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Abstract
Background: Type 2 diabetes mellitus (T2DM) is associated with a hypercoagulable state and increased neutrophil

inhibitors.

thrombin generated.

botic state, especially hypofibrinolysis.

extracellular traps formation (NETosis). We investigated predictors of NETosis and cell death markers in circulating
blood and their association with a prothrombotic state in T2DM.

Methods: In a cross-sectional study involving 113 T2DM patients aged 63.7 + 8.2 years, we investigated citrullinated
histone H3 (H3Cit), cell-free deoxyribonucleic acid (cfDNA), myeloperoxidase, neutrophil elastase, and inflamma-
tion markers, along with thrombin generation (TG), plasma clot lysis time (CLT), clot permeability (K,) and fibrinolysis

Results: On multivariate logistic regression analysis adjusted for age and gender, predictors of high H3Cit (= 7.36 ng/
mL, upper quartile) were: glycated hemoglobin (HbA1c) > 7.0% and interleukin-6. Interleukin-6 was also found to

be a predictor of high cfDNA (> 2.84 ug/mL, upper quartile) along with glucose. Citrullinated histone H3 and cfDNA
correlated positively with CLT and inversely with K., while TG associated solely with cfDNA. These associations were
not seen with myeloperoxidase and neutrophil elastase. Patients with previous myocardial infarction (n =21, 18.6%)
had higher H3Cit (4-108%, p <0.001) and cfDNA (+45%, p=0.022). On multivariable analysis adjusted for potential
confounders, H3Cit and cfDNA, along with plasminogen activator inhibitor-1 and concomitant cardiovascular disease,
were predictors of CLT. Citrullinated histone H3 alone was a predictor of K, and only cfDNA was a predictor of peak

Conclusions: InT2DM, NETosis detectable in circulating blood is associated with inflammatory state and a prothrom-

Keywords: Type 2 diabetes, Fibrinolysis, Neutrophil extracellular traps, Fibrin clot, Cardiovascular disease

Background

A prothrombotic fibrin clot phenotype involves faster
formation of dense meshwork composed of thinner
and highly branched fibres which are relatively resist-
ant to plasmin-induced lysis [1]. A number of diseases
have been demonstrated to be associated with such
unfavourable clot properties, including type 2 diabetes
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mellitus (T2DM) [2]. Decreased clot permeability [3]
and impaired efficiency of fibrinolysis [4] in T2DM have
been attributed to multiple alterations, including elevated
plasminogen activator inhibitor 1 (PAI-1) [5] and throm-
bin activatable fibrinolysis inhibitor (TAFI) [6], increased
glycation of fibrinogen [7] and plasminogen [8], and
enhanced thrombin generation (TG) [9] in association
with low-grade systemic inflammation [4].

There is growing evidence showing that inflammation
and increased blood coagulation are in part related to
each other via formation of neutrophil extracellular traps,
NETosis [10]. NETs are structures composed of nuclear
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components such as histones and deoxyribonucleic acid
(DNA), and granule constituents, such as myeloper-
oxidase and neutrophil elastase (NE), which disarm and
kill bacteria extracellularly [11]. Addition of histones to
the plasma of healthy volunteers has been demonstrated
to stimulate TG [12]. In patients with coronary artery
disease (CAD), double-stranded DNA, nucleosomes,
citrullinated histone H4, and myeloperoxidase—-DNA
complexes, have been shown to positively associate with
formation of thrombin-antithrombin complexes [13]. In a
purified system, the addition of histone-DNA complexes
to fibrinogen has been shown to result in thicker, more
stable and rigid fibrin fibres and prolonged clot lysis [14].
It has been suggested that this effect may be DNA con-
centration-dependent [15], although in vitro NETs are
considered to display largely antifibrinolytic properties
[14].

Little is known about NETosis in T2DM. It has been
demonstrated that in vitro, a high glucose concentra-
tion may either impair [16] or increase [17] NETs forma-
tion. Moreover, enhanced inflammation, as evidenced by
elevated interleukin-6 (IL-6), promoted NETosis in vitro
[16]. Increased plasma nucleosomes, extracellular DNA,
and NE levels in association with glycated haemoglo-
bin (HbAlc) have been reported in patients with T2DM
compared with non-diabetic individuals [17]. To the best
of our knowledge, it is unclear whether NETosis, detecta-
ble in circulating blood, could contribute to a thrombotic
tendency, including the prothrombotic clot phenotype,
observed in T2DM patients.

Cardiovascular disease (CVD) and diabetic kidney
disease have been identified as factors associated with
increased extracellular DNA in a small group of 38
patients with T2DM [17], while metformin has been
found to reduce histones, DNA, and NE detectable in
the blood of patients with pre-diabetes [18] or newly-
diagnosed T2DM [19]. The impact of anti-diabetic agents
in patients with long-lasting T2DM on NETosis markers
has not been studied.

We aimed to investigate factors which determine
NETosis in T2DM and the contribution of circulating
markers of NETosis and cell death to a prothrombotic
state in patients with T2DM.

Methods

Study design

In this cross-sectional study, we enrolled Caucasian
patients aged > 18 years who fulfilled the World Health
Organization criteria for T2DM [20]. Patients were
recruited in Cracow, Poland, between October 2016
and July 2017. The exclusion criteria were as follows:
signs of acute infection, arterial or venous thrombo-
embolic events within the previous 6 months, current
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anticoagulant therapy, known cancer, recent trauma or
surgery, autoimmune diseases, and pregnancy. All sub-
jects provided written, informed consent. The Bioethics
Committee at the Jagiellonian University Medical College
approved the study.

Demographic and clinical data, including the time
since T2DM diagnosis, were collected at enrolment.
Arterial hypertension was diagnosed if a patient met
one of the following criteria: (1) a history of hyperten-
sion; (2) antihypertensive treatment prior to admission;
(3) consistent systolic or diastolic pressure > 140 mmHg
or >90 mmHg, respectively. CVD was defined as docu-
mented stable CAD, peripheral artery disease (PAD),
stroke or transient ischemic attack due to the vascular
disease confirmed by imaging [21]. CAD was diagnosed
in all patients who had previous myocardial infarction
(MI), underwent percutaneous coronary intervention,
or in all patients with signs and symptoms and positive
results of either non-invasive testing or invasive coronary
angiography [22]. Previous MI, ischaemic stroke, or pre-
vious revascularisation was established based on medical
records. PAD was diagnosed based on symptoms with
an ankle-brachial index<0.9, and prior revascularisation
[23]. For the detection of albuminuria, the threshold of
albumin-to-creatinine ratio (30 mg/g) was used [24] in
subjects without urinary tract infection symptoms.

Laboratory investigations

Fasting blood samples were obtained from antecubital
vein between 6 and 8 A.M. White blood cells, haemo-
globin, platelet count, fasting glucose, creatinine, ala-
nine aminotransferase, activated partial thromboplastin
time (aPTT), prothrombin time and lipid profile were
assayed by routine laboratory techniques. Glomerular
filtration rate (GFR) was calculated using the Chronic
Kidney Disease Epidemiology Collaboration equation.
High-sensitivity C-reactive protein (hs-CRP) was meas-
ured by latex-enhanced turbidimetric immunoassay
using a Cobas 6000 analyser (Roche Diagnostics GmbH,
Mannheim, Germany; Hitachi High-Technologies Cor-
poration, Tokyo, Japan). HbAlc was measured by high-
performance liquid chromatography using the Variant II
Turbo analyser (Hercules, CA, USA).

