
Stress and circulating cell-free mitochondrial DNA: A systematic 
review of human studies, physiological considerations, and 
technical recommendations

Caroline Trumpffa, Jeremy Michelsona, Claudia J. Lagranhab, Veronica Taleona, Kalpita 
R. Karana, Gabriel Sturma, Daniel Lindqvistc,d, Johan Fernströmc, Dirk Mosere, Brett A. 
Kaufmanb, Martin Picarda,f,g,*

aDepartment of Psychiatry, Division of Behavioral Medicine, Columbia University Medical Center, 
New York, USA

bUniversity of Pittsburgh, School of Medicine, Division of Cardiology, Center for Metabolism and 
Mitochondrial Medicine and Vascular Medicine Institute, Pittsburgh, PA, United States

cFaculty of Medicine, Department of Clinical Sciences, Psychiatry, Lund University, Lund, Sweden

dOffice of Psychiatry and Habilitation, Region Skåne, Sweden

eDepartment of Genetic Psychology, Faculty of Psychology, Ruhr-University Bochum, Bochum, 
Germany

fDepartment of Neurology, H. Houston Merritt Center, Columbia Translational Neuroscience 
Initiative, Columbia University Medical Center, New York, USA

gNew York State Psychiatric Institute, NY, USA

Abstract

Cell-free mitochondrial DNA (cf-mtDNA) is a marker of inflammatory disease and a predictor of 

mortality, but little is known about cf-mtDNA in relation to psychobiology. A systematic review 

of the literature reveals that blood cf-mtDNA varies in response to common real-world stressors 

including psychopathology, acute psychological stress, and exercise. Moreover, cf-mtDNA is 

inducible within minutes and exhibits high intra-individual day-to-day variation, highlighting the 

dynamic regulation of cf-mtDNA levels. We discuss current knowledge on the mechanisms of 

cf-mtDNA release, its forms of transport (“cell-free” does not mean “membrane-free”), potential 

physiological functions, putative cellular and neuroendocrine triggers, and factors that may 

contribute to cf-mtDNA removal from the circulation. A review of in vitro, pre-clinical, and 

clinical studies shows conflicting results around the dogma that physiological forms of cf-mtDNA 

are pro-inflammatory, opening the possibility of other physiological functions, including the 

cell-to-cell transfer of whole mitochondria. Finally, to enhance the reproducibility and biological 

interpretation of human cf-mtDNA research, we propose guidelines for blood collection, cf
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mtDNA isolation, quantification, and reporting standards, which can promote concerted advances 

by the community. Defining the mechanistic basis for cf-mtDNA signaling is an opportunity to 

elucidate the role of mitochondria in brain-body interactions and psychopathology.
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protocol

1. The rise of mitochondria in psychopathology

While mitochondria have historically been known as “the power-house of the cell”, recent 

research has revealed that mitochondria communicate and exchange information (via 

proteins, DNA, ions, and metabolites) with each other (Ono et al., 2001; Eisner et al., 2014; 

Picard et al., 2015a); and with the cell nucleus where they induce epigenetic remodeling 

(Tian et al., 2016; Lozoya et al., 2018; Minocherhomji et al., 2012; Santos, 2020) and 

impact gene expression (Picard et al., 2014). Intracellularly, mitochondrial signaling occurs 

via the release of small molecules including metabolites (Chouchani et al., 2014), proteins 

(Fiorese et al., 2016; Cardamone et al., 2018; Kim et al., 2018, 2017), RNA (Dhir et al., 

2018), and the mitochondrial genome itself (Dhir et al., 2018; Nakahira et al., 2011; Wu 

et al., 2019; West et al., 2015). But in addition to intracellular signaling, mitochondria also 

communicate information beyond the cell membrane – systemically – by producing and 

releasing various small molecules. Mitochondria are the source of all steroid hormones, 

including the potent sex-defining hormones testosterone, progesterone and estrogens, as 

well as the stress-induced glucocorticoids that function as endocrine signals to promote 

stress adaptation (Selvaraj et al., 2018). Beyond steroidogenesis in the mitochondrial matrix, 

mitochondria contain their own genome from which small mtDNA-encoded peptides are 

synthesized (e.g., MOTS-c, humanin) (Yen et al., 2020; Lee et al., 2015; Reynolds et 

al., 2020a), and released in the systemic circulation in response to challenges to optimize 

metabolic regulation. Thus, mitochondria-derived signaling molecules – or mitokines – 

likely play a significant role in human physiology and stress adaptation (Reynolds et al., 

2020b).

In relation to brain-body processes and psychopathology, mitochondria have been implicated 

in two main ways: as a target of stress, and as a source of signals that shape resilience 

and adaptation (Picard et al., 2019; Daniels et al., 2020). Evidence that mitochondria are a 

downstream target of stress is derived from studies showing that chronic stress influences 

mitochondrial structure and function (e.g., (Cai et al., 2015), see (Picard and McEwen, 

2018) for a systematic review). In humans, positive mood has also been found to predict 

higher leukocyte mitochondrial energy production capacity within days (Picard et al., 2018), 

and early life adversity is associated with alterations in mitochondrial respiratory capacity 

(Boeck et al., 2018, 2016; Gumpp et al., 2020), indicating that mitochondria are likely 

targets of psychological states.

Mitochondria also regulate stress physiology and behavior. Genetic or pharmacological 

perturbations of mitochondrial functions influence physiological, metabolic, and 
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transcriptional responses to psychological stress (Picard et al., 2015b). Perturbation of 

mitochondrial functions also influences behavioral traits such as social dominance behavior 

(Hollis et al., 2015; van der Kooij et al., 2018), and cause mood disorder-like vegetative and 

psychomotor symptoms in mice (Kasahara et al., 2006). Moreover, individuals suffering 

from psychiatric symptoms show genetic and biochemical evidence of mitochondrial 

dysfunction in blood leukocytes or brain tissue (Rossignol and Frye, 2012; Holper et 

al., 2019; Wang et al., 2016; Cherix et al., 2020), implicating mitochondrial defects as a 

potential cause or consequence of psychopathology. In support of this hypothesis, patients 

with inherited primary mtDNA defects, which directly impair respiratory chain function, 

show high rates of psychiatric symptoms (Fattal et al., 2007; Morava et al., 2010). Although 

not free of confounds, these collective data show that mitochondria may contribute to human 

psychopathology (Pei and Wallace, 2018).

Collectively, the recent evidence implicating mitochondrial signaling in cellular and 

physiological stress regulation and mental health provides a basis for the rapidly 

growing interest to map psychobiological mechanisms linking stress, mitochondria, and 

psychopathology. A major challenge for the field is to develop robust, interpretable, and 

non-invasive biomarkers of mitochondrial dysfunction and signaling. One such emerging 

candidate biomarker is the circulating mitochondrial genome.

2. Collecting, measuring, and interpreting blood cell-free mtDNA: An 

overview

Mitochondria are the only mammalian organelle besides the nucleus to contain their own 

genome. Each mitochondrion contains multiple copies of the 16.5 kb circular mitochondrial 

DNA (mtDNA) bound in protein-DNA complexes called nucleoids (Farge and Falkenberg, 

2019; Lee and Han, 2017). Surprisingly, mtDNA is detectable in most body fluids, including 

the liquid fraction of blood – plasma or serum – where it exists as circulating cell-free 

mtDNA (ccf-mtDNA, or cf-mtDNA when referring to any biofluid). Unlike tissue mtDNA 

copy number, which represents the number of copies of mtDNA per cell and loosely 

approximates respiratory capacity in tissues (e.g., leukocytes, brain, muscle) (Filograna et 

al., 2020), as an extracellular entity, cf-mtDNA does not reflect energy production capacity. 

