fisher Scientific); 
Hs00174131_m1 for IL6 (Thermo Fisher Scientific); Hs00234140_m1for 
MCP1 (Thermo Fisher Scientific); and Hs00939627_m1 for GUSB 
(Thermo Fisher Scientific), which served as the reference gene transcript 
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, samples were 
measured in triplicate. 

2.8. Statistical analysis 

All measurements were conducted at least in triplicate for each 
participant, and mean values were utilized for subsequent analyses. To 
assess the distribution of continuous variables, normality was examined 
using both the Kolmogorov–Smirnov and Shapiro–Wilk tests. 

Data are presented as mean ± standard deviation (SD), or percent
age, as appropriate. Participants were categorized based on the presence 
of T2DM, and T2DM patients were further grouped into two consecutive 
categories based on their levels of PAR, d-ROMs, IL6, MCP1 or TNF-α, 
whether above or below the median value. Statistical comparisons be
tween independent groups were conducted using the Student t-test 
(normally distributed data) or Mann–Whitney test (non-normally 
distributed data) for continuous variables, and the χ2 test for categorical 
variables. Bivariate correlations were explored using Pearson’s r (nor
mally distributed data) or Spearman’s ρ (non-normally distributed var
iables) correlation coefficients. 

Multivariable linear regression models were constructed to investi
gate the relationship between PAR, IL6, MCP1 or TNF-α levels (entered 
as continuous dependent variables) and sex, age, and metabolic pa
rameters (entered as independent variables). 

The Baron and Kenny mediation analysis [40] was conducted to 
investigate whether d-ROMs mediated the relationship between HbA1c 
levels (predictor variable) and PAR levels (outcome variable) in T2DM 
patients, with age and sex serving as confounding factors. The signifi
cance of a mediation effect was tested by the Sobel method [41,42]. 

In order to control for false discovery rate (FDR), the Benjami
ni–Hochberg procedure [43] was applied at a FDR = 0.10. 

M. Zampieri et al.                                                                                                                                                                                                                               



Redox Biology 75 (2024) 103243

4

All statistical analyses were performed using SPSS software (IBM 
SPSS Statistics Version 23.0). 

3. Results 

3.1. Study population 

For the purposes of this study, we recruited 61 patients with T2DM 
and 48 normoglycemic individuals who served as a control group (CT). 
Table 1 presents a comprehensive overview of the key demographic, 
anthropometric, and clinical characteristics of the study participants. No 
significant differences in age or sex were observed between the two 
groups. Individuals with T2DM exhibited markedly higher body mass 
index (BMI), waist circumference, and systolic blood pressure (SBP). 
Regarding plasma metabolic parameters, T2DM patients had signifi
cantly higher levels of fasting blood glucose (FBG), glycated hemoglobin 
(HbA1c), and triglycerides. Total cholesterol, LDL cholesterol, and HDL 
cholesterol were significantly lower than those reported in the control 
group in line with the prevalence of statins treatment in T2DM patients 
(Statins treated individuals were 6 % of the CT and 33 % of the T2DM 
group, p = 0.005 after Pearson chi-square test). 

Additionally, T2DM patients demonstrated significantly higher 
gamma-glutamyl transferase (GGT) levels compared to controls. 

3.2. Oxidative stress markers and their association with PAR levels in 
T2DM patients 

T2DM patients displayed higher levels of PAR in PBMC (CT = 63.96 
± 38.04 pg/ml, T2DM = 108.38 ± 70.57 pg/ml, p = 0.001, q = 0.010), 

along with higher plasma levels of d-ROMs (CT = 293.60 ± 16.93 U 
CARR, T2DM = 369.06 ± 36.16 U CARR, p < 0.001, q = 0.010), 
compared to control individuals. Moreover, T2DM patients exhibited 
increased expression of CAT (CT = 1.88 ± 0.66 AU, T2DM = 2.53 ±
1.15 AU, p = 0.009, q = 0.064), and SOD1 (CT = 0.19 ± 0.10 AU, T2DM 
= 0.24 ± 0.11 AU, p = 0.013, q = 0.085) mRNA in PBMC (Table 1). 

