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OBJECTIVES: Circulating nucleic acids, alone and in complex with histones as 
nucleosomes, have been proposed to link systemic inflammation and coagulation 
after trauma to acute kidney injury (AKI). We sought to determine the association of 
circulating nucleic acids measured at multiple time points after trauma with AKI risk.

DESIGN: We conducted a prospective cohort study of trauma patients, collect-
ing plasma on presentation and at 6, 12, 24, and 48 hours, defining AKI over the 
first 6 days by Kidney Disease Improving Global Outcomes serum creatinine and 
dialysis criteria. We determined kinetics of plasma mitochondrial DNA (mtDNA), 
nuclear DNA (nDNA), and nucleosome levels across time points and associations 
with AKI using multivariable linear mixed-effects models, adjusted for injury char-
acteristics and blood transfusions. We evaluated the association of presentation 
nucleic acid damage-associated molecular patterns (DAMP) concentrations with 
subsequent AKI, adjusting for injury severity using multivariable logistic regression.

SETTING: Academic level I trauma center.

PATIENTS: Trauma patients (n = 55) requiring intensive care for greater than or 
equal to 24 hours after presentation.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: AKI developed in 17 patients 
(31%), a median of 12.0 hours (interquartile range, 6.2–24.1 hr) after presenta-
tion. mtDNA demonstrated a time-varying association with AKI (p = 0.022, inter-
action with time point), with differences by AKI status not emerging until 24 hours 
(! = 0.97 [95% CI, 0.03–1.90] log copies/uL; p = 0.043). Patients who devel-
oped AKI had higher nDNA across all time points (overall ! = 1.41 log copies/uL 
[0.86–1.95 log copies/uL]; p < 0.001), and presentation levels were significantly 
associated with subsequent AKI (odds ratio [OR], 2.55 [1.36–4.78] per log copy/
uL; p = 0.003). Patients with AKI had higher nucleosome levels at presentation 
(! = 0.32 [0.00–0.63] arbitrary unit; p = 0.048), a difference that was more pro-
nounced at 24 hours (! = 0.41 [0.06–0.76]; p = 0.021) and 48 hours (! = 0.71 
[0.35–1.08]; p < 0.001) (p = 0.075, interaction with time point).

CONCLUSIONS: Plasma nucleic acid DAMPs have distinct kinetics and asso-
ciations with AKI in critically ill trauma patients. nDNA at presentation predicts 
subsequent AKI and may be amenable to targeted therapies in this population.

KEY WORDS: acute kidney injury; damage-associated molecular pattern; 
mitochondrial DNA; nuclear DNA; nucleosomes; trauma

The development of acute kidney injury (AKI) following major trauma 
portends a nearly four-fold increase in mortality and remains a leading 
contributor to late posttrauma death and disability (1–4). Mechanisms 
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underlying AKI in trauma patients, however, remain 
incompletely understood (5). !is uncertainty hampers 
e"orts to develop e"ective preventive and therapeutic 
strategies for AKI and, given the burden of AKI-
associated morbidity, constitutes a major priority for 
improving outcomes in critically ill trauma patients (6).

Damage-associated molecular patterns (DAMPs) 
are endogenous intracellular molecules with proin-
#ammatory and procoagulant capabilities that may 
contribute to AKI when released into circulation by 
stressed or dying cells following trauma (7). Cell-free 
mitochondrial DNA (mtDNA), nuclear DNA (nDNA), 
and nucleosomes (DNA in complex with histones) are 
nucleic acid–associated DAMPs that cause endothe-
lial activation and tissue injury in organs remote from 
the initial insult in preclinical models of ischemia and 
trauma (8–14). In murine models, mtDNA caused 
AKI via toll-like receptor 9 (TLR9) and the cyclic 
GMP-AMP Synthase-Stimulator of Interferon Genes 
(cGAS-STING) pathway, which was successfully ame-
liorated by speci$c inhibition of each pathway by TLR9 
knockout, small molecule inhibition, nucleic acid scav-
enging (15–18), and STING small interfering RNA 
knockdown and small molecule inhibition (12, 19, 
20), respectively. Cell-free DNA stabilizes thromboses 
and forms the sca"old of neutrophil extracellular traps 
(NETs) contributing to immunothrombosis, processes 
observed in ischemia-induced AKI models (21–23). 
NET formation initiated by heme-activated platelets 
mediated rhabdomyolysis-induced AKI, a common 
complication following trauma, and was mitigated 
with NET-targeted therapies such as DNase and pep-
tidyl-arginine deiminase inhibitors (23, 24). Histones 
released a%er ischemia-reperfusion injury or directly 
injected intravenously caused AKI in murine models, 
which was suppressed by antihistone IgG (23, 25). !us, 
relevant animal models of trauma and ischemia-reper-
fusion injury demonstrate speci$c nucleic acid DAMP-
induced AKI. Furthermore, targeted therapeutics that 
have been trialed or used in humans ameliorated AKI 
in these models, suggesting the potential utility of 
targeting this pathway in critically ill trauma patients  
(17, 23, 25–29).

