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Abstract: Cell-free nuclear (cf-nDNA) and mitochondrial (cf-mDNA) DNA are released from dam-
aged cells in type 2 diabetes mellitus (T2DM) patients, contributing to adverse cardiac remodeling,
vascular dysfunction, and inflammation. The purpose of this study was to correlate the presence
and type of cf-DNAs with HF in T2DM patients. A total of 612 T2DM patients were prescreened
by using a local database, and 240 patients (120 non-HF and 120 HF individuals) were ultimately
selected. The collection of medical information, including both echocardiography and Doppler
imagery, as well as the assessment of biochemistry parameters and the circulating biomarkers, were
performed at baseline. The N-terminal brain natriuretic pro-peptide (NT-proBNP) and cf-nDNA /cf-
mtDNA levels were measured via an ELISA kit and real-time quantitative PCR tests, respectively.
We found that HF patients possessed significantly higher levels of cf-nDNA (9.9 £ 2.5 umol/L vs.
5.4 £+ 2.7 pmol/L; p = 0.04) and lower cf-mtDNA (15.7 & 3.3 pmol/L vs. 30.4 £ 4.8 umol/L; p = 0.001)
than those without HE. The multivariate log regression showed that the discriminative potency of
cf-nDNA >7.6 umol/L (OR = 1.07; 95% CI = 1.03-1.12; p = 0.01) was higher that the NT-proBNP
(odds ratio [OR] = 1.10; 95% confidence interval [CI] = 1.04-1.19; p = 0.001) for HE. In conclusion,
we independently established that elevated levels of cf-nDNA, originating from NT-proBNP, were
associated with HF in T2DM patients.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is one of most significant risk factors of heart failure
(HF) in the general population [1]. The Framingham Heart Study revealed that T2DM
independently increases the risk of HF up to twofold and fivefold in men and women,
respectively, when compared with age-matched controls [2]. With respect to this, patients
with known HF demonstrate a two- to threefold increase in risk in regard to developing
T2DM [3]. The absolute risk for developing HF in younger patients with T2DM was
sufficiently higher than that observed in older participants with diabetes (14% vs. 7%)
included in the pooled population of the Framingham Heart Study, the Prevention of Renal
and Vascular End-stage Disease Study, and the Multi-Ethnic Study of Atherosclerosis [4].

By possessing a complex overlap in the underlying pathophysiological mechanisms—oxidative
stress, the metabolic memory phenomenon, glucose and lipid toxicity, hyperinsulinemia,
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insulin resistance, mitochondrial dysfunction, accelerating atherosclerosis, altered endothe-
lial tone regulation, and myocardial ischemia/necrosis—T2DM and HD exacerbate both
cardiac and vascular remodeling. Furthermore, each also significantly worsens the prog-
nosis of the other [5,6]. Despite well-developed approaches to antidiabetic therapies, a
persistence of hyperglycemia in T2DM patients continues to be a factor, which links to
progression in the metabolic abnormalities with adverse cardiac remodeling, thus resulting
in the high prevalence of HF in T2DM patients [7,8]. Glycemic variability, along with
additional cardiovascular risk (CV) factors beyond hyperglycemia, may contribute to an
increased HF risk and mortality in T2DM through several molecular mechanisms, including
oxidative stress-mediated neutrophil extracellular traps (NET) [9-11].

The immune milieu concerning the occurrence and natural evolution of HF in T2DM
patients include mitochondrial-mediated necrosis, autophagy-dependent cell death, apop-
tosis/ferroptosis, and immunogenic cell death, as well as cardiac and microvascular inflam-
mation, which partially result from NET [12]. The most important factors contributing to
cardiac myocyte death, apoptosis and necrosis, ischemia/reperfusion injury, extracellular
matrix remodeling, and endothelial dysfunction—which together play a crucial role in
the development of HF in T2DM—are released products, such as inflammatory cytokines,
chemokines, oxidative stress components, and cell-free DNAs [11,12]. Although the roles of
immunogenic reactions in regards to adverse cardiac remodeling with respect to HF with
concomitant T2DM is being actively investigated, its methods are not yet fully understood.

Moreover, cell-free DNAs (cf-DNAs) are extracellular circulating fragments of DNA,
derived from numerous cells under physiological and pathological conditions [13]. The
current nomenclature of cf-DNAs includes both the nuclear (n-cfDNA) and mitochondrial
(mt-cfDNA) variants, which exert their own function and possess different molecular
structures [14]. In addition, NET is a common process that corresponds to the occur-
rence of cf-DNA in circulation, mainly by playing a crucial role in the host defense and
innate immune reaction via its regulation of complement activities [15]. Moreover, NET
is involved in the pathogenesis of transplant rejection, autoimmunity, cancer metastasis,
acute myocardial infarction, and sepsis [16,17]. Along with these, cf-DNA can originate
not only from activated mononuclear cells—which are involved in NET—but also from
circulating pathogens, gut microbiota, cancer cells, and other human cells originating
damaged organs [14]. However, there is a large quantity of evidence indicating that NET
is induced by hyperglycemia, oxidized lipids, and inflammatory cytokines. This is in
addition to the fact that it contributes to the pathogenesis of diabetes and its complications,
such as microvascular inflammation, accelerating atherosclerosis, and thrombosis [18,19].
Indeed, among T2DM patients NET products such as extracellular fragments of DNA were
found to be significantly elevated. Further, their concentrations were correlated with the
presence of diabetes nephropathy and CV disease [20]. It is important to note that there
are two subpopulations of circulating cf-DNAs—nuclear (cf-nDNA) and mitochondrial
(cf-mtDNA)—which differ in their correspondence to NET [14]. Cf-nDNA characterizes
apoptosis and necrosis in close connection with NET activity, whereas cell-free mitochon-
drial DNA is an indicator of the non-selective permeability of cell membranes, which is due
to oxidative stress and mitochondrial dysfunction [20-22]. There is a large amount of evi-
dence relating to the fact that the progression of target organ damage in numerous diseases,
including T2DMV, is closely related to the circulating levels and clearance of cf-DNA [14].

