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Abstract: Extracellular DNA (ecDNA) is a promising candidate marker for the early diagnosis and
monitoring of urinary tract infections (UTIs). The aim of our study is to describe the dynamics
of ecDNA in the plasma and urine of patients with urosepsis as well as in a mouse model of UTI.
Samples of blood and urine were collected from adult patients with UTIs and obstructive uropathy
(n = 36) during the first 3 days at the hospital and during a follow-up. Bacterial burden and urinary
ecDNA were evaluated in a mouse UTI model (n = 26) at baseline; 24, 48, and 72 h after UTI induction;
and 7 days after UTI induction. The plasma ecDNA did not change during urosepsis, but the plasma
DNase activity increased significantly at the follow-up. The urinary ecDNA decreased significantly
during hospitalization and remained low until the follow-up (90% lower vs. admission). No change
was seen in the urinary DNase activity. C-reactive protein (CRP) and procalcitonin are positively
correlated with plasma and urinary ecDNA. A UTI caused sepsis in 23% of mice. The urinary ecDNA
decreased by three-fold and remained low until day 7 post-infection. Urinary bacterial burden is
correlated with urinary ecDNA. Urinary ecDNA is a potential non-invasive marker for monitoring
the effects of treatment during urosepsis and is related to UTI progression in the experimental
animal model.

Keywords: cell-free DNA; biomarker; disease monitoring; urinary tract infection; urosepsis; SIRS

1. Introduction

Urosepsis is sepsis originating from a urinary tract infection (UTI), including lower
and upper UTIs such as cystitis and pyelonephritis. The most common pathogen is Es-
cherichia coli (E. coli), and other possible pathogens may be Proteus, Enterobacter, Klebsiella,
Pseudomonas aeruginosa, and Gram-positive bacteria [1]. Although a UTI often develops as
an uncomplicated infection of the lower urinary tract that can be managed by outpatient
antibiotics, it can ascend to the kidneys, increasing the risk of severe UTI complications.
When UTIs are treated inappropriately or develop in patients with functional or anatomical
abnormalities of the urogenital tract, they can result in the dissemination of the uropathogen
into the blood, leading to a dysregulated systemic response of the organism, the so-called
urosepsis [2]. Urosepsis is often a result of the combination of a UTI and an upper urinary
tract obstruction in most cases [3–5] and is represented (up to 78%) by acute pyelonephritis
associated with obstructive uropathy [6]. A common cause of a urinary tract obstruction is
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concretion associated with the presence of a tumor or foreign bodies (permanent urinary
catheter, ureteral stents, percutaneous nephrostomy) in the small pelvis. The duration and
localization of the obstruction are the main factors that contribute to the development of
the inflammatory process in the kidneys [7].

The diagnosis of urosepsis is based on the clinical symptoms of a UTI and sepsis
according to the Sequential Organ Failure Assessment (SOFA) score. The gold standard
is a positive culture of urine and blood, but these are often time-consuming. The SOFA
score is based on organ system abnormalities (Glasgow Coma Scale, mean arterial pressure,
urine output), clinical intervention (respiratory support, administration of vasopressors),
and laboratory data (PaO2, platelet count, creatinine, and bilirubin concentration) [8].
Other infectious biomarkers such as white blood cells (WBC), procalcitonin, and c-reactive
protein (CRP) are increased during urosepsis [9]. Despite many diagnostic parameters, the
diagnosis of urosepsis is still complicated and slow. Therefore, new rapid and sensitive
biomarkers reflecting the host status in urosepsis are needed.

Extracellular DNA (ecDNA) refers to all types of DNA molecules that are found
outside of cells including DNA in extracellular vesicles and neutrophil extracellular traps.
The main source of ecDNA is cell death such as necrosis and apoptosis [10]. Cleavage of
ecDNA is physiologically maintained via DNases through the hydrolysis of DNA phospho-
diester bonds [11]. In pathological conditions such as sepsis, the balance of ecDNA and
DNase activity can be shifted, leading to an increase in ecDNA. The ecDNA can act like
damage-associated molecular patterns (DAMPs) and lead to the activation of the innate
immune system [12–14], resulting in the disturbance of homeostasis, organ dysfunction,
and eventually, organ failure [15]. EcDNA is found in all bodily fluids [16], and its quantity
is associated with various pathological conditions [17–21].

Urine is a biofluid with a high diagnostic potential due to its non-invasive collection in
large quantities. Urine is also more suitable for frequent sampling when regular monitoring
is needed. In addition, sampling can be performed by untrained personnel and is cost-
effective in comparison to blood collection. Although urine as a biological sample has many
advantages over blood plasma, it has one major disadvantage in nucleic acid research,
namely, DNA fragmentation due to high nuclease activity [22]. Urinary ecDNA mainly
originates from epithelial cells of the urinary tract [23]. A part of urinary ecDNA stems
from blood circulation [24] or is released from dead WBC and bacteria [24,25]. Studies
show that high plasma ecDNA is associated with sepsis, and its concentration has a good
predictive value for mortality in septic patients [26–28]. It was confirmed that a UTI
increases the concentration of urinary ecDNA when compared with healthy subjects [23].
Recently, several studies demonstrated that the urinary ecDNA of mitochondrial origin
(mtDNA) can be used as an indicator of mitochondrial injury, which is often associated
with renal injury [29–31]. Our team recently published an animal study where we pointed
to the potential of plasma ecDNA as an early marker of acute kidney injury (AKI). We
also demonstrated that urinary ecDNA increases by more than two-fold 24 h after AKI
induction [32]. According to our knowledge, there are no published studies focusing on
urinary ecDNA in urosepsis.

