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Abstract

Objective: Metabolic derangements in sepsis stem from mitochondrial injury and contribute 

significantly to organ failure and mortality; however, little is known about mitochondrial recovery 

in human sepsis. We sought to test markers of mitochondrial injury and recovery (mitochondrial 

biogenesis) non-invasively in peripheral blood mononuclear cells (PBMCs) from patients with 

sepsis and correlate serial measurements with clinical outcomes.

Design: Prospective case-control study

Setting: Academic Medical Center and Veterans Affairs Hospital

Patients: Uninfected control patients (n=20) and septic ICU patients (n=37)

Interventions: Blood samples were collected once from control patients and serially with 

clinical data on days 1, 3, and 5 from septic patients. Gene products for HMOX1, NRF1, 

PPARGC1A, and TFAM, and mitochondrial DNA (mtDNA) ND1 and D-loop were measured by 

qRT-PCR. Pro-inflammatory cytokines were measured in plasma and neutrophil lysates.

Measurements and Main Results: Median (IQR) APACHE II and SOFA scores were 21 (8) 

and 10 (4), respectively, and 90-day mortality was 19%. Transcript levels of all four genes in 

PBMCs was significantly reduced in septic patients on day 1 (P<0.05), while mtDNA copy 

number fell and plasma D-loop increased (both P<0.05), indicative of mitochondrial damage. D-

loop content was directly proportional to TNF-α and HMGB1 cytokine expression. By day 5, we 

observed transcriptional activation of mitochondrial biogenesis and restoration of mtDNA copy 

number (P<0.05). Patients with early activation of mitochondrial biogenesis were ICU-free by 1 

week.
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Conclusions: Our findings support data that sepsis-induced mitochondrial damage is reversed 

by activation of mitochondrial biogenesis and that gene transcripts measured non-invasively in 

PMBCs can serve as novel biomarkers of sepsis recovery.
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INTRODUCTION

Metabolic derangements in sepsis in experimental animal studies have been reliably linked 

to sepsis-induced mitochondrial injury and dysfunction (1–16). Mitochondrial damage in 

turn stimulates mitochondrial biogenesis, a highly regulated nuclear-encoded genetic 

program that promotes maintenance of healthy mitochondrial mass, is linked to anti-

inflammatory, anti-oxidant, and anti-apoptotic cellular defenses, and is essential for organ 

recovery and survival in sepsis (1, 2, 4–9, 17). In critically ill patients with sepsis, respiration 

and mitochondrial biogenesis signaling are impaired based on analysis of skeletal muscle 

biopsies (1, 4, 18–20). However, the ability to measure mitochondrial biogenesis non-

invasively, i.e., in peripheral blood cells, has not been demonstrated convincingly, and would 

make monitoring of ongoing mitochondrial damage or recovery easier. Using peripheral 

blood mononuclear cells (PBMCs), we sought to measure several key molecular markers of 

mitochondrial damage and recovery. PBMCs are mitochondria-rich with high rates of 

respiration (21), and therefore are prime candidates in circulating blood to provide reliable 

mitochondrial quality control information. We further sought to test whether that early 

transcriptional activation of mitochondrial biogenesis in PBMCs would predict better patient 

outcomes. Here we show that 1) PBMCs display signs of mitochondrial damage in patients 

with sepsis that is proportional to circulating early pro-inflammatory cytokine levels; 2) 

restoration of mitochondrial copy number occurs by day 5 through activation of 

mitochondrial biogenesis; 3) subjects with early activation of the mitochondrial biogenesis 

program (day 1) were ICU-free by 1 week; and 4) these events can be fit by multivariate 

analysis of markers to inflammation, mitochondrial damage, and mitochondrial recovery.

MATERIALS AND METHODS

Study Enrollment

The study was IRB-approved by Duke University (#Pro00014467) and the Durham Veteran 

Affairs Medical Center (DVAMC) (#01456). Subjects provided written informed consent 

prior to enrollment. Control subjects without acute illness were recruited from DVAMC 

outpatient clinics. Septic subjects were enrolled within 36 hours of admission to the ICUs of 

Duke University Hospital, Duke Regional Hospital, or DVAMC. Sepsis was defined by the 

presence of ≥2 systemic inflammatory response syndrome (SIRS) criteria (22), a known/

suspected source of infection, and evidence of damage in ≥1 organ systems (23, 24). 

Subjects were excluded that were <18 years old, pregnant, considered moribund, 

neutropenic not due to sepsis (absolute neutrophil count <1000/mm3), had active leukemia/

lymphoma, had prior bone marrow transplantation, or had illnesses or took medications 
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known to be toxic to mitochondria (e.g., HIV infection, mitochondrial disorder, doxorubicin, 

azathioprine, tacrolimus, cyclosporine).