Moreover, cf-mtDNA is not correlated with mtDNA copy number in circulating leukocytes 

(Rosa et al., 2020; Lindqvist et al., 2018). As discussed below, cf-mtDNA concentration 

may reflect different types of stress responses, but the exact functions of cf-mtDNA in its 

different forms remain unclear.

In some pathologies, blood cf-mtDNA is consistently elevated. Plasma cf-mtDNA levels 

are particularly elevated in trauma (Lam et al., 2004; Zhang et al., 2010a), inflammatory 

diseases (Boyapati et al., 2017; Hu et al., 2019; Kung et al., 2012; Yamanouchi et al., 2013), 

as well as cancers, myocardial infarction, and sepsis (Li et al., 2016; Schwarzenbach et al., 

2011; Bhagirath et al., 2015; Dwivedi et al., 2012; Nakahira et al., 2013). In hospitalized 

critically ill patients, elevated plasma cf-mtDNA levels are prospectively associated with a 

4–8-fold increased risk of mortality (Nakahira et al., 2013), suggesting that cf-mtDNA is a 

marker of physiological stress.
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Because of mitochondria’s bacterial origin (Sagan, 1967), cf-mtDNA is typically considered 

as a pro-inflammatory antigen capable of triggering inflammatory responses in target 

immune and non-immune cells (Boyapati et al., 2017; Zhong et al., 2019; West and Shadel, 

2017). Indeed, purified mtDNA injected into mice or exposed to cells in culture can induce 

proinflammatory cytokines (Collins et al., 2004). Consistent with this notion, numerous 

groups have defined receptor-mediated pathways whereby mtDNA triggers inflammatory 

signaling (reviewed in (Riley and Tait, 2020) and below). However, unlike the isolated 

laboratory forms of cf-mtDNA used in these studies, physiological cf-mtDNA is not 

necessarily membrane free. In fact, recent evidence suggests that most of the cf-mtDNA may 

be encapsulated within extracellular vesicles, such as microvesicles (Sansone et al., 2017; 

Lazo et al., 2020), exosomes (Sansone et al., 2017), or whole mitochondria (Al Amir Dache 

et al., 2020; Song et al., 2020; Stephens et al., 2020) that make mtDNA inaccessible to 

receptors. Our critical appraisal of the human cf-mtDNA literature reveals that evidence on 

the inflammatory effect of cf-mtDNA is not uniform, and that the pro-inflammatory nature 

of physiologically occurring cf-mtDNA in humans should be re-evaluated (see Section 5.2).

Recent evidence also suggests that release mechanisms are not limited to cell death as 

expected in trauma (reviewed in (Miliotis et al., 2019)). As described in the section 

below, triggers of cf-mtDNA release occur in several non-life-threatening situations. Both 

psychological factors and psychopathology can elevate cf-mtDNA. But differences in 

methodology used to measure cf-mtDNA may have significant impact on their comparability 

and interpretability. Therefore, standardization of approaches across laboratories is needed.

As described in detail in Section 5, there are different forms of transport for blood cf

mtDNA that can be separated to increase biological specificity during sample preparation. 

Cf-mtDNA is compartmentalized in distinct entities such as platelets, mitochondria or 

extracellular vesicles, and the duration and speed of centrifugation for plasma or serum 

isolates different forms of cf-mtDNA (Fig. 1). Slow centrifugation forces that are insufficient 

to sediment platelets cause contamination with large platelets (which contain mtDNA but 

no nDNA) in the final plasma, whereas excessively rapid centrifugation and the use of 

filters deplete potentially meaningful forms of cf-mtDNA, such as whole mitochondria 

and microvesicles containing mtDNA. Because existing studies have not used standardized 

methods, their results are not directly comparable. Another discrepancy occurs through 

the choice of the blood fraction: some studies have used serum (post-coagulation), 

which is not directly comparable to plasma (coagulation inhibited) because the clotting 

process may increase serum cf-mtDNA (Xia et al., 2009). Importantly, most studies in 

the psychopathology literature did not measure cell-free nuclear DNA (cf-nDNA) along 

with cf-mtDNA, preventing assessment of specific release of cf-mtDNA, where release of 

both cf-mtDNA and cf-nDNA would be interpreted as arising from tissue damage (Fig. 

1C). Adopting standard cf-mtDNA isolation and quantification techniques (see Section 

6, Technical Considerations) will optimize the biological specificity of our measurements 

and ensure reproducibility across laboratories (Meddeb et al., 2019; El Messaoudi et al., 

2013). Such methodological standardization will enable the field to make concerted progress 

towards meaningful biological and clinical insights.
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To achieve a mechanistic understanding of the role of cf-mtDNA in mental health, five main 

questions must be resolved: 1) What are the triggers of cf-mtDNA release? 2) From which 

tissue(s) or cell type(s) does cf-mtDNA originate? 3) What are the kinetics of cf-mtDNA 

release and removal? 4) What are the molecular forms of transport of cf-mtDNA in the 

circulation? 5) What are the functional effects of cf-mtDNA on target cells?

Aiming for an overview of the current state of knowledge, before addressing these 

questions and discussing current methods available to selectively isolate and quantify 

specific forms of cf-mtDNA, we first present a systematic review of human studies on 

the association of blood cf-mtDNA and various real-life stressors. While cf-mtDNA exists 

in other biofluids, such as cerebrospinal fluid and urine (Varhaug et al., 2017; Kim et 

al., 2019a), the present systematic review and discussion focuses on blood cf-mtDNA. We 

then highlight outstanding questions for the field, particularly the popular notion that cf

mtDNA is pro-inflammatory, and discuss current knowledge about the nature and regulation 

of blood cf-mtDNA to help translational scientists in the design and interpretation of cf

mtDNA dynamics. Finally, we propose standardized procedures that will enhance biological 

specificity and reproducibility of human cf-mtDNA research.

It is an exciting time for mitochondrial psychobiology: over two decades of investigation 

into circulating cell-free DNA in various diseases now converge with emerging work on 

mitochondrial function and cf-mtDNA in psychiatric disorders. This convergence makes the 

study of cf-mtDNA in mental health a unique interdisciplinary opportunity to gain insight 

into the brain-mitochondria relationship and other aspect of human health.

3. Systematic review: psychopathology, stress, exercise and cf-mtDNA

We first performed a systematic review of human studies on the association of blood cf

mtDNA and various real-life stressors, namely acute psychological stress, psychopathology, 

exercise training, and acute physical activity. Here we compared the psychopathology and 

stress literature with the exercise literature, as it is another form of non-pathological stressor 

that relies heavily on mitochondrial respiration.