Therefore, this study aims to describe the dynamics of ecDNA during urosepsis with a
focus on urine as a non-invasive specimen. We investigated the urinary ecDNA dynamics in
patients with urosepsis during hospitalization and at the follow-up to clarify the association
of ecDNA with urosepsis severity. The role of urinary ecDNA was further analyzed in
an animal UTI model using C57BL/6J mice to determine the dynamics of urinary ecDNA
before and during a UTI. We hypothesized that the concentrations of urinary ecDNA will
increase in the mice with an induced UTI, similarly to patients with urosepsis during
hospitalization due to inflammation, and decrease after treatment.
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2. Materials and Methods
2.1. Clinical Study

In this study, 44 patients hospitalized at the Department of Urology in University
Hospital in Bratislava, Slovakia with a UTI associated with right-/left-sided or bilateral
obstructive uropathy (OPU) were enrolled. All patients presented typical symptoms of UTI
including pain during urination, lumbago, fever, chills, and fatigue. Clinical picture was
characterized by increased inflammatory activity (CRP, procalcitonin), and the presence
of leukocyturia and bacteriuria (≥104 colony forming units/mL of urine). All patients
underwent imaging including ultrasonography, intravenous urography, or computed
tomography to identify the cause of obstruction. Out of 44 patients, 8 patients were
excluded from the study because they were diagnosed with carcinoma associated with
OPU. Thirty-six patients with OPU associated with urolithiasis were included in further
analysis (aged 62.2 ± 15.5 years). All patients were treated using intravenous antibiotics
that included one or more of the following drugs: cefuroxime, ciprofloxacin, cefixime,
cefotaxime, gentamicin, meropenem.

2.2. Sample Collection

Samples from all included patients were collected at the time of admission, 24 h,
and 48 h after start of the antibiotic treatment (ATB), and during the follow-up (after
31.0 ± 26.6 days). Venous blood was collected from the medial cubital vein into K3EDTA,
lithium heparin, and serum vacutainer tubes (Becton Dickinson, Czech Republic). Urine
samples were collected into sterile Falcon tubes (Sarstedt, Nümbrecht, Germany). Aliquots
were centrifuged at 1600× g for 10 min, and supernatants were stored at −80 ◦C for
further analyses.

2.3. Biochemical Analysis

Samples were used for immediate laboratory analysis at SYNLAB laboratory based in
University Hospital, Bratislava. Biochemistry and hormonal markers were assessed using
a fully automated analyzer (Abbott, Chicago, IL, USA). Hematological parameters were
assessed using a fully automated hematology analyzer (Kobe, Hyōgo, Japan).

2.4. Animal Study

The animal experiment was performed on mice aged 7–8 months obtained from
Animalab (Prague, Czech Republic), strain C57BL/6 (n = 26). Mice were housed in cages
with a controlled temperature and humidity and a 12/12 h light/dark cycle. All animals
had free access to standard chow and water during the whole experiment.

2.5. Bacterial Strain and Growth Condition

Uropathogenic E. coli strain CFT073 isolated from a patient with acute pyelonephritis
was used [33]. Bacteria were grown statically at 37 ◦C in liquid Luria–Bertani medium for
~16 h, and centrifuged at 7500× g for 10 min at 4 ◦C. The pellet was resuspended in ice-cold
sterile phosphate-buffered saline to a final concentration of bacteria OD600nm = 1~8 × 108

colony-forming units (CFU)/mL.

2.6. Experimental Design

UTI was induced via mini-surgical inoculation of bacteria culture directly to the
bladder [34]. Briefly, isoflurane was used to quickly anesthetize animals before a short
vertical incision was made to expose the bladder in pubic region. The bladder was directly
injected with 50 µL of ~4 × 107 CFU. Urine was collected in metabolic cages after 24, 48,
72 h and 7 days post-infection, and serial dilutions were plated using the single plate-
serial dilution spotting method. Aliquots were centrifuged at 1600× g for 10 min, and
supernatants were stored at −80 ◦C for further analyses. Plates were incubated overnight
at 37 ◦C, bacterial colonies were counted, and the number of CFU per ml of urine was
calculated. Animals were sacrificed right after final urine collection via cervical dislocation,
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and bladders and kidneys were harvested. Organs were immediately homogenized in
sterile ice-cold phosphate-buffered saline and plated similarly to urine samples.

2.7. Isolation and Quantification of Extracellular DNA

After the first centrifugation, plasma and urine samples were centrifuged at 16,000× g
for 10 min to remove apoptotic bodies from the supernatant. Subsequently, ecDNA was
isolated by the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) based on the column
method principle. The total extracellular DNA concentration was determined via fluoromet-
ric method using the AccuBlue® NextGen dsDNA Quantitation Kit (Biotium, Fremont, CA,
USA). To determine the subcellular origin of ecDNA, quantitative PCR analysis recorded
in real-time was used with primers targeting DNA of nuclear and mitochondrial origin,
and 16S PCR for detection of bacterial pathogens.

Nuclear DNA was determined using primers targeting the human gene for β-globin
and mouse gene for β-2-microglobin. For determination of mitochondrial DNA, primers
encoding the D-loop of the human mitochondrial genome and mouse gene cytochrome b
were used (Table S1). The reaction volume was set to 10 µL, consisting of 5 µL of SsoAd-
vanced Universal SYBR® Green Supermix (2×) (Bio-Rad, Hercules, CA, USA), 0.25 µL of
each 10 µM primer (Microsynth, Balgach, Switzerland), 2.5 µL of template, and 2 µL of dis-
tilled water. PCR conditions were individually applied for each pair of primers (Table S1).
Concentrations of ncDNA and mtDNA in urine are expressed in genomic equivalent per
milligram of creatinine in urine (GE/mg of creatinine).

