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Abstract
Upon activation, neutrophils release neutrophil extracellular traps (NETs), which contribute to circulating DNA burden 
and thrombosis, including ST-segment elevation myocardial infarction (STEMI). Deoxyribonuclease (DNase) 1 degrades 
circulating DNA and NETs. Lower DNase activity correlates with NET burden and infarct size. The DNase 1 Q222R single 
nucleotide polymorphism (SNP), impairing DNase 1 function, is linked with myocardial infarction. We assessed whether the 
Q222R SNP is connected to increased NET burden in STEMI and influences long-term outcomes. We enrolled 711 STEMI 
patients undergoing primary percutaneous coronary intervention (pPCI), and 1422 controls. Genotyping was performed for 
DNase 1 Q222R SNP. DNase activity, double-stranded (ds)DNA and citrullinated histone H3 were determined in culprit 
site and peripheral plasma during pPCI. The association of the Q222R variant on cardiovascular and all-cause mortality was 
assessed by multivariable Cox regression adjusted for cardiovascular risk factors. Homozygous Q222R DNase 1 variant was 
present in 64 (9.0%) STEMI patients, at the same frequency as in controls. Patients homozygous for Q222R displayed less 
DNase activity and increased circulating DNA burden. In overall patients, median survival was 60 months. Homozygous 
Q222R variant was independently associated with cardiovascular and all-cause mortality after STEMI. dsDNA/DNase ratio 
independently predicted cardiovascular and all-cause mortality. These findings highlight that the Q222R DNase 1 SNP is 
associated with increased NET burden and decreased compensatory DNase activity, and may serve as an independent risk 
factor for poor outcome after STEMI.
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Introduction

ST-segment elevation myocardial infarction (STEMI) is 
a substantial health burden [17]. Atherothrombosis and 
ischemia/reperfusion during STEMI are linked to leukocyte 
activation [27]. Innate immune cells, especially neutrophils, 
are recruited early to sites of tissue injury and inflammation 
[48].

Apart from degranulation and phagocytosis, neutrophils 
are able to release their nuclear content into the extracellular 
space by formation of neutrophil extracellular traps (NETs), 
resulting in DNA webs interspersed with histones and granu-
lar proteins [7]. NETs participate in host defense [6] and 
have highly pro-inflammatory [29], cytotoxic [40] and pro-
thrombotic properties [14], in STEMI [30] and ischemic 
stroke [26]. Even in the absence of platelets and fibrin, NETs 
form potentially lethal vascular occlusions in vivo [22].

Neutrophils are attracted to the culprit site of STEMI 
patients and release high levels of NETs that have been 
associated with increased infarct size [30]. Recently, we 
have also reported that components of NETs promote acti-
vation and differentiation of fibrocytes after STEMI, initi-
ating adverse remodeling of the affected myocardium [18, 
31]. Thereby, we complemented data of previous studies, 
suggesting that NETs are mediators of vascular healing and 
fibrosis [32]. NETs significantly contribute to circulating 
DNA burden, which is connected to poor prognosis after 
myocardial infarction [28, 49].

NETs can be degraded by deoxyribonuclease (DNase) 
hydrolyzing the backbone of dsDNA. Deoxyribonuclease 
(DNase) 1 and 1L3 are the major enzymes which degrade 
NETs in the circulation [35]. It was shown that intact plas-
matic DNase function is critical in neutrophilic mice to 
maintain the balance between NET formation vs. degrada-
tion, and survival [22]. Correspondingly, DNase deficiency 
has been associated with disease in humans, including 
systemic lupus erythematosus [52] and thrombotic micro-
angiopathy [21]. DNase 1 treatment in rodent myocardial 
infarction models resulted in markedly reduced infarct size 
[42, 47]. In STEMI patients, decreased DNase activity at 
the culprit site was associated with higher thrombus NET 
burden and bigger infarct size [30].

Factors influencing chromatin degradation in circulation 
by DNase are enzyme release, substrate concentration, pH, 
inhibitory or stimulating co-factors and genetic background. 
Two phenotypes are described for DNase 1, which are dis-
criminated by a single nucleotide polymorphism (SNP): 
Presence of adenine instead of guanine at chromosome 
16:3657746 results in an amino acid substitution of arginine 
by glutamine at position 222 (Q222R) of the enzyme. The 
Q222R variant leads to impaired enzymatic activity [51] 

and was associated with increased prevalence of MI in a 
Japanese cohort [25].

We hypothesized that the Q222R SNP is connected with 
decreased survival after STEMI by impaired DNase activity 
and increased extracellular DNA burden.

Methods

STEMI patients and controls

Between 2006 and 2016, we recruited consecutive patients 
(n = 711) undergoing primary percutaneous intervention for 
STEMI, with a door-to-balloon time below 120 min. Inclu-
sion and exclusion criteria were applied, and intervention 
was performed as previously described [18, 30]. Inclusion 
criteria were (1) chest pain at coronary angiography, (2) new 
ST-segment elevations of ≥ 2 mm on > 1 chest lead or new 
ST elevations of ≥ 1 mm on > 1 limb lead within 20 min of 
coronary angiography, and (3) coronary anatomy suitable for 
thrombectomy. Patients under immunosuppression or treat-
ment with glycoprotein IIb/IIIa-blockers were excluded. All 
patients were heparinized at an activated coagulation time 
of > 300 s (4000–10,000 IE) and received 250 mg of acetyl-
salicylic acid.

Thrombectomy was performed when the following 
general criteria were fulfilled: vessel diameter ≥ 3 mm; 
large intraluminal contrast medium filling defect; throm-
bus located within 50 mm of respective coronary ostium; 
absence of severe tortuosity; non-difficult vascular access. 
Via a thrombectomy catheter, 10 to 20 ml of culprit site 
blood was collected into tubes containing EDTA. Periph-
eral sheath blood served as control. To account for dilution 
due to flushing of catheters, concentrations were normalized 
to the hematocrit difference between culprit and peripheral 
site sample. Blood was immediately centrifuged for 10 min, 
2000 g at 21 °C, and plasma and buffy coats were stored at 
− 80 °C for subsequent analyses.

We included age- and sex-matched clients without a his-
tory of MI (n = 1422) recruited at the Health and Prevention 
Center, Sanatorium Hera, Vienna, Austria and the Helmholtz 
Zentrum München, Munich, Germany [19] as controls.

Enzymatic infarct size

Enzymatic infarct size was computed employing the trap-
ezoidal formula for the area under the curve of creatine-
phosphokinase isoform MB (CK-MB AUC) as previously 
described [10], and expressed as arbitrary units.
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ST‑segment resolution

ST-segment resolution (STR) was calculated as previously 
described [8]. ST-segment elevation was measured at the J 
point in surface lead electrocardiograms (in case of anterior 
infarction: I, aVL, V1–V6; in case of inferior infarction: 
II, III, aVF, V5, V6. Measurements were performed in the 
index electrocardiogram and 30 min after pPCI. ST-segment 
elevation was calculated as a ratio and is given in percent 
(hence, 100% indicates complete resolution of ST-segment 
elevation).

Transthoracic echocardiography after STEMI

Complete echocardiographic exams were performed from 
STEMI patients in the course of routine care by experienced 
observers on a GE Vivid E9 or a GE Vivid E95. Echocar-
diography was performed at a median follow-up of 3 [IQR 
2, 4] days after STEMI. The following parameters were 
evaluated in the present study, if an exam within 30 days 
after pPCI in sufficient quality was available: left ventricu-
lar end-systolic volume (ESV), left ventricular end-diastolic 
volume (EDV), left ventricular ejection fraction (LVEF) and 
left ventricular global longitudinal strain (GLS). Overall, 
data from 455 patients was obtained. Biplane left ventricu-
lar ejection fraction was calculated employing the Simpson 
method in 371 patients as a measure of cardiac function 
after STEMI [9]. Global longitudinal strain was measured 
in 208 patients. Speckle tracking analysis was performed in 
three apical views (long-axis view, four chamber view and 
two chamber view) using specific software (EchoPacs, GE 
Healthcare). Global longitudinal strain was computed as the 
mean of the global peak systolic strain in each view as an 
additional measure of cardiac function after STEMI [23].