NETs components

Commercially-available ELISA kits were used to quan-
tify citrullinated histone H3 (H3Cit, Cayman Chemical,
Ann Arbor, MI, USA), neutrophil elastase (NE, Abcam,
Cambridge, MA, USA), myeloperoxidase, IL-6, and inter-
leukin 8 (IL-8, R&D Systems, Minneapolis, MN, USA).
Concentration of cfDNA was measured using the assay
kit (Invitrogen, Life Technologies, CA, USA) according to
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manufacturer’s instructions. High H3Cit and high cfDNA
were defined as H3Cit and cfDNA, respectively, in the
upper quartile.

Coagulation and fibrinolysis parameters

To obtain citrated plasma, blood samples were mixed
with 3.2% sodium citrate (9:1), centrifuged for 20 min
and stored at —80 °C. Fibrinogen was determined with
the von Clauss method. Plasminogen and a2-antiplasmin
were measured by chromogenic assays (Siemens,
Munich, Germany). Commercially available immunoen-
zymatic assays were used to measure plasma PAI-1 anti-
gen (Hyphen, Neuville-sur-Oise, France), TAFI (Hyphen,
Neuville-sur-Oise, France), thrombomodulin (Diagnos-
tica Stago, Parsippany, NJ, USA), P-selectin and platelet
factor 4 (R&D Systems, Minneapolis, MN, USA).

Calibrated automated thrombogram (CAT)

Assessment of the TG profile was performed as pre-
viously described [25]. Citrated plasma samples were
thawed at 37 °C for 3 min and 5 mg/mL corn trypsin
inhibitor was immediately added to achieve a 0.1 mg/
mL final concentration. Eighty pL of each plasma sam-
ple was added to a 96-well plate followed by addition of
relipidated tissue factor [26] at a final concentration of
5 pM. The fluorogenic substrate used was benzyloxy-
carbonyl-Gly-Gly-Arg-7-amido-4methyl-coumarin-HCl
(Z-GGR-AMC) (Bachem, Torrance, CA, USA). Twenty
millilitre of a 2.5 mM Z-GGR-AMC/90 mM CaCl, solu-
tion in HEPES-buffered saline was added to plasma
samples to achieve final concentrations of 417 uM and
15 mM, respectively. A 3 min incubation period at 37 °C
followed to allow recalcification of the plasma. Twenty
millilitre of a 120 uM phospholipid vesicle solution (25%
dioleoyl-sn-glycero-3-phospho-L serine and 75% 1,2-dio-
leoyl-sn-glycero-3-phosphocholine) (Avanti Polar Lipids,
Inc, Alabaster, Al) in HEPES-buffered saline was then
added to plasma samples to achieve a final concentra-
tion of 20 uM, thus initiating TG. Fluorescence readings
began immediately and hydrolysis of the AMC (7-amino-
4-methylcoumarin) substrate (at 370 nm excitation
and 460 nm emission wavelengths) was followed over a
3600 s period. Changes in fluorescence were converted to
thrombin concentration using a calibration curve built by
sequential dilutions of human thrombin (Haematologic
Technologies, Inc., Essex Junction, VT). Human throm-
bin was produced in-house [27]. The plate reader used
was the BioTek Synergy 4 and analysis was performed
using the Gen5 plate reader software (BioTek, Winooski,
VT, USA).
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Clot permeability and clot lysis time (CLT)

Fibrin clot permeability was determined as previously
described [28, 29]. Briefly, 20 mmol/L calcium chloride
and 1 U/mL human thrombin were added to 120 pL of
citrated plasma. After incubation in a wet chamber for
120 min, tubes containing the clots were connected to a
reservoir of a Tris buffer pH 7.5, and after washing, flow
rates of buffer through the fibrin clots were measured by
timing the permeation of consecutive drops through each
tube within 60 min and recording the weight of each drop
for exact volume. A permeation coefficient (K,), which
indicates the size of fibrin clot pores, was calculated from
the following equation: K,=QxL x n/t x AxAp, where
Q is the flow rate in time (t); L, the length of a fibrin gel;
1, the viscosity of liquid (in poise); A, the cross-sectional
area (in square centimetres), and Ap, a differential pres-
sure (in dynes per square centimetre).

CLT was measured as described [30]. Briefly, cit-
rated plasma was mixed with 15 mM calcium chloride,
10,000 x -diluted human tissue factor (Innovin, Siemens),
with a final concentration of 0.6 pM, 12 pmol/L phospho-
lipid vesicles (highly purified phosphatidylcholine, phos-
phatidylserine, and sphingomyelin from Rossix, Mélndal,
Sweden), and 60 ng/mL recombinant tissue plasminogen
activator (Boehringer Ingelheim, Ingelheim, Germany).
The mixture was transferred to a microtiter plate and
its turbidity was measured at 405 nm at 37 °C. Clot lysis
time was defined as the time from the midpoint of the
clear-to-maximum-turbid transition, which represents
clot formation, to the midpoint of the maximum-turbid
to-clear transition (representing the lysis of the clot).

Statistical analysis

Categorical variables were presented as numbers (per-
centages) and compared by Fisher’s exact test for
2 x 2 contingency tables (if 20% of cells have expected
count less than 5), Pearson’s chi-squared test was used
otherwise. Continuous variables were expressed as
mean =+ standard deviation or median (interquartile
range). Normality was assessed by the Shapiro—Wilk test.
Equality of variances will be assessed using the Levene’s
test. NETs markers were dichotomized into 2 groups by
using an upper quartile split. Differences between groups
were compared using the Student’s or the Welch’s ¢ test
depending on the equality of variances for normally dis-
tributed variables. The Mann—Whitney U test was used
for comparison of two non—normally distributed contin-
uous variables, while more groups were compared using
the Kruskal-Wallis test. Post-hoc comparisons were
made using the Steel-Dwass method. The association
between two continuous variables was assessed by Pear-
son’s or Spearman’s rank correlation. The odds ratio of
high H3Cit and cfDNA were determined by multivariate
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forward regression and presented with 95% confidence
interval (95% CI). To study determinants of TG, CLT and
K,, univariate and multivariate regression analyses were
performed. Multivariate models were fitted using back-
ward stepwise regression with the p <0.05 threshold stop-
ping rule. If variables correlated with r>0.5, only one of
them was included in the multivariate model. Receiver
operating characteristic curves and the area under the
curve (AUC) were used to analyse the discriminatory
power of CLT with respect to CVD. Two-sided p-val-
ues < 0.05 were considered statistically significant.

The study was powered to have a 80% chance of detect-
ing a 30% difference in cfDNA using a significance level
of 0.05, based on the values of cfDNA in T2DM patients
in the previous study [17]. To demonstrate such a dif-
ference or greater, 20 patients or more were required in
each group.

All calculations were performed with JMP®, Version
14.0.0 SAS Institute Inc., Cary, NC.

Results

The final analysis included 113 T2DM patients, 59
(52.2%) men and 54 (47.8%) women, aged between 39 and
79 years (mean 63.7 £8.2 years). Sixty (53.1%) patients
were treated with oral hypoglycaemic drugs, 32 (28.3%)
with insulin and oral drug, 13 (11.5%) with insulin, and
8 (7.1%) patients had only dietary therapy. HbAlc levels
ranged from 5.1 to 12.1% (median 6.9%, 52 mmol/mol).
Median time since T2DM diagnosis was 7.0 (3.0-15.0)
years. Among 53 (46.9%) patients with CVD, there were
21 (18.6%) with previous MI, 10 (8.9%) with PAD, and 5
patients (4.4%) suffered from stroke or transient ischemic
attack in the past. As expected, H3Cit correlated with
cfDNA (r=0.53, p<0.001). The two markers positively
associated with myeloperoxidase (r=0.36, p<0.001 and
r=0.26, p=0.006) but not with NE.