Quantification of bacterial DNA was performed via broad-range 16S ribosomal RNA
(rRNA) PCR using primers for V7 and V9 regions of 16S rRNA gene. The reaction volume
was set to 15 µL, consisting of 7.5 µL of SYBR® Green PCR Master Mix (2×) (Applied
Biosystems, Waltham, MA, USA), 0.45 µL of each 10 µM primer (Microsynth, Balgach,
Switzerland), 4 µL of template, and 2.6 µL of distilled water. PCR conditions are available
in Supplementary Table S1. Results are expressed in genomic equivalent per milliliter of
urine (GE/mL of urine).

2.8. Statistical Analysis

GraphPad Prism 8.0.1 (GraphPad Software, San Diego, CA, USA) was used for the
statistical analyses. Normality of data was tested using the Shapiro–Wilk test. Outliers were
identified using Grubbs’ test. Dynamics data were analyzed using the mixed-effects model
(REML), Friedman analysis, or Kruskal–Wallis test. Tukey’s multiple comparison test or
Dunn’s multiple comparison test were used for the post hoc analysis. Differences of non-
normally distributed variables between two independent groups were evaluated using the
Mann–Whitney U test, and differences of non-normally distributed variables between three
independent groups were evaluated using the Kruskal–Wallis test. Strength and direction of
association between all measured parameters and clinical data were tested using Spearman
correlation analysis. A value of p < 0.05 was considered statistically significant.

3. Results
3.1. Sample Collection

A total of 36 subjects aged 62.2 ± 15.5 years were included in this study. Despite a non-
significant increase in the CRP and procalcitonin after 24 h of ATB, there was a significant
decrease of more than 7- and 50-fold in both the inflammatory markers after hospitalization
compared to admission (admission vs. follow-up: both CRP and procalcitonin p < 0.001).
The WBC significantly decreased steadily during hospitalization and at the follow-up
(admission vs. 24 h of ATB, p < 0.05; 48 h of ATB; follow-up, p < 0.001). Both the serum
urea and creatinine significantly decreased after 48 h of ATB and remained low until the
follow-up (admission vs. 48 h of ATB and follow-up: both urea and creatinine p < 0.001).
The hemoglobin, platelet, and lactate concentrations decreased significantly after 24 h of
treatment, but then their concentrations enhanced, which is similar to the findings during
admission (admission vs. 24 h of ATB—hemoglobin, p < 0.001; WBC, p < 0.01; lactate,



Biomolecules 2023, 13, 1008 5 of 15

p < 0.05; 48 h of ATB—hemoglobin, p < 0.001). All clinical characteristics and comparisons
to the admission timepoint are shown in Table 1. E. coli was the most common pathogen
found in 31% of participants, but up to 25% had a sterile cultivation result (Table S2).
Bacterial DNA was confirmed via 16S rRNA PCR in five of the nine patients with a
previous sterile cultivation result (Figure S1).

Table 1. Clinical data of study patients during hospitalization and follow-up.

Marker Admission 24 h of ATB p 48 h of ATB p Follow-Up p

CRP (mg/L) 143 ± 88 151 ± 91 ns 132 ± 86 ns 20 ± 29 ***
Procalcitonin (µg/L) 5 ± 13 11 ± 29 ns 7 ± 15 ns 0.1 ± 0.3 ***
Hemoglobin (g/L) 125 ± 17 112 ± 14 *** 111 ± 15 *** 127 ± 13 ns

Urea (mmol/L) 11 ± 8 11 ± 7 ns 9 ± 7 *** 7 ± 4 ***
Creatinine (µmol/L) 191 ± 176 175 ± 163 ns 148 ± 119 *** 113 ± 57 ***

WBC (×109/L) 13 ± 4 11 ± 5 * 10 ± 4 *** 9 ± 3 ***
Platelets (×109/L) 252 ± 91 220 ± 80 ** 233 ± 87 ns 289 ± 94 ns
Lactate (mmol/L) 2 ± 1 2 ± 1 * 2 ± 1 ns 2 ± 1 ns

Results are expressed as mean ± SD. * denotes p < 0.05; ** denotes p < 0.01; and *** denotes p < 0.001 in correlation
with the admission timepoint.

3.2. Dynamics of ecDNA and Relation to Inflammatory Parameters

The effect of the course of urosepsis on the total concentrations of ecDNA, ncDNA,
and mtDNA in plasma was not confirmed (total ecDNA: F = 3.46, p = 0.06; ncDNA: F = 2.36,
p = 0.12; mtDNA: F = 0.93, p = 0.41; Figure 1A,C,D). On the other hand, the plasma DNase
activity dynamics significantly changed throughout the course of the disease (F = 6.63,
p < 0.001). The DNase activity in plasma was significantly lower during the ATB compared
to the follow-up (follow-up vs. 24 h of ATB: q = 6.19, p < 0.01; follow-up vs. 48 h of ATB:
q = 4.09, p < 0.05; Figure 1B).
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Figure 1. Dynamics of total extracellular DNA (ecDNA), its subcellular origin, and DNase activity
in plasma of patients with urosepsis. Total ecDNA (A), its subcellular origin—nuclear (ncDNA) (C)
and mitochondrial (mtDNA) (D), and DNase activity (B) were measured in 4 different timepoints
during hospitalization (admission, 24 h, and 48 h from the start of antibiotic intervention) and at
follow-up. Results are presented by individual value plots with mean + SD. Data were compared
using Mann–Whitney U Test. * denotes p < 0.05, ** denotes p < 0.01.