In contrast to T2DM, the role of NET with respect to HF pathogenesis appears to be
controversial. Indeed, in acute ischemia-induced HF, damage-related molecular patterns
may intervene in pattern recognition receptors in order to cause NETs and worse myocardial
perfusion. However, it is still uncertain whether products of NET, such as cf-DNAs, directly
contribute to the adverse cardiac remodeling in T2DM patients [23]. Although there are
limited data regarding the discriminative potency of cf-DNAs among patients with HF,
cf-DNAs serve not only as a cause of T2DM-related complications, but also as a marker for
the risk of HF [24,25]. As such, the purpose of this study was to correlate the presence and
type of cf-DNAs with HF in T2DM patients.
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2. Materials and Methods
2.1. Study Patients

A total of 612 patients with T2DM were prescreened using a local database from the
Vita Center (Zaporozhye, Ukraine). By using specific inclusion criteria (i.e., male/female
with an age of >18 years; with established T2DM; with or without any phenotypes of
chronic HF; as well as informed consent to participate in the study), we enrolled 439 patients
with T2DM, with and without chronic HF (Figure 1). The exclusion criteria were: acute coro-
nary syndrome/myocardial infarction or unstable angina pectoris, recent stroke/transient
ischemic attack, known malignancy, severe co-morbidities (anemia, chronic lung and liver
diseases, known inherited and acquired heart defects, symptomatic severe hypoglycemia,
morbid obesity, systemic connective tissue diseases, autoimmune disease, cognitive dys-
function, and thyroid disorders), pregnancy, and type 1 diabetes mellitus or current insulin
therapy. Finally, we selected 240 patients with T2DM and divided them into two cohorts,
depending on whether or not chronic HF was present.

Prescreening 612 patients
with T2DM in local database Exclusion criteria:
Inclusion criteria: +  acute myocardial infarction or unstable angina pectoris,

male and female of age 2 18 years, «  recent stroke/TIA,
established T2DM with or without chronic HF, +  known malignancy / ongeing chemotherapy,
written informed consent to participate in the +  severe comorbidities (anemia, chronic obstructive pulmonary
study Selection of 439 patients disease, bronchial asthma, liver cirrhosis, valvular heart disease,

with T2DM secondary regurgitation, systemic connective tissue diseases,

autoimmune disease, symptomatic hypoglycemia, thyroid

disorders, morbid obesity),
cognitive dysfunction,

‘L +  type 1 diabetes mellitus,
ongoing insulin therapy,
240 patients with T2DM and *  pregnancy
with / without chronic HF *  patients ata list of surgery

l

120 patients with T2DM 120 patients with T2DM and
without chronic HF known chronic HF

i !

Determination of CV and metabolic risk factors, anthropometry, routine physical examination,
Echo-CG [ Doppler, biochemistry (fasting glucose, HbAle, creatinine, lipid profile, NT-proBNP),

estimation of GFR and HOMA-I, measurement of cell-free DNA.

Figure 1. Study design and procedure flow chart. Abbreviations—HF: heart failure; HbAlc: glycated
hemoglobin; HOMA-IR: homeostatic assessment model of insulin resistance; NT-proBNP: N-terminal
brain natriuretic pro-peptide; T2DM: type 2 diabetes mellitus; and TIA: transient ischemic attack.

2.2. Medical Information Collection

The basic clinical data (age, gender, height, weight, waist circumference, hip-to-waist
ratio (WHR), body mass index (BMI), and body surface area (BSA)), comorbidities (hy-
pertension, diabetes history, dyslipidemia, etc.), and smoking status were all collected.
Microalbuminuria was defined as albumin urine excretion in the range of 30-299 mg/g
of creatinine [26]. Furthermore, the T2DM and HF status were established according to
conventional clinical recommendations [27,28]. The European Society of Cardiology’s (ESC)
clinical guidelines were used in order to determine hypertension [29], dyslipidemia [30],
and coronary artery disease [31]. Chronic kidney disease in the T2DM patients was detected
in accordance with the Kidney Disease Improving Global Outcomes (KDIGO) Consensus
Report [32].
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2.3. Examination of Hemodynamics

The B-mode echocardiography and Doppler examinations of the patients were per-
formed by a blinded ultrasonographer using the Vivid T8 (“GE Medical Systems”, Freiburg,
Germany) diagnostic system in compliance with current guidelines [33,34]. The left ven-
tricular end-diastolic (LVEDV) and end-systolic (LVESV) volumes, as well as the left atrial
volume (LAV), were measured in the apical 4-chamber view. Moreover, the LAV index
(LAVI) was calculated as a ratio of LAV to BSA. The left ventricular (LV) ejection fraction
(LVEF) was estimated by the Simpson method. In addition, the diastolic parameters were
also calculated, included early diastolic blood filling (E), as well as the longitudinal strain
ratio (€) and their combined ratio (E/e). Furthermore, the estimated E/é ratio was ex-
pressed as the ratio equation of the E wave velocity to an averaged medial and lateral e’
velocity [34]. Instances of left ventricular hypertrophy (LVH) were detected according to
conventional recommendations [34], which used the LV myocardial mass index (LVMMI)
>125 g/m? or >110 g/m?, as a marker of LVH, in both males and females, respectively.

2.4. Blood Sampling and Biomarker Measures

The patients’ fasting blood samples were collected from an antecubital vein (3-5 mL)
and maintained at 4 °C. After centrifugation (3000 r/min, 30 min), the polled serum
aliquots were immediately stored at <—70 °C until required for analysis. The serum
concentrations of NT-proBNP and the high-sensitivity C-reactive protein (hs-CRP) were
determined via commercially available enzyme-linked immunosorbent assay (ELISA)
kits (Elabscience, Houston, TX, USA), according to the manufacturer’s instructions. All
ELISA data were analyzed according to the standard curve; additionally, each sample
was measured in duplicate, and the mean value was finally analyzed. Both the intra- and
inter-assay coefficient of variability for each biomarker were <10%.