To examine cf-mtDNA levels in psychiatric disorders, acute psychological stress, and 

exercise, we performed a systematic review using keywords including: cell-free DNA, 

mtDNA, psychological stress, mental disorders, or exercise (complete search strategy 

described in Figs. S1 and S2). The search was independently performed by two authors 

(CT and VT) in Pubmed and Scopus, and was limited to studies published in English 

between 1960 and January 9, 2020. Study selection was performed according to PRISMA 

guidelines (Moher et al., 2009). Reasons for study rejection included: literature reviews, 

preclinical studies, did not measure cf-mtDNA, and other pre-specified criteria outlined 

in Supplemental Figs. S1 and S2. The studies included are listed and their methods and 

findings are summarized in Tables 1 and 2. The summary of effect sizes (hedges’g (g) and 

fold changes) is presented in Figs. 2 and 3.
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3.1. Psychopathology and psychological stress

3.1.1. Psychopathology—Eight studies measured cf-mtDNA levels in individuals with 

psychiatric disorders. Of these, two were conducted in pediatric populations and six in 

adults. In children, Zhang et al. found that compared to neurotypical children (n = 12), 

children with autism spectrum disorder (ASD) (n = 20) had 5.7-fold higher serum cf

mtDNA concentrations (Zhang et al., 2010b). Unfortunately, the lack of information on the 

centrifugation protocol used (speed and duration) in this study limits its interpretability (see 

Table 1). In this study, cf-nDNA was not detected. Another study reported 1.3-fold higher cf

mtDNA in ASD, specifically from serum-derived extracellular vesicles (EVs) (Tsilioni and 

Theoharides, 2018). While both studies suggest that blood cf-mtDNA might be elevated in 

ASD, one study measured cf-mtDNA in whole serum while the other study focused on EVs 

extracted from serum, which make their findings not directly comparable. Because serum 

cf-mtDNA level is confounded by the presence of cf-mtDNA derived from coagulation and 

platelet activation (Boudreau et al., 2014) (see Section 6.1. below), additional confirmatory 

studies are warranted.

In adults, Lindqvist et al. found that suicide attempters with various psychiatric diagnoses 

– mood disorders being the most common – (n = 37) had significantly higher plasma 

cf-mtDNA concentrations (d = 2.64, fold change = 46.8) when compared to healthy controls 

(n = 37) (Lindqvist et al., 2016). Higher cf-mtDNA levels in suicide attempters correlated 

with a higher cortisol response to the dexamethasone suppression test (DST), suggesting a 

link between hypothalamic pituitary adrenal (HPA) axis hyperactivity and cf-mtDNA levels. 

In 2018, the same group found that patients with major depressive disorders (MDD) (n = 50) 

had higher plasma cf-mtDNA (d = 0.93, fold change = 1.1) compared to healthy controls (n 

= 55) (Lindqvist et al., 2018). Additionally, in a small subset of MDD participants who were 

treated with a selective serotonin reuptake inhibitor (SSRI) (n = 19), SSRI responders had 

lower cf-mtDNA levels compared to non-responders after 8 weeks of treatment (d = 1.59, 

fold change = 0.21), though this only reached trend-level significance. Of note, this study 

reported no significant differences between MDD subjects and healthy controls for PBMC 

mtDNA copy number, underscoring that cf-mtDNA may represent a more sensitive marker 

of MDD pathophysiology and of the mechanisms underlying treatment responsiveness. The 

conclusions around cf-mtDNA from these two studies are strengthened by the use of plasma 

(see Section 6.1 below) and by an additional centrifugation step ensuring complete removal 

of cellular debris (see Table 1).

While studies by Lindqvist et al. are in line with the hypothesis of elevated amounts of 

blood cf-mtDNA in psychiatric disorders, other research groups have found no associations 

between cf-mtDNA and psychopathology. Stertz et al., found that compared to healthy 

controls (n = 20), patients with bipolar disorder (BD) (n = 20) did not differ in serum cf

mtDNA concentration (g = 0.05, fold change = 1.01, not statistically significant (ns)) (Stertz 

et al., 2015). Surprisingly, BD patients (g = 1.98, fold change = 1.19) and healthy controls 

(g = 2.01, fold change = 1.18) showed higher serum cf-mtDNA concentrations compared to 

a group of patients with sepsis (n = 20). This result raises questions because prior studies 

have consistently found higher plasma cf-mtDNA concentrations in patients with sepsis 

compared to controls (e.g., (Kung et al., 2012; Yamanouchi et al., 2013; Nakahira et al., 
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2013)). The discrepancy may come from specific characteristics of the control population, 

the use of serum, or from the cf-mtDNA isolation protocol, which lacked a secondary 

centrifugation step usually required to remove cellular contaminants that may artificially 

inflate mtDNA content (see Section 6 below for more details). Another study by Kageyama 

et al. compared plasma cf-mtDNA concentrations in individuals with MDD (n = 109), BD (n 

= 28), schizophrenia (SZ) (n = 17), and healthy controls (n = 29) (Kageyama et al., 2017). 

Compared to healthy controls, MDD (d = −1.35, fold change = −9.40) and BD patients (d 

= −1.22, fold change = − 2.26) presented lower cf-mtDNA concentration (Kageyama et al., 

2017). Patients with SZ did not differ significantly from healthy controls (d = −0.33, fold 

change = −1.42, ns) (Kageyama et al., 2017). Here, cf-mtDNA was quantified following a 

single centrifugation spin at 1,000 g for 15 min. Therefore, compared to studies that used a 

second faster centrifugation step, results may include more cf-mtDNA derived from cellular 

debris and large platelets, capturing a greater range of cf-mtDNA species and reducing its 

biological specificity.

In summary, the psychopathology cf-mtDNA literature provides mixed results. This may 

in part be driven by technical differences including different centrifugation protocols that 

yield different forms of transport of cf-mtDNA and levels of platelet contamination. In 

small pediatric studies, there is limited evidence of increased serum cf-mtDNA in pediatric 

cases of ASD (Zhang et al., 2010b; Tsilioni and Theoharides, 2018). In contrast, larger 

studies from the adult psychopathology literature suggests moderate-to-large elevations of 

cf-mtDNA in MDD and suicide attempters (Lindqvist et al., 2018, 2016c). But the highly 

heterogeneous blood processing methodology precludes a direct comparison among most 

studies. Further, many studies had small sample sizes, which may overestimate effect sizes. 

Larger epidemiological studies with comparable cf-DNA isolation procedures (discussed 

below in Section 6) are needed to confirm increased cf-mtDNA levels in different clinical 

populations. We also note that all but one study (Lindqvist et al., 2018) collected blood 

and measured serum or plasma cf-mtDNA at one timepoint, precluding any conclusions 

regarding the stability of potential group differences. In addition, it is not possible to rule out 

potential publication bias (i.e., studies with negative results not being published) that may 

limit the number of negative findings.

3.1.2. Acute psychological stress—Two studies identified through the search query 

directly tested the hypothesis that acute psychological stress triggers cf-mtDNA release 

(see Fig. 2 and Table 1) (Hummel et al., 2018; Trumpff et al., 2019a). These studies 

were experimental laboratory studies that used a repeated-measures design to quantify 

cf-mtDNA levels before and after socio-evaluative stress. Hummel et al. found that a 10–

15 min psychosocial stress task (the Trier Social Stress Test (TSST) (Kirschbaum et al., 

1993) in healthy young men (n = 20) caused a 1.6-fold increase in plasma cf-mtDNA 

two minutes after the task was performed (d = 0.5) (Hummel et al., 2018). In line with 

these findings, Trumpff et al. found in a sample of middle aged women and men (n = 

53) that a brief psychosocial stress task (5 min) induced a 2–3 fold increase in serum cf

mtDNA within 30 min (d = 0.85–1.23) (Trumpff et al., 2019a). In this study, stress-induced 

cf-mtDNA release was measured on two occasions separated by one month, yielding similar 

results on both occasions. A follow up analysis showed that while there is some degree 
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of stability in cf-mtDNA responses at the group level, some individuals exhibited large 

differences in cf-mtDNA responses between sessions, which were largely predicted by 

baseline cardiovascular and mood measures (Trumpff et al., 2019b). These two studies, 

one in plasma and one in serum, showed rapid increases in cf-mtDNA following acute 

psychosocial stress. However, they did not include a non-stressed control group, which is a 

limitation for future studies to address.