Isolation of genomic DNA

Genomic DNA was isolated from buffy coats using a Reli-
aPrep™ Blood gDNA Miniprep System (Promega, A5082) 
according to manufacturer’s instructions. 200 µl of sample 
were mixed with cell lysis buffer and proteinase K and incu-
bated at 56 °C for 10 min. Lysates were transferred onto 
binding columns and centrifuged for 1 min at 14,000×g. 
Columns were washed three times with provided washing 
solution. Then, membrane-bound DNA was eluted in 50 µl 
nuclease-free water. Concentration and quality of DNA 
were assessed using a NanoDrop 1000 spectrophotometer 
(ND1000, PeqLab).

Genotyping of SNPs

For determination of the Q222R DNase 1 SNP (rs1053874 
[46]), a TaqMan™ allelic discrimination assay (Ther-
moFisher, 4351379) and GoTaq® Probe qPCR master mix 
(Promega, A6102) were used according to manufacturer’s 
instructions and performed in duplicates. Fluorescence was 
measured, and the genotype was calculated, using a 7500 
Real Time PCR System (Applied Biosystems, Software Ver-
sion 2.3).

Measurement of DNase activity

Total DNase activity was measured using single radial 
enzyme diffusion technique as previously described [22], 
with modifications. Salmon testes DNA (Sigma-Aldrich, 
D1626-1G) was dissolved at a concentration of 100 µg/
ml in assay buffer containing divalent cations and a DNA-
binding fluorescent dye (35 mM Tris–HCl, pH 7.8, 20 mM 
MgCl2, 2 mM CaCl2, 2.5 × SYBR Safe [Invitrogen, S33102]) 
as substrate for DNases. After heating the solution to 50 °C 
for 10 min, an equal volume of 2% ultra-pure agarose (Inv-
itrogen, 16500–500) was added. The mixture was poured 
into a plastic tray to allow solidification. Then, 2 µl sample 
or standard were loaded into wells with a diameter of 1 mm 
and incubated at 37 °C for 20 h. Remaining fluorescence of 
gels was recorded using Biorad ChemiDoc XRS + fluores-
cence scanner. DNase activity was calculated according to 
a standard curve (Dornase alfa, Roche). DNase activity was 
measured by an investigator blinded to genotypes.

Measurement of soluble NET markers

Double-stranded DNA (dsDNA) was detected using Sytox 
Green (ThermoFisher, P7020) as previously described [20]. 
Sytox Green, a fluorescent dye staining cell-free dsDNA, 
was added to plasma samples diluted 1:20 or standard 
(lambda DNA, ThermoFisher, P7589) for 5 min, after which 
fluorescence was measured using a Synergy H1 Hybrid 
microplate reader (BioTek, excitation 480 nm, emission 
520 nm). Fluorescence intensities were normalized to the 
standard curve.

Citrullinated histone H3 (citH3) was measured as pre-
viously described [45], with minor modifications [18]. 
Washing steps were performed with phosphate-buffered 
saline (PBS) containing 0.05% Tween-20. Anti-histone 
biotin provided in the Cell Death Detection ELISA PLUS 
Kit (Roche, 11 774 425 001) was incubated in streptavidin-
coated 96-well plates for 2 h. Wells were incubated with 
50 µl of undiluted plasma samples or citH3 standard (Cay-
man, 17926) for 1.5 h. Plates were then incubated with 
anti-citrullinated histone H3 (1:2000 in PBS + 1% bovine 
serum albumin [BSA]) for 1 h, after which horseradish 
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peroxidase conjugate antibody (1:5000 in PBS + 1% BSA, 
BioRad, 170–6515) was added for 1 h. TMB Substrate solu-
tion (ThermoFisher, N301) was used to start the enzymatic 
reaction. After 20 min, the reaction was stopped by addition 
of 2 M H2SO4. Optical density was measured on a Promega 
GloMax Discover microplate reader (450 nm, reference 
620 nm) and normalized to standard curve.

Outcome assessment

Mortality data was obtained from the Austrian Registry of 
Death (Statistics Austria, Vienna, Austria). This registry is 
prospectively updated on an annual basis, including every 
Austrian resident. Causes of death were classified into cardi-
ovascular and all-cause death according to the International 
Statistical Classification of Disease and Related Health 
Problems, 10th revision (ICD-10).

Statistical analysis

Given the cross-sectional nature of our study, and because 
no preliminary data on the influence of a DNase 1 SNP on 
mortality was available at the start of the study, no sample 
size calculation was performed. Patient recruitment was per-
formed over a period of 10 years. With a sample size of 711 
patients, a hazard ratio (HR) of 2, overall mortality of 18.7% 
and a frequency of a homozygous DNase 1 variant of 9.3%, 
the power was 0.65. We defined all-cause and cardiovascular 
mortality as primary endpoints. Chi square statistics were 
used to analyze for a difference in allele frequency between 
groups. Normality of data was assessed using the Kolmogo-
rov–Smirnov test and histograms. Data are given as median 
and interquartile range (IQR). Comparisons between two 
groups were performed using Wilcoxon signed-rank test for 
paired data, or Mann Whitney test for unpaired data. Three 
groups were compared by one-way analysis of variance with 
Dunn’s multiple post-hoc comparison. By multivariable Cox 
regression, we assessed the influence of 1) Q222R DNase 1 
SNP; and 2) the ratio between dsDNA and DNase activity 
divided by the standard deviation; on cardiovascular and 
all-cause mortality. Data are given as HR and 95% confi-
dence interval (CI). We adjusted for the following estab-
lished cardiovascular risk factors: age, male sex, body mass 
index (BMI), hyperlipidemia, arterial hypertension, diabetes 
mellitus, ever smoker and renal function as measured by 
serum creatinine concentration on admission. Alpha < 0.05 
was considered statistically significant. All statistical analy-
ses were performed using SPSS 25.0 (IBM). Figures were 
generated using GraphPad Prism 8. Whiskers of box plots 
were defined according to Tukey’s method. Outliers are pre-
sented as dots.

Results

Patient characteristics

We studied 711 patients presenting with STEMI and angio-
graphic TIMI flow of 0–1 in the culprit vessel. Median sur-
vival after STEMI was 60.0 [IQR 30.3, 91.5] months. While 
a total of 133 (18.7%) patients died, 78 (11.0%) deaths were 
assigned to cardiovascular causes. Detailed patient charac-
teristics are shown in Table 1. Characteristics of controls are 
shown in Supplementary Table 1.

Frequency of DNase 1 Q222R SNP

Using allelic discrimination, we assessed the frequency 
of the Q222R DNase 1 SNP in STEMI patients (n = 711, 
Fig. 1). The homozygous variant was present in 66 (9.3%) 
patients; 302 (42.5%) were heterozygous, and 343 (48.2%) 
did not carry the variant of interest.

The relative frequency of the Q222R DNase 1 SNP 
in STEMI was compared with a Caucasian age- and sex-
matched control cohort (n = 1422, Fig. 1). In this cohort, 
126 (8.9%) patients presented with the homozygous deficient 
variant, while 589 (41.4%) and 702 (49.7%) were heterozy-
gous and homozygous for the other allele, respectively. No 
difference in SNP frequency was found between the STEMI 
and control cohorts (Chi square χ2 = 0.336, p = 0.845). Fur-
thermore, no differences in age between STEMI patients and 
non-MI controls were present, irrespective of the genotype 
(58 [49, 68] vs. 58 [49, 68] years, p = 0.152).