When stratifying the T2DM cohort according to PAR levels (above 
and below the median PAR value of 86.87 pg/ml), we observed signif
icantly higher d-ROMs (low PAR = 357.76 ± 29.90 U CARR, high PAR 
= 400.78 ± 33.29 U CARR, p = 0.007, q = 0.050) and lower FRAP (low 
PAR = 587.57 ± 65.23 μmol/l, high PAR = 490.16 ± 83.36 μmol/l, p =
0.021, q > 0.10) in T2DM individuals with greater PAR levels (Table S1, 
Fig. 1). Bivariate correlation analysis confirmed the positive correlation 
between PAR and d-ROMs (r = 0.64, p < 0.001; q = 0.010) (Table S2). 

In multivariate analysis, increased d-ROMs emerged as the sole sig
nificant predictor of PAR (β = 0.77, p = 0.017) in T2DM patients, 
independently of age, sex, BMI, FBG, and HbA1c levels (F(6,13) = 5.388, 
p = 0.005, r2 = 0.713) (Table 2). 

3.3. Clinical and oxidative stress variables in relation to d-ROMs level in 
T2DM patients 

When stratifying the T2DM cohort according to d-ROMs levels 
(above and below the median d-ROMs value of 368 U CARR), elevated d- 
ROMs were associated with increased FBG (low d-ROMs = 123.50 ±
29.64 mg/dl, high d-ROMs = 155.87 ± 42.95 mg/dl, p = 0.008, q =
0.058) and HbA1c levels (low d-ROMs = 6.85 ± 0.95 %, high d-ROMs =
7.82 ± 1.41 %, p = 0.015, q = 0.093), as well as reduced CAT mRNA 
levels in PBMC (low d-ROMs = 2.71 ± 1.06, high d-ROMs = 1.97 ±
0.63, p = 0.047, q > 0.10) (Table S3). Bivariate correlation analysis 
confirmed the association of d-ROMs with FBG, (ρ = 0.46, p = 0.007, q 
= 0.054), HbA1c (ρ = 0.45, p = 0.008, q = 0.058) and CAT mRNA (r =
− 0.42, p = 0.031, q > 0.10), while indicated that higher d-ROMs were 
also linked to decreased FRAP (r = − 0.43, p = 0.020, q > 0.10) and 
SOD1 mRNA expression (r = − 0.39, p = 0.047, q > 0.10) (Table S4). 

3.4. Mediation analysis for the relationship between PAR and HbA1c via 
d-ROMs in T2DM patients 

The existence of a positive correlation between PAR and HbA1c [20], 
together with evidence suggesting a positive association between both 
variables and d-ROMs, led to the hypothesis that d-ROMs could mediate 
the relationship between elevated HbA1c levels and PAR in T2DM pa
tients. This hypothesis was tested using Baron and Kenny’s three-step 
mediation analysis method [40], with age and sex included as con
founding variables (Fig. 2). In step 1 of the mediation model, increased 

Table 1 
Characteristics of the study population.   