Data Collection and Analysis

Clinical data was collected prospectively for each subject. Subjects were deemed “ICU-free” 

if they were alive and discharged from the ICU by 1 week. Whole blood was collected once 

from control subjects and serially from septic subjects on study days 1, 3, and 5. Buffy coat 

(neutrophils), PBMCs, and plasma fractions were isolated by gradient centrifugation. qRT-

PCR was performed for key nuclear-encoded genes that regulate transcriptional activation of 

mitochondrial biogenesis (HMOX1, NRF1, PPARGC1A, and TFAM) (9, 25–27), and for 

mitochondrial DNA content (MT-ND1 and D-loop). TNF-α and HMGB1 protein levels 

were determined by dot blots. Additional details regarding sample/data collection, RNA/

protein studies, and statistical analyses are provided in the Supplemental Methods.

RESULTS

Twenty control subjects and forty septic patients were enrolled in the study. Three septic 

patients were subsequently disqualified from the analysis because they met exclusion criteria 

(bone marrow transplantation, n=1; drugs toxic to mitochondria, n=2) leaving thirty-seven 

patients in the final sepsis group. The clinical characteristics are shown in the Supplemental 

Table.

We performed qRT-PCR to determine the effects of sepsis on genetic activation of 

mitochondrial biogenesis in PBMCs. Compared with day 1 gene levels, septic subjects 

displayed significantly increased levels of HMOX1, NRF1, PPARGC1A and TFAM mRNA 

(all P<0.05) by day 3, indicative of activation of mitochondrial biogenesis (Supplemental 

Figure 1). By day 5, mRNA levels remained significantly increased for PPARGC1A and 

TFAM (both P<0.05). Compared with control mRNAs, PPARGC1A mRNA levels in the 

sepsis group were significantly depressed on study day 1 (P<0.05), suggesting early 

repression of mitochondrial quality control during sepsis.

Due to the decline in sepsis group size over time from discharge (n=6), death (n=3), or 

refusing additional phlebotomy (n=8), and subsequent reduction in statistical power, we 

analyzed serial mRNA levels in the twenty septic patients that provided samples at all three 

time points (Figure 1). We found a statistically significant decrease in levels of all four 

transcripts at day 1 in the sepsis group compared with controls (P<0.05), further supporting 

an early sepsis-mediated disruption of mitochondrial quality control. Compared with day 1 

mRNA levels, all four gene products had increased significantly by day 3 (P<0.05). For three 

genes (NRF1, PPARGC1A, and TFAM), mRNA levels remained significantly elevated at 

day 5 (P<0.05).

To determine whether these mRNA changes were associated with altered mitochondrial 

content, mtDNA copy number was measured by qRT-PCR. Compared with the control 

subjects, mtDNA copy number was significantly decreased on day 1 in the sepsis group 

(P<0.05) consistent with sepsis-induced mitochondrial damage and possibly loss of 

mitochondrial mass (Figure 2A). By day 5, however, mtDNA copy number had recovered 
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and was significantly higher than at day 1 (P<0.05), consistent with induction of 

mitochondrial biogenesis. Similar findings were observed in the subset of twenty septic 

subjects with paired samples (Figure 2B). Together these data indicate sepsis produces 

mitochondrial damage in PBMCs that is reversed by activation of the mitochondrial 

biogenesis program.

To confirm that the sepsis-mediated reduction in mtDNA copy number was due to mtDNA 

damage rather than unopposed mitophagy, we measured plasma mtDNA D-loop DNA, a 

small segment of non-coding mtDNA that is highly sensitive to oxidant damage (28). 

Compared with controls, septic patients had significantly higher plasma D-loop levels on 

day 1 indicative of greater damage and leakage of fragmented mtDNA (P<0.001) (Figure 

2C).