NET markers are increased at the culprit site, 
while DNase activity is low in overall patients

We compared dsDNA, citH3 and DNase activity between 
the culprit and peripheral site of STEMI patients. dsDNA, 
a non-specific marker of NETosis and cell death [38], was 
higher at the culprit site than at the peripheral site (Fig. 2a), 
as shown before [18, 30, 43]. citH3, a specific marker of 
NETs [26, 50], was highly increased at the culprit site 
(Fig. 2b). Also, both NE (Fig. 2c) and MPO (Fig. 2d) were 
increased at the culprit site. We found positive correlations 
between dsDNA, citH3, NE and MPO, both at the culprit 
(Supplementary Table 2) and peripheral site (Supplementary 
Table 3). DNase activity was significantly higher in STEMI 
patients than in controls (Supplementary Fig. 1a). DNase 
activity was lower at the culprit site (Fig. 2e), while dsDNA 
to DNase activity ratio was higher at the culprit site than at 
the peripheral site (Fig. 2f).  
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Table 1   Baseline characteristics 
of STEMI patients

Data are given as median [IQR] or percent of patients. Values in parentheses indicate reference values. 
Conversion factor for SI units for CRP 10; creatinine 76.25; cholesterol, LDL and HDL 0.0259; triglycer-
ides 0.0113
ACE-I angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker, ASA acetylsalicylic 
acid, AUC​ area under the curve, BMI body mass index, CAD coronary artery disease, CK-MB creatine-
phosphokinase isoform MB, CRP C-reactive protein, CX circumflex artery, EDV end-diastolic volume, 
ESV end-systolic volume, GLS global longitudinal strain, HDL high-density lipoprotein, IQR interquartile 
range, LAD left anterior descending artery, LDL low-density lipoprotein, LVEF left ventricular ejection 
fraction, MI myocardial infarction, MRA mineralocorticoid receptor antagonists, RCA​ right coronary artery, 
STR ST-segment resolution, SV stroke volume, VD vessel disease

Patient characteristics (n = 711)

Age in years, median [IQR] 58 [49, 68]
Male sex, No. (%) 551 (77.5)
BMI, median [IQR] 27.4 [24.8, 30.1]
BMI > 25 kg/m2, No. (%) 525 (73.8)
BMI > 30 kg/m2, No. (%) 182 (25.6)
Diabetes, No. (%) 142 (20.0)
History of hypertension, No. (%) 490 (68.9)
Dyslipidemia, No. (%) 481 (67.7)
Ever smoker, No. (%) 490 (68.9)
Family history of CAD, No. (%) 246 (34.6)
Previous MI, No. (%) 137 (19.3)
Culprit lesion, No. (%)
 LAD 319 (44.9)
 CX 102 (14.3)
 RCA​ 262 (36.9)
 Multiple 10 (1.4)
 Bypass 18 (2.5)

CAD, No. (%)
 1VD 403 (56.7)
 2VD 180 (25.3)
 3VD 128 (18.0)

In-stent restenosis, No. (%) 63 (8.9)
CRP, mg/dL (< 0.5), median [IQR] 0.38 [0.18, 0.77]
Creatinine on admission, mg/dL (0.7–1.3), median [IQR] 1.21 [1.05, 1.39]
Cholesterol, mg/dL (< 200), median [IQR] 199.61 [170.66, 232.82]
LDL, mg/dL (< 130), median [IQR] 113.13 [88.42, 140.15]
HDL, mg/dL (> 55), median [IQR] 40.93 [35.14, 49.03]
Triglycerides, mg/dL (< 150), median [IQR] 122.12 [81.42, 192.04]
CK-MB AUC, median [IQR] 213.3 [95.5, 404.5]
STR, %, median [IQR] 70.0 [38.4, 87.8]
Transthoracic echocardiography after STEMI 365 (51.3)
 Days after STEMI, median [IQR] 3 [2, 4]
 LVEF, %, median [IQR] 49 [44, 56]
 ESV, ml, median [IQR] 49 [37, 66]
 EDV, ml, median [IQR] 98 [81, 120]
 GLS, %, median [IQR] − 14.1 [− 16.8, − 11.0]

Background medication prior to admission
 ACE inhibitors, No. (%) 115 (16.2)
 ARB, No. (%) 72 (10.1)
 Beta-blockers, No. (%) 138 (19.4)
 Statins, No. (%) 140 (19.7)
 ASA, No. (%) 166 (23.3)
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Homozygous DNase 1 Q222R SNP leads to decreased 
enzymatic activity

To validate previously published findings [51], we assessed 
whether the presence of the Q222R DNase 1 SNP was asso-
ciated with impaired DNase activity in healthy controls and 
STEMI patients. Homozygous SNP carriers exhibited lower 
enzymatic activity compared to respective heterozygous and 
non-carriers, regardless of the cohort (Fig. 3a, Supplemen-
tary Fig. 1b). At the culprit site, DNase enzymatic activ-
ity of STEMI patients was not different between genotypes 
(Fig. 3b). When we computed the ratio of dsDNA to DNase 
activity to estimate the degree of uncompensated NET for-
mation, we found it increased in homozygous patients both 
at the peripheral (Fig. 3c) and the culprit site (Fig. 3d).

We next analyzed whether the presence of the homozy-
gous Q222R DNase 1 SNP was associated with enzymatic 
infarct size and ST-segment resolution. We found that they 
were not different among genotypes (Supplementary Fig. 2a, 
b). Furthermore, we performed echocardiographic analyses 
3 [IQR 2, 4] days after STEMI, finding no differences in 
LVEF, ESV, EDV or GLS between genotypes (Supplemen-
tary Fig. 2c–f, Supplementary Tables 4 and 5). We observed 
a positive correlation between LVEF and DNase activity at 
the culprit site (Supplementary Fig. 3).

DNase Q222R 1 and dsDNA/DNase activity ratio 
predict mortality after STEMI

To assess the influence of DNase 1 Q222R SNP on mor-
tality, we performed multivariable Cox regression analysis, 
adjusting for cardiovascular risk factors. We identified the 
homozygous Q222R variant as independent predictor of 
both cardiovascular (Fig. 4a, Table 2) and all-cause mortal-
ity (Fig. 4b, Table 2). Kaplan–Meier curves stratified by all 
three genotypes are shown in Supplementary Fig. 4. Levels 
of dsDNA, citH3, NE, MPO, and DNase activity alone were 
not associated with outcome (data not shown). dsDNA to 
DNase activity ratio at the peripheral site as well as at the 
culprit site was independently predictive for both cardio-
vascular and all-cause mortality (Table 3, Supplementary 
Table 1).

Discussion

In the present work we confirm increased NET burden at the 
coronary culprit site in a large cohort of STEMI patients, 
consistent with previous literature [18, 30, 43]. We show that 
DNase activity is a determinant of prognosis after STEMI. 
While the DNase 1 Q222R SNP [25] is not more common in 
patients than controls, it confers lower DNase 1 activity, and 
is an independent predictor of poor outcome after STEMI.

Previously, we have shown a high NET burden at the cul-
prit site in STEMI [30]. Both major components of chroma-
tin, i.e., DNA and histones mediate adverse effects. dsDNA 
mediates pro-thrombotic effects by activating platelets [14] 
and endothelial cells [15], inducing the production of pro-
inflammatory cytokines. This includes interleukin-6 and 
monocyte chemoattractant protein-1 [34], which have been 
associated with poor cardiac function and outcome after 
STEMI [11, 16]. Histones are cytotoxic [40], and increase 
thrombin generation [1]. Supporting these experimental 
observations, NETs were shown to be an integral part of 
venous [5] and coronary thrombi [30, 43], serving as scaf-
folds for thrombosis. Increased NET burden in coronary 
thrombi is correlated with cardiac magnetic resonance-
measured infarct size, and with poor ST-segment resolution 
[30]. After STEMI, culprit site dsDNA levels are predictive 
of major adverse cardiovascular events (MACE) at 25 month 
follow-up [28, 49]. NETs also promote chronic atheroscle-
rosis as shown in several murine models [12]. In humans, 
NETs were detected both in the lumen of atherosclerotic ves-
sels [33] and within plaques [39], exerting pro-thrombotic 
and plaque-destabilizing effects, and appear to be key factors 

Fig. 1   Overall allele frequency of Q222R DNase 1 SNP in STEMI 
patients and non-MI controls. Frequency of the Q222R DNase 1 SNP 
in STEMI patients (n = 711) and an age- and sex-matched cohort 
of patients without history of MI (n = 1422). Numbers in bars indi-
cate the percentage of patients per group. Chi square for comparison 
between patient cohorts was χ2 = 0.336, p = 0.845. DNase deoxyribo-
nuclease, SNP single nucleotide polymorphism, STEMI ST-segment 
elevation myocardial infarction
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for superficial erosion [13]. In stable coronary artery dis-
ease, circulating dsDNA levels were independently associ-
ated with disease severity assessed by coronary computed 
tomography angiography, and with MACE [4].