Biomolecules 2023, 13, 1008 6 of 15

The total ecDNA in plasma positively correlated with CRP and procalcitonin (CRP:
r = 0.20, p < 0.05; procalcitonin: r = 0.23, p < 0.01). A negative correlation was confirmed
between these inflammatory markers and the plasma DNase activity (CRP: r = −0.10,
p < 0.01; procalcitonin: r = −0.27, p < 0.01).

Despite the reported effect of the course of urosepsis on the total urinary ecDNA
(F = 5.44, p < 0.05), Tukey’s multiple comparison test did not confirm any differences
between admission and the other monitored timepoints (admission vs. 24 h of ATB:
q = 3.29, p = 0.11; admission vs. 48 h of ATB: q = 3.47, p = 0.09; admission vs. follow-up:
q = 3.48, p = 0.08; Figure 2A). The subcellular analysis confirmed the effect of the ATB only
on the mtDNA (ncDNA: F = 2.75, p = 0.10; mtDNA: F = 3.45, p < 0.05; Figure 2C,D). Both
the ncDNA and mtDNA significantly decreased by more than 90% from hospitalization to
the follow-up compared to admission (admission vs. follow-up: ncDNA—93% decrease,
q = 6.61, p < 0.01; mtDNA—91% decrease, q = 4.72, p < 0.05). The DNase activity in the
urine was not affected by the treatment (F = 0.10, p > 0.05; Figure 2B).
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Figure 2. Dynamics of total ecDNA, its subcellular origin, and DNase activity in urine of patients
with urosepsis. Total ecDNA (A), its subcellular origin—ncDNA (C) and mtDNA (D), and DNase
activity (B) were measured in 4 different timepoints during hospitalization (admission, 24 h, and
48 h from the start of antibiotic intervention) and at follow-up. Results are presented by individual
value plots with mean + SD. Data were compared using Mann–Whitney U Test. * denotes p < 0.05,
** denotes p < 0.01.

Both the total urinary ecDNA and mtDNA correlated with CRP and procalcitonin
(Figure 3A,C–E). Moreover, the urinary mtDNA correlated with WBC (Figure 3F). The
urinary ncDNA correlated with CRP (Figure 3B) and serum creatinine (r = 0.31, p < 0.01).
The bacterial DNA in urine correlated with total ecDNA (r = 0.49, p < 0.01) and DNase
activity (r = 0.36, p < 0.05) during admission.
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Figure 3. Correlation between urinary ecDNA and biomarkers of inflammation in patients with
urosepsis. Relation between total ecDNA (A), ncDNA (B), mtDNA (C), and CRP. Relation between
total ecDNA (D), mtDNA (E), and procalcitonin. Relation between mtDNA (F) and WBC. Relations
were tested using Spearman’s rank correlation test; p values of less than 0.05 are considered as
statistically significant.

The categorization of patients based on the CRP levels at the follow-up did not show
any difference in the urinary ecDNA during admission (Figure S2). The effect was also not
present when the patients were categorized based on procalcitonin concentration during
admission to the hospital (Figure S3). The categorization of patients based on the bacterial
DNA concentration in urine during admission and urine cultivation was shown to have
an effect on the total ecDNA in urine, but not on the ncDNA, mtDNA, or DNase activity
(Figures S4 and S5). In addition, the qSOFA score did not affect the urinary ecDNA during
admission (Figure S6).

3.3. Animal Study—Dynamics of ecDNA and Relation to Bacterial Burden

Overall, 77% of animals survived the monitored period within the first 24 h after
UTI induction, with 15% deaths due to sepsis. One week after infection, the bacterial
load was present in both the bladder and kidneys of the infected mice (Figure 4A). The
bacterial load in the bladder was more than 1000 times higher than in the kidneys (blad-
der: 1.98 × 107 ± 3.95 × 107 CFU; kidneys: 1.9 × 104 ± 6.38 × 104 CFU). The dynamics
of the bacterial load in the urine did not change significantly throughout the moni-
tored period (F = 0.89, p = 0.36; Figure 4B), and no differences were found between the
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timepoints (48 h post-infection: 8.5 × 106 ± 3.35 × 107 CFU/mL; 72 h post-infection:
2.97 × 107 ± 1.06 × 108 CFU/mL; 7 d post-infection: 6.71 × 106 ± 2.65 × 107 CFU/mL).
The timepoint of 24 h post-infection was excluded due to oliguria and anuria.
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The course of the UTI had an effect on the total ecDNA (H(3) = 19.67, p < 0.001;
Figure 5A), ncDNA (H(3) = 21.83, p < 0.001; Figure 5B) and mtDNA in urine (H(3) = 23.38,
p < 0.001; Figure 5C). The total ecDNA decreased by three times with the UTI and remained
low until the seventh day post-infection. A similar trend was seen in both the urinary
ncDNA and mtDNA.
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A correlation analysis showed a relation between the bacterial burden in urine and
the total urinary ecDNA (Figure 6A) and mtDNA (Figure 6B).
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4. Discussion

The results of our study show that neither the total ecDNA, ncDNA, nor mtDNA in
the plasma of patients with urosepsis changed during the first three days of hospitaliza-
tion and at the follow-up. In addition, the dynamics of the DNase activity were similar
with an increase only at the follow-up compared to the period of antibiotic intervention.
These findings contrast with the previously published results showing an increase in the
plasma ecDNA in both patients with sepsis [35] and mice with an induced model of sep-
sis [36]. Moreover, the cecal ligation and puncture model of sepsis also caused an increase
in the plasma DNase activity [35], which is in contrast to our current findings in UTIs
and urosepsis.