Despite this preclinical evidence, a few studies have 
examined the association of circulating nucleic acid 
DAMPs with AKI in critically ill patients. Two studies 
showed elevated levels of either mtDNA or total cell-
free DNA with AKI a%er cardiac surgery (27, 30), and 

we found that plasma mtDNA 48 hours a%er ICU ad-
mission was associated with AKI in sepsis patients (31).  
Studies of cell-free DNA in trauma patients have fo-
cused on late outcomes such as infections (32, 33) and 
prolonged critical illness (34). !ese studies lacked se-
rial early blood sampling to identify changes in circu-
lating mtDNA and nDNA levels over the $rst 48 hours 
postinjury, during which nearly three-quarters of AKI 
cases are manifest (35).!e association of nucleosomes 
with AKI is not described in any critical illness popula-
tion (32–34, 36). Whether concentrations of these three 
nucleic acid DAMPs follow similar postinjury patterns 
is an additional area of uncertainty (27, 30, 37, 38).  
Although nucleic acid DAMPs are released simul-
taneously during necrotic cell death, mtDNA and 
nucleosomes are also released by live cells undergo-
ing stress, suggesting their kinetics may diverge from 
those of nDNA. !e distinct mechanisms of release 
and clearance for each nucleic acid DAMP may have 
implications for associated targeted therapies (39–45). 
Clarifying postinjury nucleic acid DAMP kinetics and 
associations with AKI are thus key steps in moving to-
ward such therapies with the potential to prevent or 
ameliorate AKI a%er trauma (15, 46–49).

We, therefore, undertook a prospective study to de-
termine the associations of plasma nDNA, mtDNA, 
and nucleosome concentrations, measured serially 
over the $rst 48 hours a%er trauma, with AKI, and to 
de$ne the early kinetics of these DAMPs. We hypoth-
esized that similarities in mechanisms of mtDNA and 
nucleosome release would lead to a time-varying, 
progressively stronger association with AKI, whereas 
nDNA would exhibit a constant association with AKI 
over the $rst 48 hours following trauma.

MATERIALS AND METHODS
Study Design and Enrollment

We conducted a prospective cohort study of critically 
ill trauma patients admitted to the emergency depart-
ment (ED) at our level I trauma center. On-site study 
personnel responded to all alerts to the ED trauma bay 
to assess patients for eligibility (50). Patients determined 
by the clinical team within the $rst 30 minutes to re-
quire emergent surgery or admission to the ICU were 
enrolled. Exclusion criteria included age less than 18, 
pregnancy, police custody, transfer to #oor or death 
within 12 hours of presentation, and isolated severe head 
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injury (Abbreviated Injury Score [AIS] head & 3 and AIS 
all other regions '1). !e Institutional Review Board of 
the University of Pennsylvania approved the study with 
a waiver of timely informed consent given minimal risk 
(protocol 826515). Study personnel collected blood 
samples at presentation to the trauma bay and approxi-
mately 6, 12, 24, and 48 hours a%er presentation.

DAMP Measurement

DNA was extracted from plasma using the Qiagen 
DNeasy Blood and Tissue Kit (Hilden, Germany). We 
quanti$ed plasma mtDNA and nDNA in log copies/uL 
using polymerase chain reaction (PCR) for the mito-
chondrial ND1 gene and the nuclear COXIV gene (Life 
Technologies, Carlsbad, CA) and nucleosomes in du-
plicate using the Cell Death Detection enzyme-linked 
immunosorbent assay (Roche, Basel, Switzerland), re-
ported in arbitrary units (Aus; detailed in Supplemental 
Methods, http://links.lww.com/CCX/A952).

Defining AKI

!e primary outcome was the development of AKI de-
$ned and staged by Kidney Disease Improving Global 
Outcomes (KDIGO) creatinine and kidney replacement 
therapy criteria (KRT) (51). To mimic clinical practice, 
we used serum creatinine at presentation as the base-
line value unless a preinjury value within the prior year 
was available. We determined incident AKI based on: 
1) creatinine increase of 0.3 mg/dL over a 48-hr period, 
2) creatinine increase to 150% of baseline, or 3) need 
for acute KRT, phenotyped through the $rst 6 days in 
order to focus on the acute physiologic e"ects of trauma. 
We then applied KDIGO staging criteria using creati-
nine and KRT data. Due to the small size of the study, 
we combined KDIGO stages 2 and 3 in analyses.