CT T2DM P 

N 48 61  
Age (years) 60 ± 8 63 ± 9 0.065 
Male % (n) 48 (23) 62 (38) 0.174 
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 ± 6.40 22.67 ± 13.51 0.184 
AST (U/l) 21.37 ± 5.00 19.42 ± 8.49 0.154 
GGT (U/l) 16.94 ± 5.79 28.51 ± 21.40 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 ± 0.01 0.624 
Creatinine (mg/dl) 0.89 ± 0.17 0.90 ± 0.32 0.744 
MALB (mg/l) – 24.95 ± 29.61  
PAR (pg/ml) 63.96 ± 38.04 108.38 ± 70.57 0.001* 
d-ROMs (U CARR) 293.60 ± 16.93 369.06 ± 36.16 < 0.001* 
FRAP (μmol/l) 565.40 ± 103.86 563.32 ± 83.93 0.389 
CAT mRNA (AU) 1.88 ± 0.66 2.53 ± 1.15 0.009* 
SOD1 mRNA (AU) 0.19 ± 0.10 0.24 ± 0.11 0.013* 
GPX1 mRNA (AU) 85.90 ± 50.44 82.29 ± 45.62 0.369 
CD68 mRNA (AU) 35.76 ± 10.33 57.23 ± 16.79 0.001* 
IL6 mRNA (AU) 1.25 ± 0.69 1.09 ± 0.84 0.674 
MCP1 mRNA (AU) 1.23 ± 0.70 1.13 ± 0.49 0.669 
TNF-α mRNA (AU) 1.29 ± 0.82 1.20 ± 0.48 0.756 

p value: Student t-test or Mann–Whitney U test (continuous variables) and chi- 
square test (prevalence, for categorical variables). Bold text indicates signifi
cant p values (≤0.05). The asterisk (*) indicates significant difference after the 
Benjamini-Hochberg correction procedure at a false discovery rate (FDR) of 0.1. 
Values are mean ± SD for continuous variables; percentage (number) for cate
gorical variables. 

Fig. 1. Levels of d-ROMs and FRAP in low and high PAR T2DM patients. 
Box-whisker plot showing the level of d-ROMs (A) and FRAP (B) in plasma of 
T2DM patients. Boxes show the median, the 25th and the 75th percentiles. 
Whiskers show the minimum and the maximum data point. The asterisk (*) 
indicates significant difference after the Student t-test. *p < 0.05; **p < 0.01. 
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HbA1c significantly predicted higher PAR level (β = 31.59, p < 0.001, 
total effect). Step 2 revealed that increased HbA1c also significantly 
predicted higher d-ROMs (β = 14.83, p = 0.002). Finally, in step 3 

HbA1c ceased to be a significant predictor of PAR level when d-ROMs 
were included as a control variable (β = 2.37, p = 0.736), while d-ROMs 
emerged as a significant positive predictor of PAR level (β = 0.75, p =
0.009). Consequently, as the effect of HbA1c on PAR vanished 
completely, d-ROMs were identified as fully mediating the effect of 
HbA1c on PAR. This mediation was statistically significant in the Sobel 
test [41,42] (β = 11.07, p < 0.028, indirect effect). 

3.5. Inflammatory mediators in relation to PAR levels in T2DM patients 

The comparison of mRNA expression levels of key inflammatory 
mediators in PBMC of T2DM patients, stratified based on PAR levels, 
demonstrated an association between elevated PAR level and height
ened expression of IL6 (low PAR = 0.57 ± 0.25 AU, high PAR = 1.77 ±
0.82, p < 0.001, q = 0.010) (Table S5 and Fig. 3). Bivariate correlation 
analysis confirmed the positive association between PAR and IL6 mRNA 
level (ρ = 0.82, p < 0.001, q = 0.010), further highlighting a positive 
association of PAR with MCP1 (ρ = 0.38, p = 0.021, q > 0.10) and TNF-α 
(r = 0.43, p = 0.011, q = 0.074) mRNA levels (Table S6). 

Several additional variables, beyond PAR, have been found to be 
associated with IL6, MCP1, and TNF-α levels in T2DM patients after 
stratification and correlation analysis. In T2DM patients stratified based 
on IL6 level (above and below the median IL6 mRNA value), elevated IL6 
expression was associated with higher HbA1c (low IL6 = 6.97 ± 0.77 %, 
high IL6 = 8.48 ± 1.71 %, p = 0.002, q = 0.012) (Table S7). Bivariate 
correlation confirmed higher HbA1c in association with higher IL6 (ρ =
0.46, p = 0.005, q = 0.044) (Table S8). 