Although they differed in their pre-analytical protocol and blood fraction used, a shared 

strength of these studies is that both circulating nuclear DNA (cf-nDNA) and cf-mtDNA 

were measured in parallel (using duplex qPCR). Synchronous release of both nuclear and 

mitochondrial genomes could indicate cell death or damage, whereas cf-mtDNA release 

without cf-nDNA indicates a selective, and possibly regulated, process. The study in plasma 

observed a parallel 2-fold cf-nDNA increase immediately after stress (Hummel et al., 2018), 

whereas the study in serum found no concomitant cf-nDNA release (Trumpff et al., 2019a). 

An common strength of these studies is the use of a second centrifugation spin to limit 

cf-mtDNA derived from cellular debris and platelets, therefore increasing the biological 

specificity of their results.

To summarize, while these findings need to be replicated, they suggest that acute 

psychological stress alone can lead to a robust increase in cf-mtDNA in both plasma 

and serum. The exact kinetics for stress-induced cf-mtDNA increase and its association 

with stress hormones remain to be determined. In Hummel et al. (Hummel et al., 2018), 

plasma cf-mtDNA levels peaked 12–17 min after the onset of the psychological stress. In 

Trumpff et al., serum cf-mtDNA concentration was only measured 35 min after the onset 

of the psychological stress (Trumpff et al., 2019a). Repeated quantification of cf-mtDNA 

throughout the stress response is necessary to more closely establish the true kinetics of 

blood cf-mtDNA.

3.2. Exercise

A total of six studies, summarized below, met the inclusion criteria of measuring cf-mtDNA 

in response to exercise training or acute physical activity. Table 2 summarizes the study 

design, method and findings and Fig. 3 presents a summary of effect sizes of the included 

studies. All studies examined were conducted on plasma samples, and only three measured 

both cf-mtDNA and cf-nDNA.

3.2.1. Exercise training—Nasi et al. measured changes in plasma cf-mtDNA 

concentration every two months over two athletic seasons (8 timepoints) in professional 

volleyball players (n = 12) and compared them to baseline cf-mtDNA concentrations 

of controls (n = 20) (Nasi et al., 2016). Except for baseline measures during the first 

season, control subjects had significantly higher cf-mtDNA concentrations compared to the 

athlete group at all time points. The volleyball players’ cf-mtDNA concentrations decreased 

significantly during the first season while remaining stable during the second season. This 

suggests regular physical activity may be associated with lower levels of circulating mtDNA. 

The authors found no correlation between cf-mtDNA levels and complete blood count 

parameters, electrolyte balance, iron metabolism and cortisol and testosterone levels but 
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because of their small sample size, they might not have been powered (n = 12) to look at 

these questions.

3.2.2. Acute physical activity—Shockett et al. found that in moderately-trained men 

(n = 7), aerobic exercise decreased plasma cf-mtDNA concentrations at 54 and 90 min 

post-exercise (cf-nDNA was not measured) (Shockett et al., 2016). Four studies assessed the 

effects of exhaustive exercise on cf-mtDNA levels. Beiter et al. studied male athletes (n = 9) 

and found that a 30-minute treadmill test did not change plasma cf-mtDNA concentrations, 

but did increase cf-nDNA by 14-fold immediately and 4.2-fold 30 min after exercise (Beiter 

et al., 2011). In line with these findings, Helmig et al. studied a small group of men (n = 5) 

and found that an incremental treadmill test did not significantly change cf-mtDNA levels 

measured just after, as well as 10, 30 and 90 min later, while cf-nDNA was increased by 7.9 

fold post-exercise (Helmig et al., 2015). In contrast, Stawski et al. studied a group of healthy 

men (n = 11) and found that three repeated bouts of exhaustive exercise increased both 

cf-mtDNA (1.3–2.6-fold, d = 0.39–2.11) and cf-nDNA levels (11.3–17.3-fold, d 2.43–3.01) 

just after the task, with the increase in cf-nDNA levels being on average 7 times larger than 

the increase in cf-mtDNA (Stawski et al., 2017). Similarly, Hummel et al. found that 15 min 

of an incremental treadmill test in 20 healthy men increased cf-mtDNA by 1.6-fold after 2 

min post-exercise (d = 0.66), while cf-nDNA was increased by 4-fold (Hummel et al., 2018).

In summary, one study found that regular exercise training is associated with lower cf

mtDNA levels and another study found reduced cf-mtDNA levels one hour after moderate 

exercise (Shockett et al., 2016). Some – the ones with larger sample size – but not all 

studies, suggest that cf-mtDNA increases directly after exhaustive exercise. Three studies 

showed that exercise decreased cf-mtDNA levels acutely (Nasi et al., 2016; Shockett et al., 

2016; Stawski et al., 2017) and one suggests that regular training may be associated with 

lower cf-mtDNA over time (Nasi et al., 2016), suggesting that exercise training may reduce 

baseline circulating cf-mtDNA levels. Importantly, most of the existing studies have small 

sample size and present major differences in the blood processing for DNA isolation and the 

timing of the blood sampling (see Table 2). While the effect of acute exercise on cf-mtDNA 

levels is mixed, all studies that measured cf-nDNA found that exhaustive exercise provokes 

a large (up to 10-fold) increase in cf-nDNA, with larger effects when measured directly after 

the task (Beiter et al., 2011; Helmig et al., 2015; Stawski et al., 2017). These results are 

in line with previous findings showing cf-nDNA increases following incremental exercise 

testing (i.e., increasing intensity over time) (Breitbach et al., 2014), high-intensity interval 

training (Ferrandi et al., 2018), marathon running (Atamaniuk et al., 2004), ultramarathon 

running (Atamaniuk et al., 2008), and rowing (Velders et al., 2014). The observed difference 

between cf-mtDNA and cf-nDNA may be due to different release and clearing mechanisms 

for nDNA and mtDNA (see Section 5.6).

3.3. Conclusions of the systematic review

Overall, this systematic review reveals three major knowledge gaps: First, cf-mtDNA can 

be rapidly released into the blood in response to stimuli, but its kinetics and mechanisms 

of regulation remain poorly defined. Second, some studies suggest that cf-mtDNA may 

be chronically elevated in populations with psychiatric morbidity, but this should be 

Trumpff et al. Page 9

Mitochondrion. Author manuscript; available in PMC 2021 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confirmed in adequately powered future studies incorporating standardized blood processing 

procedures. Third, cf-mtDNA detection methods currently used are highly heterogeneous 

and many are inconsistent with the known biological properties of cf-mtDNA, highlighting 

the need to harmonize protocols across cf-mtDNA psychopathology research. Steps needed 

towards protocol unification include the systematic assessment of both cf-mtDNA and 

cf-nDNA and, more importantly, standardized method of blood processing. Studies with 

larger sample sizes are needed to increase the robustness of the findings, and to evaluate 

the influence of potential moderators and confounding variables. Below we address 

physiological and technical considerations that provide an empirical foundation to address 

these important knowledge gaps.