Statistical Analysis

We constructed multivariable linear mixed-e"ects 
models leveraging repeated measures to test whether 
DAMP concentrations through 48 hours di"ered 
by AKI status, clustered on individual patients. We 
adjusted these models for potential confounders iden-
ti$ed a priori based on variables described or hypoth-
esized to be associated with AKI or circulating DAMP 
levels: injury severity score (ISS), presence of shock 
in the ED (mean arterial blood pressure < 60 mm 

Hg or use of vasopressor medications), injury mech-
anism, and time-varying total units of transfused 
packed red blood cells (PRBCs) (31, 52). We did not 
include transfusion of fresh frozen plasma or platelets, 
as the 1:1:1 resuscitation strategy for trauma patients 
resulted in high collinearity between blood product 
receipts (Supplemental Data, http://links.lww.com/
CCX/A952). A timeby-AKI interaction term was used 
to determine whether the DAMP-AKI association was 
time-varying. If no interaction was detected (likeli-
hood ratio test p > 0.1), the overall di"erence of DAMP 
level between the AKI and non-AKI group across all 
time points is presented; otherwise, time point-speci$c 
di"erences are presented. We used multivariable lo-
gistic regression models to determine the associations 
of presentation DAMP levels with subsequent AKI and 
estimated standardized risk of AKI across a range of 
DAMP levels, adjusted for ISS, using postestimation 
marginal analysis. Discrimination and calibration were 
assessed using area under the receiver operator curve 
(AUC) and the Hosmer-Lemeshow goodness-of-$t 
test, respectively. In sensitivity analyses, we adjusted 
these logistic regression models for shock, transfusion, 
and injury mechanism, separately. We used ordered 
logistic regression to assess the association of presen-
tation nDNA with AKI stage. Di"erences between 
DAMP levels at presentation and later time points, 
overall and strati$ed by AKI status, were assessed using 
linear mixed-e"ects models. Di"erences in plasma 
DAMP concentrations at presentation and 6 hours 
between patients who underwent operation pre-ICU 
transfer and those who did not were assessed using the 
Wilcoxon rank-sum test. We used Stata/IC Version 15 
(StataCorp LLC, College Station, TX) for all analyses 
and considered a p value of less than 0.05 signi$cant.

RESULTS
Cohort Characteristics

We prospectively enrolled 55 critically ill trauma 
patients with a median age of 34 (interquartile 
range [IQR], 25–51) and a male predominance 
(78%) (Table! 1). Shock was present in 19 (35%), 
55% had blunt injury mechanism, and median ISS 
was 20 (IQR, 13–29). AKI developed in 17 patients 
(30.9%) at a median of 12.0 hours (IQR, 6.2–
24.1 hr) after presentation (Supplemental Fig. 1, 
Code as: http://links.lww.com/CCX/A966; legend,  
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http://links.lww.com/CCX/A952). Twelve patients 
developed stage 1 AKI, no patients developed stage 
2 AKI, and five developed stage 3, four of whom 
(23.5% of AKI cases) required acute hemodialysis. 

One patient died on day 22 of hospitalization. There 
was high adherence to protocol with minimal sample 
missingness (Supplemental Tables!3–5, http://links.
lww.com/CCX/A953).

TABLE 1. 
Patient Characteristics
Patient Characteristics Total, n = 55 No AKI, n = 38 AKI, n = 17

Demographics

 Age 34 (25–51) 35 (26–52) 31 (24–48)

 Sex

  Female 12 (22%) 10 (26%) 2 (12%)

  Male 43 (78%) 28 (74%) 15 (88%)

 Body mass index 28.7 (16.2–48.2) 28.8 (16.2–48.2) 28.5 (21.3–39.5)

 Race

  Asian 1 (2%) 0 (0%) 1 (6%)

  Black 37 (67%) 25 (66%) 12 (71%)

  White 13 (24%) 12 (32%) 1 (6%)

  Unknown 4 (7%) 1 (3%) 3 (18%)

 Ethnicity

  Not Hispanic/Latino 55 (100%) 38 (100%) 17 (100%)

Medical history

 Chronic kidney disease 1 (2%) 1 (3%) 0 (0%)

 Diabetes mellitus 3 (5%) 2 (5%) 1 (6%)

 Congestive heart failure 2 (4%) 2 (5%) 0 (0%)

 Hypertension 13 (20%) 11 (29%) 2 (12%)

Illness characteristics

 Mechanism of trauma

  Blunt 30 (55%) 24 (63%) 6 (35%)

  Penetrating 25 (45%) 14 (37%) 11 (65%)

 Injury Severity Score 20 (13–29) 18.5 (13–25) 22 (16–34)