In T2DM patients stratified based on MCP1 level (above and below 
the median MCP1 mRNA value), we observed a positive association of 
MCP1 expression with FBG (low MCP1 = 121.78 ± 32.93 mg/dl, high 
MCP1 = 160.47 ± 33.30 mg/dl, p = 0.001, q = 0.010), HbA1c (low 
MCP1 = 6.74 ± 0.91 %, high MCP1 = 8.53 ± 1.43 %, p < 0.001, q =
0.010), GGT (low MCP1 = 23.67 ± 11.32 U/l high MCP1 = 48.33 ±
30.82 U/l, p = 0.046, q > 0.10) and MALB (low MCP1 = 5.67 ± 5.58 
mg/l, high MCP1 = 31.01 ± 22.19 mg/l, p < 0.001, q = 0.010). In 
contrast, we found a negative association with mRNA of SOD1 (low 
MCP1 = 0.29 ± 0.12 AU, high MCP1 = 0.20 ± 0.09 AU, p = 0.029, q >
0.10.) and CAT (low MCP1 = 3.08 ± 1.46 AU, high MCP1 = 1.93 ± 0.83 
AU, p = 0.015, q = 0.093). Bivariate correlation analysis confirmed 
these associations (Table S8). In contrast, TNF-α mRNA level did not 
show any further association beyond the linear correlation with PAR 
mentioned above (Table S8). 

Multivariate linear regression models were then built to assess the 
predictive performance of PAR with respect to the variables associated 
with IL6, MCP1, and TNF-α levels (Tables S7 and S8) in T2DM patients. 
Regression models, adjusted for age, sex, BMI, and FBG, showed that 
PAR significantly predicted IL6 levels (β = 0.789, p < 0.001), indepen
dently of HbA1c levels (F(6,21) = 6.632, p < 0.001, r2 = 0.655) 

Table 2 
Multivariate regression analysis. PAR level is the dependent variable.   

Unst. Coeff. Std. Coeff.  

B Beta P 

(constant) − 329.03  0.093 
Age 0.80 0.19 0.378 
Sex 6.61 0.06 0.795 
BMI − 0.21 − 0.02 0.941 
FBG − 0.66 − 0.53 0.051 
HbA1c − 1.80 − 0.04 0.851 
d-ROMs 1.17 0.77 0.017 
FRAP 0.08 0.12 0.700  

Fig. 2. Mediation analysis model showing that d-ROMs mediate the effect 
of HbA1c on PAR level in T2DM patients. Path diagram for the indirect effect 
of HbA1c levels (independent variable) on PAR levels (dependent variable) 
through the mediator variable d-ROMs (upper panel) and for the total effect of 
the independent variable on the dependent variable (lower panel). Data are 
standardized regression coefficients, standard error and p value. 

Fig. 3. Transcript level of inflammation mediators in low and high PAR T2DM patients. Box-whisker plot showing the mRNA level of IL6 (A), MCP1 (B) and 
TNF-α (C) in PBMC of T2DM patients. Boxes show the median, the 25th and the 75th percentiles. Whiskers show the minimum and the maximum data point. The 
asterisk (*) indicates significant difference after the Student t-test. *p < 0.05; ***p < 0.001. 
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(Table 3), and TNF-α level (β = 0.514, p = 0.018) in T2DM patients (F 
(5,20) = 1.553, p = 0.041, r2 = 0.603) (Table 3). 

Variables associated with MCP1 were pre-selected by running a 
stepwise multivariate regression, with HbA1c identified as the primary 
predictor beyond PAR levels. Subsequently, the predictive performance 
of PAR and HbA1c for MCP1 in T2DM patients was tested using multi
variate regression analysis, adjusted for age, sex, BMI, and FBG (F(6,23) 
= 6.148, p < 0.001, r2 = 0.616). HbA1c level was found to predict MCP1 
levels independently of PAR levels (β = 0.624, p = 0.006) (Table 3). 