Adequate vascular DNase activity is vital to efficiently 
degrade extracellular chromatin, to prevent tissue damage, 
autoimmune effects and to maintain homeostasis [22]. Major 
DNA-degrading enzymes in the circulation are DNase 1 and 
1L3, which act complementary regarding co-factors, inhibi-
tors and pH optimum [36]. We observed significantly higher 
DNase activity in STEMI patients than in healthy controls 

[24], presumably acting as a counter regulatory mechanism 
against DNA accumulation in acute MI. Higher culprit site 
DNase activity was associated with smaller infarct size in 
STEMI patients [30].

A SNP in the DNase 1 gene resulting in the amino acid 
substitution Q222R was associated with lower DNase enzy-
matic activity after transfection and expression in vitro [25]. 
The DNase 1 Q222R SNP has been linked to an increased 
prevalence of MI in a Japanese patient cohort [25]. The 
homozygous frequency of the Q222R SNP differs consid-
erably between ethnic groups, with approximately 17% in 

Fig. 2   NET burden and DNase activity in STEMI patients. a, dsDNA 
(n = 315, culprit site 270.6 [178.4, 478.2] vs. peripheral 152.2 [123.9, 
218.2] ng/ml, p < 0.0001). 4 peripheral and 10 culprit site values 
are out of y-axis range. b, citH3 (n = 342, culprit site 897.3 [259.3, 
2423.0] vs. peripheral 453.7 [110.3, 1182.0] ng/ml, p < 0.0001). 12 
peripheral and 18 culprit site values are out of y-axis range. c, NE 
(n = 226, culprit site 119.2 [61.3, 237.1] vs. peripheral 38.7 [16.7, 
78.4] ng/ml, p < 0.0001). 2 culprit site value are out of y-axis range. 
d, MPO (n = 226, culprit site 265.6 [223.2, 311.0] vs. peripheral 
233.7 [207.8, 251.2] ng/ml, p > 0.0001). 1 culprit site value is out of 

y-axis range. e, DNase activity (n = 225, culprit site 7.29 [5.00, 10.80] 
vs. peripheral 7.46 [5.12, 10.80] mU/ml, p = 0.021). f, ratio between 
dsDNA and DNase activity (n = 227, culprit site 41.27 [22.56, 74.59] 
vs. peripheral 23.30 [13.78, 41.43] ng/mU, p< 0.0001). 6 periph-
eral and 4 culprit site values are out of y-axis range. *p < 0.05, 
****p < 0.0001. citH3 citrullinated histone H3, DNase deoxyribonu-
clease, dsDNA double-stranded DNA, MPO myeloperoxidase, NE 
neutrophil elastase, STEMI ST-segment elevation myocardial infarc-
tion. Two-sided Wilcoxon signed-rank test, alpha-level 0.05
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East Asians and, 67% in Africans, and 8.7% of Europeans 
according to the Ensemble database [53]. We did not detect 
a different DNase 1 Q222R SNP frequency in our STEMI 
cohort (9.3%) vs. controls (8.9%).

We measured DNase activity in STEMI patients and con-
trols, and found it lower in homozygous Q222R SNP car-
riers, corroborating previous observations [51]. However, 
despite significantly reduced DNase activity in peripheral 
plasma of homozygous Q222R SNP carriers suffering from 
STEMI, DNase activity at the culprit site was not different 
between genotypes.

While dsDNA and citH3 were markedly increased at the 
culprit site during STEMI, culprit site DNase activity was 

relatively low. To better describe the equilibrium of extra-
cellular DNA and its degradation by DNase, we calculated 
a dsDNA/DNase ratio. The ratio was strongly increased 
at the culprit site, indicating excessive NET burden at the 
site of coronary obstruction. Furthermore, dsDNA/DNase 
activity ratio was significantly higher both at the culprit and 
the peripheral site in homozygous Q222R SNP carriers. 
Although the homozygous SNP is associated with decreased 
DNase activity, the milieu at the culprit site may play an 
additional important role as a modifier of DNase activity. 
Increased chromatin burden may be explained by substrate 
overload or impaired DNase enzymatic activity, presumably 
due to local inhibitors. Many inhibitors of DNase enzymatic 

Table 2   Effect of the 
homozygous Q222R DNase 
1 SNP on cardiovascular and 
all-cause mortality of STEMI 
patients at long-term follow-up

Multivariable Cox regression was used to assess the influence of a homozygous SNP in the Q222R DNase 
1 gene on cardiovascular and all-cause mortality, after a median follow-up of 60.0 [IQR 30.3, 91.5] months
BMI body mass index, CI confidence interval, DNase deoxyribonuclease, HR hazard ratio, IQR interquar-
tile range, SNP single nucleotide polymorphism, STEMI ST-segment elevation myocardial infarction

Factor Cardiovascular mortality All-cause mortality

Adjusted HR 95% CI p-value Adjusted HR 95% CI p-value

Age 1.09 1.06–1.12  < 0.0001 1.07 1.05–1.09  < 0.0001
Male sex 0.99 0.56–1.77 0.975 1.29 0.84–1.99 0.246
BMI 1.02 0.97–1.08 0.440 0.99 0.94–1.03 0.531
Hyperlipidemia 0.73 0.43–1.25 0.248 0.68 0.46–1.02 0.061
Arterial hypertension 0.72 0.34–1.37 0.322 0.55 0.35–0.87 0.010
Diabetes mellitus 2.57 1.50–4.41 0.001 2.28 1.50–3.47  < 0.0001
Ever smoker 0.66 0.38–1.13 0.127 0.85 0.57–1.29 0.450
Creatinine on admission 2.63 1.83–3.78  < 0.0001 2.84 2.15–3.76  < 0.0001
DNase 1 SNP 2.02 1.01–4.01 0.046 2.01 1.91–3.39 0.009

Table 3   Effect of the dsDNA to 
DNase activity ratio measured 
at the peripheral site on 
cardiovascular and all-cause 
mortality of STEMI patients at 
long-term follow-up

Multivariable Cox regression was used to assess the influence of a homozygous SNP in the Q222R DNase 
1 gene on cardiovascular and all-cause mortality, after a median follow-up of 60.0 [IQR 30.3, 91.5] months
BMI body mass index, CI confidence interval, DNase deoxyribonuclease, dsDNA double-stranded DNA, 
HR hazard ratio, IQR interquartile range, SNP single nucleotide polymorphism, STEMI ST-segment eleva-
tion myocardial infarction.

Factor Cardiovascular mortality All-cause mortality

Adjusted HR 95% CI p-value Adjusted HR 95% p-value

Age 1.10 1.03–1.18 0.003 1.01 1.05–1.14  < 0.0001
Male sex 0.47 0.92–2.37 0.357 1.26 0.49–3.22 0.635
BMI 0.89 0.76–1.05 0.179 0.95 0.86–1.06 0.374
Hyperlipidemia 0.43 0.12–1.58 0.204 0.79 0.33–1.89 0.600
Arterial hypertension 0.38 0.10–1.47 0.162 0.26 0.11–0.63 0.003
Diabetes mellitus 4.84 1.30–18.07 0.019 2.19 0.80–6.04 0.128
Ever smoker 1.13 0.28–4.56 0.863 1.72 0.67–4.47 0.262
Creatinine on admission 4.02 1.63–9.89 0.003 2.94 1.43–6.05 0.003
dsDNA/DNase activity ratio 1.28 1.05–1.57 0.016 1.25 1.05–1.48 0.012
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activity have been described. Actin, an important contractile 
cardiac protein, was identified as potent endogenous DNase 
inhibitor, and complex formation with actin is irreversible 
[3]. In acute myocardial infarction, actin is released into 
the circulation due to inflammatory and cardiomyocyte cell 
death [2]. Especially at the culprit site, increased levels of 
actin are expected to block DNase activity by irreversible 
complex formation. Consequently, the degree of geneti-
cally reduced capacity of degradation could be masked by 
the milieu of the culprit site, potentially explaining why we 
could not observe a difference at the culprit site between 
patients homozygous for Q222R and those not. Whether 

release of actin or other compounds at the culprit site inter-
feres with DNase activity remains to be determined.