 Peak creatine kinase (24 hr)a 3,573 (1,521–4,962) 2,063 (461–3,531) 4,962 (3,573–12,699)

 Peak lactate (24 hr) 3.7 (2.4–6.4) 2.9 (2.2–4.9) 6.4 (5.1–13.1)

 Packed red blood cell transfusion

  % patients transfused (48 hr)b 65 53 94

  Median units transfused (6 hr)c 2.5 (1.5–8) 2 (1–3) 9.5 (3–13)

 Intubated in ED 25 (45.5%) 14 (36.8%) 11 (64.7%)

 Shock in ED 19 (34.5%) 9 (24%) 10 (59%)

 Operation prior to ICU 36 (65%) 21 (55%) 15 (88%)

 30-d mortality 1 (2%) 0 (0%) 1(6%)

AKI = acute kidney injury, ED = emergency department.
aCreatine kinase values were measured in 16 of 55 patients.
bIncludes all patients transfused within 48 hr.
cExcludes patients who did not receive any packed red blood cell transfusion within 48 hr.
Data are presented as median (interquartile range) for continuous measures and n (%) for categorical measures. No patients received 
transfusion prior to presentation.
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Plasma DAMP Levels and AKI Risk

In adjusted mixed-e"ects models, mtDNA concentration 
demonstrated a time-varying association with AKI (Fig. 
1A; p = 0.019 for interaction of AKI with time point), 
with similar levels in AKI and non-AKI patients through 
a 12-hour nadir, followed by an increase at 24 hours in 
those with AKI (( = 0.97 log copies/uL [95% CI, 0.03–
1.90 log copies/uL]; p = 0.043 vs no AKI). AKI patients 
had higher plasma nDNA across all time points (overall  
( = 1.41 log copies/uL [0.86–1.95 log copies/uL]; p < 0.001; 
Fig. 1B), without signi$cant interaction by time point (p = 
0.311). Patients with AKI had higher presentation nucle-
osome levels (( = 0.32 AU [0.00–0.63 AU]; p = 0.048; Fig. 
1C), a di"erence that was more pronounced at 24 hours  
(( = 0.41 [0.06–0.76]; p = 0.021) and 48 hours (( = 0.71 
[0.35–1.08]; p < 0.001), p = 0.075, interaction with time 
point.

Association of DAMP Levels at Presentation 
With Subsequent AKI

In logistic regression models adjusted for ISS, only 
presentation nDNA was signi$cantly associated with 
subsequent AKI (odds ratio [OR], 2.55 (95% CI, 1.36–
4.78) per log copy/uL; p = 0.003; Fig. 2B). Standardized 

risk of AKI increased from less than 5% for patients 
with presentation nDNA concentrations in the 5th 
percentile to greater than 75% for patients in the 95th 
percentile. Excluding AKI cases occurring within 
6 hours of presentation did not substantially a"ect 
this association (2.35 [1.21–4.58] per log copy/uL;  
p = 0.012). Presentation nDNA remained associ-
ated with AKI in sensitivity analyses adjusting for 
shock (OR, 2.40; 95% CI, 1.31–4.40 per log copy/uL;  
p = 0.005), PRBC transfusion through 6 hours (OR, 
2.16 [95% CI, 1.12–4.18]; p = 0.022), and blunt versus 
penetrating mechanism of injury (3.93; 95% CI, 1.73–
8.93; p = 0.001). Presentation nDNA was also associ-
ated with AKI stage (OR, 2.26 [95% CI, 1.35–3.77] per 
log copy/uL per AKI stage category [none, stage 1, and 
stage 2/3]). Although increasing standardized risk of 
subsequent AKI was noted with higher presentation 
nucleosome concentration (Fig. 2C), this association 
was not statistically signi$cant (OR, 1.81; 95% CI, 
0.99–3.31 per log copy/uL; p = 0.054). !ere was no as-
sociation of presentation mtDNA with AKI (OR, 0.98; 
95% CI, 0.65–1.48 per log copy/uL; p = 0.940; Fig. 2A).

Presentation nDNA predicted subsequent AKI well, 
with an AUC of 0.80 (95% CI, 0.69–0.92; Supplemental 
Fig. 2, http://links.lww.com/CCX/A966; legend,  

