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Abstract

Mitochondrial DNA (mtDNA) is a novel danger-associated molecular pattern that on its release 

into the extracellular milieu acts via toll-like receptor-9, a pattern recognition receptor of the 

immune system. We hypothesized that plasma mtDNA concentrations will be elevated in septic 

children, and these elevations are associated with an increase in the severity of illness. In a 

separate set of in vitro experiments, we test the hypothesis that exposing peripheral blood 

mononuclear cells (PBMC) to mtDNA activates the immune response and induces tumor necrosis 

factor (TNF) release. Children with sepsis/systemic inflammatory response syndrome or control 

groups were enrolled within 24 h of admission to the pediatric intensive care unit. Mitochondrial 

gene cytochrome c oxidase 1 (COX1) concentrations were measured by realtime quantitative PCR 

in the DNA extracted from plasma. PBMCs were treated with mtDNA (10μg/mL) and supernatant 

TNF levels were measured. The median plasma mtDNA concentrations were significantly elevated 

in the septic patients as compared with the critically ill non-septic and healthy control patients 

[1.75E+05 (IQR 6.64E+04-3.67E+05) versus 5.73E+03 (IQR 3.90E+03-1.28E+04) and 6.64E+03 

(IQR 5.22E+03-1.63E+04) copies/μL respectively]. The median concentrations of plasma mtDNA 

were significantly greater in patients with MOF as compared with patients without MOF (3.2E+05 

(IQR 1.41E+05-1.08E+06) vs. 2.9E+04 (IQR 2.47E+04-5.43E+04) copies/μL). PBMCs treated 

with mtDNA demonstrated higher supernatant TNF levels as compared with control cells (6.5 ±1.8 

vs. 3.5±0.5 pg/mL, P>0.05). Our data suggest that plasma mtDNA is a novel danger-associated 

molecular pattern in pediatric sepsis and appears to be associated with MOF.
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Introduction

Since the first description of the “danger hypothesis” by Matzinger, numerous cellular 

proteins have been classified as “danger-associated molecular patterns” (DAMPs) or 

“alarmins” (1). During homeostasis, the DAMP proteins are sequestered in different 

subcellular compartments, e.g., nucleus, cytosol (2, 3) and remain unrecognized by the 

immune system. However, under stressful conditions, these molecules are actively secreted 

or passively released into the extracellular milieu and activate the inflammatory cascade via 

the highly conserved pattern recognition receptors (PRRs). Some recent examples of 

alarmins include heat shock proteins, high mobility group box-1 (HMGB1), and adenosine 

triphosphate (1, 4, 5).

The immunomodulating role of extracellular mtDNA was discovered recently, even though 

the putative bacterial origins of mitochondria have been known for decades. There is 

abundant mtDNA present in the cell, as a single cell encloses hundreds of mitochondria, and 

each mitochondrion contains an estimated 2 to 10 copies of its genome (6). Similar to 

bacteria, mitochondria possess a double-membrane structure and contain 37 genes coding 

for 2 ribosomal ribonucleic acids (RNAs), 22 transfer RNAs, and 13 polypeptides (7, 8). 

Furthermore, mtDNA have hypomethylated CpG motifs that resemble bacterial CpG DNA 

and activate TLR9, a PRR that detects bacterial and viral DNA (9). Thus extracellular 

mtDNA, due to its similarity to bacterial DNA, can activate signaling pathways and 

promulgate inflammation. Zhang et al., in a seminal study, demonstrated that patients 

admitted with trauma had significant elevations of mtDNA concentrations in the plasma and 

injured tissues (3, 10, 11). The authors validated their results in a rat model of trauma/

hemorrhagic shock and noted that plasma mtDNA levels were elevated for 7 days after 

injury (3). Data regarding the role of plasma mtDNA in adult sepsis are confusing at best. 