4. Discussion 

The main finding of this study is that the inefficient glycemic control 
in T2DM patients increases oxidative stress both at cellular and plasma 
levels and is associated with the activation of PARylation and upregu
lation of IL6 and TNF-α expression. This put forward a role of PARylation 
in interfacing oxidative stress with the inflammatory pathways in T2DM. 

Preclinical studies, conducted both in vitro and on animal models, 
have demonstrated that in the context of diabetes, PARylation acts as a 
key mediator between oxidative stress, resulting from prolonged hy
perglycemia, and the activation of a cascade of mediators that facilitate 
the inflammatory process [16,23,28,44–49]. However, direct clinical 
evidence on this correlation in human T2DM was limited up to this 
study. 

Consistently with data describing the activation of PARylation as a 
result of persistent hyperglycemia [49–51], we previously demon
strated, in the same case cohort as the present study, that high plasma 
HbA1c levels (>7.5 %) can predict higher PAR levels in the PBMC of 
T2DM patients [20]. Other studies reported that activation of PARP 
enzymes and accumulation of PAR were associated with DNA damage 
caused by oxidative stress, due to high glucose [16,49,51]. 

Here, we examine the association between increased PAR levels and 
oxidative stress in T2DM patients compared to controls and the influ
ence of elevated PAR in the inflammatory response. 

T2DM patients exhibit higher d-ROMs levels, molecules containing 
hydroperoxide groups, reflecting an excess of ROS in plasma. 

Furthermore, an increase in CAT, SOD1, and GPX1 expression, encoding 
key antioxidant enzymes was detected in PBMC. This could represent a 
compensatory mechanism of blood cells in response to elevated oxida
tive stress. These data are in line with previous studies that have out
lined an association between oxidative stress and T2DM [6,52]. 

However, the elevation of PAR levels in PBMC is associated with 
plasma markers of oxidative stress rather than cellular ones. In fact, as 
indicated by the positive association between PAR and d-ROMs and the 
negative association of PAR with FRAP, higher PAR levels appear to be 
correlated with an imbalance in the ratio of oxidants to antioxidants, 
favoring oxidants in the plasma of T2DM patients. 

Contrary to expectations, PAR levels do not correlate with CAT and 
SOD1 expression, despite these enzymes being elevated in T2DM pa
tients compared to controls. This discrepancy may be due to the 
complexity of the oxidative stress response and the distinct roles of 
PARylation and antioxidant enzymes. Cells use various mechanisms to 
counteract excess ROS, depending on the damage and context. PAR
ylation mainly aids DNA repair, while SOD1 and CAT detoxify ROS. Both 
processes also regulate signaling pathways and other cellular functions 
[53,54]. Variations in signaling pathways in T2DM and individual pa
tient differences (e.g., genetics, metabolic control, comorbidities) may 
further explain the lack of association between PAR levels and CAT and 
SOD1 expression. 

Significantly, d-ROMs were found to be the main predictor of higher 
PAR levels in T2DM patients, independently of clinical variables asso
ciated with T2DM, including HbA1c. This suggests a strong link between 
PAR metabolism and systemic oxidative stress inT2DM. 

Higher d-ROMs levels in T2DM patients were associated with 
increased FBG and HbA1c. In addition, d-ROMs were negatively asso
ciated with plasma FRAP and expression of CAT and SOD1 in PBMC. 
Taken together, these data suggest that higher d-ROMs in T2DM patients 
are linked to persistent hyperglycemia and compromised antioxidant 
defense both in plasma and in cells. 