Figure 1. At serial time points over the first 48 hr after trauma, plasma mitochondrial DNA (mtDNA) and nucleosomes demonstrated time-
varying associations with acute kidney injury (AKI), while nuclear DNA (nDNA) was associated with AKI independent of time. Association of 
plasma mtDNA (A), nDNA (B), and nucleosome (C) levels over 48 hr with AKI. Linear mixed-effects models, clustered on individual patients 
and adjusted for Injury Severity Score, injury mechanism, packed red blood cell transfusion, and shock in the emergency department, show 
associations of each damage-associated molecular pattern with AKI. Kaplan-Meier curve of incident AKI over the referent period is noted on 
each panel. A, mtDNA concentration differences by AKI status varied significantly over time (interaction p = 0.019), with little early difference 
(! at presentation: –0.06 log copies/uL [–0.91 to 0.80 log copies/uL], p = 0.900; 6 hr: 0.03 [–0.87 to 0.93], p = 0.949; and 12 hr: 0.11 
[–0.81 to 1.03], p = 0.810) and subsequent higher levels in AKI patients (! at 24 hr: 0.97 [0.03–1.90], p = 0.043; 48 hr: 0.79 [–0.17 to 
1.75], p = 0.107). B, The association of nDNA concentration with AKI showed no significant difference over time (interaction p = 0.311), with 
nDNA levels consistently higher in those with AKI (overall ! = 1.08 log copies/uL [0.55–1.61 log copies/uL], p < 0.001). C, Nucleosome 
levels did show some difference in association with AKI by time point (interaction p = 0.075), marginally higher at early time points (! at 
presentation: 0.32 [0.00–0.63] arbitrary unit (AU), p = 0.048; 6 hr: 0.34 [0.01–0.67], p = 0.045; and 12 hr: 0.22 (–0.12 to 0.57] AU, p = 
0.205) but more markedly different at 24 and 48 hr (0.41 [0.06–0.76] AU, p = 0.021 and 0.71 [0.35–1.08], p < 0.001, respectively).
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http://links.lww.com/CCX/A952). Combining presen-
tation nDNA with relevant clinical variables improved 
their predictive ability for AKI from an AUC of 0.59 for 
ISS (95% CI, 0.42–0.76) to 0.81 for ISS + presentation 
nDNA (95% CI, 0.69–0.92), from 0.68 for shock in the 
ED (95% CI, 0.54–0.81) to 0.85 for shock + presenta-
tion nDNA (0.75–0.96), from 0.83 for PRBC transfu-
sion by 6 hours (95% CI, 0.70–0.96) to 0.91 for PRBC + 
presentation nDNA (95% CI, 0.82–0.99), and from 0.64 
for mechanism of injury (95% CI, 0.50–0.78) to 0.88 for 
mechanism + presentation nDNA (95% CI, 0.79–0.97).

Kinetics of Plasma DAMPs

Plasma nDNA, mtDNA, and nucleosome concentra-
tions all declined over the $rst 12 hours a%er presen-
tation (Fig.)1 and Table!2). mtDNA concentrations at 
presentation, and 24 and 48 hours were higher referent 
to the apparent nadir at 12 hours, a pattern more pro-
nounced in AKI patients compared with non-AKI 
patients (Table) 2). Overall, nDNA levels plateaued 
a%er 12 hours, though the pattern in AKI patients was 
more of slow decline from presentation through 48 
hours (Table)2). Nucleosome kinetics mirrored those 
of mtDNA, demonstrating a 12-hour nadir (Table)2). 
In AKI patients only, the initial decline was followed 
by a signi$cant increase by 48 hours (Table)2). Surgical 
intervention impacted only plasma nDNA concentra-
tions at subsequent time points. In the 42 patients who 
underwent surgery prior to ICU transfer versus those 
who did not, nDNA concentrations were not signi$-
cantly di"erent at presentation (p = 0.24) but were 
increased in operative versus nonoperative patients at 

6 hours (p = 0.03). Plasma mtDNA and nucleosome 
concentrations did not di"er at presentation or at 6 
hours between surgical and nonsurgical patients.

DISCUSSION

We de$ned the relationship of early serial plasma 
concentrations of three nucleic acid DAMPs with the 
development of AKI in critically ill trauma patients. 
Circulating nDNA, mtDNA, and nucleosomes cause 
kidney injury in preclinical models (48, 53–55), and 
therapeutics targeting these DAMPs in human popu-
lations are under active study (17, 19, 20, 23, 24, 26, 
28, 54, 56). Our study addresses key knowledge gaps 
in understanding how these targeted therapies might 
apply to severely injured patients, in whom patho-
physiologic processes rapidly evolve. nDNA levels 
from presentation through 48 hours were strongly 
associated with AKI independent of injury severity 
and other confounders. Associations of mtDNA and 
nucleosome concentrations with AKI showed greater 
time variability, with di"erences between AKI and 
non-AKI patients most notable at 24 and 48 hours 
a%er presentation. Our study adds substantial know-
ledge to the understanding of early posttrauma ki-
netics of circulating nucleic acid DAMPs, being the 
$rst to characterize how these three interrelated but 
distinct DAMPs change over time and relate to AKI. 
In addition to corroborating preclinical data implicat-
ing nucleic acid DAMPs in the pathophysiology of 
acute organ dysfunction, our $ndings suggest that cir-
culating nDNA might be leveraged for early AKI risk 
strati$cation.