Puskarich et al. (12) did not observe any difference in plasma mtDNA concentrations 

between septic patients and healthy controls in the emergency department. In contrast, 

another prospective study on adult patients with severe sepsis and septic shock revealed that 

a rise of 1 ng/mL plasma mtDNA is associated with an increase in the fatality rate by 0.7% 

(13). We hypothesized that plasma mtDNA levels would be elevated in children with severe 

sepsis, and these elevations would be associated with increased severity of illness. In 

addition, we document that exposing peripheral blood mononuclear cells (PBMC) to 

mtDNA activates the immune response and induces TNF release.

Materials and Methods

The study was approved by the University of Pittsburgh Institutional Review Board (IRB no. 

PRO09060070), and blood samples were collected after obtaining informed consent from 

parents or guardians. Pediatric patients were eligible for enrollment when the following 

criteria were fulfilled: admission to the pediatric intensive care unit (PICU), presence of an 
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indwelling catheter for sample collection, and presence of clinical signs and symptoms of 

sepsis and/or systemic inflammatory response syndrome (SIRS) (see Supplemental Data, 

Supplemental Digital Content 1, at http://links.lww.com/SHK/A348). In addition, critically 

ill nonseptic patients, i.e., patients who fulfilled the first two criteria listed above, but did not 

exhibit any signs or symptoms of SIRS/sepsis and healthy controls were enrolled. Blood 

samples were also collected from healthy children who were having blood drawn as part of a 

preoperative evaluation.

Sample preparation

Blood samples from children in the sepsis/SIRS or control groups were obtained within 24 h 

of admission to the PICU. Blood samples were collected in tubes containing sodium heparin 

and were centrifuged immediately at 1914 × g for 10min to separate plasma from the 

cellular components. Samples were stored at −70°C for batch analysis.

DNA was extracted from 200 μL of plasma using the QIAamp Blood Kit (Qiagen GmbH, 

Hilden, Germany), and the concentration of mitochondrial gene cytochrome c oxidase 1 

(COX1) was measured by SYBR green chemistry real-time quantitative PCR (Life 

Technologies, Grand Island, NY). We want to make the reader aware that COX1 is also an 

abbreviation for cyclooxygenase; however, in this manuscript, it is being used as an 

abbreviation for cytochrome c oxidase 1. We chose the COX1 gene to quantify mtDNA, as 

plasma levels of mtDNA encoding COX1 have been reported to be elevated in severely 

injured patients (14). The primer sequences for COX1 and β globin used were forward: GCC 

TCC GTA GAC CTA ACC ATC TTC; reverse: GTA AGT TAC AAT ATG GGA GAT TAT 

TCC and forward: TTCACTAGCAACCTCAAACAGACA; reverse: 

TGTCTCCACATGCCCAGTTTCT, respectively. PCR reaction mixture was prepared using 

SYBR Green PCR master mix (PE Applied Biosystems, Foster City, CA), using the primers 

described above. PCR was set up in a reaction volume of 20 μL using 10 μL of 2× SYBR 

green Master Mix (2×), 1 μL forward primer (1 μM), 1 μL reverse primer (1 μM),3 μL of 

nuclease-free H2O, and 5 μL of plasma nuclear extract. The following thermocycler 

conditions were used: 3-min incubation at 95°C followed by 40 cycles of an initial 

denaturation step at 95°C for 30 s, an annealing step of 54°C for 45 s, and an elongation step 

of 68°C for 1 min.

Standard curve preparation

The linearity of the quantitative assay was assessed by using a cloned plasmid DNA, which 

was serially diluted to prepare a series of calibrators with known concentrations as described 

by Chiu et al. (15). Briefly, using primers described above, we amplified bases between 421 

and 781 encoding the mitochondrial gene COXI (Ref Seq: NC_012920). The PCR 

amplicons were cloned into a pGEM-T-Easy vector (Promega, Madison, WI), and the 

identity of the cloned insert was confirmed. DNA was extracted, quantified, and used as a 

calibrator. As previously described, the mtDNA copy number of this calibrator was derived 

by dividing the total DNA concentration by the weight of each plasmid molecule (15). 