4. Physiological considerations

4.1. Sex differences in cf-mtDNA concentration

A significant sex difference was reported in cf-mtDNA release in response to psychological 

stress, with middle aged men exhibiting 2.1-fold larger stress-induced responses than women 

(Trumpff et al., 2019a). Importantly, existing reports on the effect of acute exercise on cf

mtDNA did not include women (see Table 2). Future studies should assess the effect of acute 

exercise in both women and men. Indeed, there are sex differences in energy metabolism 

(Mittelstrass et al., 2011); and studies of various aspects of mitochondrial biology in model 

organisms suggest that mitochondria in males exhibit functional differences that increase 

vulnerability to apoptotic signaling and reactive oxygen species, as well as decreased 

mitochondrial content and ATP production (Ventura-Clapier et al., 2017). No study that 

we know of has so far systematically examined human sex differences in cf-mtDNA levels 

nor the potential effect of sex hormones (e.g., estrogen, testosterone) on cf-mtDNA levels. 

Therefore, whether baseline or stress-induced cf-mtDNA levels differ by sex or gender 

remains undetermined.

4.2. Inter and intra-individual variation

A crucial aspect to establishing the utility of cf-mtDNA as a biomarker of health and 

disease is to understand its stability within individuals. In two studies that assessed baseline 

cf-mtDNA levels in the same participants on two different occasions, we calculated inter

individual and intra-individual variation (Hummel et al., 2018; Trumpff et al., 2019a). 

In plasma, on two different occasions over 2 days apart, the coefficient of variation 

(C.V.) of baseline cf-mtDNA inter-individual variation was 71.5%, while the range of 

intra-individual variation was 62.0%, indicating that the magnitude of change over time 

in the same person is comparable to the difference between different people (Fig. 4A). In 

serum cf-mtDNA measured on two different occasions over 1 month apart, the C.V. of inter

individual variation was larger (110.5%) than the range of intra-individual variation (34.0%), 

suggesting moderate stability of cf-mtDNA levels. However, the within-person variation 

over time was still substantial; cf-mtDNA in some individuals increased or decreased several 

folds, up to an order of magnitude, over this period (Fig. 4B). While further studies 

are needed to define cf-mtDNA inter- and intra-individual variation, these initial results 

suggest large intra-individual cf-mtDNA variation within days to months. Moreover, how the 

same individual’s cf-mtDNA levels react to psychological stress (i.e., one’s reactivity) also 
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changes from one occasion of testing to another (Trumpff et al., 2019b), highlighting the 

potentially changeable nature of cf-mtDNA regulation. Together, these findings emphasize 

the need to characterize the magnitude of intra-individual variation over time – over both 

short and long time scales – and to define physiological factors responsible for these 

variations.

4.3. Sampling time and frequency

As noted in the systematic review, cf-mtDNA levels can significantly change within 

15–30 min in response to acute psychological or exercise stress (Hummel et al., 2018; 

Trumpff et al., 2019a). Combined with the substantial within-person variation described 

above, evidence of rapid reactivity in cf-mtDNA levels suggests that cf-mtDNA is more 

likely to represent a state marker than a stable individual trait (Fig. 4C). Such cf-mtDNA 

temporal dynamics position cf-mtDNA in the same category as cortisol, which exhibits 

stress-inducible characteristics (Kirschbaum et al., 1993). We note that cortisol and other 

neuroendocrine factors also exhibit diurnal variation (Krieger, 1972; Fukushima et al., 

1970; Rose et al., 1972), but that no study has yet examined potential diurnal variation 

in cf-mtDNA (Fig. 4D). Knowledge on the diurnal variation of cf-mtDNA appears critical 

to properly design studies (e.g., avoid potential awakening response as is recommended for 

cortisol (Stalder et al., 2016; Kirschbaum and Hellhammer, 1989)) to investigate how acute 

and chronic factors influence cf-mtDNA in people.

Previous reports suggest that the upper and lower boundaries within which cf-mtDNA varies 

within-person might be influenced by chronic biobehavioral factors such as regular physical 

activity, age (Pinti et al., 2014; Zhang et al., 2020a), chronic disease, or psychopathology 

(Boyapati et al., 2017; Lindqvist et al., 2016, 2018; Nasi et al., 2016) (Fig. 4E). As intra

individual variation in cf-mtDNA appears large, studies designed to detect inter-individual 

and group differences might require particularly large sample sizes to achieve a sufficient 

signal-to-noise ratio. The use of repeated-measures designs (within the same individual) 

can also be leveraged to provide more stable individual-level estimates, as for other 

neuroendocrine measurements (Segerstrom and Miller, 2004). Overall, the major questions 

around cf-mtDNA dynamics that remain to be addressed include the temporal stability/

variability of cf-mtDNA, whether it exhibits diurnal variation, and to what extent it is 

influenced by behavioral (diet, physical activity, sleep) or psychosocial factors.

5. Outstanding questions about cf-mtDNA biological regulation and 

signaling

While a detailed exploration of molecular mechanisms underlying cf-mtDNA regulation 

is beyond the primary focus of this review, it is important for the translational scientist 

to have some fundamental knowledge of the various potential forms of cf-mtDNA, 

and of the available evidence of its functional implications. Potential functions of cf

mtDNA involve the prominent topic of inflammation and some emerging physiological 

behavior of extracellular, cell-free mitochondria, such as transcellular (i.e., cell-to-cell) 

mitochondrial transfer. While scientists can generate high-quality reproducible data without 
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these additional considerations, the sections that follow provide useful context for the 

interpretation of cf-mtDNA results.

5.1. Biological forms of cf-mtDNA

Understanding the form of mtDNA that is detected in the plasma is important to establish 

both the source of cf-mtDNA and the potential downstream physiological effects (see 

Fig. 1A,B) (Miliotis et al., 2019). Regarding the transport of cf-mtDNA in blood, the 

compartmentalization of cf-DNA associated with health, disease, or acute stress is a major 

knowledge gap. It is not clear if the cf-mtDNA that is detected in specific blood preparations 

consist in naked DNA, DNA encapsulated in lipid-based vesicular structures, in whole 

mitochondria, or in larger containers. Most research aiming to understand the physiological 

effects of cf-mtDNA involves using purified mtDNA, which include DNA isolated from 

enriched mitochondria, PCR products, or DNA isolated from plasma (e.g., (Hu et al., 2019). 

However, as stated above, the vast majority of naturally occurring physiological forms of 

cf-mtDNA may exist inside lipid-based vesicles (Al Amir Dache et al., 2020; Stephens et al., 

2020; Helmig et al., 2015; Chiu et al., 2003).

In plasma, mtDNA can be packaged in vesicles with vastly different in size, including 

apoptotic bodies, platelets, microvesicles, or exosomes (Boudreau et al., 2014; Jiang et al., 

2017; Kahlert et al., 2014; Cai et al., 2013). The DNA structure of the mtDNA in vesicular 

structures could be intact or fragmented, and could be oxidized or not (Al Amir Dache et 

al., 2020; Song et al., 2020; Chiu et al., 2003; Zhang et al., 2020a; Ma et al., 2019). The 

downstream actions of cf-mtDNA could also be modified by associated proteins, but this 

has not been thoroughly investigated. Compared to naked DNA that is directly accessible 

to degradation, mtDNA encapsulated in particles are physically protected from circulating 

DNAses, which may prolong their presence in the circulation. Further studies are required to 

determine which forms of cf-mtDNA are most prevalent, pro-inflammatory, inducible, and 

most relevant to specific psychopathological and physiological stressors.