Associations with patient characteristics

Gender, BMI, and smoking did not associate with
NETosis markers. Patients with high H3Cit, defined
as>7.36 ng/mL (upper quartile), did not differ from the
remainder with regard to demographic data and comor-
bidities, except for MI being more prevalent among
patients with high H3Cit (Table 1). This was also the case
for patients with high cfDNA, defined as>2.84 pg/mL
(upper quartile). Patients following MI had higher H3Cit
(+108%; 8.57 [5.52-11.08] vs. 4.13 [2.97-6.39] ng/mL,
p<0.001, Fig. 1a) and higher cfDNA (+45%; 2.92 [1.57—
3.74] vs. 2.01 [1.53-2.67] pg/mL, p=0.022, Fig. 1b) when
compared with the remainder. Median time from the MI
was 7.0 (2.2-12.0) years. There was an inverse correlation
between cfDNA and time since MI (r=—0.69, p=0.001).
Regarding microangiopathic complications, patients with
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and without albuminuria did not differ in terms of circu-
lating markers of NETosis (data not shown).

Patients treated with metformin had longer time since
T2DM diagnosis (8.0 [4.0-15.0] vs. 5.0 [0.4—9.5] years,
p=0.020), increased H3Cit (4.70 [3.35-8.23] vs. 3.50
[2.21-6.22] ng/mL, p=0.010) and prolonged CLT
(97.424+19.26 vs. 87.59 +17.39 min, p=0.020), irrespec-
tive of HbAlc and fasting glucose levels, which were
comparable among those two groups of patients. Con-
versely, cfDNA was unaffected by metformin therapy.
Treatment with aspirin or statin was not associated with
lower H3Cit or ¢fDNA (data not shown).

Patients with high H3Cit did not differ in regard to rou-
tine laboratory test results compared with the remainder
(Table 1). Higher HbAlc (4+15.6%) and fasting glucose
(4+20.4%) were observed in patients with high cfDNA
when compared with the rest of the study group (Table 1).
Cell-free DNA was higher in patients with HbAlc in
the third quartile when compared to those in the first
quartile (+49.4%, p=0.012, Fig. 2a). Concentrations of
cfDNA were higher in patients with fasting glucose in
the third and fourth quartiles compared with those in the
first quartile (+43.2%, p<0.001 and +51.1%, p=0.006,
respectively, Fig. 2b). cfDNA correlated with fasting
glucose (r=0.415, p<0.001, Fig. 3a) and with HbAlc
(r=0.283, p=0.003, Fig. 3b). HbAlc>8.0% was associ-
ated with approximately 2.5-fold greater odds of having
high cfDNA (OR 2.55, 95% CI 1.04—6.29, p=0.040).

Predictors of H3Cit and cfDNA

On multivariate logistic regression analysis adjusted
for age and gender, predictors of high H3Cit in T2DM
patients were: HbAlc>7.0% (OR 5.21, 95% CI 1.34—
24.83, p=0.016) and IL-6 (OR 2.40, 95% CI 1.76-3.61,
p<0.001). Interleukin-6 was also found to be a predic-
tor of high ¢fDNA (OR 1.60, 95% CI 1.27-2.10, p<0.001)
along with glucose (OR 1.62, 95% CI 1.27-2.14, p<0.001).

Associations with coagulation, fibrinolysis,

and inflammatory markers

H3Cit correlated weakly with fibrinogen, plasminogen,
PAI-1, and TAFI (all r<0.25, all p<0.05; Table 2). cfDNA
showed similar weak correlations with PAI-1 and TAFL
Patients with high H3Cit trended to have slightly higher
thrombomodulin (47%, Table 2). Importantly, H3Cit
and cfDNA inversely correlated with K, (r=—0.431 and
r=—0.381, both p<0.001, Fig. 3¢, d), while there were
strong positive associations of both H3Cit and cfDNA
with CLT (r=0.590 and r=0.457, both p<0.001, Fig. 3e,
f, Table 2). cfDNA, but not H3Cit, correlated with peak
thrombin (r=0.391, all p<0.001, Table 2), but not with
other TG parameters. Myeloperoxidase correlated
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Table 1 Comparison of patient characteristics in relation to citrullinated histone 3 (H3Cit) and cell-free deoxyribonucleic

acid (cfDNA)
Variable Patients Patients p-value Patients Patients p-value
with H3Cit>7.36  without H3Cit<7.36 with cfDNA > 2.84 g/ with cfDNA < 2.84 pg/
ng/mL (n=28) ng/mL (n=84%) mL (n=28) mL (n=84%)
Demographic data
Age, years 646+7.1 63.5+86 0.52 63.1+74 640+85 063
Male gender, n (%) 11(39.3) 47 (55.9) 0.12 13 (46.4) 45 (53.6) 0.51
BMI, kg/m? 30.5(27.4-37.8) 325(29.6-36.8) 0.11 32.1(29.5-37.7) 32.0(29.1-36.2) 0.61
Type 2 diabetes data
HbA1c, % 7.55 (6.23-8.58) 6.80 (6.00-8.20) 0.18 7.80 (6.73-8.90) 6.70 (6.00-8.00) 0.006
HbA1c, mmol/mol 57.0 (43.0-69.4) 51.0 (42.0-66.1) 0.29 61.0 (50.0-70.5) 50.0 (41.0-64.0) 0.010
Time since type 2 diabetes 7.5 (5.0-17.5) 7.0(23-12.8) 0.16 7.0(5.0-18.5) 7.0(2.5-12.0) 0.19
diagnosis, years
Comorbidities, n (%)
Current or former smoking 4(50.0) 48 (56.5) 0.66 3 (464) 49 (57.6) 0.38
Arterial hypertension 27 (96.4) 77 (91.7) 0.68 27 (96.4) (9 7) 0.68
Cardiovascular disease 16 (57.1) 36 (42.9) 0.19 5(53.6) 7 (44.1) 0.38
Previous myocardial 1(39.3) 9(10.7) <0.001 0(35.7) (1 9) 0.004
infarction
Family history of 9(32.1) 21(25.0) 046 4(143) 26 (31.0) 0.63
cardiovascular disease
Heart failure 4(143) 4(4.8) 0.11 3(10.7) 5(6.0) 041
GFR<60 mL/min/1.73m? 4 (14.3) 12(14.5) 1.0 6(21.4) 10(12.1) 0.22
ACR> 30 mg/g creatinine 6(214) 15(17.9) 0.74 3(10.7) 18(21.2) 0.18
Medication, n (%)
Aspirin 18 (64.3) 55 (65.5) 091 19 (67.9) 54 (64.3) 0.73
Clopidogrel 4(143) 5(59) 0.22 4(14.3) 5(5.9) 022
B-blocker 0(71.4) 61(72.6) 0.90 21(75.0) 60 (71.4) 0.71
Statin 9(67.9) 55 (65.5) 0.82 19 (67.9) 5(65.5) 0.81
ACEI 6(57.1) 46 (54.8) 083 18 (64.3) 44 (52.3) 0.27
Angiotensin receptor 1(39.3) 24 (28.6) 0.29 8(28.6) 7(32.1) 0.72
blocker
Calcium antagonist 15 (53.6) 33(39.3) 0.19 13 (46.4) 5(41.7) 0.66
Thiazide diuretics 10 (35.7) 26 (30.9) 0.64 9(321) 27 (32.1) 1.0
Indapamide 5(17.9) 21(25.0) 0.44 5(17.9) 21(25.0) 0.44
Loop diuretics 7(25.0) 14 (16.7) 033 7(25.0) 4(16.7) 033
Hypoglycemic treatment, n (%)
No hypoglycemic drugs 0(0) 8(9.5) 0.20 13.6) 7 (8.3) 0.68
Oral drug 16 (57.1) 44 (52.4) 0.39 15(53.5) 45(53.6) 0.78
Insulin 3(10.8) 9(10.7) 0.66 3(10.8) 9(10.7) 0.66
Insulin and oral drug 9(32.1) 23 (27.4) 0.63 9(32.1) 23 (27.4) 0.64
Laboratory investigations
White blood cells 677(572-887) 732 (645-8:49) 036 6.72(578-8.17) 732 (645-8.54) 0.19
count, x 10°/L
Hemoglobin, g/dL 134 (12.5-14.2) 13.9(13.0-14.7) 0.03 134 (12.5-14.0) 14.0 (130-14.8) 0014
Platelet count, x 10%/L 227.5(198-270) 230.0 (185-272) 0.94 2167 (191-251) 232 (186-278) 042
Fasting glucose, mmol/L 7.40 (6.63-8.80) 7.14 (5.82-8.44) 0.28 8.07 (7.05-11.11) 6.70 (5.80-7.90) < 0.001
GFR, mL/min/m? 86.5 (73.0-92.5) 82.0 (68.5-92.0) 042 80.5 (67.0-92.0) 84.5(71.0-92.5) 017
Alanine aminotransferase, 24.0 (18.0-37.5) 26.5(21.0-40.8) 030 27.5(20.0-39.0) 26.0 (20.0-40.0) 0.58