We determined the impact of the Q222R SNP on out-
come after STEMI in multivariable regression models. Over 
a mean follow-up period of 60 months, cardiovascular as 
well as all-cause mortality were significantly increased in 
homozygous SNP carriers. In concordance, dsDNA/DNase 
activity ratio independently predicted cardiovascular and 
all-cause mortality after STEMI. Our results suggest that 
extracellular chromatin and its degradation products are pre-
dictors of survival in patients after STEMI, while dsDNA, 
citH3, NE, MPO, DNase and dsDNA/DNase ratio did not 
correlate with enzymatic infarct size and STR. We can only 

Fig. 3   DNase activity and dsDNA levels in STEMI patients with 
homozygous DNase 1 Q222R. DNase activity at a, the peripheral 
site (homozygous Q222R n = 42, 6.76 [4.38, 8.67] vs. not homozy-
gous Q222R n = 176, 7.91 [5.28, 11.18] mU/ml, p = 0.047) and b, 
the culprit site (homozygous Q222R n = 34, 5.49 [3.86, 9.73] vs. not 
homozygous Q222R n = 153, 7.57 [5.00, 10.64] mU/ml, p = 0.100) of 
STEMI patients was measured in patients with or without a homozy-
gous variant of the Q222R DNase 1 SNP. dsDNA at c, the periph-
eral site (homozygous Q222R n = 40, 26.31 [20.29, 54.26] vs. not 
homozygous Q222R n = 174, 22.48 [12.70, 42.40] mU/ml, p = 0.030) 

and d, the culprit site (homozygous Q222R n = 33, 50.68 [31.69, 
84.77] vs. not homozygous Q222R n = 153, 39.43 [20.46, 73.54] 
mU/ml, p = 0.027) was measured and divided by DNase activity. In 
c, 1 value in the homozygous and 3 values in the other group are out 
of y-axis range. In d, 2 and 5 values are out of y-axis range. DNase 
deoxyribonuclease, dsDNA double-stranded DNA, SNP single 
nucleotide polymorphism, STEMI ST-segment elevation myocardial 
infarction. *p < 0.05, n.s. not significant. Two-sided Mann Whitney 
test, alpha-level 0.05
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speculate on the reasons behind this discordance, and we 
also can only speculate on the predictive power of dsDNA 
and the dsDNA / DNase ratio, because our data do not allow 
detailed analyses of causes of death. Regarding cardiovas-
cular mortality, progression of coronary artery disease or 
ischemic cardiomyopathy may contribute to death. Another 
reason for the disconnect may be the presence of shared 
risk factors between cardiovascular disease and malignancy. 
We know that a chronic inflammatory state is deleterious to 
human health. Non-degraded extracellular DNA appears to 
be one noxious effector in an inflammatory milieu. DNases 
are its natural antagonists. It will be interesting to investigate 
the role of circulating DNA and DNases in human disease.

Differences in DNase activity appear relatively small. 
However, our DNase activity assay could not distinguish 
between different DNases; therefore, we cannot exclude that 
other DNases may compensate for a deficiency of DNase 
1. In STEMI, circulating DNase activity is elevated in all 
patients, while at the culprit site, inhibitors may play a role. 
Apart from cardiovascular and all-cause death, no informa-
tion was available on other important outcome measures, 
including recurrent myocardial infarction, heart failure, 
stroke or malignancy.

We believe that current evidence on extracellular chroma-
tin and its efficient removal highlight it as a novel therapeutic 
target in cardiovascular disease. Targeting DNA in rodent 
MI models reduced infarct size [47]. Our present data sug-
gest that lowering extracellular chromatin might be a prom-
ising therapeutic concept in acute Ml. Recent large-scale 
studies employing colchicine, an inhibitor of NET formation 
[41] lowering event rates after MI [44] and in chronic coro-
nary artery disease [37] lend support to this idea. DNase 1 
enzyme replacement therapy in selected patients might be a 
direct method to neutralize circulating DNA.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00395-​021-​00864-w.

Authors’ contributions  TMH, AM, ASO and IML had access to the full 
dataset and take responsibility for its integrity and all data analyses. 
TMH: conceptualization, Methodology, Validation, Formal analysis, 
Investigation, Data Curation, Visualization, Project administration, 
Writing—Original Draft. AM: Conceptualization, Methodology, For-
mal analysis, Investigation, Project administration, Funding acquisition, 
Writing—Review & Editing. ASO: Conceptualization, Methodology, 
Validation, Formal analysis, Investigation, Data Curation, Visualiza-
tion, Project administration, Writing—Review & Editing. AP: Inves-
tigation, Writing—Review & Editing. TS: Investigation, Writing—
Review & Editing. JM: Investigation, Writing—Review & Editing. 
KD: investigation, Writing—Review & Editing. SV: Investigation, 
Writing—Review & Editing. SK: Investigation, Writing—Review & 
Editing. MM-N: Data Curation, Resources, Writing—Review & Edit-
ing. AP: Resources, Writing—Review & Editing. KS: Resources, Writ-
ing—Review & Editing. RW: Resources, Writing—Review & Editing. 
EW-K: Resources, Writing—Review & Editing. SN: Resources, Writ-
ing—Review & Editing. IML: Conceptualization, Resources, Supervi-
sion, Funding acquisition, Writing—Review & Editing. We thank Prof. 
Francesco Moscato from the Center for Medical Physics and Biomedi-
cal Engineering, Medical University of Vienna, Austria, for providing 
plate templates for DNase activity measurements.

Funding  Open access funding provided by Medical University of 
Vienna. This work was supported by the Austrian Science Fund “Spe-
zialforschungsbereich” SFB-F54 (Cellular Mediators Linking Inflam-
mation and Thrombosis) to I.M.L, and by the “Bürgermeister-Fonds” 
of Vienna to A.M. The KORA study was initiated and financed by the 
Helmholtz Zentrum München – German Research Center for Envi-
ronmental Health, which is funded by the German Federal Ministry 
of Education and Research (BMBF) and by the State of Bavaria. Fur-
thermore, KORA research was supported within the Munich Center 
of Health Sciences (MC-Health), Ludwig-Maximilians-Universität, as 
part of LMUinnovativ.

Fig. 4   Cardiovascular and all-cause mortality of patients after STEMI 
with homozygous DNase 1 Q222R. Kaplan–Meier curves depicting 
the influence of the homozygous Q222R DNase 1 SNP on a, cardio-
vascular and b, all-cause mortality after STEMI. Censored patients 
are not shown. DNase deoxyribonuclease, SNP single nucleotide 
polymorphism, STEMI ST-segment elevation myocardial infarction. 
Multivariable Cox regression, alpha-level 0.05

https://doi.org/10.1007/s00395-021-00864-w


Basic Research in Cardiology          (2021) 116:29 	

1 3

Page 11 of 13     29 

 Availability of data and material  Raw data and detailed protocols are 
available from the corresponding author upon request.

Declarations 

Conflict of Interest  None.

Ethics approval  This study was approved by the Ethics Committee of 
the Medical University of Vienna, Austria (approval reference numbers 
303/2005, 1947/2014). The “Kooperative Gesundheitsforschung in der 
Region Augsburg” (KORA) study [19] was approved by the Ethics 
Committee of the Bavarian Medical Association, Germany. All proce-
dures were performed according to ethical standards of the Declaration 
of Helsinki 2013.

Consent to participate  All participants gave written informed consent.