5.2. Effects on target cells: Is cf-mtDNA pro-inflammatory?

Cf-mtDNA detected in patients has been assumed to have a pro-inflammatory function in 

humans based on four main lines of evidence: i) the correlation between cf-mtDNA, septic 

shock, and mortality in intensive care unit (ICU) patients; ii) experimental administration of 

naked (i.e, purified) mtDNA inducing inflammation in vivo; iii) immune cell co-stimulation 

experiments of bona-fide pro-inflammatory molecules with added synthetic or purified 

naked mtDNA in vitro, and iv) innate immune gene-expression responses to intracellular 

mtDNA signaling within the cell cytoplasm (see Fig. 5). However, each of these lines 

of evidence assumes that cf-mtDNA is accessible to pro-inflammatory receptors, such as 

TLR9, to trigger inflammatory responses. If cf-mtDNA is packaged in lipid-bound vesicles 

or whole mitochondria, cf-mtDNA would be accessible by intracellular TLR9 receptors only 

after endocytosis.

We also note that in healthy individuals, total blood cf-mtDNA is abundant even in 

the absence of systemic inflammation (Al Amir Dache et al., 2020; Song et al., 2020; 

unpublished data). By recent estimates (Al Amir Dache et al., 2020; Stephens et al., 2020), 
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there are between 200,000 and 3.7 million intact, cell-free mitochondria circulating per ml 

of plasma in healthy women and men, which could represent >90% of total cf-mtDNA 

in healthy individuals. While a subset of cf-mtDNA may be inflammatory, the fact that 

cf-mtDNA is a normal blood constituent suggests other potential physiological roles for 

extracellular DNA.

Below we evaluate these four lines of evidence previously advanced to support the popular 

notion that cf-mtDNA is pro-inflammatory. An analysis of the underlying data suggests that 

not all forms of cf-mtDNA are, by themselves, pro-inflammatory, and that more research is 

needed to support this hypothesis.

5.2.1. Correlational evidence in the ICU—In hospitalized critically ill patients with 

acute respiratory distress syndrome (ARDS) or sepsis (a systemic inflammatory condition), 

as noted above, elevated plasma cf-mtDNA levels are prospectively associated with a 4–

8-fold increased risk of mortality (Nakahira et al., 2013). Another study in patients with 

ARDS found that cf-mtDNA was a significant predictor of mortality, and that addition 

of cf-mtDNA to traditional prognostic indicators significantly improved the prediction 

accuracy for mortality (Scozzi et al., 2020). A study in ICU patients also found that 

elevated cf-mtDNA levels was a stronger predictor of mortality in patients with elevated 

toll-like receptor-9 (TLR-9) expression (Krychtiuk et al., 2015), consistent with the idea 

that the mortality risk linked to cf-mtDNA levels might be associated with TLR-9 signaling. 

Together these studies suggest a potential link but not causality between cf-mtDNA and 

inflammatory pathologies.

Some studies have also reported associations between cf-mtDNA levels and canonical 

inflammatory markers. In a study of patients with rheumatoid arthritis, the presence of cf

mtDNA in synovial fluid was significantly correlated with the presence of rheumatoid factor 

(Hajizadeh et al., 2003). A study of patients on hemodialysis also showed that individuals 

in the higher tertile of cf-mtDNA levels had elevated concentrations of the inflammatory 

markers CRP and TNF-α compared to those in the lower tertile (Kim et al., 2020). However, 

these analyses were not adjusted for covariates nor for other factors (e.g., multiorgan failure 

and/or tissue damage) that could explain why sick individuals have elevated levels of both 

cf-mtDNA and cytokines, without a direct link between them. Similarly, a study of patients 

with COVID-19 found cf-mtDNA was positively correlated with the following cytokines: 

IL-6 (r = 0.39), MIG (r = 0.31), MCP-1 (r = 0.25), IP-10 (r = 0.25), IL-1RA (r = 0.43), 

IL-2R (r = 0.28), and HGF (r = 0.47) (Scozzi et al., 2020). In healthy adults, we have 

found that correlations between serum cf-mtDNA and IL-6 at three time points ranged 

from r = −0.19 to r = 0.13 (mean r = 0.01, all ns) (unpublished data from (Trumpff et 

al., 2019a)). In relation to psychopathology, one study reported small positive correlations 

between cf-mtDNA and the cytokines GM-CSF (r 0.23), IL-2 (r = 0.22) and IL-4 (r = 0.38), 

but not with IL-6 (r = 0.03, ns) (Kageyama et al., 2017). As mentioned above, the plasma in 

this latter study was likely heavily driven by platelets (due to centrifugation at low g-forces) 

and should be considered with caution. Overall, these correlations are weak to moderate and 

indicate that cf-mtDNA may account for only a small fraction of the variance in cytokine 

levels. We note that these estimates also do not account for potential publication bias 
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(Easterbrook et al., 1991), which likely favors the reporting of positive cf-mtDNA-cytokine 

associations.

Among studies of life-threatening inflammatory conditions often cited as indication of the 

pro-inflammatory effect of cf-mtDNA, multiple co-morbid and pharmacological confounds 

naturally exist, complicating any conclusions around the physiologic role of cf-mtDNA. ICU 

patients are studied in an unique setting where patients are frequently given large doses of 

medications that disrupt physiological functions and mitochondrial respiratory chain activity 

(Mitsui et al., 2002), and their circadian regulation is often perturbed by the lack of light 

cues and meals (Mundigler et al., 2002; Gazendam et al., 2013). Hospitalized patients 

can naturally experience high levels of psychological distress from the uncertainty and 

the life-threatening nature of their medical condition (Griffiths et al., 2007). As discussed 

above, psychological stress alone can induce cf-mtDNA release, and can also trigger pro

inflammatory states (Marsland et al., 2017). Therefore, it is not possible to separate the 

relative contribution of biological injury from the effects of psychological distress in the 

elevation in cf-mtDNA levels in the ICU. Moreover, the possibility that both cf-mtDNA 

and inflammatory markers are independently induced by a third stress-related factor cannot 

be ruled out, and ICU-based clinical studies only provide correlational evidence linking 

inflammation with cf-mtDNA. Moreover, the effect size estimates indicate that if the 

naturally-occurring forms of cf-mtDNA were to be pro-inflammatory, it would account for 

only a small fraction of systemic inflammation levels in humans. Thus, the evidence of the 

pro-inflammatory nature of cf-mtDNA in clinical studies is currently not well-supported.

5.2.2. In vivo experiments in animals—One of the earliest studies in vivo showed 

that intra-articular injection of PCR-amplified mtDNA induced arthritis and TNF-α 
secretion in mice (Collins et al., 2004). Towards understanding the downstream role of 

mtDNA release after LPS-triggered release, intraperitoneal injection of mtDNA similarly 

caused acute lung injury and provoked systemic inflammation, which was attenuated by 

TLR9 inhibitors (Zhang et al., 2016). Another experiment in rats found that mitochondrial 

lysates triggered inflammation when injected into the circulation (Zhang et al., 2010b). By 

contrast, injection of supra-physiological levels of mtDNA and mitochondrial DAMPs did 

not induce proteinuria or kidney injury in rodents (He et al., 2015). These experiments used 

either mitochondrial homogenates, where mtDNA and other immunogenic components such 

as cardiolipin and N-formylated peptides are present, or naked synthetic DNA (Grazioli and 

Pugin, 2018).

When not associated with proteins nor encapsulated in vesicles, mtDNA, particularly when 

oxidized (Zhong et al., 2018), unambiguously acts as damage-associated molecular pattern 

(DAMPs) and cause sterile inflammation (Gong et al., 2020; Krysko et al., 2011). But 

as described above, the accessibility of DNA to receptors may be critical for determining 

whether the DNA can activate a signaling pathway. Even in experimental settings where 

inflammation is apparently triggered in a TLR9-dependent manner (implicating DNA as the 

ligand and primary stimulus) in the mouse heart, the inflammatory response was not affected 

by perfusion with DNA-degrading enzyme (DNase) (Kitazume-Taneike et al., 2019). While 

that data has been interpreted to indicate that extracellular cf-mtDNA does not play a role 

in TLR9 activation, an equally likely explanation is that the cf-DNA is encapsulated and 
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protected from the action of DNAse. More work is greatly needed to better define the 

differentiating factors among these results, so caution is warranted in the interpretation of 

these experiments in relation to circulating cf-mtDNA in humans.