u/L
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Table 1 (continued)
Variable Patients Patients p-value Patients Patients p-value
with H3Cit>7.36  without H3Cit<7.36 with cfDNA > 2.84 g/ with cfDNA < 2.84 pg/
ng/mL (n=28) ng/mL (n=284%) mL (n=28) mL (n=84%)
Total cholesterol, mmol/L 3.94 (3.45-5.48) 4.26 (3.50-5.27) 0.79 4.09 (3.76-5.12) 4.23 (3.40-5.50) 0.85
LDL-cholesterol, mmol/L 2.29(1.75-3.81) 2.54(1.17-343) 0.80 240(1.76- 341) 2.57(1.80-3.57) 0.39
HDL-cholesterol, mmol/L 1.35(1.09-1.49) 1.14 (0.98-1.45) 0.11 22 (1.0 45) 1.15(1.03-1.48) 0.76
Triglycerides, mmol/L 1.49 (1.06-1.87) 1.54 (1.19-2.10) 0.29 74 (1.26-5. 62) 1.48 (1.16-1.89) 0.12
C-reactive protein, mg/L 2.90 (1.09-4.75) 2.33(1.20-5.14) 0.94 343 (1.26-5.62) 2.33(1.11-4.22) 0.26

Values are given as mean £ SD or median (interquartile range)

BMI, body mass index; HbA1c, glycated hemoglobin; GFR, glomerular filtration rate; ACR, albumin-to-creatinine ratio; ACEIl, angiotensin-converting-enzyme inhibitor;

LDL, low-density lipoprotein; HDL, high-density lipoprotein

* Data on H3Cit and cfDNA levels were missing for one patient

with CLT (r=0.253, p=0.007), but not with K, or TG.
As expected, both H3Cit and cfDNA correlated with
IL-6 and IL-8 (all p<0.001), with the highest coefficient
observed between H3Cit and IL-6 (r=0.711, Table 2).
Myeloperoxidase, but not NE, associated with IL-6 and
IL-8 (r=0.306 and r =0.372, both p <0.001).

Predictors of thrombin generation, clot density and lysis

In univariate linear regression analysis, cfDNA explained
15.3% of the variation in peak thrombin generated in
T2DM patients, while the corresponding value for
H3Cit was negligible (about 1%). In multivariate regres-
sion analysis adjusted for age, gender, and fibrinogen,
cfDNA was a predictor of peak thrombin generated

(Table 3). In univariate regression analysis, H3Cit and
cfDNA accounted for <1% of the variation in AUC (data
not shown), while for 18.6% and 9.7% of the variation in
K, respectively. In a multivariate model adjusted for age,
gender, and fibrinogen, H3Cit, but not cfDNA, was found
to be an independent predictor of K, (Table 3).

In our patients, H3Cit explained 35.2% and cfDNA
accounted for 20.9% of the variation in CLT, while the
corresponding values for PAI-1 and TAFI were 13.8% and
3.6%, respectively. In multivariate linear regression analy-
sis adjusted for age, gender, and fibrinogen, both H3Cit
and cfDNA were predictors of CLT, alongside with PAI-1
and concomitant CVD (Table 3). Of note, time since
diagnosis of T2DM > 10 years contributed to CLT in a
regression model incorporating H3Cit.
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Fig. 2 Cell free DNA (cfDNA) in patients with glycated haemoglobin (HbA1c) categorised in 4 quartiles (a), and in patients with fasting glucose
categorised in 4 quartiles (b). Groups were compared using the Kruskal-Wallis test, p-values were computed using the Steel-Dwass method. Data
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Associations with CVD

When patients with T2DM and CVD were analysed sep-
arately, we observed longer CLT compared to subjects
without CVD (102.50 [87.00-116.50] vs. 86.50 [77.50—
99.00] minutes, p <0.001). Prolonged CLT > 100 min was
associated with approximately 4.7-fold higher risk of con-
comitant CVD (OR 4.67, 95% CI 2.03-10.76, p =0.002).
CLT>100 min could be identified with H3Cit value
of >7.4 ng/mL (OR 11.00, 95% CI 3.89-31.14, p<0.001,
AUC 0.71) and with c¢fDNA value of >2.53 pg/mL (OR
4.38, 95% CI 1.91-10.04, p<0.001, AUC 0.67). T2DM
patients with CVD did not differ from patients without
CVD in regard to TG parameters and K..

Discussion

Our study is the first to investigate factors which deter-
mine circulating markers of NETosis and cell death in the
largest group of T2DM patients to date, along with their
associations with a prothrombotic state and fibrinoly-
sis in this disease. The principal finding of this study is
that elevated circulating markers of NETosis are associ-
ated with enhanced peak thrombin generation, decreased
clot permeability, and impaired fibrinolysis in patients
with T2DM. Our findings suggest that in T2DM patients,
H3Cit and c¢fDNA could be regarded as two of the pre-
viously unknown contributors to the unfavourable clot
phenotype, in addition to fibrinolysis inhibitors such as
PAI-1 and TAFI [4]. Importantly, T2DM patients with

prior MI are characterized by especially elevated mark-
ers of NETosis. We also found that glycaemic control,
and inflammatory state reflected by IL-6, are related to
NETosis in T2DM patients, indirectly modulating pro-
thrombotic alterations in blood. The present study yields
new insights into the determinants of NETosis in T2DM
and its impact on thrombotic tendency, which may have
clinical implications.