Conventional biochemistry parameters were routinely measured at the local biochem-
ical laboratory of the Vita Center (Zaporozhye, Ukraine) using a Roche P800 analyzer
(Basel, Switzerland). In addition, we used the CKD-EPI formula in order to estimate the
glomerular filtration rate (GFR) [35]. Moreover, the insulin resistance was evaluated by
using the homeostatic assessment model of insulin resistance (HOMA-IR) [36].

2.5. Cell-Free DNA Extraction

In this study, we isolated the cell-free DNA from the 4 mL plasma samples by applying
the Biosystems MagMAX Cell-Free DNA Kit (Thermo Fisher Scientific, Wien, Austria),
according to the manufacturer’s instructions. Plasma samples were received from the
EDTA whole blood samples through two steps of centrifugation at 4 °C for each sample.
The first step included centrifugation at 2000x ¢ for 10 min. The plasma samples were
collected and transferred into silicon tubes for a second centrifugation (20,000x g at 4 °C,
for 5 min) in order to thoroughly remove the cell debris. Then, the supernatant was pooled
and eluted in a 2 mL Tris-EDTA-buffer. Next, it was quantified with a Nanodrop (ND-1000
Spectrophotometer v 3.7.1, Waltham, MA, USA) device via spectrophotometric analysis at
260/280 nm.

2.6. Measurement of Cell-Free DNAs in Plasma Samples

Real-time quantitative PCR (qPCR) assays targeting the human GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) gene (gene ID 2597) for the purposes of determining
cf-nDNA and the mitochondrial ATPase 8 gene (ID 4509) for cf-mtDNA were used for mea-
surement of the concentration of cell-free DNA. The length of the amplicons, which were se-
lected for the evaluation of cf-nDNA, was 97 and 229 bp, respectively. Regarding cf-mtDNA,
78 and 218 bp lengths were used. In order to estimate the fragmentation of cf-nDNA and cf-
mtDNA, we used a ratio between the longer and the shorter amplicons. The qPCR reactions
were carried out using SYBR Green Technology (Thermo Fisher Scientific, Waltham, MA,
USA). The sequences of the primers for the nDNA were the following: forward primer—
CCCCACACACATGCACTTACC and reverse primer—ATCAAACTCAAAGGGCAGGA;
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the forward primer for mtDNA—AATATTAAACACAAACTACC, and the reverse primer
for mtDNA—TGGGTGGTGATTAGTCGGTTG. In addition, we used 20 uL of the reaction
volume in total, which comprised: 0.1 mL of TagMan1Universal PCR Master Mix (Applied
Biosystems, Branchburg, NJ, USA); 0.5 mL of ultra-clear water; 0.25 puL of each of the
primers (Sigma-Aldrich, St. Louis, MO, USA); 1 uL of a FAM-labeled MT-ATP 8-probe; 1 uL
of a MVIC-labeled GAPDH probe; and 2 pL of Tris-EDTA buffer containing cell-free DNA
isolated from plasma. The concentrations of primers and probes in the reaction volume
were 0.6 umol/L and 0.4 umol/L, respectively. The negative control was 2 pL of Tris-EDTA
buffer. The measures were provided with the 7500 HT Real-time PCR System (Applied
Biosystems, Branchburg, NJ, USA) using the high-resolution melt software v. 2.0 (Applied
Biosystems, Branchburg, NJ, USA), according to conventional methods [37].

2.7. Statistical Analysis

Statistical analysis was executed by using SPSS 11.0 for Windows and the v. 9 Graph
Pad Prism (Graph Pad Software, San Diego, CA, USA). In addition, the continuous vari-
ables were expressed as the means (M) £ SD for the parametric data, median (Me), and
interquartile range [IQR], according to whether or not they were normally distributed.
Furthermore, the Kolmogorov-Smirnov test was used to check for normal distribution.
Moreover, the distribution of dichotomous values was assessed with the Chi-square test.
We also performed a t-test and a one-way analysis of variance (ANOVA), in conjunction
with the Tukey test, for the purposes of obtaining the comparisons of two or three variables
between cohorts, respectively. In addition, Spearman’s correlation coefficient (r) was used
for determining the correlations between the levels of cf-nDNA /cf-mtDNA and other
parameters. The predictors of HF were determined by univariate and multivariate logistic
regression analysis. We reported an odds ratio (OR) and 95% confidence interval (95% CI)
for each variable included in the regression analysis. The predictive value of cf-nDNA for
HF was reclassified using the integrated discrimination indices (IDI) and net reclassification
improvement (NRI). The differences were considered significant with a level of statistical
significance of p < 0.05.