Consent for publication  All authors gave consent to publish the manu-
script.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Ammollo CT, Semeraro F, Xu J, Esmon NL, Esmon CT (2011) 
Extracellular histones increase plasma thrombin generation by 
impairing thrombomodulin-dependent protein C activation. J 
Thromb Haemost 9:1795–1803. https://​doi.​org/​10.​1111/j.​1538-​
7836.​2011.​04422.x

	 2.	 Aranega AE, Reina A, Muros MA, Alvarez L, Prados J, Aranega 
A (1993) Circulating alpha-actin protein in acute myocardial 
infarction. Int J Cardiol 38:49–55

	 3.	 Blikstad I, Markey F, Carlsson L, Persson T, Lindberg U 
(1978) Selective assay of monomeric and filamentous actin 
in cell extracts, using inhibition of deoxyribonuclease I. Cell 
15:935–943

	 4.	 Borissoff JI, Joosen IA, Versteylen MO, Brill A, Fuchs TA, 
Savchenko AS, Gallant M, Martinod K, Ten Cate H, Hofstra L, 
Crijns HJ, Wagner DD, Kietselaer B (2013) Elevated levels of 
circulating DNA and chromatin are independently associated with 
severe coronary atherosclerosis and a prothrombotic state. Arte-
rioscler Thromb Vasc Biol 33:2032–2040. https://​doi.​org/​10.​1161/​
atvba​ha.​113.​301627

	 5.	 Brill A, Fuchs TA, Savchenko AS, Thomas GM, Martinod K, De 
Meyer SF, Bhandari AA, Wagner DD (2012) Neutrophil extra-
cellular traps promote deep vein thrombosis in mice. J Thromb 
Haemost 10:136–144. https://​doi.​org/​10.​1111/j.​1538-​7836.​2011.​
04544.x

	 6.	 Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, 
Weiss DS, Weinrauch Y, Zychlinsky A (2004) Neutrophil extra-
cellular traps kill bacteria. Science 303:1532–1535. https://​doi.​
org/​10.​1126/​scien​ce.​10923​85

	 7.	 Brinkmann V, Zychlinsky A (2012) Neutrophil extracellular 
traps: is immunity the second function of chromatin? J Cell Biol 
198:773–783. https://​doi.​org/​10.​1083/​jcb.​20120​3170

	 8.	 Buller CE, Fu Y, Mahaffey KW, Todaro TG, Adams P, Westerhout 
CM, White HD, van ’t Hof AW, Van de Werf FJ, Wagner GS, 
Granger CB, Armstrong PW, (2008) ST-segment recovery and 
outcome after primary percutaneous coronary intervention for ST-
elevation myocardial infarction: insights from the Assessment of 
Pexelizumab in Acute Myocardial Infarction (APEX-AMI) trial. 
Circulation 118:1335–1346. https://​doi.​org/​10.​1161/​circu​latio​
naha.​108.​767772

	 9.	 Choy AM, Darbar D, Lang CC, Pringle TH, McNeill GP, Kennedy 
NS, Struthers AD (1994) Detection of left ventricular dysfunction 
after acute myocardial infarction: comparison of clinical, echo-
cardiographic, and neurohormonal methods. Br Heart J 72:16–22. 
https://​doi.​org/​10.​1136/​hrt.​72.1.​16

	10.	 Crimi G, Pica S, Raineri C, Bramucci E, De Ferrari GM, Klersy C, 
Ferlini M, Marinoni B, Repetto A, Romeo M, Rosti V, Massa M, 
Raisaro A, Leonardi S, Rubartelli P, Oltrona Visconti L, Ferrario 
M (2013) Remote ischemic post-conditioning of the lower limb 
during primary percutaneous coronary intervention safely reduces 
enzymatic infarct size in anterior myocardial infarction: a rand-
omized controlled trial. JACC Cardiovasc Interv 6:1055–1063. 
https://​doi.​org/​10.​1016/j.​jcin.​2013.​05.​011

	11.	 de Lemos JA, Morrow DA, Blazing MA, Jarolim P, Wiviott SD, 
Sabatine MS, Califf RM, Braunwald E (2007) Serial measure-
ment of monocyte chemoattractant protein-1 after acute coro-
nary syndromes: results from the A to Z trial. J Am Coll Cardiol 
50:2117–2124. https://​doi.​org/​10.​1016/j.​jacc.​2007.​06.​057

	12.	 Doring Y, Soehnlein O, Weber C (2017) Neutrophil Extracel-
lular Traps in Atherosclerosis and Atherothrombosis. Circ Res 
120:736–743. https://​doi.​org/​10.​1161/​circr​esaha.​116.​309692

	13.	 Franck G, Mawson TL, Folco EJ, Molinaro R, Ruvkun V, Engel-
bertsen D, Liu X, Tesmenitsky Y, Shvartz E, Sukhova GK, Michel 
JB, Nicoletti A, Lichtman A, Wagner D, Croce KJ, Libby P (2018) 
Roles of PAD4 and NETosis in experimental atherosclerosis and 
arterial injury: implications for superficial erosion. Circ Res 
123:33–42. https://​doi.​org/​10.​1161/​circr​esaha.​117.​312494

	14.	 Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, 
Myers DD Jr, Wrobleski SK, Wakefield TW, Hartwig JH, Wagner 
DD (2010) Extracellular DNA traps promote thrombosis. Proc 
Natl Acad Sci USA 107:15880–15885. https://​doi.​org/​10.​1073/​
pnas.​10057​43107

	15.	 Gaitzsch E, Czermak T, Ribeiro A, Heun Y, Bohmer M, Merkle 
M, Mannell H, Schulz C, Wornle M, Pircher J (2017) Double-
stranded DNA induces a prothrombotic phenotype in the vas-
cular endothelium. Sci Rep 7:1112. https://​doi.​org/​10.​1038/​
s41598-​017-​01148-x

	16.	 Groot HE, Al Ali L, van der Horst ICC, Schurer RAJ, van der 
Werf HW, Lipsic E, van Veldhuisen DJ, Karper JC, van der Harst 
P (2018) Plasma interleukin 6 levels are associated with cardiac 
function after ST-elevation myocardial infarction. Clin Res Car-
diol. https://​doi.​org/​10.​1007/​s00392-​018-​1387-z

	17.	 Hartley A, Marshall DC, Salciccioli JD, Sikkel MB, Maruthappu 
M, Shalhoub J (2016) Trends in mortality from ischemic heart 
disease and cerebrovascular disease in Europe: 1980 to 2009. Cir-
culation 133:1916–1926. https://​doi.​org/​10.​1161/​circu​latio​naha.​
115.​018931

	18.	 Hofbauer TM, Mangold A, Scherz T, Seidl V, Panzenböck A, 
Ondracek AS, Müller J, Schneider M, Binder T, Hell L, Lang IM 
(2019) Neutrophil extracellular traps and fibrocytes in ST-segment 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1538-7836.2011.04422.x
https://doi.org/10.1111/j.1538-7836.2011.04422.x
https://doi.org/10.1161/atvbaha.113.301627
https://doi.org/10.1161/atvbaha.113.301627
https://doi.org/10.1111/j.1538-7836.2011.04544.x
https://doi.org/10.1111/j.1538-7836.2011.04544.x
https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1083/jcb.201203170
https://doi.org/10.1161/circulationaha.108.767772
https://doi.org/10.1161/circulationaha.108.767772
https://doi.org/10.1136/hrt.72.1.16
https://doi.org/10.1016/j.jcin.2013.05.011
https://doi.org/10.1016/j.jacc.2007.06.057
https://doi.org/10.1161/circresaha.116.309692
https://doi.org/10.1161/circresaha.117.312494
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1038/s41598-017-01148-x
https://doi.org/10.1038/s41598-017-01148-x
https://doi.org/10.1007/s00392-018-1387-z
https://doi.org/10.1161/circulationaha.115.018931
https://doi.org/10.1161/circulationaha.115.018931


	 Basic Research in Cardiology          (2021) 116:29 

1 3

   29   Page 12 of 13

elevation myocardial infarction. Basic Res Cardiol 114:33. https://​
doi.​org/​10.​1007/​s00395-​019-​0740-3

	19.	 Holle R, Happich M, Lowel H, Wichmann HE (2005) KORA–
a research platform for population based health research. 
Gesundheitswesen 67(Suppl 1):S19-25. https://​doi.​org/​10.​
1055/s-​2005-​858235

	20.	 Jimenez-Alcazar M, Limacher A, Panda R, Mean M, Bitterling 
J, Peine S, Renne T, Beer JH, Aujesky D, Lammle B, Fuchs TA 
(2018) Circulating extracellular DNA is an independent predictor 
of mortality in elderly patients with venous thromboembolism. 
PLoS ONE 13:e0191150. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01911​50

	21.	 Jimenez-Alcazar M, Napirei M, Panda R, Kohler EC, Kremer 
Hovinga JA, Mannherz HG, Peine S, Renne T, Lammle B, Fuchs 
TA (2015) Impaired DNase1-mediated degradation of neutrophil 
extracellular traps is associated with acute thrombotic microangi-
opathies. J Thromb Haemost 13:732–742. https://​doi.​org/​10.​1111/​
jth.​12796

	22.	 Jimenez-Alcazar M, Rangaswamy C, Panda R, Bitterling J, Sim-
sek YJ, Long AT, Bilyy R, Krenn V, Renne C, Renne T, Kluge S, 
Panzer U, Mizuta R, Mannherz HG, Kitamura D, Herrmann M, 
Napirei M, Fuchs TA (2017) Host DNases prevent vascular occlu-
sion by neutrophil extracellular traps. Science 358:1202–1206. 
https://​doi.​org/​10.​1126/​scien​ce.​aam88​97