Our study provided several factors linked with
increased circulating levels of ¢cfDNA and H3Cit. We
have extended previous reports on a positive correla-
tion between HbAlc and nucleosomes or dsDNA [17]
by showing that HbAlc exceeding 8.0% is associated
with almost threefold higher odds of detecting high
cfDNA in the blood of T2DM patients. Although DNA
is a major component of NETs, it can be also released
from cells other than neutrophils during the process of
cell death. Therefore, cfDNA should be regarded as a
less specific marker of NETosis when compared with
H3Cit, result of enzyme peptidyl arginine-deiminase 4
activity in the early phase of NETs formation [31, 32]. To
the best of our knowledge, our study is the first to show
that circulating H3Cit in T2DM patients is increased in
patients with HbA1lc above 7.0%, after adjusting for IL-6,
a potent inducer of NETs as evidenced by Joshi et al.
[16]. In the present study, higher cfDNA concentrations
were observed in patients with elevated fasting glycae-
mia, which is in line with documented in vitro direct
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stimulating effects of hyperglycaemia on NETs release
[17]. Higher circulating H3Cit concentrations in patients
on metformin without differences in cfDNA are surpris-
ing given the data on its normalizing effect on NET lev-
els reported by Carestia et al. [19]. However, there were
differences in the study design and patient characteris-
tics between that study and ours. Firstly, the mean age
of patients studied by Carestia et al. was 50 years, they
had newly diagnosed T2DM, and none of them had
thrombotic event during follow-up (thrombotic events
in the past were not presented), whereas the mean age
of the patients enrolled in our study was approximately

64 years, their time since T2DM was 7 years (interquartile
range 3-15 years), and 21 (18.6%) patients had previous
M], indicating higher cardiovascular risk in the current
study. It might be hypothesized that higher H3Cit levels
in metformin-treated patients reflect long-term T2DM
associated with effects of aging, cardiovascular diseases
and poor diabetic control. In our study, patients treated
with metformin had longer time since T2DM diagno-
sis compared with the subjects not receiving this agent.
Neutrophil-associated prothrombotic effects may sustain
in diabetic patients with longer disease duration (the so-
called “prothrombotic memory”) as demonstrated in the
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Table 2 Comparison of coagulation and fibrinolysis proteins and clot phenotype parameters in patients in relation
to citrullinated histone 3 (H3Cit) and cell-free deoxyribonucleic acid (cfDNA)

Variable Patients Patients p-value Patients Patients p-value
with H3Cit>7.36 ng/ without H3Cit<7.36 ng/ with cfDNA > 2.84 pg/ with cfDNA <2.84 pg/
mL mL mL mL
(n=28) (n=84%) (n=28) (n=84%)
Coagulation and fibrinolysis components
Fibrinogen, g/L 3.54(3.20-4.02) 345 (3.09-3.85) 0.17 3.56 (3.17-3.87) 344 (3.10-3.9) 0.44
a2-antiplasmin, % 106.0 (1 02.0-112.0) 103.0 (96.0-110.0) 0.07 104.5 (96.0-111.5) 104.0 (98.0-110.0) 0.88
Plasminogen, % 110.0(101.5-118.5) 108.0 (99.0-120.0) 0.55 109.5 (97.5-127.5) 109.0 (100.0-118.8) 0.75
PAI-1, ng/mL 364 (32 0-45.4) 35.0 (30.6-40.9) 0.19 37.6(33.0-44.8) 35.0 (30.8-40.9) 0.13
TAFI, % 104.0 (96.5-119.3) 101.5 (90.0-114.0) 0.06 109.0 (93.5-120.5) 102.0 (90.0-113.8) 0.07
Endothelial injury marker
Thrombomodulin, 3.02 (2.45-3.80) 2.80(2.35-3.11) 0.056 2.95(47-3.73) 2.74(233-3.19) 0.13
ng/mL
Interleukins
Interleukin 6, pg/mL 7.19(5.17-8.78) 3.02 (2.19-4.63) <0.001 6.14 (3.25-8.46) 3.52(2.22-5.19) <0.001
Interleukin 8, pg/mL 8.26 (6.08-9.37) 4.28(3.29-6.27) <0.001 7.72 (4.83-9.22) 473 (3.61-6.79) <0.001
Thrombin generation
Lag phase, s 1053 (763-1343) 1004 (777-1350) 0.82 897 (762-1182) 1,050 (789-1383) 0.13
Peak thrombin, nmol 115.7 (90.0-166.6) 116.8 (87.7-153.5) 045 142.3 (100.0-188.0) 1125 (86.6-147.2) 0012
Time-to-peak, s 1369 (1067-2035) 1395 (1128-1889) 0.94 1184 (1019-1559) 1417 (1149-1892) 0.08
ETP.nM x s 104,732 (92,039-122,405) 103,810 (83,751-126,823) 093 111,864 (94,181-134,420) 103,810 (81,390-121,805) 0.26
Platelet markers
P-selectin, ng/mL 62.9 (46.1-88.1) 724 (524-91.7) 0.45 70.7 (47.0-88.4) 68.1 (51.43-91.7) 0.63
Platelet factor 4, ng/ 80.5 (64.8-89.6) 82.0(70.7-90.8) 040 80.5 (72.2-88.7) 826 (68.9-91.3) 045

mL
Clot permeability
K, x 107% cm? 5.90 (5.15-6.40)
114.0(99.3-126.8)

6.65 (6.20-7.10)

Clot lysis time, min 87.0(78.3-100.0)

<0.001
<0.001

6.20 (5.58-6.88)
103.5 (90.0-125.0)

6.50 (6.00-7.00)
89.0 (79.0-103.0)

0.022
0.001

Values are given as mean + SD or median (interquartile range)

PAI-1, plasminogen activator inhibitor 1; TAFI, thrombin activatable fibrinolysis inhibitor; ETP, endogenous thrombin potential; K, Darcy’s constant (permeability

coefficient)
* Data on H3Cit and cfDNA levels were missing for one patient

study by Konieczynska et al. [28]. Those effects involved
enhanced oxidative stress, endothelial injury, increased
thrombin formation. The contribution of NETosis to the
“prothrombotic memory” in long-standing T2DM should
be further explored.

Unexpectedly, we observed a significant impact of
NETosis on efficiency of fibrinolysis assessed using
a global lysis test in T2DM patients. In our study, an
elevation of H3Cit by 1 ng/mL was associated with
an increase in CLT by 2.7 min, while an elevation of
cfDNA by 1 ug/mL was associated with increase of CLT
by 8.3 min. This might suggest that despite inconsist-
ent effects of histones and cfDNA on fibrin clot lysis in
purified systems [14, 15], in T2DM with concomitant
inflammatory state, H3Cit and cfDNA might contrib-
ute to hypofibrinolysis. In an in vitro study, addition of
histones to fibrin influenced clot structure, resulting in
denser fibrin clot and thicker fibrin fibres [14]. T2DM is

a typical disease in which the prothrombotic fibrin clot
phenotype has been observed [33]. In ex vivo studies, a
key measure of plasma clot structure is its permeability,
reflected by the Darcy constant (K,) [33]. Our original
observation is that H3Cit is an independent predictor
of clot permeability in T2DM. In multivariate analysis,
cfDNA did not contribute to K,, supporting in vitro
observations showing that the effects of DNA on clot
structure are minor [14].

Of note, previous MI was found in our study to be
a key clinical factor associated with elevated H3Cit,
cfDNA, and CLT among T2DM patients. Recent data
has strongly supported the role of NETs in atheroscle-
rosis and atherothrombosis [34], including mediat-
ing MI in the mouse model [35]. MI is a manifestation
of coronary atherosclerosis, which has been reported
to be associated with elevated plasma biomarkers of
NETs such as double-stranded DNA, nucleosomes, and



Bryk et al. Cardiovasc Diabetol (2019) 18:49

Page 10 of 12

Table 3 Univariate and multivariate models for predictors of peak thrombin, clot permeability (K,) and clot lysis time

(CLT)
Predictors U B (95% ClI) p-value M B (95% CI)* p-value
Peak thrombin
cfDNA 40.83 (22.65 t0 59.02) <0.001 17.10 (7.24 t0 26.95) <0.001
Metformin 12.68 (—34.07t0 8.71) 0.24 —14.5(=25.20to —3.85) 0.008
BMI 123 (—=2.13t04.59) 047 1.86 (0.24 t0 3.48) 0.025
KS
H3Cit —0.10(—=0.14to — 0.06) <0.001 —0.08(—=0.11to —0.04) <0.001
CLT
H3Cit 3.06 (2.28 t0 3.85) <0.001 2.70 (1.93 to 3.46) <0.001
PAI-1 1.00 (0.52 to 1.46) <0.001 0.58 (0.17 t0 0.99) 0.006
CVvD 7.09 (3.73t0 10.46) <0.001 3.91(1.05t0 6.76) 0.008
Time since T2DM diagno- 4.26 (0.64 to 7.88) 0.022 3.15(0.30t0 6.01) 0.031
sis> 10 years
[@h)
cfDNA 9.38 (59310 12.83) <0.001 8.26 (5.04 10 11.48) <0.001
PAI-1 1.00 (0.52 to 1.46) <0.001 0.80(0.37 to 1.23) <0.001
CVvD 7.09 (3.73 t0 10.46) <0.001 546 (249 to 843) <0.001