To investigate why increased mtDNA damage was observed in sepsis, we measured TNF-α, 

a cytokine known to damage mitochondria (29), and HMGB1, a DNA chaperone and 

damage-associated molecular pattern (DAMP) protein (30), in both neutrophil lysates and 

plasma of control and septic patients at study day 1. Compared with controls, septic patients 

displayed significantly increased expression of TNF-α and HMGB1 in both neutrophil 

lysates and plasma (P<0.05) (Supplemental Figure 2A-B). In fact, TNF-α and HMGB1 

protein expression measured in both neutrophil lysates and in plasma was linearly correlated 

(Spearman r=0.7577, P<0.0001 and goodness-of-fit r2=0.5722, P<0.0001; Spearman 

r=0.5293, P=0.0164, and goodness-of-fit r2=0.3134, P=0.01, respectively) (Supplemental 

Figure 2C-D). Moreover, higher TNF-α and HMGB1 expression in neutrophil lysates, and 

higher HMGB1 expression in plasma were highly correlated with increased plasma mtDNA 

D-loop DNA levels (all Spearman r>0.6, goodness-of-fit r2>0.5, and P≤0.0003) 

(Supplemental Figure 2E-H). Finally, we measured correlations in TNF-α protein expression 

between neutrophil lysates and plasma and found a poor relationship, indicating a minimal 

neutrophil contribution to circulating TNF-α levels. However, we found a highly significant 

correlation for HMGB1 between neutrophils and plasma (Spearman r=0.6947, P<0.0007 and 

goodness-of-fit R2=0.4879, P<0.0006) (Supplemental Figure 3) implicating neutrophils as a 

major source for this plasma DAMP. Overall, these findings indicate that the pro-

inflammatory TNF-α and HMGB1 proteins produced during sepsis are directly proportional 

to each other and to D-loop content in plasma, supporting a DAMP cascade.

We then sought to determine whether mRNA levels in septic patients were associated with 

differences in our pre-specified clinical endpoints. No correlation was found between gene 

product levels and 90-day mortality, APACHE II score, or SOFA score, but in subjects that 

were not ICU-free by 1 week, day 1 PBMC levels of HMOX1, NRF1, PPARGC1A, and 

TFAM were significantly reduced (P<0.05) (Figure 3). This group also displayed 

significantly lower PPARGC1A transcript levels on day 5 (P<0.05). We found no significant 

differences between the groups for absolute mtDNA copy number, but these data collectively 

indicate that early activation of mitochondrial biogenesis by day 1 is associated with ICU-

freedom by 1 week.

To better model the relationship between cytokines, mtDNA damage, and mitochondrial 

biogenesis, we performed multivariate PLS-DA (Figure 4). The PLS-DA score plot shows 
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the profiles at study day 1 of control and septic subjects. While there was slight within-group 

heterogeneity, there were no outliers and the profiles produced distinct clusters separated by 

group (Figure 4A). The loading plot depicts associations between the measured variables 

and the clusters of study subjects in the score plot (Figure 4B). The loading plot shows an 

association between the septic subjects and increased mtDNA D-loop and pro-inflammatory 

cytokines (in both plasma and neutrophil lysates), and an association between control 

subjects and increased mtDNA copy number and levels of TFAM and PPARGC1A mRNA. 

Furthermore, the loading plot shows that 1) TNF-α levels (both plasma and neutrophil) vary 

inversely with TFAM, HMOX1, and NRF1 mRNA levels; and 2) mtDNA D-loop and 

HMGB1 vary inversely with mtDNA copy number and PPARGC1A gene levels. The 

multivariate modeling supports that the pro-inflammatory cytokine milieu produced during 

sepsis is associated with mitochondrial damage and suppression of transcriptional activation 

of mitochondrial biogenesis.

DISCUSSION

This is the first human study to measure transcriptional activation of the mitochondrial 

biogenesis program in sepsis 1) non-invasively in peripheral blood; and 2) serially over time. 

We found that septic patients display signs of mitochondrial damage with a reduction in 

PBMC mitochondrial copy number and an elevation in circulating D-loop DNA at study day 

1 that rises linearly with pro-inflammatory cytokine expression. We also show that activation 

of mitochondrial biogenesis in PBMCs leads to restoration of mitochondrial DNA copy 

number by study day 5, and that subjects with the most PBMC transcripts are ICU-free by 1 

week. These findings support PBMCs as a clinically useful, non-invasive measure for 

biomarkers of mitochondrial homeostasis that may predict recovery in septic patients.

Over the last two decades, preclinical and clinical studies have provided substantial evidence 

for sepsis-induced organ failure arising from mitochondrial injury and dysfunction (1, 3–18). 

This mitochondrial injury and impairment in oxidative phosphorylation triggers activation of 

mitochondrial biogenesis, a highly coordinated bi-genomic program to restore mitochondrial 

mass and homeostasis (7). We measured mRNA levels of HMOX1, NRF1, PPARGC1A, and 

TFAM, genes whose products allow activation of mitochondrial biogenesis, in highly 

aerobic human PBMCs (21), and found a temporal rise and fall in their levels. This is the 

first timeline for transcriptional activation of mitochondrial biogenesis in humans in 

response to sepsis-induced mitochondrial injury (7) and supports earlier work in rodents and 

cells (5–9, 17, 25–27).