The positive association of both d-ROMs and PAR with HbA1c, and 
the observation that d-ROMs act as a confounding factor in the associ
ation between PAR and HbA1c, prompted us to evaluate a potential 
cause-effect relationship among these three variables. Mediation anal
ysis confirmed this hypothesis, indicating that the positive association 
between HbA1c and PAR is mediated by d-ROMs. These results are 
consistent with the proposed mechanism for the activation of PARP 
enzymes in diabetes, in which they directly respond to ROS- induced 
DNA strand breaks where there is persistent hyperglycemia [16,49,51]. 

PARP enzymes act as a “cellular rheostat” that, as a consequence of 
stress signals, can promote diverse cellular responses [8,11]. Inflam
mation is a tissue response to stress caused by hyperglycemia, and 
PARylation is an important mediator in the inflammatory response [29, 
53,54]. It has been proposed that long-term, low-level chronic inflam
mation associated with the onset and/or worsening of several diseases, 
including diabetes, is largely dependent on PARylation, as demonstrated 
in various experimental models based on PARP enzyme inhibition or 
genetic deletion [54–56]. In line with these observations, studies on 
T2DM patients indicate that molecules that can counteract PARP en
zymes activation show efficacy in attenuating cytokine release by blood 
cells [57] and in improving skin vascular function [58]. 

In effect, PARP-1 enzyme is reported to act as a coactivator of tran
scription factors, such as NF-κB, AP1, and AP2, promoting the devel
opment of inflammatory processes through the upregulation of various 
inflammatory mediators, including TNF-α, MCP1, and several in
terleukins like IL6 [59–64]. Accordingly, we observed that higher PAR 
levels are associated with increased expression of IL6, TNF-α and MCP1 
in PBMC from T2DM patients. Significantly, PAR emerged as an inde
pendent predictor of TNF-α and IL6 expression, suggesting that PAR
ylation plays a role in activating the pro-inflammatory response in the 
clinical context of diabetes. However, we cannot rule-out that the in
crease in PAR level we observed is partly a consequence of inflamma
tion. In fact, it has been proposed that inflammation itself can cause 

Table 3 
Multivariate regression analysis. IL6, TNF-α and MCP1 mRNA levels are the 
dependent variables.   

Unst. Coeff. Std. Coeff.  

B Beta P 

(constant) 0.807  0.549 
Age − 0.007 − 0.084 0.584 
Sex − 0.111 − 0.059 0.685 
BMI − 0.011 − 0.068 0.625 
FBG 0.001 0.048 0.756 
HbA1c 0.005 0.009 0.966 
PAR 0.009 0.789 < 0.001 
Dependent variable: IL6   

(constant) 0.583  0.573 
Age 0.006 0.123 0.579 
Sex − 0.119 − 0.109 0.596 
BMI 0.003 0.029 0.89 
FBG − 0.002 − 0.133 0.518 
PAR 0.004 0.514 0.018 
Dependent variable: TNF-α   

(constant) − 0.648  0.381 
Age − 0.006 − 0.134 0.384 
Sex 0.063 0.062 0.668 
BMI 0.007 0.075 0.593 
FBG 0.004 0.301 0.067 
HbA1c 0.195 0.624 0.006 
PAR 0.061 − 0.035 0.851 
Dependent variable: MCP1   
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PARylation activation through an increase in ROS production. This can 
lead to a vicious cycle in which inflammation further stimulates PAR
ylation, which in turn amplifies inflammation [27,54,65]. 

Despite the significant findings and implications of this study, some 
limitations should be acknowledged. Firstly, although PBMC offer in
sights into immune cell-mediated processes, our data may not fully 
reflect the dynamics of PARylation and inflammation in target tissues 
relevant to T2DM pathophysiology, such as pancreatic β-cells and adi
pose tissue. 