BMI, body-mass index; PAI-1, plasminogen-activator inhibitor type 1; T2DM, type 2 diabetes mellitus; CVD, cardiovascular disease

Data are presented as regression coefficients derived from the univariate and multivariate regression models. Due to the strong correlation between citrullinated
histone 3 (H3Cit) and cell-free deoxyribonucleic acid (cfDNA), two separate multivariate models for CLT were provided

* Adjusted for age, gender and fibrinogen

myeloperoxidase—-DNA complexes [13]. Increased extra-
cellular DNA has been observed in T2DM patients with
CVD when compared to those without CVD [17]. Con-
sistent with the theory of early NETS as an early bio-
marker of tissue injury in myocardial infarction [36], we
observed an inverse correlation between cfDNA and time
since MI. Boristoff et al. demonstrated that myeloperoxi-
dase—-DNA complexes predicted the occurrence of major
adverse cardiac events (MACE), however, patients with
T2DM accounted for a small proportion of patients with
MACE [13]. Our study extends these previous observa-
tions by suggesting that biomarkers of NETosis could be
potential candidates for further evaluation in the pre-
diction of MACE within the subset of diabetic patients.
Since we found that H3Cit>7.4 ng/mL was associated
with 11-fold increased odds of prolonged CLT, it might
be speculated that H3Cit measured in blood could be
regarded as an additional marker of increased cardiovas-
cular risk in T2DM. It cannot be excluded that H3Cit,
via prolonged CLT, also contributes to an increased risk
of venous thromboembolism in T2DM, although data
regarding the impact of T2DM on venous thrombosis are
inconsistent [37].

It has been previously shown that in patients with CAD,
markers of cell death and NETs formation were positively
associated with TG [13]. TG has been suggested to con-
tribute to the hypercoagulable state in T2DM to a smaller
extent than impairment of fibrinolysis [38, 39]. We found

that cfDNA may predict peak thrombin measured using
the CAT assay, with no impact on endogenous thrombin
potential. Extracellular histones have been demonstrated
to promote TG through platelet-dependent mechanisms
[12]. It is possible that the use of platelet-poor-plasma in
our study explains the weak effect of NETosis on throm-
bin formation in this assay. It remains to be established
whether platelet-rich plasma obtained from T2DM
patients may result in more potent associations between
NETosis markers and TG potential. Although patients
with high H3Cit trended to have slightly higher throm-
bomodulin, this concentration was likely insufficient to
mediate enhancement of plasma TG as observed in puri-
fied systems [40].

The limitations of our study include those which are
inherent to observational studies. Although the size of
our study population was rather small, it was represent-
ative of real-life T2DM patients from Poland with rela-
tively good glycaemic control. Moreover, the study was
sufficiently powered to show the difference in cfDNA
between patients with and without MI based on a previ-
ous study in T2DM patients [17]. Since we assessed gly-
caemia once, we did not assess potential links of NETosis
with varying plasma glucose in T2DM, especially with
episodes of hypoglycaemia, which is known to contrib-
ute to a worse prognosis, resistance to lysis, and com-
pact fibrin clot formation [41]. All reported associations
cannot be necessarily considered as cause-and-effect
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relationships, however, they are largely in line with
in vitro data published in the literature [14, 15]. We did
not assess the extent of oxidation as a potential modi-
fier of NETosis and fibrin properties in this study [42]. A
large prospective study with a long-term follow-up would
be required to assess whether NETosis and its association
with the prothrombotic blood alterations reported here,
is related to adverse clinical events, including cardiovas-
cular death, in T2DM.

Conclusions

In T2DM, NETosis markers in circulating plasma, such
as H3Cit and cfDNA, are related to glycemia control,
systemic low-grade inflammation markers and previous
MI. Enhanced NETosis detectable in circulating blood is
associated with a prothrombotic state, especially hypofi-
brinolysis in T2DM patients. The present study shows
that NETosis might contribute to thrombotic and cardio-
vascular risk in that disease. A role of NETs generation
in the natural course of diabetes and its complications
deserves further investigations.

Abbreviations

aPTT: activated partial thromboplastin time; AUC: area under the curve; CAD:
coronary artery disease; CAT: calibrated automated thrombogram; cfDNA:
cell-free deoxyribonucleic acid; CVD: cardiovascular disease; HbA1c: glycated
hemoglobin; GFR: glomerular filtration rate; H3Cit: citrullinated histone H3;
hs-CRP: high-sensitivity C-reactive protein; IL-6: interleukin 6; IL-8: interleukin 8;
MI: myocardial infarction; NE: neutrophil elastase; NETs: neutrophil extracellular
traps; OR: odds ratio; PAD: peripheral artery disease; PAI-1: plasminogen activa-
tor inhibitor-1; TAFI: thrombin activatable fibrinolysis inhibitor; TG: thrombin
generation; T2DM: type 2 diabetes mellitus; Cl: confidence interval.

Authors’ contributions

AHB contributed to the work by acquisition of data, analysis and interpretation
of data, as well as writing of the manuscript. SP and SB analysed plasma sam-
ples and assisted in revising the manuscript. KP performed statistical analysis.
JH and MTM acquired data and revised the manuscript. AU made substantial
contributions to conception and design of the study, analysis and interpreta-
tion of data, revision of the manuscript and final approval of the version to be
published. All authors read and approved the final manuscript.

Author details

! Institute of Cardiology, Jagiellonian University Medical College, 80 Pradnicka
St, 31-202 Krakow, Poland. 2 John Paul Il Hospital, Krakow, Poland. * Depart-
ment of Biochemistry, University of Vermont, Colchester, VT, USA. * KCRI,
Krakow, Poland. > Department of Metabolic Diseases, Jagiellonian University
Medical College, Krakow, Poland. ® Department of Metabolic Diseases, Univer-
sity Hospital, Krakow, Poland.  Faculty of Medicine and Health Sciences, Jan
Kochanowski University, Kielce, Poland.

Acknowledgements
We would like to thank Dr. Joanna Natorska, Ph.D. and Dr. Michal Zabczyk,
Ph.D. for technical support.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Page 11 of 12

Consent for publication
Not applicable.

Ethics approval and consent to participate

The study complied with the principles of Good Clinical Practice rules
and was approved by the Jagiellonian University Ethics Committee (No.
1072.6120.40.2017). Each study participant provided written informed
consent.

Funding

This work was supported by the 2016/21/N/NZ5/01425 grant from the
National Science Centre (to AH.B.), the K/ZDS/005802 Grant from the Jagiel-
lonian University Medical College (to A.U) and the UM1 HL120877 TACTIC
Grant from the National Institutes of Health (to S.B.).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 January 2019 Accepted: 27 March 2019
Published online: 16 April 2019

References

1. Undas A. Prothrombotic fibrin clot phenotype in patients with deep vein
thrombosis and pulmonary embolism: a new risk factor for recurrence.
Biomed Res Int. 2017,2017:8196256. https://doi.org/10.1155/2017/81962
56.

2. Undas A, Ariéns RAS, Ariens RAS. Fibrin clot structure and function: a role
in the pathophysiology of arterial and venous thromboembolic diseases.
Arterioscler Thromb Vasc Biol. 2011;31:e88-99. https://doi.org/10.1161/
ATVBAHA.111.230631.