Previously, skeletal muscle biopsy studies have contributed significantly to our 

understanding of changes in mitochondrial structure and function during sepsis (1, 4, 15, 18, 

19), but biopsies are invasive, and recently, noninvasive tests in peripheral blood have been 

sought that could offer clues to the patient’s mitochondrial health. Earlier studies using 

whole blood transcriptomics (11, 31–34) demonstrated global defects in mitochondrial 

bioenergetics in experimental S. pneumoniae pneumonia in baboons or in humans with 

sepsis that correlated with organ failure severity and mortality (11, 32, 33). Furthermore, 

impairment of oxidative phosphorylation in lymphocytes sub-populations may contribute to 

secondary immuno-exhaustion frequently encountered in sepsis (20, 32, 35). Prior studies of 
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PBMCs from septic patients demonstrated alterations in mitochondrial membrane potential 

(36), pyruvate metabolism (37), and respiration (35, 38–43). These alterations were further 

shown to 1) normalize during sepsis recovery (35, 36, 39, 40), which is consistent with 

restoration of respiratory capacity by mitochondrial biogenesis; and 2) vary inversely with 

survival, organ recovery, or both (36, 37, 39, 40, 43). We also found a significant association 

between markers for maintenance of mitochondrial homeostasis and improved sepsis 

outcomes. Specifically, transcriptional activation of the mitochondrial biogenesis program 

on study day 1, as evidenced by higher HMOX1, NRF1, PPARGC1A, and TFAM mRNA 

levels, was significantly associated with ICU exit by 1 week. Additionally, PPARGC1A 
mRNA levels on day 5 were statistically associated with ICU-freedom by 1 week. While our 

findings on days 3 and 5 are limited by the gradual reduction in sample size as subjects 

either recover (discharged) or die from their illness, our overall findings in PBMCs: 1) 

support invasive work showing that early transcriptional activation of mitochondrial 

biogenesis in patients with sepsis is associated with clinical recovery; and 2) support prior 

work in PBMCs examining mitochondrial function by providing mechanistic insight into 

how mitochondrial dysfunction becomes normalized.

Mitochondrial biogenesis restores oxidative metabolism and mitochondrial content after 

sepsis-induced injury with impaired respiration (5–9). Similarly, PBMCs in septic subjects 

here displayed reduced mtDNA content on day 1 and restored mtDNA content by day 5. 

Despite this, we did not detect a significant relationship between absolute PBMC mtDNA 

content and clinical outcomes. Two other studies similarly found low mtDNA content in 

peripheral leukocytes of patients with sepsis (2, 44), however in contrast to our results, 

found a significant correlation with survival (2) or illness severity (44). This difference may 

be explained by different methodologies among studies, for instance, enrolling subjects with 

a mixture of shock syndromes not limited to sepsis (2); measuring mtDNA from whole 

blood, which contains abundant neutrophils and platelets with differing mitochondrial 

content and respiratory capacity compared with PBMCs (2, 21, 44); and reporting mtDNA 

content relative to putative nuclear housekeeping genes that may be altered during sepsis (2, 

5, 44, 45). Moreover, mtDNA concentrations themselves do not inform mitochondrial 

function, (e.g. reactive oxygen species (ROS) leak), or mitophagy, the regulated loss of 

mitochondrial mass, both highly relevant to sepsis recovery (46, 47). These limitations 

suggest the usefulness of mtDNA content alone as a sepsis biomarker may require partner 

biomarkers.

Although we measured the D-loop segment specifically because it is sensitive to oxidative 

damage (28), and oxidation of the D-loop may be a signal to activate mitochondrial 

biogenesis (48), unregulated oxidant production during sepsis causes mtDNA leakage into 

circulation as a DAMP, and further inflammation (49–51). It is known that the pro-

inflammatory cytokines TNF-α and HMGB1, both elevated in plasma and neutrophil lysates 

are toxic to mitochondria (29, 30) but it is unknown if the increased HMGB1 protein content 

in neutrophil lysates localizes to specific organelles or cell membrane receptors (e.g. TLR4). 

The latter is a cause of neutrophil extracellular trap (NET) formation (52), secondary 

inflammasome activation (53), and further mtDNA damage (54). We cannot rule out that 

some fraction of the mtDNA measured in plasma was generated by NET formation rather 

than by oxidative damage and extrusion (55), but D-loop detection is probably reliable. A 
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reduction in mitochondrial reserve is likely responsible for the metabolic derangements 

found in severe sepsis, but this may be amenable to targeted pharmacologic therapy (56).