Calibrators were prepared by serial dilution of the stock solution and contained 1 to 109 mt 

DNA copies/μL.
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Isolation of mitochondria and mtDNA preparation

Mitochondria were isolated from THP-1 using the mitochondria isolation kit (Thermo 

Scientific/Pierce, Logan, UT) as per the manufacturer's suggestions. The isolated 

mitochondrial lysates were prepared by resuspending mitochondria (1 mg/mL) in 

mammalian protein extraction reagent (M-PER) (Thermo Scientific/Pierce, Logan, UT) and 

incubating at 4°C for 10 min with end-over-end rotation. The lysates were centrifuged at 

12,000 × g for 1 h, and the supernatants were collected. The samples were flash frozen in 

liquid nitrogen and stored at −80°C. Protein concentration was determined using the BCA 

protein assay kit (Thermo Scientific, Rockford, IL). MtDNA was extracted using DNeasy 

Blood & Tissue kit (Qiagen GmbH, Hilden, Germany) following the protocol recommended 

by the manufacturer. The mtDNA concentration was determined by a spectrophotometer and 

the purity was evaluated by quantitative PCR using mitochondria specific primer for COX1 

and genomic specific primer for β-globin as previously described. Nuclear DNA 

contamination was less than 0.01%.

Primary human monocytes (PBMC) isolation and stimulation

PBMC were isolated from buffy coats obtained from plasma of volunteer donors by the 

Ficoll-Hypaque procedure as described previously (16). Isolated PBMC were maintained in 

culture in RPMI-1640 medium containing 10% fetal bovine serum, 1% penicillin/

streptomycin, 0.35% β-mercaptoethanol, and 2% glutamine, 10mmol/L 4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid (pH 7.2). Where indicated, stimulation was 

performed with 10 μg/mL mtDNA and recombinant 1 μg/mL HMGB1 (Sigma Chemical 

Co., St. Louis, MO) for 4h.

ELISA

Tumor necrosis factor (TNF) concentrations were measured in culture supernatants from 

treated cells using a commercially available sandwich ELISA (Biosource, Camarillo, CA). 

All procedures were performed as recommended by the manufacturer.

Statistical analysis

Clinical data including patient age, sex, C-reactive protein (CRP), pediatric risk of mortality 

index (PRISM) are expressed as mean ± standard error of the mean (SEM), or median 

[interquartile range (IQR), i.e., 25th–75th percentile], as appropriate. To compare the 

correlation between plasma mtDNA and CRP, we used Spearman correlation test. Statistical 

calculations were performed with SigmaPlot 11.0 (Systat Software Inc, San Jose, CA).

Results

There were 28 septic and 10 critically ill non-septic patients enrolled in this study. In 

addition, 20 healthy controls were also recruited for this study. The median age for the septic 

patients was 4.0 [0.12–20] y, and 54% were male (Table 1). The median age for healthy 

control and critically ill non-septic patients was 8.8 [2–16] and 6.5 [2–12] y respectively. A 

primary infection was present in almost 70% of the cohort (bacterial 45%, viral 19.3%, 

fungal 6.4%, and 25% culture-negative). Seventy percent of the patients had underlying 

chronic medical problems at the time of enrollment. MOF was present in 75% of patients, 
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and there were two deaths in this cohort, thereby the overall mortality rate in this cohort was 

7.1%. The overall PICU mortality for all patients during the same period was 1.7%.

Within the first 24 h after admission to the PICU, the median plasma mtDNA concentrations 

were significantly elevated in the septic patients as compared with the critically ill non-

septic and healthy control patients (1.75E+05 (IQR 6.64E+04−3.67E+05) versus 5.73E+03 

(IQR 3.90E+03-1.28E+04) and 6.64E+03 (IQR 5.22E+03-1.63E+04) copies/μL 

respectively; P = 0.001, Fig. 1). There was no difference between plasma mtDNA 

concentrations in the critically ill non-septic and healthy control patients (P = 1.0).