3. Results
3.1. General Patient Characteristics

The entire patient population was composed of 240 patients (136 male, i.e., 56.7%, and
104 female, i.e., 43.3%) with an age average of 52 years (Table 1). The mean values with
respect to the body mass index (BMI), waist circumference, and waist-to-hip ratio (WHR)
were 25.2 + 2.9 kg/m?, 96.4 4 3.7 cm, and 0.86 & 0.06 units, respectively. The male patients
possessed a higher waist circumference (98.6 & 3.0 cm) and WHR (0.87 £ 0.04 units) than
the female patients (95.1 £ 3.5 cm and 0.84 & 0.05 units), respectively, with a p = 0.02 and
p = 0.01. The cardiovascular risk profile included: dyslipidemia (81.7%); hypertension
(63.3%); stable coronary artery disease (33.8%); smoking (40.8%); abdominal obesity (45.4%);
left hypertrophy (LV) (80.8%); chronic kidney disease, grades 1-3 (25.8%); and microalbu-
minuria (18.8%). Among the entire patient population, we noted the following medical
traits: 7.1% possessed a background with paroxysmal or persistent atrial fibrillation (AF),
15.8% possessed HF with a preserved ejection fraction (HFpEF), 15.4% possessed HF with
a mildly reduced ejection fraction (HFmrEF), and 18.8% possessed HF with a reduced
ejection fraction (HFrEF). Moreover, 33.8% of the patients demonstrated a I/II HF NYHA
class, and 16.65% indicated a IIl HF NYHA class. All of the patients were hemodynamically
stable and possessed an average LVEF that was equal to 55% (46-65%). In addition, the
patients possessed a left ventricular (LV) myocardial mass index (LVMMI) of 126 4- 9 g/m?
and a left atrial volume index (LAVI) of 39 mL/m? (33-47 mL/m?). Along with above, the
mean fasting glucose concentration, HbAlc, as well as the circulating level of NT-proBNP
and hs-CRP, were 6.09 mmol/L, 6.4%, 1043 pmol/mL, and 4.06 mg/L, respectively.
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Table 1. The baseline general characteristics of eligible T2DM patients.

Variables Entire Patient Cohort Patients without HF Patients with HF p Value
(n = 240) (n = 120) (n = 120)
Demographics and anthropomorphic parameters
Age, years 52 (40-65) 50 (40-61) 53 (42-66) 0.44
Male/female, n (%) 136 (56.7) /104 (43.3) 69 (57.5)/51 (42.5) 67 (55.8)/53 (44.2) 0.12
BM], 1<g/m2 252 +£29 25.8 +25 239 +2.0 0.26
Waist circumference, cm 96.4 + 3.7 979 4+ 3.8 9534+ 3.3 0.20
Male, cm 98.6 + 3.0 99.0 +2.7 972+ 2.6 0.78
Female, cm 95.1+35 95.7 + 3.0 945+24 0.84
WHR, units 0.86 £ 0.06 0.86 £ 0.06 0.85 £+ 0.04 0.82
Male, cm 0.87 + 0.04 0.88 + 0.05 0.87 + 0.03 0.90
Female, cm 0.84 + 0.05 0.84 + 0.03 0.85 + 0.04 0.90
Comorbidities and CV risk factors
Dyslipidemia, n (%) 196 (81.7) 99 (82.5) 97 (80.8) 0.78
Hypertension, n (%) 152 (63.3) 78 (65.0) 74 (61.7) 0.78
Stable CAD, n (%) 81 (33.8) 32 (26.7) 49 (40.8) 0.04
Paroxysmal/persistent AF, n (%) 17 (7.1) 4(3.3) 13 (10.8) 0.01
Smoking, n (%) 98 (40.8) 50 (41.6) 48 (40.0) 0.68
Abdominal obesity, n (%) 109 (45.4) 57 (47.5) 52 (43.3) 0.56
LV hypertrophy, n (%) 194 (80.8) 95 (79.1) 99 (82.5) 0.16
CKD 1-3 grades, n (%) 62 (25.8) 25 (20.8) 37 (30.8) 0.02
Microalbuminuria, n (%) 45 (18.8) 23 (19.2) 22 (18.3) 0.88
HF phenotypes and functional classification
HFpEEF, n (%) 38 (15.8) - 38 (32.0) 0.001
HFmrEF, n (%) 37 (15.4) - 37 (30.8) 0.001
HFrEE, n (%) 45 (18.8) - 45 (37.5) 0.001
I/II HF NYHA class, n (%) 81 (33.8) - 81 (67.5) 0.001
IIT HF NYHA class, n (%) 39 (16.6) - 39 (32.5) 0.001
Hemodynamic performance
SBP, mm Hg 131 +6 129 +7 132 +5 0.22
DBP, mm Hg 75+ 6 76 £5 74+ 6 0.64
LVEDV, mL 155 (129-168) 144 (126-158) 162 (154-170) 0.04
LVESV, mL 69 (49-87) 55 (47-64) 86 (80-93) 0.01
LVEF, % 55 (46-65) 62 (56-67) 46 (37-55) 0.01
LVMMI, g/m2 126 +9 108 +£5 154 +5 0.001
LAVI, mL/m? 39 (33-47) 34 (30-36) 43 (37-52) 0.01
E/e, unit 103 +£2.1 651+ 1.1 135+13 0.01
Biochemistry parameters
eGFR, mL/min/1.73 m? 74 +7 81+5 67 £ 6 0.02
HOMA-IR 6.87 £ 1.1 6.104+ 0.9 795+23 0.16
Fasting glucose, mmol/L 6.09+1.2 6.08 £ 0.8 612+ 1.3 0.62
HbAlc, % 6.40 + 0.10 6.20 + 0.05 6.59 + 0.02 0.58
Creatinine, umol/L 92.8 £9.7 774 £ 8.0 108.6 8.5 0.04
TC, mmol/L 5.92 £+ 0.90 5.48 + 0.40 6.43 &+ 0.60 0.05
HDL-C, mmol/L 0.98 + 0.16 1.01 £0.15 0.97 +0.17 0.48
LDL-C, mmol/L 3.63 +0.19 3.10 +0.14 4.38 +0.10 0.01
TG, mmol/L 1.92 +£0.16 1.80 +0.12 2.21+0.17 0.04
hs-CRP, mg/L 4.06 (2.51-6.90) 2.94 (1.88-3.76) 5.83 (3.12-7.22) 0.02
NT-proBNP, pmol/mL 1043 (0-2155) 56 (0-102) 2615 (1380-3750) 0.001
Concomitant medications

ACEI, n (%) 117 (48.8) 53 (44.2) 64 (53.3) 0.04
ARB, n (%) 20 (16.7) 11 (9.2) 9(7.5) 0.22
ARNI, n (%) 47 (19.6) - 47 (39.2) 0.001
Beta-blocker, n (%) 132 (55.0) 14 (11.7) 118 (98.3) 0.001
Ivabradine, n (%) 13 (5.4) - 13 (10.8) 0.001
Calcium channel blocker, n (%) 37 (15.4) 17 (14.2) 24 (20.0) 0.04
MRA, n (%) 45 (18.8) - 45 (37.5) 0.001
Loop diuretic, n (%) 123 (51.3) 5(4.2) 118 (98.3) 0.001

Antiplatelet, n (%) 81 (33.8) 32 (26.7) 49 (40.8) 0.04
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Table 1. Cont.