When we incorporated these cytokines into a multivariate model with mtDNA damage and 

mitochondrial biogenesis markers, which depicted close associations between HMGB1 and 

D-loop, the cytokine levels varied inversely with mtDNA copy number and the 

mitochondrial biogenesis coactivator gene PPARGCA1. These findings advance prior work 

in lower animals and cells to human sepsis (5–9, 17, 25–27).

Some of the study limitations have been mentioned, but we note that because patient 

enrollment began before the Sepsis-3 guidelines (24), our sepsis definition still incorporated 

SIRS criteria, which have been removed by Sepsis-3 and may be absent in up to 12% of 

septic patients (57). It is therefore likely that we excluded some subjects meeting Sepsis-3 

criteria; however, in keeping with Sepsis-3, 95% of enrolled subjects had a qSOFA score of 

≥ 2. Second, our analyses at the later time points (days 3 and 5) are subject to selection bias 

because the patient group size decreased as patients recovered, died, or refused blood 

sampling. Also, changes in mitochondrial DNA content observed over time may not be 

unique to sepsis but more broadly to critical illness. A non-septic critically ill control group 

would answer this question. We also did not measure proteins for mitochondrial dynamics 

(fusion/fission), biogenesis, or mitophagy and therefore did not draw conclusions about 

overall mitochondrial quality control. Finally, we did not distinguish PBMC sub-

populations, and thus cannot exclude a contribution by cell populations differing 

mitochondrial contents.

CONCLUSION

We report that mitochondrial biogenesis gene expression markers can be measured in 

PBMCs, follow a distinctive timeline of activation, and may be clinically useful to predict 

the likelihood of recovery from sepsis. We also report a multivariate human sepsis model of 

mtDNA damage and recovery that supports experiments in lower mammals. Future work is 

needed to validate these findings and to develop further understanding of mitochondrial 

quality control in the restoration of mitochondrial homeostasis in PBMCs and other readily 

retrievable cell types during sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gene expression studies (qRT-PCR) in PBMCs in control subjects and septic subjects 

(paired samples only) on Days (D) 1, 3, and 5. Grey open circles represent individual control 

subjects. Black horizontal bars show median values. Line graphs represent individual septic 

subjects for which samples were collected at each time point (e.g. paired samples). 

Statistical analysis is Kruskal-Wallis ANOVA with Dunn’s post-hoc testing. *P<0.05 

denotes statistically significant comparisons relative to D1, and # P<0.0.05 denotes 

statistically significant comparisons relative to control.
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Figure 2. 
Mitochondrial (mt) DNA copy number measured by qRT-PCR of MT-ND1 gene in PBMCs 

in control and septic subjects. (A) mtDNA copy number in all collected control and sepsis 

samples (grey open circles). (B) mtDNA copy number in each control subject (grey open 

circles) and each septic subject (black line graphs) for which samples were collected at each 

time point (e.g. paired samples). Black horizontal bars show median values. Statistical 

analysis is Kruskal-Wallis ANOVA with Dunn’s post-hoc testing. *P<0.05 denotes 

statistically significant comparisons relative to D1, and #P<0.0.05 denotes statistically 
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significant comparisons relative to control. (C) Circulating mitochondrial DNA (mtDNA) D-

loop measured by PCR in plasma of control (n=8) and septic subjects (n=12). All samples 

were collected on study day 1. Black bars show median and interquartile range. Statistical 

analysis is Mann-Whitney U test.
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Figure 3. 
Intensive care unit (ICU) freedom by 1 week as a function of PBMC gene expression on 

Days 1, 3, and 5. Closed grey circles depict individual subjects with sepsis that were 

discharged from the ICU within 1 week. Open black circles depict individual subjects with 

sepsis that had prolonged ICU stays (≥ 1 week) or early death (within 1 week of 

presentation). Left Y-axis shows gene expression (qRT-PCR) for HMOX1, NRF1, 

PPARGC1A, and TFAM. Right T-axis shows qRT-PCR of mtDNA copy number. Black 
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horizontal bars depict median values. Statistical analysis is Mann-Whitney U test. *P<0.05 

denotes statistically significant comparisons. Trends (P<0.1) are depicted on the graphs.
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Figure 4. 
Partial least-squares discriminant analysis. (A) 2D score plot shows the profiles of control 

(black circles) and septic (grey circles) subjects are distinct and separate. The grey zone in 

the score plot depicts outliers with 95% confidence. (B) The corresponding 2D loading plot 

depicts associations between clusters and the measured variables. The two principal 

components explain 85% of the variation of the model.
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