The results in urine are different. The total urinary ecDNA remained similar during
and after hospitalization. In the case of the ncDNA and mtDNA, which are part of the total
ecDNA, we can confirm a decrease after hospitalization. This is also supported by the fact
that the urinary ecDNA originates mainly from epithelial cells of the urinary tract [23], and
thus, the reduced inflammation at the follow-up could lead to a reduced host cell death.
Several studies demonstrate that an increase in the mtDNA can indicate mitochondrial
and renal injury [29] even during sepsis [30,31,37]. This is in line with our findings of
higher urinary mtDNA concentrations during hospitalization compared with the follow-up.
The DNase activity was similar during hospitalization and at the follow-up, and thus,
was not affected by the infection. So far, no study has reported the effect of UTIs on the
urinary DNase activity. In our previous study, we did not find a difference in the DNase
activity in children with AKI versus healthy children [38]. It was also reported that different
etiologies of AKI have no effect on the DNase activity and, together with our results, it
can be summarized that an acute inflammation does not seem to influence the urinary
DNase activity.

Urosepsis is generally associated with increased concentrations of different infectious
biomarkers such as WBC, CRP, and procalcitonin. An increase in the WBC count is often
associated with inflammation. Bozkurt et al. found that increased WBC in blood can
be an early sign of urosepsis [39], but during urosepsis, a WBC count decrease [2] and
massive drop may even predict urosepsis shock [40]. In our study, we observed a continual
decrease in the WBC during the monitored period without any sudden changes and
negative outcomes, which is line with the previously published results. In addition, the
neutrophil to lymphocyte ratio is an even better predictor of urosepsis than the traditional
WBC count, neutrophil count, and CRP [41]. Additionally, the platelet count is also an
important predictor of the sepsis outcome [42]. The average platelet count in both survivors
and non-survivors first decreases, but then increases only in survivors. The patients
included in our study showed a similar trend in the dynamics of platelet count to survivors
from other studies. Inflammation, infection, and tissue damage may lead to an increase
in CRP, and sepsis is not an exception. It was shown that patients with sepsis and an
average CRP concentration of 207.8 mg/L have a higher risk of septic shock [43]. We
observed that a lower CRP concentration and the positive outcome of participating patients
are in line with that finding. The severity of sepsis was associated with procalcitonin
concentrations [42,44–46], and at the same time, procalcitonin can be used as an early
predictor of postoperative urosepsis [46]. Postoperative urosepsis was also associated
with urine that tested positive for nitrite, WBC [47], and leukocyte esterase [47]. Recently,
another novel biomarker of postoperative urosepsis was found in patients undergoing
percutaneous nephrolithotripsy [48]. Histone H3 concentrations significantly increased 6
h post-operation in patients with urosepsis compared to the preoperative concentrations.
In addition, patients with ureteroscopic lithotripsy-related urosepsis may also develop
AKI, which can be diagnosed early via urinary biomarkers neutrophil gelatinase-associated
lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) [49]. It is also especially important
for clinical practitioners to distinguish the state of the UTI, and thus, provide an early
diagnosis with the appropriate treatment. The procalcitonin/albumin ratio has a predictive
potential in discriminating urosepsis from febrile UTI [50]. Similarly, serum high mobility
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group box-1 (HMGB1) seems to be suitable for differentiating lower and upper UTI, as it
has been associated with the risk of developing renal scarring [51].

To the best of our knowledge, there is currently no published research focusing on the
role of urinary ecDNA in urosepsis. The total ecDNA in both plasma and urine correlated
with CRP and procalcitonin throughout the entire monitored period. A similar relation
was found in the urinary mtDNA, and in addition, the urinary ncDNA correlated with
CRP. The CRP concentrations can change over a period of hours, so it is widely used as an
indicator of inflammation [52]. It was confirmed that CRP increases significantly during
urosepsis [53], which is in line with our findings. Furthermore, the correlations found
between CRP and urinary ecDNA suggest that monitoring the changes in urinary ecDNA
could be useful in determining the disease progression. Whether there is any information
value in ecDNA in addition to CRP remains to be evaluated in larger follow-up studies.
Procalcitonin is also considered a marker of inflammation, but it seems to be more specific
for bacterial infections [54,55]. As the infection is controlled by antibiotic intervention,
procalcitonin concentrations decrease [56,57]. These findings are consistent with our study,
as the procalcitonin concentrations at the follow-up were 50-fold lower than at admission,
and were even up to 110-fold lower after 24 h of ATB than at admission. The correlations
found between the total urinary ecDNA and mtDNA with procalcitonin could point to a
potential use as an indicator for monitoring the bacterial infection in the urinary tract. On
the other hand, we did not detect a difference in the urinary ecDNA at admission when
patients were categorized into groups either with physiological or elevated procalcitonin
concentrations. This suggests that urinary ecDNA probably cannot be used as an early
urosepsis marker but can still be used for disease monitoring. We also found a negative
correlation between the plasma DNase activity and both CRP and procalcitonin. Similar
effects were reported in patients with community-acquired pneumonia [58]. Sensitivity,
rather than specificity, might be important in ecDNA or DNase activity as biomarkers
of diseases.

In our study, we found correlations between urinary bacterial DNA and both the
total urinary ecDNA and DNase activity at admission. Furthermore, the categorization
of patients based on the 16S rRNA PCR results showed that patients with more than
2 × 104 GE/mL of urine also have a significantly higher concentration of total urinary
ecDNA. The same effect was observed when patients were categorized based on urine
cultivation. These findings support a conclusion that a large proportion of total ecDNA in
urine is of bacterial origin.