Figure 2. Standardized risks of subsequent acute kidney injury (AKI) from 5th to 95th percentiles of presentation nucleic acid damage-
associated molecular pattern concentrations. Risks were calculated using postestimation marginal analysis of logistic regression models 
adjusted for injury severity score. Presentation mitochondrial DNA (mtDNA) (A) was not associated with subsequent AKI (odds ratio [OR], 
0.98 log copies/uL [95% CI, 0.65–1.48 log copies/uL], p = 0.94). Presentation nuclear DNA (nDNA) (B) was significantly associated 
with subsequent AKI (OR, 2.55 log copies/uL [1.36–4.78 log copies/uL], p = 0.003). Although risk of AKI increased with increasing 
presentation nucleosome levels (C), odds ratio confidence limits included the null (OR, 1.81 [0.99–3.31] arbitrary unit [AU], p = 0.054).
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!e use of AKI as an outcome is an important ad-
vantage of our study and is solidly grounded in pre-
clinical evidence, which demonstrates a pathogenic 
role for nucleic acids and their receptors in sepsis- 
and hemorrhage-induced AKI models but until now 
has not been validated in clinical trauma cohorts  
(17, 19, 23, 26, 28, 54). nDNA exhibited the strongest 
association with AKI at presentation through 48 hours 
of ICU course. Although oxidized nDNA is recognized 
by the pattern recognition receptors cGAS-STING and 
NLRP3, the immune response elicited is weaker than 
that provoked by mtDNA since the latter contains 
hypomethylated CpG motifs homologous to bacte-
rial DNA (14, 57). nDNA does, however, contribute 
to immunothrombosis and NETs, both implicated in 
acute organ dysfunction syndromes including AKI 
and acute respiratory distress syndrome (ARDS), and 
may underlie the strong association we observed (58). 
Not surprisingly, since nucleosomes comprise circu-
lating nDNA complexed to histones, their concentra-
tions were correlated with nDNA at all time points and 
associated with AKI over the $rst 48 hours, although 

less robustly than nDNA. !is may corroborate pre-
clinical data, suggesting that nDNA in complex with 
histones is less injurious than free nDNA by shielding 
the negatively charged nucleic acids from inducing co-
agulation (57). !e association of mtDNA with AKI 
became evident only in plasma drawn at 24–48 hours. 
Eppensteiner et al (59) demonstrated that trauma pa-
tient plasma caused TLR9 activation in an ex vivo 
model, a $nding likely mediated by mtDNA given 
the speci$city of hypomethylated DNA and mtDNA 
as ligands for TLR9. Trauma patient plasma activated 
TLR9 most robustly when sampled from later time 
points and from patients with multiple organ failure, 
consistent with the timing of mtDNA elevation and 
association with AKI we report. !ese $ndings may 
validate experimental observations that stressed cells 
actively release mtDNA and nucleosomes, representing 
a second wave of DAMP release in a subset of trauma 
patients (36, 39, 40, 60). In light of the appearance of 
this association a%er many AKI cases were clinically 
evident, elevations of mtDNA and nucleosomes may 
re#ect active release by injured cells, including in the 

TABLE 2. 
Kinetics of Circulating Nucleic Acids Over 48 hr After Trauma
Time Point Overall (n = 55) AKI (n = 17) No AKI (n = 38)

Mitochondrial DNA (log copies/uL)

 Presentation 0.81 (0.49–1.14), p < 0.001 0.78 (0.14–1.41), p = 0.016 0.83 (0.47–0.1.19), p < 0.001

 6 hr 0.23 (–0.10 to 0.56), p = 0.166 0.19 (–0.44 to 0.82), p = 0.558 0.25 (–0.11 to 0.61), p = 0.167

 12 hr Reference

 24 hr 0.41 (0.07–0.74), p = 0.017 0.95 (0.32–1.59), p = 0.003 0.12 (–0.26 to 0.50), p = 0.531

 48 hr 0.75 (0.40–1.10), p < 0.001 1.15 (0.51–1.78), p < 0.001 0.50 (0.10–0.91), p < 0.001

Nuclear DNA (log copies/uL)

 Presentation Reference

 6 hr –0.72 (–1.06 to –0.38), p < 0.001 –0.45 (–0.96 to 0.07), p = 0.090 –0.85 (–1.28 to –0.42), p < 0.001

 12 hr –0.89 (–1.24 to –0.55), p < 0.001 –0.55 (–1.08 to –0.03), p = 0.039 –1.04 (–1.48 to –0.60), p < 0.001