To investigate if changes in plasma mtDNA correlate with severity of illness, we examined 

plasma mtDNA levels in the presence or absence of shock. Patients who were admitted with 

shock demonstrated significantly higher median plasma mtDNA concentrations as compared 

with patients without shock (1.77E+05 (IQR 9.50E+04-4.27+05) vs. 6.89E+04 (IQR 4.96E

+04-8.56+04) copies/μL respectively; P = 0.023, Fig. 2). However, plasma mtDNA 

concentration did not correlate to a commonly used acute phase reactant, CRP, (ρ 0.08, P = 

0.71) (data not shown).

To determine the specificity of plasma mtDNA release following sepsis, we measured the 

plasma concentrations of β globin, a gene present in all nucleated cells of the body. The 

median plasma mtDNA levels in septic patients were significantly higher than β globin 

concentrations—1.39E+05 versus 5.09E+02copies/μL, P < 0.001 respectively. The median 

concentrations of plasma mtDNA were significantly greater in patients with MOF as 

compared with patients without MOF (3.2E+05 (IQR 1.41E+05-1.08E+06) vs. 2.9E+04 

(IQR 2.47E+04-5.43E+04) copies/μL) (Fig. 3). However, the presence or absence of MOF 

did not correlate with median plasma β globin concentrations (8.75E+02 (IQR 1.14E

+02-1.89E+03) vs. 4.19E+02 (IQR 1.34E+02-5.98E+02) copies/μL) (Fig. 3). The median 

plasma β globin concentrations were not significantly different in the septic patients as 

compared with the critically ill non-septic and healthy control patients (2.81E+02 (IQR 

7.16E+01-1.29E+03) vs. 2.22E+02 (IQR 1.79E+02-8.92E+02) and 3.66E+02 (IQR 2.53E

+02-1.80E+03) copies/μL respectively; P > 0.05). Since there was minimal overlap in the 

plasma mtDNA concentrations in septic patients with and without organ failure, a receiver-

operating characteristic curve was not performed. Taken together, these data support the 

notion that plasma mtDNA concentrations are increased in pediatric septic patients and 

correlate with the severity of illness.

To understand the biological relevance of these findings, we investigated the role of mtDNA 

in activating the innate immune response. PBMCs were exposed to mtDNA and TNF levels 

were measured in culture supernatants. As shown in Fig. 4, PBMCs treated with mtDNA 

demonstrated higher supernatant TNF levels as compared with control cells (6.5 ± 1.8 vs. 

3.5±0.5 pg/mL, P>0.05; Fig. 4). Recent data suggest that HMGB1, a nuclear DNA-binding 

protein, released from necrotic cells is an essential component of DNA-containing immune 

complexes that stimulate cytokine production via a TLR9-MYD88 pathway (17). Addition 

of HMGB1 (1 μg/mL) significantly amplified mtDNA-induced TNF secretion as compared 

with control cells (8.4 ±1.6 vs. 3.5 ±0.5 pg/mL, P < 0.05; Fig. 4). In contrast, treatment with 

denatured HMGB1 (boiled for 10min) and mtDNA negated the augmentation of TNF 
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secretion previously noted with non-boiled HMGB1. An additional control included 

exposure of PBMC cells to mitochondrial lysates—supernatant TNF levels in mitochondrial 

lysate stimulated cells were 15.3 ± 2.9 pg/mL. These data demonstrate that extracellular 

mtDNA induces TNF secretion, and the additional presence of HMGB1 makes this response 

more robust.

Discussion

Considerable attention has been focused on mitochondrial dysfunction in sepsis (10,18–21); 

however, only recently has the role of extracellular mtDNA as a DAMP molecule piqued the 

interest of the research community. TLR9 is a pattern recognition receptor with specific 

affinity for unmethylated cytosine and guanine nucleotides separated by a phosphate 

backbone (CpG). Due to its putative bacterial origins, mitochondria have abundant 

unmethylated CpG dinucleotide repeats that can stimulate TLR9 to generate an immune 

response. TLR9 activation involves signaling via the myeloid differentiation primary 

response gene 88, interleukin (IL)-1 receptor-activated kinase, and tumor necrosis factor 

receptor (TNFR)-associated factor 6 leading to downstream activation of several pro-

inflammatory transcription factors (11, 22). Collins et al. (23) isolated nuclear and mtDNA 

from murine liver and noted that intra-articular injection of only purified mtDNA caused 

inflammation and arthritis. Similarly, rats injected with hepatic mtDNA demonstrated signs 

of inflammation (reduced activity, ruffled fur, and shivering) within 6 h after injection. 