The experimental study showed that the bacterial burden remains similar throughout
the course of induced UTI. On the contrary, the urinary ecDNA showed that during a
UTI, there is an initial decrease in the total ecDNA (3.5-fold), ncDNA, and mtDNA. The
decreasing urinary ecDNA is in contrast with our hypothesis. When bacteria attach to
epithelial cells, a Toll-like receptor (TLR) 4 signaling triggers the innate immunity response.
The subsequent release of cytokines and chemokines attracts neutrophils [59]. In addition,
bacterial components and toxins, such as lipopolysaccharides and cytotoxic necrotizing
factor 1, induce host inflammation and disable the immune system, respectively [60]. These
pathways lead to the excessive production of reactive oxygen species and oxidative damage
of macromolecules such as lipids, proteins, and DNA [61]. These processes could induce
tissue damage, leading to the release of DNA to the extracellular space. An increase
in urinary extracellular DNA associated with tissue damage was previously confirmed
in mouse models of AKI compared to the control animals [32]. On the contrary, we
report a decrease in the urinary ecDNA when UTI was induced. At the same time, the
total urinary ecDNA and mtDNA correlated with the bacterial burden suggests that the
bacterial numbers are related to inflammation that is itself related to ecDNA, especially of
mitochondrial origin.

In our study, 15% of animals died due to sepsis within the first day of the UTI, and
an additional 8% died at the end of week. The main reason is probably the age of animals
(7–8 months), which we deliberately chose to be closer to the age distribution among the
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human part of the study. The same protocol was used on 7–8-week-old animals with zero
deaths [38]. Sepsis animal models are not reliable to urosepsis, mainly due to the fact that
these models do not originate in the urinary tract and are of polymicrobial origin [62].
Recently, few studies were published describing animal models originating from the
urinary tract. Cao et al. [63] established a novel model of urosepsis in rats via injection
of E. coli directly to the renal pelvis. The authors used three different concentrations of
bacterial suspension (lower by 44% or higher by 12.5% and 125% compared to our setting),
resulting in mortality ranging from 28.6% to 100% 7 days post-infection. Compared to our
experiment, the CFU dose was lower by 44% in the Sep 3× group, and higher by 12.5%
and 125% in the Sep 6× and Sep 12× groups, respectively. The mortality of the animals
was higher than in our study despite the lower bacterial load, but the differences are in the
place of induction (renal pelvis vs. bladder) and in the animal species. All septic animals
showed reduced WBC counts as early as 2 h after infection compared to the preoperative
concentrations, as well as increased serum concentrations of interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-α) [63].

Another study performed an experiment on rat models, in which the animals were
transurethrally inoculated by 1.5 × 108 or a lower CFU of E. coli [64]. The highest dose
was used to model pyelonephritis complicated with AKI and urosepsis and was 3.75 times
higher compared to our experiment, but the mortality rate was not disclosed. Increased
concentrations of urinary NGAL and KIM-1 were present in all the pyelonephritis groups
compared to baseline, and the increase was enhanced by the presence of AKI and urosepsis.
Herout et al. [65] developed a murine model of urosepsis based on the percutaneous
injection of Proteus mirabilis culture, resulting in 0% mortality in 48 h. The authors used
the same CFU dose and as our study, and a dose that was 10 times lower. The septic
animals had higher circulating ecDNA and inflammatory cytokines such as IL-6, but
urinary ecDNA was not described. The urinary bacterial burden was determined 4 days
post-infection, and the urinary CFU concentrations were 2.8 × 108 and 1.6 × 108 in the same
dose and 10-times-lower dose groups. The average CFU was higher than in our experiment,
where 3 days post-infection, we found CFU concentrations in urine that were 10 times
lower. On the other hand, the presented study used the most common urosepsis pathogen
(E. coli), causing 50% of urosepsis cases [1], and a study with a comparable dose used
Proteus mirabilis [65], which caused about 15% of urosepsis cases [1].

The limitations in the clinical study are a small cohort of urosepsis patients and
the focus on the total ecDNA and its subcellular origin. Future studies should focus on
the fragmentation of the ecDNA in urine and the inclusion of patients with more severe
outcomes. The experimental murine study is limited by the urine output during the first
24 h since UTI induction and by the missing antibiotic treatment to mimic the standard
clinical intervention. Future studies should consider the fragmentation pattern of urinary
ecDNA and potentially also the methylation pattern to uncover the source of ecDNA.
Additional experiments are needed to prove whether this ecDNA might be more than just
a biomarker by inducing an inflammatory response as a DAMP during the inflammation of
the urinary tract.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/biom13061008/s1, Figure S1: Distribution of urine culture results within
results of 16S rRNA PCR from the admission day; Figure S2: Analysis of urinary extracellular DNA
at admission based on CRP concentrations after antibiotic treatment; Figure S3: Analysis of urinary
extracellular DNA at admission based on procalcitonin concentrations before antibiotic treatment;
Figure S4: Distribution of urine culture results within results of 16S rRNA PCR from the admission
day; Figure S5: Analysis of urinary extracellular DNA at admission based on results of 16S rRNA
PCR before antibiotic treatment; Figure S6: Analysis of urinary extracellular DNA at admission based
on qSOFA score before antibiotic treatment; Table S1: Primers used in the analysis of ecDNA origin
and program set; Table S2: Primary bacteria responsible for infection detected by urine culture.

https://www.mdpi.com/article/10.3390/biom13061008/s1
https://www.mdpi.com/article/10.3390/biom13061008/s1


Biomolecules 2023, 13, 1008 12 of 15

Author Contributions: Conceptualization, P.C. and J.B.S.; methodology, L’.T. and P.C.; investigation,
N.Š., M.M., A.G.K. and L’.T.; resources, M.M., J.B.J. and N.Š.; data curation, N.Š., A.G.K., L’.T. and
P.C.; writing—original draft preparation, N.Š. and M.M.; writing—review and editing, L’.T. and
P.C.; visualization, N.Š.; funding acquisition, L’.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by The Slovak Research and Development Agency, grant number
APVV-18-0287, and by the Grant Agency of Ministry of Education, Science, Research and Sport of the
Slovak Republic, grant number VEGA 1/0212/22.