Variables Entire Patient Cohort Patients without HF Patients with HF p Value
(n = 240) (n = 120) (n = 120)
Anticoagulants, n (%) 17 (7.1) 4(3.3) 13 (10.8) 0.01
Metformin, n (%) 240 (100) 120 (100) 120 (100) 1.0
SGLT2 inhibitors, n (%) 177 (73.8) 57 (47.5) 120 (100) 0.001
Statins, n (%) 222 (92.5) 109 (90.8) 113 (94.2) 0.88

Notes: the data of variables are given as the mean + SD, as well as the median (i.e., 25-75% interquartile range).
The p-value is obtained through establishing the differences between patient cohorts. Abbreviations—ACEI:
angiotensin-converting enzyme inhibitor; ARB: angiotensin-II receptor blockers; ARNI: angiotensin receptor
neprilysin inhibitor; CAD: coronary artery disease; CKD: chronic kidney disease; BMI: body mass index; DBP:
diastolic blood pressure; E/e: early diastolic blood filling to longitudinal strain ratio; eGFR: estimated glomerular
filtration rate; HDL-C: high-density lipoprotein cholesterol; hs-CRP: high-sensitivity C-reactive protein; HFpEF:
heart failure with preserved ejection fraction; HFmrEF: heart failure with mildly reduced ejection fraction;
HFrEF: heart failure with reduced ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left
ventricular end-systolic volume; LVEF: left ventricular ejection fraction; LVMMI: left ventricle myocardial mass
index, left atrial volume index; LAVTI: left atrial volume index; LDL-C: low-density lipoprotein cholesterol; MRA:
mineralocorticoid receptor antagonist; SBP: systolic blood pressure; SGLT2: sodium glucose linked transporter 2;
cm: centimeter; TG: triglycerides; TC: total cholesterol; and WHR: waist-to-hip ratio.

There were no significant differences between the cohorts of patients in terms of age,
gender, BMI, waist circumference, WHR (including waist circumference and WHR by
gender). Nor were there any significant differences with respect to: the presence of dys-
lipidemia, hypertension, smoking, abdominal obesity, LV hypertrophy, microalbuminuria,
systolic and diastolic blood pressure, HOMA-IR, HbAlc, and high-density lipoprotein
cholesterol (HDL-C). On the contrary, patients from the HF cohort frequently possessed
AF (p = 0.01), CKD grades 1-3 (p = 0.02), and a stable CAD (p = 0.04). A total of 67.5%
and 32.5% of these patients demonstrated the I/II HF NYHA class and III HF NYHA class,
respectively. However, instances of HFpEF, HfmrEF, and HFrEF were detected in 32.0%,
30.8%, and 37.5% of patients, respectively. These patients possessed significantly lower
LVEF and eGFR, as well as higher cardiac volumes, LVMMI, LAVI], E/¢, levels of creatinine,
low-density lipoprotein cholesterol (LDL-C), triglycerides, hs-CRP, and NT-proBNP than
those without HF. The patients from both cohorts received conventional therapies, which
were adjusted according to their concomitant disease presence. In fact, the patients from the
HF cohort frequently received ACE inhibitors, angiotensin receptor neprilysin inhibitors,
beta-blockers, SGLT?2 inhibitors, the i/f blocker ivabradine, calcium channel blockers, miner-
alocorticoid receptor antagonists, loop diuretics, and antiplatelet/anticoagulants. However,
it must be noted that there were significant differences in terms of prescription frequency
between these cohorts regarding angiotensin-II receptor blockers, statins, and metformin.

3.2. The Levels of Circulating Cell-Free DNAs

The concentrations of cell-free nuclear and mitochondrial DNA in terms of the circulating
blood of patients from the entire population were 7.6 + 2.3 umol/L and 21.4 + 7.3 umol/L,
respectively (Figure 2). Among the patients with T2DM, with and without HF, the levels
of cell-free nuclear and mitochondrial DNA were significantly different. Moreover, the
T2DM patients with HF possessed significantly higher levels of cf-nDNA (9.9 4= 2.5 umol /L
versus 5.4 £ 2.7 umol/L; p = 0.04) and lower cf-mtDNA (15.7 £+ 3.3 pmol/L versus
30.4 = 4.8 umol/L; p = 0.001) than those without HF. The patients with HF exhibited
an overwhelming similarity in their levels of cf-mtDNA; whereas there was significant
difference regarding the levels of cf-nDNA among the patients with HFpEF versus those
who possessed HfmrEF /HfrEF (Figure 3).
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Figure 2. Plasma cell-free nuclear and mitochondrial DNA concentration by cohort. A box and
whisker plot shows the cell-free DNA concentrations in pmol/L at the median and 25-75% interquar-
tile range. A comparison of the variables was provided with a t-test. The p-value illustrates the
difference between T2DM patient cohorts, with and without HF. Abbreviations—T2DM: type 2
diabetes mellitus; HF: heart failure; n-DNA: nuclear DNA; and mt-DNA: mitochondrial DNA.
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Figure 3. Plasma cell-free nuclear and mitochondrial DNA concentration by HF phenotypes. A box
and whisker plot showing the cell-free DNA concentration in umol/L as the median and 25-75%
interquartile range. Comparisons of the variables were provided with an ANOVA Tukey test. The
p-values show differences among the T2DM patient cohorts who were with any of the phenotypes of
HF. Abbreviations—T2DM: type 2 diabetes mellitus; HF: heart failure; n-DNA: nuclear DNA; and
mt-DNA: mitochondrial DNA.
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3.3. Spearman’s Correlation between the Circulating Levels of Cell-Free DNA and
Other Parameters