 24 hr –0.97 (–1.32 to –0.62), p < 0.001 –0.79 (–1.31 to –0.27), p = 0.003 –1.05 (–1.51 to –0.61), p < 0.001

 48 hr –0.86 (–1.22 to –0.49), p < 0.001 –0.97 (–1.49 to –0.045), p < 0.001 –0.76 (–1.24 to –0.28), p = 0.002

Nucleosomes (arbitrary unit)

 Presentation 0.48 (0.33–0.64), p < 0.001 0.58 (0.32–0.84), p < 0.001 0.44 (0.25–0.62), p < 0.001

 6 hr 0.05 (–0.11 to 0.20), p = 0.540 0.13 (–0.14 to 0.39), p = 0.347 0.01 (–0.18 to 0.19), p = 0.935

 12 hr Reference

 24 hr 0.04 (–0.12 to 0.21), p = 0.587 0.16 (–0.10 to 0.42), p = 0.236 –0.10 (–0.21 to 0.18), p = 0.885

 48 hr 0.13 (–0.04 to 0.29), p = 0.140 0.41 (0.15–0.68), p = 0.002 –0.06 (0.26–0.15), p = 0.594

AKI = acute kidney injury.
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kidneys, as a consequence rather than a cause of AKI 
(25, 42, 57, 61), limiting conclusions about whether 
this relationship is causal and the direction of causality. 
Nonetheless, it remains possible that mtDNA and 
nucleosomes ejected by stressed or dying cells in the 
$rst 24 hours a%er trauma might constitute a “second 
hit” to the kidneys that could precipitate more severe 
or prolonged AKI.

Our study provides critical data regarding the rela-
tive strength and timing of each nucleic acid DAMP’s 
association with AKI, a $nding with potential clinical 
utility to guide AKI prediction. !e clear association of 
presentation nDNA, prior to any transfusions or oper-
ative interventions, with subsequent AKI suggests its 
potential value to inform AKI risk. Although nDNA 
correlated with ISS at all time points, presentation 
nDNA outperformed ISS, presence of shock, and injury 
mechanism, and was equivalent to transfusion, for AKI 
prediction. Models combining presentation nDNA with 
each of these clinical variables better predicted AKI 
compared with each variable alone, suggesting that its 
measurement may provide unique prognostic informa-
tion. Should presentation nDNA reproducibly predict 
increased AKI risk, it may be useful to prognostically 
enrich trials for patients more likely to develop AKI. 
Indeed, PCR-based nucleic acid quanti$cation has be-
come indispensable during the COVID-19 pandemic, 
driving signi$cant advances in its availability, cost, and 
speed. Beyond COVID, SARS-CoV-2, viral respiratory 
detection panels and GeneXpert for Mycobacterium tu-
berculosis already utilize rapid PCR testing to inform 
diagnosis and clinical decision-making. !ese gains in 
testing capability could be applied to quanti$cation of 
endogenous nucleic acids to allow for their incorpora-
tion into clinical trials and ultimately guide therapeutic 
decision-making.

Our $ndings may also inform pharmacologic tar-
geting of nucleic acid DAMPs, the subject of increas-
ing clinical interest. Multiple clinical trials of DNase 
and other nucleic acid-directed therapies are currently 
underway, including nebulized recombinant human 
DNAse to prevent or treat ARDS in trauma patients 
and COVID-19 pneumonia (Inhaled Dornase Alpha 
to Reduce Respiratory Failure A%er Severe Trauma 
[NCT03368092], E*cacy and Safety of aerosol-
ized Dornase Alfa Administration in Patients With 
COVID19 Induced ARDS [NCT04355364], I-SPY 
COVID-19 [NCT04488081], NCT04402944, and 

NCT04445285), another critical illness in which nu-
cleic acids and NETs contribute to pathophysiology 
of organ dysfunction. Dornase alfa has been given 
intravenously safely in trials of lupus nephritis treat-
ment (53) and ischemic stroke (NCT04785066). 
Mesenchymal stem cells secreting DNase and nucleic 
acid-scavenging nanospheres are also under study to 
prevent multiple organ dysfunction a%er trauma and 
ischemic injury (15, 46). Nucleic acid quanti$cation 
may be useful to predictively enrich similar trials by 
identifying patients more likely to bene$t from nu-
cleic acid DAMP-directed treatments. !is highlights 
the importance of understanding the patterns of nu-
cleic acid DAMP release and clearance in critically ill 
patients.