3. Dunn EJ, Ariéns RAS, Grant PJ. The influence of type 2 diabetes on fibrin
structure and function. Diabetologia. 2005;48:1198-206. https://doi.
0rg/10.1007/500125-005-1742-2.

4. Kearney K, Tomlinson D, Smith K, Ajjan R. Hypofibrinolysis in diabetes:

a therapeutic target for the reduction of cardiovascular risk. Cardiovasc
Diabetol. 2017;16:1-17. https.//doi.org/10.1186/512933-017-0515-9.

5. Festa A Williams K, Tracy RP, Wagenknecht LE, Haffner SM. Progression
of plasminogen activator inhibitor-1 and fibrinogen levels in relation
to incident type 2 diabetes. Circulation. 2006;113:1753-9. https://doi.
org/10.1161/CIRCULATIONAHA.106.616177.

6. HoriY, Gabazza EC, Yano Y, Katsuki A, Suzuki K, Adachi Y, et al. Insulin
resistance is associated with increased circulating level of thrombin-acti-
vatable fibrinolysis inhibitor in type 2 diabetic patients. J Clin Endocrinol
Metab. 2002;87:660-5. https://doi.org/10.1210/jcem.87.2.8214.

7. Pieters M, Van Zyl DG, Rheeder P, Jerling JC, Toit D, Van Der Westhuizen
FH, et al. Glycation of fibrinogen in uncontrolled diabetic patients and
the effects of glycaemic control on fibrinogen glycation. Thromb Res.
2007;120:439-46. https://doi.org/10.1016/j.thromres.2006.10.016.

8. Ajjan RA, Gamlen T, Standeven KF, Mughal S, Hess K, Smith KA, et al. Dia-
betes is associated with posttranslational modifications in plasminogen
resulting in reduced plasmin generation and enzyme-specific activity.
Blood. 2013;122:134-42. https://doi.org/10.1182/blood-2013-04-494641.

9. Undas A Wiek |, Stepien E, Zmudka K, Tracz W. Hyperglycemia is associ-
ated with enhanced thrombin formation, platelet activation, and fibrin
clot resistance to lysis in patients with acute coronary syndrome. Diabe-
tes Care. 2008;31:1590-5. https://doi.org/10.2337/dc08-0282.

10. FuchsTA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD,
et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci.
2010;107:15880-5. https://doi.org/10.1073/pnas.1005743107.

11. BrinkmannV, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science. 2004;303:1532-5.
https://doi.org/10.1126/science.1092385.

12. Semeraro F, Ammollo CT, Morrissey JH, Dale GL, Friese P, Esmon NL, et al.
Extracellular histones promote thrombin generation through platelet-
dependent mechanisms: involvement of platelet TLR2 and TLR4. Blood.
2011;118:1952-61. https://doi.org/10.1182/blood-2011-03-343061.


https://doi.org/10.1155/2017/8196256
https://doi.org/10.1155/2017/8196256
https://doi.org/10.1161/ATVBAHA.111.230631
https://doi.org/10.1161/ATVBAHA.111.230631
https://doi.org/10.1007/s00125-005-1742-2
https://doi.org/10.1007/s00125-005-1742-2
https://doi.org/10.1186/s12933-017-0515-9
https://doi.org/10.1161/CIRCULATIONAHA.106.616177
https://doi.org/10.1161/CIRCULATIONAHA.106.616177
https://doi.org/10.1210/jcem.87.2.8214
https://doi.org/10.1016/j.thromres.2006.10.016
https://doi.org/10.1182/blood-2013-04-494641
https://doi.org/10.2337/dc08-0282
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1126/science.1092385
https://doi.org/10.1182/blood-2011-03-343061

Bryk et al. Cardiovasc Diabetol

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2019) 18:49

Borissoff JI, Joosen IA, Versteylen MO, Brill A, Fuchs TA, Savchenko AS,

et al. Elevated levels of circulating DNA and chromatin are independently
associated with severe coronary atherosclerosis and a prothrombotic
state. Arterioscler Thromb Vasc Biol. 2013;33:2032-40. https://doi.
org/10.1161/ATVBAHA.113.301627.

Longstaff C, Varju I, Sétonyi P, Szabo L, Krumrey M, Hoell A, et al. Mechani-
cal stability and fibrinolytic resistance of clots containing fibrin, DNA, and
histones. J Biol Chem. 2013,;288:6946-56. https://doi.org/10.1074/jbc.
M112.404301.

Komissarov AA, Florova G, Idell S. Effects of extracellular DNA on plasmi-
nogen activation and fibrinolysis. J Biol Chem. 2011,286:41949-62. https
://doi.org/10.1074/jbcM111.301218.

Joshi MB, Lad A, Bharath Prasad AS, Balakrishnan A, Ramachandra L, Saty-
amoorthy K. High glucose modulates IL-6 mediated immune homeosta-
sis through impeding neutrophil extracellular trap formation. FEBS Lett.
2013;587:2241-6. https://doi.org/10.1016/jfebslet.2013.05.053.
Menegazzo L, Ciciliot S, Poncina N, Mazzucato M, Persano M, Bonora

B, et al. NETosis is induced by high glucose and associated with type 2
diabetes. Acta Diabetol. 2015;52:497-503. https://doi.org/10.1007/50059
2-014-0676-x.

Menegazzo L, Scattolini V, Cappellari R, Bonora BM, Albiero M, Bor-
tolozzi M, et al. The antidiabetic drug metformin blunts NETosis in vitro
and reduces circulating NETosis biomarkers in vivo. Acta Diabetol.
2018;55:593-601. https://doi.org/10.1007/500592-018-1129-8.

Carestia A, Frechtel G, Cerrone G, Linari MA, Gonzalez CD, Casais P, et al.
NETosis before and after hyperglycemic control in type 2 diabetes mel-
litus patients. PLoS ONE. 2016;11:e0168647. https://doi.org/10.1371/journ
al.pone.0168647.

WHO. Definition and diagnosis of diabetes mellitus and intermediate
hyperglycemia : report of a WHO/IDF consultation. 2006.

Agostino RBD, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, et al.
General cardiovascular risk profile for use in primary care the framingham
heart study. Circulation. 2008;117:743-53. https://doi.org/10.1161/CIRCU
LATIONAHA.107.699579.

Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden C, Budaj A,
et al. 2013 ESC guidelines on the management of stable coronary artery
disease. Eur Heart J. 2013;34:2949-3003. https://doi.org/10.1093/eurhe
artj/eht296.

Aboyans V, Ricco J-B, Bartelink M-LEL, Bjérck M, Brodmann M, Cohnert T,
et al. ESC guidelines on the diagnosis and treatment of peripheral arterial
diseases, in collaboration with the european society for vascular surgery
(ESVS). Eur Heart J. 2017,2017(00):1-60. https://doi.org/10.1093/eurheartj/
ehx095.

Eknoyan G, Lameire N, Eckardt K-U. KDIGO 2012 clinical practice guideline
for the evaluation and management of chronic kidney disease KDIGO
2012 clinical practice guideline for the evaluation and management

of chronic kidney disease. Kidney Int Suppl. 2013;3:1-150. https://doi.
0rg/10.1038/kisup.2012.76.

Mann KG, Whelihan MF, Butenas S, Orfeo T. Citrate anticoagulation and
the dynamics of thrombin generation. J Thromb Haemost. 2007,5:2055-
61. https://doi.org/10.1111/j.1538-7836.2007.02710.x.