Institutional Review Board Statement: The human study was approved by the Ethics Committee of
University Hospital Bratislava (EK/29/10/2019) and was conducted in accordance with principles
expressed in the Declaration of Helsinki. The animal study protocol was approved by the Ethics
Committee of the Institute of Pathophysiology, Faculty of Medicine, Comenius University, Bratislava,
Slovakia, and the State Veterinary and Food Administration of the Slovak Republic (protocol code
860-3/2020-220).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this article are available from
the authors upon reasonable request. The data are not publicly available because they contain
information that could compromise the privacy of the research participants.

Acknowledgments: The authors are grateful to all participants.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Porat, A.; Bhutta, B.S.; Kesler, S. Urosepsis. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2023.
2. Wagenlehner, F.M.; Lichtenstern, C.; Rolfes, C.; Mayer, K.; Uhle, F.; Weidner, W.; Weigand, M.A. Diagnosis and Management for

Urosepsis. Int. J. Urol. 2013, 20, 963–970. [CrossRef] [PubMed]
3. Bozkurt, M.; Yumru, A.E.; Salman, S. Assessment of Perioperative, Early, and Late Postoperative Complications of the inside-out

Transobturator Tape Procedure in the Treatment of Stress Urinary Incontinence. Clin. Exp. Obstet. Gynecol. 2015, 42, 82–89.
[CrossRef] [PubMed]

4. Chen, D.; Jiang, C.; Liang, X.; Zhong, F.; Huang, J.; Lin, Y.; Zhao, Z.; Duan, X.; Zeng, G.; Wu, W. Early and Rapid Prediction of
Postoperative Infections Following Percutaneous Nephrolithotomy in Patients with Complex Kidney Stones. BJU Int. 2019, 123,
1041–1047. [CrossRef] [PubMed]

5. Xu, G.; He, Y.; Zhao, H.; Jiang, X.; Feng, G.; Yang, W.; Xu, W.; Xie, Q.; Li, X. Mini-Nephroscope Combined with Pressure
Suction: An Effective Tool in MPCNL for Intrarenal Stones in Patients with Urinary Tract Infections. Urolithiasis 2016, 44, 445–450.
[CrossRef] [PubMed]

6. Dreger, N.M.; Degener, S.; Ahmad-Nejad, P.; Wöbker, G.; Roth, S. Urosepsis—Ursache, Diagnose Und Therapie. Dtsch. Arztebl.
Int. 2015, 112, 837–847. [CrossRef]

7. Sharapatov, Y.; Turgunov, Y.; Lavrinenko, A. Pathogenic Mechanisms of Acute Obstructive Pyelonephritis. Open Access Maced. J.
Med. Sci. 2021, 9, 124–128. [CrossRef]

8. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.;
Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315,
801–810. [CrossRef]

9. Wu, Y.; Wang, G.; Huang, Z.; Yang, B.; Yang, T.; Liu, J.; Li, P.; Li, J. Diagnostic and Therapeutic Value of Biomarkers in Urosepsis.
Ther. Adv. Urol. 2023, 15, 17562872231151852. [CrossRef]

10. Pisetsky, D.S. The Origin and Properties of Extracellular DNA: From PAMP to DAMP. Clin. Immunol. 2012, 144, 32–40. [CrossRef]
11. Han, D.S.C.; Ni, M.; Chan, R.W.Y.; Chan, V.W.H.; Lui, K.O.; Chiu, R.W.K.; Lo, Y.M.D. The Biology of Cell-Free DNA Fragmentation

and the Roles of DNASE1, DNASE1L3, and DFFB. Am. J. Hum. Genet. 2020, 106, 202–214. [CrossRef]
12. Chen, G.Y.; Nuñez, G. Sterile Inflammation: Sensing and Reacting to Damage. Nat. Rev. Immunol. 2010, 10, 826–837. [CrossRef]
13. Denning, N.-L.; Aziz, M.; Gurien, S.D.; Wang, P. DAMPs and NETs in Sepsis. Front. Immunol. 2019, 10, 2536. [CrossRef]
14. Zhou, M.; Aziz, M.; Wang, P. Damage-Associated Molecular Patterns As Double-Edged Swords in Sepsis. Antioxid. Redox Signal.

2021, 35, 1308–1323. [CrossRef]
15. Huang, M.; Cai, S.; Su, J. The Pathogenesis of Sepsis and Potential Therapeutic Targets. Int. J. Mol. Sci. 2019, 20, 5376. [CrossRef]
16. Wagner, J. Free DNA—New Potential Analyte in Clinical Laboratory Diagnostics? Biochem. Med. 2012, 22, 24–38. [CrossRef]

https://doi.org/10.1111/iju.12200
https://www.ncbi.nlm.nih.gov/pubmed/23714209
https://doi.org/10.12891/ceog1945.2015
https://www.ncbi.nlm.nih.gov/pubmed/25864289
https://doi.org/10.1111/bju.14484
https://www.ncbi.nlm.nih.gov/pubmed/30007112
https://doi.org/10.1007/s00240-016-0859-8
https://www.ncbi.nlm.nih.gov/pubmed/26857367
https://doi.org/10.3238/arztebl.2015.0837
https://doi.org/10.3889/oamjms.2021.5876
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1177/17562872231151852
https://doi.org/10.1016/j.clim.2012.04.006
https://doi.org/10.1016/j.ajhg.2020.01.008
https://doi.org/10.1038/nri2873
https://doi.org/10.3389/fimmu.2019.02536
https://doi.org/10.1089/ars.2021.0008
https://doi.org/10.3390/ijms20215376
https://doi.org/10.11613/BM.2012.004