In the entire group of patients, we found positive correlations between the levels of
cf-nDNA and NT-proBNP (r = 0.34; p = 0.001); LAVI (r = 0.30; p = 0.001); hs-CRP (r = 0.30;
p =0.001); E/e (r = 0.30; p = 0.02); microalbuminuria (r = 0.29; p = 0.01); NYHA class
(r=0.26; p =0.02); and TG (r = 0.24; p = 0.04), as well as a negative correlation with LVEF
(r = —0.33; p = 0.001). There was no association determined with respect to the levels
of cf-nDNA with: fasting glucose, the HOMA index, BMI, HbAlc, LDL-C, and TG. The
levels of cf-mtDNA were associated positively with LVEF (r = 0.31; p = 0.01) and negatively
associated with NT-proBNP (r = —0.36; p = 0.001), hs-CRP (r = —0.34; p = 0.001), NYHA
class (r = —0.30; p = 0.02), and LAVI (r = —0.30; p = 0.001). However, it must be noted that
there were no significant correlations between the levels of cf-nDNA and cf-mtDNA with
respect to concomitant medications.

In T2DM patients, the levels of cf-nDNA and cf-mtDNA correlated with hs-CRP
(r=10.32;p=0.001 and r = 0.28; p = 0.001, respectively), microalbuminuria (r = 0.32; p = 0.001
and r = 0.31; p = 0.01, respectively), and eGFR (r = 0.26; p = 0.01 and r = 0.24; p = 0.01,
respectively), but not with BMI. However, a positive correlation between cf-mtDNA and
HOMA was found (r = 0.28; p = 0.02) in this group. In regard to the T2DM patients with
HE, the levels of cfnDNA and cf-mtDNA correlated with: NT-proBNP (r = 0.36; p = 0.001
and r = —0.30; p = 0.001, respectively); LAVI (r = 0.30; p = 0.001 and r = —0.26; p = 0.01,
respectively); hs-CRP (r = 0.30; p = 0.001 and r = —0.24; p = 0.02, respectively); the NYHA
class (r =0.26; p = 0.02 and r = 0.26; p = 0.02, respectively); and LVEF (r = —0.33; p = 0.001
and r = 0.29; p = 0.01, respectively).

3.4. The Factors Associated with HF in T2DM Patients: The Univariate and Multivariate
Logistic Regression

We identified several factors that corresponded to HF in the T2DM patients by using the
univariate logistic regression model (Table 2). For this analysis, we used the median of the cell-
free n-DNA (7.6 umol/L) and the median of the cf-mtDNA (21.4 umol/L). We established that:
NT-proBNP (OR = 1.09; 95% CI = 1.05-1.16; p = 0.001); cf-nDNA > 7.6 pmol/L (OR = 1.05;
95% CI = 1.02-1.08; p = 0.02); cf-mtDNA < 21.4 umol/L (OR = 1.03; 95% CI =1.01-1.06;
p =0.04); and LAVI (OR = 1.05; 95% CI = 1.02-1.09; p = 0.02) were predicted with re-
spect to HF in the T2DM patients. The multivariate logistic regression yielded NT-
proBNP (OR = 1.10; 95% CI = 1.04-1.19; p = 0.001) and cf-nDNA > 7.6 pmol/L (OR =1.07;
95% CI = 1.03-1.12; p = 0.01), which remained independent predictors for HF.

Table 2. Factors influencing HF occurrence in the study population. The results of the univariate and
multivariate logistic regression analysis were adjusted to LVEF and AF.

Dependent Variable: HF

Variables Univariate Logistic Regression Multivariate Logistic Regression
OR (95% CI) p-Value OR (95% CI) p-Value
NT-proBNP 1.09 (1.05-1.16) 0.001 1.10 (1.04-1.19) 0.001
cell-free nDNA (>7.6 umol/L vs. <7.6 umol/L) 1.05 (1.02-1.08) 0.02 1.07 (1.03-1.12) 0.01
cell-free mtDNA (<21.4 umol/L vs. >21.4 pmol/L) 1.03 (1.01-1.06) 0.04 1.02 (1.00-1.05) 0.16
LAVI 1.05 (1.02-1.09) 0.02 1.03 (1.00-1.07) 0.050
E/e 1.02 (0.98-1.05) 0.86 -

Abbreviations—AF: atrial fibrillation; OR: odds ratio; CI: confidence interval; E/e: early diastolic blood filling to
longitudinal strain ratio; LVEF: left ventricular ejection fraction; LAVI: left atrial volume index; NT-proBNP: N-
terminal brain natriuretic pro-peptide; HF: heart failure; and NYHA: New York Heart Association.

3.5. Comparison of the Models

In order to compare the two models, we used an estimation of the area under the curve
(AUC), which showed a superiority with respect to the discriminative ability of cf-nDNA
when compared to NT-proBNP (p = 0.001) (Table 3). Nevertheless, the presence of cf-nDNA
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enhanced the risk differentiation by independently increasing the prognostic impact on HF
from the presence of NT-proBNP. However, we noticed that the discriminative value of the
combined biomarker model (NT-proBNP + cf-nDNA) was not better than that of cf-nDNA
alone (AUC =0.83; 95% CI = 0.74-0.92 vs. AUC = 0.80; 95% CI = 0.75-0.88; p = 0.80). Having
said this, it was still better than the reference model constructed using the NT-proBNP
levels detected in the peripheral blood.