Furthermore, rats injected with mtDNA demonstrated significantly elevated cytokine (TNF, 

IL-6) concentrations along with evidence of lung injury as compared with control rats and 

nuclear DNA injected rats (24). In patients with trauma and hemorrhagic shock, plasma 

mtDNA levels were noted to be several thousand folds higher as compared with healthy 

volunteers. It is notable that the bony specimens in these trauma patients demonstrated 

significantly higher mtDNA levels as compared with plasma (3).

In support of the DAMP hypothesis, in vitro experiments demonstrated that neutrophils 

exposed to mtDNA induced p38 mitogen-activated protein kinase activation as well as the 

release of matrix metalloproteinase 8 and 9 (3, 11). Taken together, these findings suggest 

that activation of the innate immune response by circulating mtDNA provides a mechanistic 

link between shock and inflammation.

In this study, we demonstrate that critically ill children admitted to the PICU with severe 

sepsis and septic shock had elevated plasma mtDNA concentrations. Significantly higher 

plasma mtDNA levels were observed in septic children with MOF as compared with 

children with no MOF We acknowledge that there is a significant preponderance of mtDNA 

(multiple copies/cell) as compared with β globin (two copies/cell), and this may explain the 

substantial (∼178 fold) difference between plasma β globin and mtDNA concentrations in 

septic children with MOF. Our findings were consistent with the results by Yamanouchi et 

al. who noted elevated plasma mtDNA concentrations in adult septic patients for 5 days after 

admission to the ICU. However, in addition to validating the role of plasma mtDNA in 

pediatric sepsis, we have advanced the field by determining the potential utility of plasma 

mtDNA as a biomarker for MOF. Furthermore, large-scale cohort studies are warranted to 

confirm our results and elucidate the underlying mechanisms.
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It is noteworthy that we were unable to find a significant association between plasma 

mtDNA and serum CRP. Multiple studies have highlighted that CRP lacks the specificity to 

discriminate between bacterial, viral, and noninfectious inflammatory conditions. In addition 

to this criticism of CRP, there are conflicting data regarding the role of CRP as a biomarker 

to predict major infection or sepsis (25, 26). We chose to compare plasma mtDNA with CRP 

as CRP continues to be commonly used in clinical practice to detect bacterial infections. Of 

note, we did not compare the plasma mtDNA levels with peak CRP levels as the 

concentration of CRP peaks at 36 to 50 h after inflammation ensues (27). We were unable to 

perform this comparison due to lack of serial measurement of mtDNA and CRP levels. 

Along with the obvious limitation of age-matched plasma controls, this study was also not 

powered to identify an association of plasma mtDNA with demographic parameters, i.e., age 

and sex of the patient. Therefore, further validation of these data is required in a larger 

cohort of pediatric septic patients.

PBMCs treated with extracellular mtDNA demonstrated higher TNF levels as compared 

with control cells. Our results were consistent with another study that proved that treatment 

with extracellular mtDNA can activate neutrophils, with subsequent activation of 

downstream signaling pathways, i.e., phosphorylation of p38 and p44/42 (11). It was 

noteworthy that simultaneous presence of HMGB1 amplified the mtDNA-induced TNF 

secretory response. Besides its pivotal role as a DAMP, the presence of HMGB1 in the 

extracellular compartment serves many other functions, e.g., migration of monocytes (28) 

and induces the proliferation of smooth muscle cells and mesoangioblasts (29, 30). 