	23.	 Joseph G, Zaremba T, Johansen MB, Ekeloef S, Heiberg E, Eng-
blom H, Jensen SE, Sogaard P (2019) Echocardiographic global 
longitudinal strain is associated with infarct size assessed by car-
diac magnetic resonance in acute myocardial infarction. Echo Res 
Pract 6:81–89. https://​doi.​org/​10.​1530/​erp-​19-​0026

	24.	 Kawai Y, Yoshida M, Arakawa K, Kumamoto T, Morikawa N, 
Masamura K, Tada H, Ito S, Hoshizaki H, Oshima S, Tani-
guchi K, Terasawa H, Miyamori I, Kishi K, Yasuda T (2004) 
Diagnostic use of serum deoxyribonuclease I activity as a novel 
early-phase marker in acute myocardial infarction. Circulation 
109:2398–2400. https://​doi.​org/​10.​1161/​01.​cir.​00001​29232.​
61483.​43

	25.	 Kumamoto T, Kawai Y, Arakawa K, Morikawa N, Kuribara J, 
Tada H, Taniguchi K, Tatami R, Miyamori I, Kominato Y, Kishi 
K, Yasuda T (2006) Association of Gln222Arg polymorphism in 
the deoxyribonuclease I (DNase I) gene with myocardial infarc-
tion in Japanese patients. Eur Heart J 27:2081–2087. https://​doi.​
org/​10.​1093/​eurhe​artj/​ehl177

	26.	 Laridan E, Denorme F, Desender L, Francois O, Andersson T, 
Deckmyn H, Vanhoorelbeke K, De Meyer SF (2017) Neutro-
phil extracellular traps in ischemic stroke thrombi. Ann Neurol 
82:223–232. https://​doi.​org/​10.​1002/​ana.​24993

	27.	 Libby P (2013) Mechanisms of acute coronary syndromes and 
their implications for therapy. N Engl J Med 368:2004–2013. 
https://​doi.​org/​10.​1056/​NEJMr​a1216​063

	28.	 Liu J, Yang D, Wang X, Zhu Z, Wang T, Ma A, Liu P (2019) 
Neutrophil extracellular traps and dsDNA predict outcomes 
among patients with ST-elevation myocardial infarction. Sci 
Rep 9:11599. https://​doi.​org/​10.​1038/​s41598-​019-​47853-7

	29.	 Luo L, Zhang S, Wang Y, Rahman M, Syk I, Zhang E, Thor-
lacius H (2014) Proinflammatory role of neutrophil extracellular 
traps in abdominal sepsis. Am J Physiol Lung Cell Mol Physiol 
307:L586-596. https://​doi.​org/​10.​1152/​ajplu​ng.​00365.​2013

	30.	 Mangold A, Alias S, Scherz T, Hofbauer T, Jakowitsch J, 
Panzenbock A, Simon D, Laimer D, Bangert C, Kammerlander 
A, Mascherbauer J, Winter MP, Distelmaier K, Adlbrecht C, 
Preissner KT, Lang IM (2015) Coronary neutrophil extracellu-
lar trap burden and deoxyribonuclease activity in ST-elevation 
acute coronary syndrome are predictors of ST-segment resolu-
tion and infarct size. Circ Res 116:1182–1192. https://​doi.​org/​
10.​1161/​circr​esaha.​116.​304944

	31.	 Mangold A, Hofbauer TM, Ondracek AS, Artner T, Scherz T, 
Speidl WS, Krychtiuk KA, Sadushi-Kolici R, Jakowitsch J, Lang 
IM (2019) Neutrophil extracellular traps and monocyte subsets 
at the culprit lesion site of myocardial infarction patients. Sci 
Rep 9:16304. https://​doi.​org/​10.​1038/​s41598-​019-​52671-y

	32.	 Martinod K, Witsch T, Erpenbeck L, Savchenko A, Hayashi H, 
Cherpokova D, Gallant M, Mauler M, Cifuni SM, Wagner DD 
(2017) Peptidylarginine deiminase 4 promotes age-related organ 
fibrosis. J Exp Med 214:439–458. https://​doi.​org/​10.​1084/​jem.​
20160​530

	33.	 Megens RT, Vijayan S, Lievens D, Doring Y, van Zandvoort 
MA, Grommes J, Weber C, Soehnlein O (2012) Presence of 
luminal neutrophil extracellular traps in atherosclerosis. Thromb 
Haemost 107:597–598. https://​doi.​org/​10.​1160/​th11-​09-​0650

	34.	 Merkle M, Pircher J, Mannell H, Krotz F, Blum P, Czermak 
T, Gaitzsch E, Schneider C, Koppel S, Ribeiro A, Wornle M 
(2015) LL37 inhibits the inflammatory endothelial response 
induced by viral or endogenous DNA. J Autoimmun 65:19–29. 
https://​doi.​org/​10.​1016/j.​jaut.​2015.​07.​015

	35.	 Napirei M, Ludwig S, Mezrhab J, Klockl T, Mannherz HG 
(2009) Murine serum nucleases–contrasting effects of plasmin 
and heparin on the activities of DNase1 and DNase1-like 3 
(DNase1l3). Febs j 276:1059–1073. https://​doi.​org/​10.​1111/j.​
1742-​4658.​2008.​06849.x

	36.	 Napirei M, Ricken A, Eulitz D, Knoop H, Mannherz HG (2004) 
Expression pattern of the deoxyribonuclease 1 gene: lessons 
from the Dnase1 knockout mouse. Biochem J 380:929–937. 
https://​doi.​org/​10.​1042/​bj200​40046

	37.	 Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut 
A, Opstal TSJ, The SHK, Xu XF, Ireland MA, Lenderink T, 
Latchem D, Hoogslag P, Jerzewski A, Nierop P, Whelan A, 
Hendriks R, Swart H, Schaap J, Kuijper AFM, van Hessen 
MWJ, Saklani P, Tan I, Thompson AG, Morton A, Judkins C, 
Bax WA, Dirksen M, Alings MMW, Hankey GJ, Budgeon CA, 
Tijssen JGP, Cornel JH, Thompson PL (2020) Colchicine in 
patients with chronic coronary disease. N Engl J Med. https://​
doi.​org/​10.​1056/​NEJMo​a2021​372

	38.	 Pisetsky DS (2016) Anti-DNA antibodies–quintessential biomark-
ers of SLE. Nat Rev Rheumatol 12:102–110. https://​doi.​org/​10.​
1038/​nrrhe​um.​2015.​151

	39.	 Quillard T, Araujo HA, Franck G, Shvartz E, Sukhova G, Libby P 
(2015) TLR2 and neutrophils potentiate endothelial stress, apopto-
sis and detachment: implications for superficial erosion. Eur Heart 
J 36:1394–1404. https://​doi.​org/​10.​1093/​eurhe​artj/​ehv044

	40.	 Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Bar-
reto G, Galuska SP, Lohmeyer J, Preissner KT (2012) Neutro-
phil extracellular traps directly induce epithelial and endothelial 
cell death: a predominant role of histones. PLoS ONE 7:e32366. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00323​66

	41.	 Safi R, Kallas R, Bardawil T, Mehanna CJ, Abbas O, Hamam R, 
Uthman I, Kibbi AG, Nassar D (2018) Neutrophils contribute to 
vasculitis by increased release of neutrophil extracellular traps in 
Behçet’s disease. J Dermatol Sci 92:143–150. https://​doi.​org/​10.​
1016/j.​jderm​sci.​2018.​08.​010

	42.	 Savchenko AS, Borissoff JI, Martinod K, De Meyer SF, Gal-
lant M, Erpenbeck L, Brill A, Wang Y, Wagner DD (2014) 
VWF-mediated leukocyte recruitment with chromatin decon-
densation by PAD4 increases myocardial ischemia/reperfusion 
injury in mice. Blood 123:141–148. https://​doi.​org/​10.​1182/​
blood-​2013-​07-​514992