Overall, much remains to be understood about how the nature of cf-mtDNA influences 

its downstream functions. Among in vivo studies, there are differences between purified 

PCR fragments and native cf-mtDNA particles (Fig. 5A). Whether mtDNA is purified to 

be devoid of lipid and protein or not, the route of administration (i.e., intraperitoneal, 

intravenous, intratracheal), fragmentation, oxidation, and co-stimulation may be significant 

modifiers of inflammatory potential. Likewise, the metrics for inflammation (systemic vs 

tissue cytokine production, immune cell counts, which tissues are tested for damage, etc.) 

have not proven to be consistent between studies. For these reasons, experimental in vivo 
evidence using synthetic DNA or mtDNA from mitochondrial lysates are unlikely to reflect 

the nature and physiological signaling effects of naturally occurring cf-mtDNA in humans.

5.2.3. In vitro co-stimulation experiments—In vitro studies have shown that 

extracellular mtDNA potentiates, but does not independently induce, cellular inflammatory 

responses in cultured cells. In a study using human serum, EVs from ASD pediatric patients 

stimulated human microglia to secrete higher IL-1β levels than EVs from healthy controls 

(Tsilioni and Theoharides, 2018). However, the heterogeneity of cargo within EVs (they 

include mtDNA but also other cargos) does not mechanistically isolate the influence of 

cf-mtDNA relative to other potential pro-inflammatory cargos. Several studies have found 

that purified mtDNA and the potent pro-inflammatory agonists lipopolysaccharide (LPS) 

or N-Formylmethionyl-leucyl-phenylalanine (fMLF) trigger pro-inflammatory responses 

measured by either TNF-α gene expression or cytokine (e.g., IL-6, IL-8) release (Zhang 

et al., 2010b; Pinti et al., 2014). In a LPS co-stimulation study in monocytes, purified 

cf-mtDNA isolated from HepG2 cells potentiated the production of pro-inflammatory 

cytokines TNF-α by 1.4-fold (Pinti et al., 2014). However, mtDNA by itself did not by itself 

trigger TNF-α gene expression or cytokine production (Pinti et al., 2014). In another study 

on polymorphonuclear leukocytes, mtDNA combined with the pro-inflammatory agonist 

fMLF significantly induced IL-8 by 4-fold relative to fMLF alone (Zhang et al., 2010b). 

Synthetic mtDNA alone was not sufficient to induce robust IL-8 expression (Zhang et al., 

2010b). In bone marrow-derived macrophages, purified or synthetic mtDNA combined with 

LPS also potentiated TNF-α by 1.1-fold and IL-6 by 2.7-fold compared to LPS alone (Kim 

et al., 2020). And in human microglia cells (HMC3), mtDNA alone also did not upregulate 

pro-inflammatory gene expression or cytokine production (Nasi et al., 2020).

Thus, although some forms of isolated DNA can induce cytokines in some circumstances 

(Hu et al., 2019), available extracellular co-stimulation studies indicate that naked 

extracellular mtDNA (not membrane encapsulated) potentiates inflammation, but it may 

not be sufficient by itself to provoke cytokine production.

5.2.4. Intracellular mtDNA signaling of innate immune responses—A number 

of in vitro studies have demonstrated that mtDNA released into the cytosol triggers the 

innate immune system through the intracellular DNA-sensing systems including cGAS 

(West et al., 2015), TLR9, AIM2, and NLRP3 (reviewed in (West and Shadel, 2017; 
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Riley and Tait, 2020; Liu et al., 2018)). For example, cytosolic mtDNA activates the 

inflammasome and pro-inflammatory cytokine release in monocytes and macrophages 

(Nakahira et al., 2011; Shimada et al., 2012). In fibroblasts and cancer cells, genotoxin

induced cytosolic mtDNA release also triggers interferon-stimulated gene expression (Wu 

et al., 2019; Rai et al., 2021). And in skeletal muscle, mitochondrial instability triggers 

NF-kB and proinflammatory gene expression in a TLR-9 and mtDNA-dependent manner 

(Rodríguez-Nuevo et al., 2018). Activation of the classical NLRP3 inflammasome pathway 

even appears to require mtDNA synthesis (Zhong et al., 2018), illustrating the potential 

evolutionary overlap between mtDNA signaling and innate immune activation within the 

cell. While these data provide unambiguous evidence of a pro-inflammatory signaling 

function of mtDNA in the cytosol of various cell types (Fig. 5B), extruded cytosolic mtDNA 

is a distinct biological entity than extracellular, blood-based forms of cf-mtDNA that also 

acts in a different biological context (Fig. 5C). Therefore, it provides little direct evidence 

about the potential pro-inflammatory effects of blood cf-mtDNA.

5.2.5. Summary of evidence for pro-inflammatory function of cf-mtDNA—In 

conclusion, the current dogma that cf-mtDNA is ubiquitously pro-inflammatory appears 

mostly derived from i) the misinterpretation of correlational clinical studies, ii) how 

exogenously applied extracellular mtDNA potentiates, but does not appear sufficient 

to trigger, inflammation, and iii) experimental studies demonstrating how cytosolic 

(i.e., from inside the cell) mtDNA triggers antiviral signaling. Thus, the hypothesis 

that physiologically-occurring forms of blood cf-mtDNA in humans is obligatorily pro

inflammatory should be re-evaluated, and other possible functions of cf-mtDNA should be 

considered.

5.2.6. Possible functions of cf-mtDNA beyond inflammation—Extracellular cf

mtDNA could have different functions within the organism. For example, one study 

suggested that extruded mtDNA has antibacterial effects: in response to bacterial exposure 

with IL-5 and LPS adjuvants, eosinophils from the gastrointestinal tract actively release 

mtDNA that form extracellular structures able to bind and kill bacteria, therefore acting 

as an antibacterial defense system (Yousefi et al., 2008). Alternatively, cell-free whole 

mitochondria released from traumatized mouse brains can also stimulate platelet activation 

(Zhao et al., 2020), reflecting non-canonical effects of mtDNA and whole mitochondria on 

target circulating cells.

Growing evidence also suggests that whole mitochondria are transferred between cells. 