Table 3. The comparisons of NT-proBNP and cell-free n-DNA discriminative potencies for HF.

Predictive Models AUC NRI IDI
M (95% CI) p-Value M (95% CI) p-Value M (95% CI) p-Value
NT-proBNP 0.67 (0.60-0.74) - Reference - Reference -
cf n-DNA 0.80 (0.75-0.88) 0.001 0.36 (0.30-0.43) 0.001 0.48 (0.43-0.54) 0.001
NT-proBNP + cf n-DNA 0.83 (0.74-0.92) 0.001 0.38 (0.35-0.42) 0.001 0.48 (0.42-0.55) 0.001

Note: The p-value was estimated in comparison to the reference model (NT-proBNP). Abbreviations—AUC: area
under curve; NT-proBNP: N-terminal brain natriuretic pro-peptide; cf-nDNA: cell-free nuclear DNA; CI: confi-
dence interval; M: median; IDI: integrated discrimination indices; and NRI: net reclassification improvement.

4. Discussion

The results of our investigation showed that the bidirectional changes in the circulating
levels of cf-DNA (i.e., an increase in cf-nDNA and a decrease in cf-mtDNA) in T2DM
patients were associated with hemodynamic performance. These were characterized by
adverse cardiac remodeling (LVEF, LAV], and E/¢), as well as corresponded to the indicators
of systemic inflammation (hs-CRP), cardiac stretching (NT-proBNP), the clinical status of
the patients (heart failure, NYHA functional class), and kidney damage (microalbuminuria,
estimated GFR). However, cf-nDNAs, but not cf-mtDNAs, were independently associated
with HF in the T2DM patient population. Furthermore, we established that cf-nDNA
appears to show better discriminative potency than NT-proBNP in the multivariate logistic
regression, which was adjusted to LVEF and AF.

Previous studies have tested a hypothesis in which the circulating cf-DNAs may be
promising biomarkers with respect to the microvascular complications of T2DM, such
as retinopathy and nephropathy [38-40], as well as skeletal muscle damage/myopathy
after exercise [41] and obesity [42]. However, the association of the cf-DNA profile with
macrovascular complications and cardiac remodeling, specifically due to a T2DM advance,
was incompletely understood [43]. It is, therefore, suggested that cf-DNA should serve
as an integrated part of HF patient management, as well as a surveillance tool for T2DM
patients with variable levels of the classic biomarkers of HF, such as NT-proBNP [21,44].
Indeed, NT-proBNP is a well-established circulating biomarker in HF, but its discriminative
values for mortality and morbidity differ significantly in patients with obesity vs. non-
obesity, T2DM versus non-T2DM, HfrEF versus HfpEF, and chronic kidney disease (CKD)
versus non-CKD [45,46]. Moreover, the circulating levels of natriuretic peptides, including
NT-proBNP in HF patients with T2DM, were frequently lower than those in non-T2DM
petients, regardless of HF phenotypes [45,47-49]. All of these are open perspectives with
respect to the discovery of novel biomarker-guided approaches in the management of
T2DM patients at risk of HF.

We hypothesized that the epigenetically modified circulating DNA fragments, which
are detected as cf-nDNA and cf-mDNA and associated with NET, can reflect adverse
cardiac remodeling due to the direct damage of cardiac myocytes and the inflammatory
condition, which is due to mitochondrial dysfunction. Consequently, in the circulation,
both fragments of cf-DNA occur, and their persistence was remarkably supported by
metabolic disturbances that were closely related to T2DM. Although the first part of this
hypothesis is successfully confirmed, surprisingly, we did not find a significant correlation
between the levels of cf-nDNA /cf-mDNA, nor with respect to HOMA, BMI, HbAlc, and
the fasting glucose levels within the entire population, nor in the T2DM non-HF patients.
However, the circulating levels of cf-nDNA mildly correlated with concentrations of TG
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in T2DM non-HF patients. Meanwhile, there are limiting data regarding the correlations
of any types of cf-DNAs with these metabolic parameters in T2DM. However, the many
factors contributing to insulin resistance—such as age, obesity, BMI, HbAlc, and fasting
glucose—are potential triggers for impaired mitochondrial structure and function, such
that they may interfere with NET [50-52]. Having said this, we did not observe any
interaction between the circulating levels of cf-mtDNA and cf-nDNA with respect to sex or
age. However, there is an obvious similarity between these issues in other studies [53].

Conversely, T2DM patients with HF demonstrated higher frequencies of AF, chronic
kidney disease (CKD), and coronary artery disease (CAD) than those who exhibited T2DM
without HF, whereas there was no significant difference in smoking between these groups.
When taking into consideration the fact that previous studies revealed that these concomi-
tant conditions were associated with elevated levels of cf-DNA [54,55], it is reasonable to
suggest that a profile of comorbidities including AF, CKD, and CAD may intervene in HF
through underlying mechanisms, which thus engage NET.

Along with the aforementioned, in each cohort of the patients enrolled in this study,
we established clear positive correlations between cf-nDNA and the inflammatory cytokine
hs-CRP, NT-proBNP, and LAVI, as well as a negative association with the global LVEFE.
However, in our study, positive associations of cf-mtDNA and HOMA were found in the
T2DM patients without HE. Previous studies have shown that cf-nDNA positively correlates
with hs-CRP, but the association of the levels in regard to the molecule in peripheral blood
that describe insulin resistance, such as HOMA, were found to be controversial [53,56].