Secondly, due to the cross-sectional design of the study, future ana
lyses, including longitudinal studies, are necessary to clarify the tem
poral relationships and causal pathways underlying the association 
between oxidative stress, dysregulated PARylation, and inflammatory 
response in subjects with T2DM. The observed associations are based on 
correlations, thus we cannot rule out the possibility of reverse causality, 
as inflammation may also cause oxidative stress and increased PAR
ylation. Furthermore, the increase in PAR, cytokines, and oxidant levels 
may simply be a coincidental consequence of a more severe disease. 
Although we controlled for confounding variables, residual confounding 
remains possible, considering factors that may influence oxidative stress 
like medication, diet, and physical activity. Finally, the study mainly 
used mRNA levels of antioxidant enzymes and inflammatory mediators, 
potentially overlooking protein activities. 

5. Conclusions 

This study sheds light on the intricate interplay between oxidative 
stress, dysregulated PARylation, and the inflammatory response in in
dividuals with T2DM. Our findings underscore the pivotal role of 
oxidative stress in driving aberrant PAR production, which may in turn 
contribute to the activation of inflammatory pathways in T2DM. Our 
study shows 1) a link between elevated PAR levels in PBMC of T2DM 
patients and increased oxidative stress markers in plasma, highlighting 
the association between hyperglycemia, oxidative stress, and increased 
PARylation; 2) an association between PAR levels and the expression of 
key inflammatory mediators such as IL6, and TNF-α in PBMC of T2DM 
patients, underscoring a possible role of PARylation in modulating the 
inflammatory response. 

These results may pave the way for future research efforts focusing 
on the development of new therapeutic interventions targeting PARP 
activity in T2DM management. 
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M. Brownlee, Inhibition of GAPDH activity by poly(ADP-ribose) polymerase 
activates three major pathways of hyperglycemic damage in endothelial cells, 
J. Clin. Invest. 112 (2003) 1049–1057, https://doi.org/10.1172/JCI18127. 

[29] S. Pazzaglia, C. Pioli, Multifaceted role of PARP-1 in DNA repair and inflammation: 
pathological and therapeutic implications in cancer and non-cancer diseases, Cells 
9 (2019), https://doi.org/10.3390/cells9010041. 

[30] E.K. Lee, P.A. Konstantinopoulos, PARP inhibition and immune modulation: 
scientific rationale and perspectives for the treatment of gynecologic cancers, Ther. 
Adv. Med. Oncol. 12 (2020) 1758835920944116, https://doi.org/10.1177/ 
1758835920944116. 

[31] X. Ba, N.J. Garg, Signaling mechanism of poly(ADP-ribose) polymerase-1 (PARP-1) 
in inflammatory diseases, Am. J. Pathol. 178 (2011) 946–955, https://doi.org/ 
10.1016/j.ajpath.2010.12.004. 

[32] M. Kassan, S.-K. Choi, M. Galán, A. Bishop, K. Umezawa, M. Trebak, S. Belmadani, 
K. Matrougui, Enhanced NF-κB activity impairs vascular function through PARP-1-, 
SP-1-, and COX-2-dependent mechanisms in type 2 diabetes, Diabetes 62 (2013) 
2078–2087, https://doi.org/10.2337/db12-1374. 

[33] E.M. Zakaria, H.M. El-Bassossy, N.N. El-Maraghy, A.F. Ahmed, A.A. Ali, PARP-1 
inhibition alleviates diabetic cardiac complications in experimental animals, Eur. 
J. Pharmacol. 791 (2016) 444–454, https://doi.org/10.1016/j. 
ejphar.2016.09.008. 

[34] P. Li, Y. Wang, X. Liu, B. Liu, Z.-Y. Wang, F. Xie, W. Qiao, E.-S. Liang, Q.-H. Lu, M.- 
X. Zhang, Loss of PARP-1 attenuates diabetic arteriosclerotic calcification via 
Stat1/Runx2 axis, Cell Death Dis. 11 (2020) 22, https://doi.org/10.1038/s41419- 
019-2215-8. 

[35] M.G. Bacalini, A. Reale, M. Malavolta, F. Ciccarone, M. Moreno-Villanueva, M.E. 
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