	43.	 Stakos DA, Kambas K, Konstantinidis T, Mitroulis I, Aposto-
lidou E, Arelaki S, Tsironidou V, Giatromanolaki A, Skendros P, 
Konstantinides S, Ritis K (2015) Expression of functional tissue 
factor by neutrophil extracellular traps in culprit artery of acute 
myocardial infarction. Eur Heart J 36:1405–1414. https://​doi.​org/​
10.​1093/​eurhe​artj/​ehv007

https://doi.org/10.1007/s00395-019-0740-3
https://doi.org/10.1007/s00395-019-0740-3
https://doi.org/10.1055/s-2005-858235
https://doi.org/10.1055/s-2005-858235
https://doi.org/10.1371/journal.pone.0191150
https://doi.org/10.1371/journal.pone.0191150
https://doi.org/10.1111/jth.12796
https://doi.org/10.1111/jth.12796
https://doi.org/10.1126/science.aam8897
https://doi.org/10.1530/erp-19-0026
https://doi.org/10.1161/01.cir.0000129232.61483.43
https://doi.org/10.1161/01.cir.0000129232.61483.43
https://doi.org/10.1093/eurheartj/ehl177
https://doi.org/10.1093/eurheartj/ehl177
https://doi.org/10.1002/ana.24993
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1038/s41598-019-47853-7
https://doi.org/10.1152/ajplung.00365.2013
https://doi.org/10.1161/circresaha.116.304944
https://doi.org/10.1161/circresaha.116.304944
https://doi.org/10.1038/s41598-019-52671-y
https://doi.org/10.1084/jem.20160530
https://doi.org/10.1084/jem.20160530
https://doi.org/10.1160/th11-09-0650
https://doi.org/10.1016/j.jaut.2015.07.015
https://doi.org/10.1111/j.1742-4658.2008.06849.x
https://doi.org/10.1111/j.1742-4658.2008.06849.x
https://doi.org/10.1042/bj20040046
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1038/nrrheum.2015.151
https://doi.org/10.1038/nrrheum.2015.151
https://doi.org/10.1093/eurheartj/ehv044
https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1016/j.jdermsci.2018.08.010
https://doi.org/10.1016/j.jdermsci.2018.08.010
https://doi.org/10.1182/blood-2013-07-514992
https://doi.org/10.1182/blood-2013-07-514992
https://doi.org/10.1093/eurheartj/ehv007
https://doi.org/10.1093/eurheartj/ehv007


Basic Research in Cardiology          (2021) 116:29 	

1 3

Page 13 of 13     29 

	44.	 Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni 
AP, Pinto FJ, Ibrahim R, Gamra H, Kiwan GS, Berry C, López-
Sendón J, Ostadal P, Koenig W, Angoulvant D, Grégoire JC, 
Lavoie MA, Dubé MP, Rhainds D, Provencher M, Blondeau L, 
Orfanos A, L’Allier PL, Guertin MC, Roubille F (2019) Efficacy 
and safety of low-dose colchicine after myocardial infarction. N 
Engl J Med 381:2497–2505. https://​doi.​org/​10.​1056/​NEJMo​a1912​
388

	45.	 Thalin C, Daleskog M, Goransson SP, Schatzberg D, Lasselin J, 
Laska AC, Kallner A, Helleday T, Wallen H, Demers M (2017) 
Validation of an enzyme-linked immunosorbent assay for the 
quantification of citrullinated histone H3 as a marker for neutro-
phil extracellular traps in human plasma. Immunol Res 65:706–
712. https://​doi.​org/​10.​1007/​s12026-​017-​8905-3

	46.	 Ueki M, Kimura-Kataoka K, Takeshita H, Fujihara J, Iida R, Sano 
R, Nakajima T, Kominato Y, Kawai Y, Yasuda T (2014) Evalu-
ation of all non-synonymous single nucleotide polymorphisms 
(SNPs) in the genes encoding human deoxyribonuclease I and 
I-like 3 as a functional SNP potentially implicated in autoimmun-
ity. FEBS J 281:376–390. https://​doi.​org/​10.​1111/​febs.​12608

	47.	 Vogel B, Shinagawa H, Hofmann U, Ertl G, Frantz S (2015) Acute 
DNase1 treatment improves left ventricular remodeling after myo-
cardial infarction by disruption of free chromatin. Basic Res Car-
diol 110:15. https://​doi.​org/​10.​1007/​s00395-​015-​0472-y

	48.	 Wang J, Arase H (2014) Regulation of immune responses by neu-
trophils. Ann N Y Acad Sci 1319:66–81. https://​doi.​org/​10.​1111/​
nyas.​12445

	49.	 Wang X, Yang D, Liu J, Fan X, Ma A, Liu P (2018) Prognos-
tic value of culprit artery double-stranded DNA in ST-segment 

elevated myocardial infarction. Sci Rep 8:9294. https://​doi.​org/​
10.​1038/​s41598-​018-​27639-z

	50.	 Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V (2015) 
Inflammation. Neutrophil extracellular traps license macrophages 
for cytokine production in atherosclerosis. Science 349:316–320. 
https://​doi.​org/​10.​1126/​scien​ce.​aaa80​64

	51.	 Yasuda T, Ueki M, Takeshita H, Fujihara J, Kimura-Kataoka K, 
Iida R, Tsubota E, Soejima M, Koda Y, Kato H, Panduro A (2010) 
A biochemical and genetic study on all non-synonymous single 
nucleotide polymorphisms of the gene encoding human deoxyri-
bonuclease I potentially relevant to autoimmunity. Int J Biochem 
Cell Biol 42:1216–1225. https://​doi.​org/​10.​1016/j.​biocel.​2010.​04.​
012

	52.	 Yasutomo K, Horiuchi T, Kagami S, Tsukamoto H, Hashimura 
C, Urushihara M, Kuroda Y (2001) Mutation of DNASE1 in peo-
ple with systemic lupus erythematosus. Nat Genet 28:313–314. 
https://​doi.​org/​10.​1038/​91070

	53.	 Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, 
Bhai J, Billis K, Cummins C, Gall A, Giron CG, Gil L, Gordon 
L, Haggerty L, Haskell E, Hourlier T, Izuogu OG, Janacek SH, 
Juettemann T, To JK, Laird MR, Lavidas I, Liu Z, Loveland JE, 
Maurel T, McLaren W, Moore B, Mudge J, Murphy DN, Newman 
V, Nuhn M, Ogeh D, Ong CK, Parker A, Patricio M, Riat HS, 
Schuilenburg H, Sheppard D, Sparrow H, Taylor K, Thormann A, 
Vullo A, Walts B, Zadissa A, Frankish A, Hunt SE, Kostadima M, 
Langridge N, Martin FJ, Muffato M, Perry E, Ruffier M, Staines 
DM, Trevanion SJ, Aken BL, Cunningham F, Yates A, Flicek P 
(2018) Ensembl 2018. Nucleic Acids Res 46:D754-d761. https://​
doi.​org/​10.​1093/​nar/​gkx10​98

https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1007/s12026-017-8905-3
https://doi.org/10.1111/febs.12608
https://doi.org/10.1007/s00395-015-0472-y
https://doi.org/10.1111/nyas.12445
https://doi.org/10.1111/nyas.12445
https://doi.org/10.1038/s41598-018-27639-z
https://doi.org/10.1038/s41598-018-27639-z
https://doi.org/10.1126/science.aaa8064
https://doi.org/10.1016/j.biocel.2010.04.012
https://doi.org/10.1016/j.biocel.2010.04.012
https://doi.org/10.1038/91070
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1093/nar/gkx1098

	Deoxyribonuclease 1 Q222R single nucleotide polymorphism and long-term mortality after acute myocardial infarction
	Abstract
	Introduction
	Methods
	STEMI patients and controls
	Enzymatic infarct size
	ST-segment resolution
	Transthoracic echocardiography after STEMI
	Isolation of genomic DNA
	Genotyping of SNPs
	Measurement of DNase activity
	Measurement of soluble NET markers
	Outcome assessment
	Statistical analysis

	Results
	Patient characteristics
	Frequency of DNase 1 Q222R SNP
	NET markers are increased at the culprit site, while DNase activity is low in overall patients
	Homozygous DNase 1 Q222R SNP leads to decreased enzymatic activity
	DNase Q222R 1 and dsDNADNase activity ratio predict mortality after STEMI

	Discussion
	References