Perhaps, with respect to the underlying mechanisms by which cfnDNA /cf-mDNA
were released into circulation in HF individuals, there may be a significant difference in
regards to those who had no HF. Indeed, all patients with T2DM included in the study were
treated with metformin, which is reported to decrease the levels of inflammatory cytokines
in diabetics. However, this effect was regarded, in the end, not to be powerful in HF patients
with concomitant T2DM. As such, we suggested that hs-CRP may directly induce NET in HF
patients, regardless of antidiabetic management, such that the basal levels of NET become
higher than those found in T2DM individuals without HF [57,58]. With respect to this,
Carestia A. et al. (2016) [58] reported that despite well-controlled levels of fasting glucose
and/or HbAlc among T2DM patients—as well as a tendency to a restoration of normal
values after six months of metformin treatment—the basal formation of NETs and the failure
of neutrophils to form these DNA structures after TNFo stimulation, along with a presence
of nucleosomes and DNA complexes in the plasma of the patients, continued to be retained
at a higher level than those found in healthy individuals [58]. Thus, the increased levels
of cf-nDNA in circulation within hemodynamically stable, well-treated T2DM patients
with HF can be caused by pro-inflammatory activation, which is beyond glycemic control.
However, we agree that hyperglycemia can worsen the already elevated baseline NET
in T2DM patients, which can increase its detrimental effects on cardiac myocytes and
vasculature [59]. Indeed, the variability of glycemia is considered a silent detrimental
factor with respect to NET formation when compared with true hyperglycemia [60]. In
addition, it stimulates oxidative stress and induces mitochondrial dysfunction, which
negatively influences cell membrane permeability and phagocyte activity. Perhaps this was
a primary reason for the changes in cf-mtDNA levels within the patients enrolled in our
study. In fact, it is reasonable to speculate regarding the causes of bidirectional changes
in cf-nDNA and cf-mtDNA in the patients through the context of providing conventional
treatment. However, cf-nDNA, but not cf-mtDNA, added predictive information to NT-
proBNP. As such, the underlying molecular mechanism by which NET intervenes in cardiac
remodeling was treated in accordance with the recommended guidelines. However, this
requires further elucidation. In other studies, low levels of cf-mtDNA were detected as
a biomarker in atherosclerosis and coronary artery disease patients with T2DM [61,62].
Perhaps cf-mtDNA may play an adaptive role in the regulation of phagocyte activity with
respect to antigen-presenting cells, whereby the low levels of cf-mtDNA may indicate tissue
damage due to oxidative stress [63].
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Although the lowered cf-mtDNA was important in regards to the HF associations, the
effect is not clearly observed in the discrimination between the various phenotypes of HE.
This is due to a borderline statistical significance (p = 0.06) between HFpEF and HFrEF.
Conversely, cf-nDNA is likely to be important in the discriminatory capability (p = 0.01)
between HFpEF and HFrEF. Perhaps the significance of this difference may also be disputed
in terms of non-diabetics in order to place the role of the altered proportion of cf-DNA in
the proper context for all HF patients, as cf-DNA could be an important diagnostic modality,
regardless of hyperglycemia. In regard to this connection, the altered interrelationship
between cf-nDNA and cf-mtDNA appears to be a promising indicator for the continuous
monitoring of HF evolution, although this hypothesis require further investigation. Last,
but not least, the obtained findings should be validated in a study with a larger sample size.
Furthermore, future studies should also endeavor to identify the economic burden for the
novel biomarker model when it is implemented in clinical practice. All these speculative
and problematic issues are likely to be addressed in further investigations. However, the
impact of metformin and the SGLT2 inhibitor, with respect to the circulating pool of NET
biomarkers, appears to be promising in the context of future studies.

5. Study Limitations

This study possesses several limitations. The first relates to the origin of DNA
molecules. Although certain molecular features, such as the pattern of methylation, the
proportion of circular and single-stranded forms, and the distribution of cell-free DNA
fragments, yield important information in regard to their tissue sources, such features also
reflect the severity with respect to the target organ damage. Regarding this, we assessed
a circulating pool of cf-nDNA and cf-mtDNA without categorizing their correspondence
to cardiac myocytes. This may be reasonable for HF patients with different etiologies and
variable signatures of concomitant disease, due to an impact of NET on the progression
of cardiac remodeling and where the manifestation of HF can be complex. Along with
the aforementioned, in this study, we used the median of circulating levels of cf-nDNA
and cf-mtDNA in order to perform univariate and multivariate logistic analysis. We did
not compare the sensitivity and specificity of different cut-offs for these molecules, even
though the other cut-off points may be a more optimistic tool for the purposes of reclassi-
fication analysis. The second limitation may stem from the design of the study, in which
the patients were enrolled proportionally according to the presence of HF, but were not
randomized. Moreover, a respectively small sample size can also be considered as one of
the study’s limitations. Notably, the cf-DNA, in response to ROS, underwent subsequent
fragmentation to smaller DNA fragments. We have chosen the primer pairs for cf-nDNA
and cf-mtDNA such that we could better identify the detectable molecules, which were
stable over a long period. As such, we neglected a portion of the small fragments of cf-DNA.
Therefore, we did not examine the methylation status to bind our findings with the target
genes. In the future, we will extend our investigation by conducting a randomization of
the larger population of HF patients, and we will not restrict this process to those who
possess T2DM. We believed that these limitations would not imply a serious impact on the
interpretation of the results of our study, but we still wish to emphasize the ways in which
we will investigate our hypothesis in the future.

6. Conclusions

In this study, we established that the elevated circulating levels of cf-nDNA, but not
cf-mtDNA, were independently associated with HF in T2DM patients due to the detection
of their levels of NT-proBNP. Moreover, the concentrations of both molecules engendered
mild-to-moderate associations with the global left ventricular function, hs-CRP, NT-proBNP,
and with the clinical status of the patients and the parameters of kidney damage. These
findings thus provide new perspectives in regard to the reclassification of T2DM patients
who are at a higher risk of HF, regardless of their phenotypes and clinical presentation.
However, a large clinical study is required in order to further investigate whether this
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hypothesis is valid. As such, this paper currently serves as a proof-of-concept for the
central hypothesis.
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