Circulating levels of all three DAMPs fell from pre-
sentation through 12 hours, but in patients with AKI, 
both mtDNA and nucleosomes rose signi$cantly over 
the subsequent 36 hours. !e di"erential kinetics of nu-
cleic acid DAMPs may underlie contradictory associa-
tions with clinical outcomes observed in prior trauma 
cohort investigations. Khubutia Sh et al (32) demon-
strated that mtDNA, but not nDNA, was associated 
with mortality in 25 severe polytrauma patients, though 
samples were only obtained from ~50% of patients at 
each time point. McIlroy et al (36) found that plasma 
mtDNA exceeded nDNA concentrations immediately 
pre- and postoperation for orthopedic injuries, al-
though interventions were done a median of 48 hours 
a%er presentation to the trauma bay and, thus, did not 
address the early posttrauma period when most AKI 
occurs. Other studies showed elevation in nDNA but 
not mtDNA before, at, and several days a%er ED pre-
sentation (33) as well as correlation of nDNA but not 
mtDNA with mortality and chronic critical illness (34). 
Both studies included only two time points in the $rst 
48 hours a%er presentation, and the former was fur-
ther limited by ~40% sample missingness at the second 
time point. Our study adds the most detailed account-
ing of early posttrauma nDNA and mtDNA kinetics to 
date, novel measurement of circulating nucleosomes, 
an analytic approach to account for our limited sample 
missingness, and a greater understanding of how nu-
cleic acid DAMP kinetics relate to a speci$c organ dys-
function syndrome—AKI—known to be precipitated 
by these mediators in animal models.

Our study has notable strengths. First, we focused 
on AKI as study of nucleic acid DAMPs and AKI in 
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trauma patients has been extremely limited, despite 
ample preclinical evidence suggesting that the kidneys 
may be highly susceptible to nucleic acid-mediated in-
jury (12, 16, 17, 19, 23, 26, 28, 54). Posttrauma AKI 
occurs more frequently than death, the most commonly 
studied outcome, and is imprecisely captured by organ 
dysfunction scores, lending our study increased power 
to detect the observed associations. Second, we pro-
spectively collected samples at multiple standardized 
early time points a%er major trauma, providing novel 
insight into nucleic acid DAMP kinetics during a pe-
riod of complex, rapidly evolving physiology in which 
incipient AKI is common. Speci$cally, our study de-
sign permitted observations about the relationship of 
mtDNA, nDNA, and nucleosome concentrations both 
to each other and to AKI that have not previously been 
reported; prior studies have utilized at most two time 
points within the $rst 48 hours a%er trauma. !ird, 
sample missingness was limited, and we accounted for 
missingness in statistical analyses in order to accurately 
assess early DAMP changes over time. Prior studies 
of mtDNA and nDNA in trauma largely report time 
point data based solely on available samples—despite 
substantial missingness—such that apparent changes 
over time may simply have been due to di"erences in 
the patients included at each time point. Limitations 
include the study’s single-center design and relatively 
small sample size, although multiple standardized 
sampling time points and low subject dropout partially 
mitigate this weakness. !e study design does not en-
able us to determine whether elevations in nucleic acid 
DAMPs are due to sustained generation through active 
or passive release or to decreased clearance, as previ-
ously proposed (43). It is possible that plasma DAMP 
levels may be attributed to decreased renal elimination 
in AKI patients, although the available data suggest 
this is a minor component of nucleic acid clearance 
(62–64). Finally, determining causality of any DAMP 
in human AKI pathogenesis is not possible from an 
observational study. Larger follow-up studies may 
better answer questions about such AKI mechanisms 
associated with nucleic acid DAMPs, as well as sub-
groups such as AKI persistence, acute kidney disease, 
and ultimate development of chronic kidney disease. 
Our $ndings could, however, indicate which DAMPs 
to investigate and when to assay them for future stud-
ies of AKI in trauma patients and other critical illness 
populations.

CONCLUSION

We found distinct time-based associations of cir-
culating mtDNA, nDNA, and nucleosomes, measured 
serially over the $rst 48 hours following presenta-
tion, with AKI in critically ill trauma patients. Our 
novel $nding that nDNA levels in particular were 
strongly associated with AKI from presentation 
through 48 hours may have implications for under-
standing AKI pathophysiology, prediction, and in-
vestigational therapies. Further, we described for the 
$rst time in any ICU population the kinetics and re-
lationship of these three related nucleic acid DAMPs 
during incipient critical illness and may corroborate 
experimental evidence of active release of mtDNA 
and nucleosomes in response to stress. Knowledge 
about which nucleic acid DAMPs are most associ-
ated with AKI and when they become elevated will 
be critical to designing trials of existing nucleic acid 
DAMP-targeted therapies, opening novel mech-
anistic pathways for prevention and treatment of 
organ dysfunction in trauma. Given the compelling 
preclinical evidence that nucleic acid DAMPs cause 
AKI, our results, if validated, may support further 
enquiry into the use of existing targeted therapies for 
treatment and prevention of posttrauma AKI.
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