Biomolecules 2023, 13, 1008 13 of 15

17. Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The Emerging Role of Cell-Free DNA as a Molecular Marker for Cancer Manage-
ment. Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef]

18. Ferré-Vallverdú, M.; Latorre, A.M.; Fuset, M.P.; Sánchez, E.; Madrid, I.; Ten, F.; Vallés, J.; Santos, M.T.; Bonanad, S.; Moscardó,
A. Neutrophil Extracellular Traps (NETs) in Patients with STEMI. Association with Percutaneous Coronary Intervention and
Antithrombotic Treatments. Thromb. Res. 2022, 213, 78–83. [CrossRef]

19. Shimony, A.; Zahger, D.; Gilutz, H.; Goldstein, H.; Orlov, G.; Merkin, M.; Shalev, A.; Ilia, R.; Douvdevani, A. Cell Free DNA
Detected by a Novel Method in Acute ST-Elevation Myocardial Infarction Patients. Acute Cardiac. Care 2010, 12, 109–111.
[CrossRef]

20. Cernat, A.; de Freitas, C.; Majid, U.; Trivedi, F.; Higgins, C.; Vanstone, M. Facilitating Informed Choice about Non-Invasive
Prenatal Testing (NIPT): A Systematic Review and Qualitative Meta-Synthesis of Women’s Experiences. BMC Pregnancy Childbirth
2019, 19, 27. [CrossRef]

21. Schlaberg, R.; Chiu, C.Y.; Miller, S.; Procop, G.W.; Weinstock, G. Validation of Metagenomic Next-Generation Sequencing Tests for
Universal Pathogen Detection. Arch. Pathol. Lab. Med. 2017, 141, 776–786. [CrossRef]

22. Nadano, D.; Yasuda, T.; Kishi, K. Measurement of Deoxyribonuclease I Activity in Human Tissues and Body Fluids by a Single
Radial Enzyme-Diffusion Method. Clin. Chem. 1993, 39, 448–452. [CrossRef] [PubMed]

23. García Moreira, V.; Prieto García, B.; de la Cera Martínez, T.; Álvarez Menéndez, F.V. Elevated Transrenal DNA (Cell-Free Urine
DNA) in Patients with Urinary Tract Infection Compared to Healthy Controls. Clin. Biochem. 2009, 42, 729–731. [CrossRef]
[PubMed]

24. Botezatu, I.; Serdyuk, O.; Potapova, G.; Shelepov, V.; Alechina, R.; Molyaka, Y.; Ananév, V.; Bazin, I.; Garin, A.;
Narimanov, M.; et al. Genetic Analysis of DNA Excreted in Urine: A New Approach for Detecting Specific Genomic
DNA Sequences from Cells Dying in an Organism. Clin. Chem. 2000, 46, 1078–1084. [CrossRef] [PubMed]

25. Sharma, P.; Sampath, H. Mitochondrial DNA Integrity: Role in Health and Disease. Cells 2019, 8, 100. [CrossRef] [PubMed]
26. Rhodes, A.; Wort, S.J.; Thomas, H.; Collinson, P.; Bennett, E.D. Plasma DNA Concentration as a Predictor of Mortality and Sepsis

in Critically Ill Patients. Crit. Care 2006, 10, R60. [CrossRef]
27. Wang, L.; Zhou, W.; Wang, K.; He, S.; Chen, Y. Predictive Value of Circulating Plasma Mitochondrial DNA for Sepsis in the

Emergency Department: Observational Study Based on the Sepsis-3 Definition. BMC Emerg. Med. 2020, 20, 25. [CrossRef]
28. Avriel, A.; Paryente Wiessman, M.; Almog, Y.; Perl, Y.; Novack, V.; Galante, O.; Klein, M.; Pencina, M.J.; Douvdevani, A.

Admission Cell Free DNA Levels Predict 28-Day Mortality in Patients with Severe Sepsis in Intensive Care. PLoS ONE 2014,
9, e100514. [CrossRef]

29. Whitaker, R.M.; Stallons, L.J.; Kneff, J.E.; Alge, J.L.; Harmon, J.L.; Rahn, J.J.; Arthur, J.M.; Beeson, C.C.; Chan, S.L.; Schnellmann,
R.G. Urinary Mitochondrial DNA Is a Biomarker of Mitochondrial Disruption and Renal Dysfunction in Acute Kidney Injury.
Kidney Int. 2015, 88, 1336–1344. [CrossRef]

30. Hu, Q.; Ren, J.; Wu, J.; Li, G.; Wu, X.; Liu, S.; Wang, G.; Gu, G.; Ren, H.; Hong, Z.; et al. Urinary Mitochondrial DNA Levels
Identify Acute Kidney Injury in Surgical Critical Illness Patients. Shock 2017, 48, 11–17. [CrossRef]

31. Jansen, M.P.B.; Pulskens, W.P.C.; Uil, M.; Claessen, N.; Nieuwenhuizen, G.; Standaar, D.; Hau, C.M.; Nieuwland, R.; Florquin, S.;
Bemelman, F.J.; et al. Urinary Mitochondrial DNA Associates with Delayed Graft Function Following Renal Transplantation.
Nephrol. Dial. Transpl. 2020, 35, 1320–1327. [CrossRef]
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