Furthermore, HMGB1 contributes to dendritic cell maturation and leads to induction of 

immune responses (31–33). For example, it has been suggested that HMGB1 binds to 

substances derived from microbes and injured tissues, creating complexes that modulate the 

innate immune response by mediating pro-inflammatory cytokine release. In our study, the 

addition of extracellular HMGB1 amplified the mtDNA-induced TNF response. Our 

experiments using boiled HMGB1 affirm that HMGB1 is an adjuvant in the mtDNA-

induced TNF response. Taken together, our observations suggest that plasma mtDNA 

contributes to the innate inflammatory response and sepsis-induced mtDNA release may 

play a role in organ failure. Although not ready for prime-time, the use of mtDNA 

concentrations can assist in patient stratification for clinical research, and opens up 

additional lines of investigation as a potential therapeutic target.

The precise mechanism that leads to mtDNA release into the extracellular milieu is unknown 

at present. In an elegant study, Yousefi et al. (34) demonstrated that lipopolysaccharide from 

gram-negative bacteria activates IL-5 or interferon-γ-primed eosinophils to release 

mitochondrial DNA in a rapid fashion—a process that is independent of cell death. The 

various cell types and tissues that contribute to active mtDNA release are unclear at present.

In summary, our data suggest that plasma mtDNA may act as a novel DAMP in pediatric 

sepsis, and appears to be associated with MOF. Our in vitro data demonstrate that 

extracellular mtDNA induces TNF secretion, and simultaneous addition of HMGB1 

amplifies this response. Further inquiry into the release of mtDNA and its function in the 

extracellular milieu may lead to new strategies for preventing septic shock and MOF.
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Fig. 1. Box and whisker plots of plasma mtDNA levels in healthy controls, non-septic and septic 
children within 24 h after admission to the PICU (*, P<0.05, vs. control patients)
The line within the box denotes the median and the box spans the interquartile range (25–

75th percentiles). The whiskers mark the minimum and maximum plasma mtDNA 

concentrations. mtDNA indicates mitochondrial DNA; PICU, pediatric intensive care unit.
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Fig. 2. Box and whisker plots of plasma mtDNA levels in septic children who were admitted with 
or without shock to the PICU (*, P<0.05, vs. septic children without shock)
The line within the box denotes the median and the box spans the interquartile range (25–

75th percentiles). The whiskers mark the minimum and maximum plasma mtDNA 

concentrations. mtDNA indicates mitochondrial DNA; PICU, pediatric intensive care unit.
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Fig. 3. Box and whisker plots of plasma mtDNA and β globin concentrations in children with 
sepsis with or without MOF who were admitted to the PICU (*, P<0.05, vs. mtDNA MOF-)
The line within the box denotes the median and the box spans the interquartile range (25–

75th percentiles). The whiskers mark the minimum and maximum plasma mtDNA 

concentrations.
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Fig. 4. ELISA results demonstrating the effects of mtDNA treatment on TNF levels in the 
supernatants of PBMCs
Control cells were maintained in a basal growth medium. Cells were preconditioned with 

mtDNA, HMGB1, or boiled HMGB1 (1 μg/mL) for 6h. Data represent the mean±SEM of 

three separate experiments with each condition performed in triplicate (*, P<0.05, vs. 

control cells alone #, P<0.05, vs. cells treated with mtDNA and HMGB1).
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Table 1
Demographic data of the study subjects

Healthy control patients

 Number 20

 Age in years [range] 8.8 [2–16]

 Males (%) 12 (60)

Critically ill non-septic patients

 Number 10

 Age in years [range] 6.50 [2–12]

 Males (%) 4 (44)

Sepsis/SIRS patients

 Number 28

 Age in years [range] 4.0 [0.12–20]

 Males (%) 15 (53.6)

 Primary infection found (%) 20 (71.4)

  Bacterial (%) 13 (45)

  Viral (%) 6 (19.3)

  Fungal (%) 2 (6.4)

 History of chronic illness (%) 20 (71.4)

 Mortality (%) 2 (7.1)

 CRP (range) 3.5 [0.04–35.80]

 PRISM 9.5 [1–32]

 Septic shock (%) 20 (71.4)

 Multiple organ failure (%) 21 (75)

Median [range] presented for age, CRP, and PRISM.

CRP indicates C-reactive protein; PRISM, pediatric risk of mortality index; SIRS, systemic inflammatory response syndrome.
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