Cawthern KM, Veer C, Lock JB, DiLorenzo ME, Branda RF, Mann KG. Blood
coagulation in hemophilia A and hemophilia C. Blood. 1998;91:4581-92.
Lundblad RL, Kingdon HS, Mann KG. Thrombin. Methods Enzymol.
1976;45:156-76.

Konieczynska M, Fil K, Bazanek M, Undas A. Prolonged duration of type

2 diabetes is associated with increased thrombin generation, prothrom-
botic fibrin clot phenotype and impaired fibrinolysis. Thromb Haemost.
2014;111:685-93. https://doi.org/10.1160/TH13-07-0566.

Undas A, Zawilska K, Ciesla-Dul M, Lehmann-Kopydfowska A, Skubiszak
A, Cieptuch K; et al. Altered fibrin clot structure/function in patients

with idiopathic venous thromboembolism and in their relatives. Blood.
2009;114:4272-9. https://doi.org/10.1182/blood-2009-05-222380.An.
Lisman T, Leebeek FW, Mosnier LO, Bouma BN, Meijers JC, Janssen HL,

et al. Thrombin-activatable fibrinolysis inhibitor deficiency in cirrhosis

is not associated with increased plasma fibrinolysis. Gastroenterology.
2001;121:131-9.

Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy L, et al. PAD4 medi-
ated histone hypercitrullination induces heterochromatin decondensa-
tion and chromatin unfolding to form neutrophil extracellular trap-like

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 12

structures. Front Immunol. 2012;3:307. https://doi.org/10.3389/fimmu
.2012.00307.

Théalin C, Daleskog M, Géransson SP, Schatzberg D, Lasselin J, Laska

A-C, et al. Validation of an enzyme-linked immunosorbent assay for

the quantification of citrullinated histone H3 as a marker for neutrophil
extracellular traps in human plasma. Immunol Res. 2017,65:706-12. https
///doi.org/10.1007/512026-017-8905-3.

Zabczyk M, Undas A. Plasma fibrin clot structure and thromboembolism:
clinical implications. Polish Arch Intern Med. 2017;127:873-81. https://doi.
0rg/10.20452/pamw.4165.

QiH,Yang S, Zhang L. Neutrophil extracellular traps and endothelial dys-
function in atherosclerosis and thrombosis. Front Immunol. 2017;8:928.
https://doi.org/10.3389/fimmu.2017.00928.

Savchenko AS, Borissoff JI, Martinod K, Simon FDM, Gallant M, Erpenbeck
L, et al. VWF - mediated leukocyte recruitment with chromatin decon-
densation by PAD4 increases myocardial ischemia/reperfusion injury in
mice. Blood. 2014;123:141-8. https://doi.org/10.1182/blood-2013-07-
514992.

Martinod K, Witsch T, Erpenbeck L, Savchenko A, Hayashi H, Cherpokova
D, et al. Peptidylarginine deiminase 4 promotes age-related organ fibro-
sis. J Exp Med. 2017;214:439-58. https://doi.org/10.1084/jem.20160530.
Heit JA, Leibson CL, Ashrani AA, Petterson TM, Bailey KR, Melton J IIl. Is dia-
betes mellitus an independent risk factor for venous thromboembolism?
A population-based case-control study John. Arter Thromb Vasc Biol.
2009;29:1399-405. https://doi.org/10.1161/ATVBAHA.109.189290.ls.
Beijers HJBH, Ferreira |, Spronk HMH, Bravenboer B, Dekker JM, Nijpels G,
et al. Impaired glucose metabolism and type 2 diabetes are associated
with hypercoagulability: potential role of central adiposity and low-grade
inflammation—The Hoorn Study. Thromb Res. 2012;129:557-62. https://
doi.org/10.1016/j.thromres.2011.07.033.

Tripodi A, Branchi A, Chantarangkul V, Clerici M, Merati G, Artoni A, et al.
Hypercoagulability in patients with type 2 diabetes mellitus detected by
a thrombin generation assay. J Thromb Thrombolysis. 2011;31:165-72.
https://doi.org/10.1007/511239-010-0506-0.

Ammollo CT, Semeraro F, Xu J, Esmon NL, Esmon CT. Extracellular his-
tones increase plasma thrombin generation by impairing thrombomodu-
lin-dependent protein C activation. J Thromb Haemost. 2011;9:1795-803.
https://doi.org/10.1111/j.1538-7836.2011.04422 x.

Gajos G, Mostowik M. Low blood glucose in type 2 diabetes: a lot more to
come? Pol Arch Med Wewn. 2016;126:1019-20. https://doi.org/10.20452/
pamw.3771.

Gajos G, Siniarski A, Natorska J, Zgbczyk M, Siudut J, Malinowski KP, et al.
Polyhedrocytes in blood clots of type 2 diabetic patients with high car-
diovascular risk : association with glycemia, oxidative stress and platelet
activation. Cardiovasc Diabetol. 2018;17:1-11. https://doi.org/10.1186/
$12933-018-0789-6.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1161/ATVBAHA.113.301627
https://doi.org/10.1161/ATVBAHA.113.301627
https://doi.org/10.1074/jbc.M112.404301
https://doi.org/10.1074/jbc.M112.404301
https://doi.org/10.1074/jbc.M111.301218
https://doi.org/10.1074/jbc.M111.301218
https://doi.org/10.1016/j.febslet.2013.05.053
https://doi.org/10.1007/s00592-014-0676-x
https://doi.org/10.1007/s00592-014-0676-x
https://doi.org/10.1007/s00592-018-1129-8
https://doi.org/10.1371/journal.pone.0168647
https://doi.org/10.1371/journal.pone.0168647
https://doi.org/10.1161/CIRCULATIONAHA.107.699579
https://doi.org/10.1161/CIRCULATIONAHA.107.699579
https://doi.org/10.1093/eurheartj/eht296
https://doi.org/10.1093/eurheartj/eht296
https://doi.org/10.1093/eurheartj/ehx095
https://doi.org/10.1093/eurheartj/ehx095
https://doi.org/10.1038/kisup.2012.76
https://doi.org/10.1038/kisup.2012.76
https://doi.org/10.1111/j.1538-7836.2007.02710.x
https://doi.org/10.1160/TH13-07-0566
https://doi.org/10.1182/blood-2009-05-222380.An
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.1007/s12026-017-8905-3
https://doi.org/10.1007/s12026-017-8905-3
https://doi.org/10.20452/pamw.4165
https://doi.org/10.20452/pamw.4165
https://doi.org/10.3389/fimmu.2017.00928
https://doi.org/10.1182/blood-2013-07-514992
https://doi.org/10.1182/blood-2013-07-514992
https://doi.org/10.1084/jem.20160530
https://doi.org/10.1161/ATVBAHA.109.189290.Is
https://doi.org/10.1016/j.thromres.2011.07.033
https://doi.org/10.1016/j.thromres.2011.07.033
https://doi.org/10.1007/s11239-010-0506-0
https://doi.org/10.1111/j.1538-7836.2011.04422.x
https://doi.org/10.20452/pamw.3771
https://doi.org/10.20452/pamw.3771
https://doi.org/10.1186/s12933-018-0789-6
https://doi.org/10.1186/s12933-018-0789-6

	Predictors of neutrophil extracellular traps markers in type 2 diabetes mellitus: associations with a prothrombotic state and hypofibrinolysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Laboratory investigations
	NETs components
	Coagulation and fibrinolysis parameters
	Calibrated automated thrombogram (CAT)
	Clot permeability and clot lysis time (CLT)
	Statistical analysis

	Results
	Associations with patient characteristics
	Predictors of H3Cit and cfDNA
	Associations with coagulation, fibrinolysis, and inflammatory markers
	Predictors of thrombin generation, clot density and lysis
	Associations with CVD

	Discussion
	Conclusions
	Authors’ contributions
	References