This phenomenon may serve two main purposes. The first purpose is the clearance of 

dysfunctional mitochondria. For example, functional neurons can release and transfer 

damaged whole mitochondria to neighboring astrocytes for either recycling or clearance 

(Chung-ha et al., 2014), effectively outsourcing the degradation of dysfunctional 

mitochondria. Cardiomyocytes also extrude dysfunctional mitochondria out of the cell in 

small membrane-bound structures called exophers, which are absorbed and degraded by 

resident macrophages, contributing to maintaining cardiac homeostasis (Nicolás-Ávila et al., 

2020).
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The second purpose of cell-to-cell mitochondrial transfer appears related to communication 

and/or bioenergetic rescue. Whole mitochondria are transferred between cells in vivo, 

including between bone marrow-derived stromal cells, pulmonary alveoli, and breast cancer 

cells where they appear to contribute to energetics (Sansone et al., 2017; Islam et al., 

2012). In vitro, several cell types can extrude or uptake extracellular mitochondria, including 

endothelial progenitor cells (Hayakawa et al., 2018), astrocytes (Hayakawa et al., 2016), 

lymphocytes (Anker et al., 1975), neutrophils (Yousefi et al., 2009), eosinophils (Yousefi et 

al., 2008), platelets (Aucamp et al., 2018), and cardiomyocytes (Shin et al., 2017; Cowan et 

al., 2017) suggesting that mitochondrial transfer may serve a physiological function. Indeed, 

mammalian cells have the ability to internalize exogenous (i.e., purified or free-floating) 

extracellular mitochondria (Clark and Shay, 1982; Kitani et al., 2014; Caicedo et al., 

2015), making it plausible that extracellular mitochondria could be exchanged between 

cells. Recently, isolated mitochondria have even been applied for therapeutic application in 

humans, being injected in the myocardium where this appeared to improve clinical outcomes 

(Emani et al., 2017). Collectively, this body of work has led to the emergence of the field of 

mitochondrial transplantation (Bertero et al., 2018).

Therefore, together with recent observations that cf-mtDNA may be largely contained within 

whole mitochondria circulating in human blood (Al Amir Dache et al., 2020; Song et al., 

2020; Stephens et al.,2020); it is conceivable that cell-free mitochondria could be absorbed 

by cells via micropinocytosis, become resident within those cells and affect their phenotype 

(Miliotis et al., 2019). Until it becomes possible to directly manipulate different forms of 

cf-mtDNA in humans to study their cellular and physiological effects, mapping specific 

forms of transport of cf-mtDNA levels at high temporal resolution, in parallel with other 

biomarkers and health outcomes, will help to understand the functional significance of 

cf-mtDNA in humans.

5.3. Triggers of mtDNA release into the circulation

Several in vivo and in vitro studies have assessed potential triggers of cytosolic and 

extracellular mitochondrial release. In immune cells, mtDNA extrusion may be triggered 

by an increase in reactive oxygen species (ROS) production (Nakahira et al., 2011). mtDNA 

extrusion could occur through mitochondrial outer membrane permeabilization caused by 

the assembly of pores containing the protein voltage-dependent anion channel (VDAC), 

leading to the release of short mtDNA fragments (Kim et al., 2019b). During apoptotic 

cell death, cytoplasmic mtDNA release also occurs through mitochondrial herniation that 

requires the pore-forming proteins Bax and Bak (McArthur et al., 2018), indicating the 

existence of multiple mechanisms whereby whole or fragmented mtDNA molecules can 

translocate from the matrix to the cytoplasm. However, these mechanisms do not explain 

how whole mitochondria are released extracellularly, which represents an active area of 

research. Which forms of cf-mtDNA are released, by what mechanism, and in what cells, 

remains an important area of research.

To understand what triggers cf-mtDNA release in response to real world psychosocial 

and physical stress, it is also relevant to identify potential upstream systemic signals, 

neuroendocrine or metabolic, that could trigger the release of different forms of transport of 
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cf-mtDNA. Two studies have investigated this question. In a study of 20 healthy men, there 

were no significant associations between stress- or exercise-induced changes cf-mtDNA 

levels and cortisol, while cf-mtDNA was associated with epinephrine 15 min after exercise 

(Hummel et al., 2018). Another study in human-cultured fibroblast tested the effect of the 

glucocorticoid receptor agonist dexamethasone, which triggered mtDNA extrusion into the 

cytosol within 30 min through an unknown process (Trumpff et al., 2019ba). Therefore, 

additional work is required to identify the triggers and mechanisms that connect, within 

minutes, subjective psychological states to the cf-mtDNA release into circulation.

5.4. Mechanisms of cf-mtDNA release

Generally, mtDNA can be released either through cellular death/breakdown processes 

(passive release) or from regulated processes in living cells (active release) (for a review 

see (Aucamp et al., 2018) (see Fig. 1C). “Passive” release mechanisms of mtDNA include 

apoptosis, an active programmed cell-death process of autonomous cellular dismantling 

generally not associated with inflammation, but which does produce apoptotic bodies that 

may enter the circulation. In contrast, necrosis is passive, accidental cell death accompanied 

by the uncontrolled release of inflammatory cellular components. Apoptosis is thought to 

be the main passive release source of plasma cf-mtDNA and cf-nDNA (Jahr et al., 2001; 

Rostami et al., 2020; Choi et al., 2005; Suzuki et al., 2008), although there is no direct 

evidence to rule out other contributing processes. While necrosis is a possible source of 

plasma cf-mtDNA and cf-nDNA in cancer (Jahr et al., 2001; Rostami et al., 2020), whether 

it contributes to circulating DNA in plasma from healthy subjects is unclear (Aucamp et al., 

2018).

Under physiological conditions where cell death is not a major factor, cf-mtDNA may 

be derived from an active regulated process. As noted in Section 5.5, mitochondria 

are released extracellularly or transcellularly by a variety of cell types. Active release 

mechanisms secrete cf-mtDNA via microvesicles, mitochondria-derived vesicles, and 

neutrophil extracellular traps (NETs) (Hu et al., 2019; Boudreau et al., 2014; Yousefi et 

al., 2009). However, as noted above, the most abundant form of cf-mtDNA in plasma from 

healthy humans is possibly contained within mitochondria (Al Amir Dache et al., 2020; 

Song et al., 2020), for which the mechanisms of release remains undefined.

In relation to psychopathology and stress, given the: i) lack of mechanical stress or cellular 

injury associated with psychosocial challenges, ii) selective mtDNA release in response to 

psychosocial stress (Trumpff et al., 2019a), and iii) larger mtDNA release relative to nDNA 

in response to psychosocial stress compared to exercise stress (Hummel et al., 2018), it 

appears likely that psychosocial stress-induced cf-mtDNA is actively released. This point 

remains to be confirmed by future studies.

5.5. Cellular origin of blood cf-mtDNA

The cellular source(s) of physiological cf-mtDNA largely remain to be identified. A variety 

of cell types have the ability to release mitochondria or mtDNA under experimental 

conditions. This includes platelets (Boudreau et al., 2014), leukocytes (Thurairajah et al., 

2018), endothelial cells (Hayakawa et al., 2018), astrocytes (Hayakawa et al., 2016), primary 
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human fibroblasts (unpublished data), and immortalized cell lines (Al Amir Dache et al., 

2020; Song et al., 2020; Hayakawa et al., 2018; Munakata et al., 2019; Stigliani et al., 

2019; Lin et al., 2015; Kansaku et al., 2019). A recent study in healthy individuals found 

that sorted circulating cf-mtDNA show platelet (11%), endothelial (50%), and leukocyte 

(9%) cell-surface markers, suggesting that human cf-mtDNA may also be derived from bone 

marrow-derived cellular sources in vivo (Stephens et al., 2020). Unlike specific cargoes that 

are secreted by single cell types, such as insulin (from beta cells) and cortisol (adrenal 

cortex, zona fasciculata), cell-free mitochondria and cf-mtDNA are potentially released by 

multiple cell types.

Identifying the sources of cell-free mitochondria in humans is an important research goal as 

it will enable to determine what triggers cf-mtDNA release and to understand its function(s). 

It is also likely that cf-mtDNA exists as different forms of transport (naked, exosome, 

microvesicles, whole mitochondria, etc.) that have various origins and physiological 

functions. Furthermore, it appears crucial to understand whether stress-induced elevation 

in cf-mtDNA is due to increased cf-mtDNA secretion into the extracellular space, or due 

to changes in their uptake by target tissues, passive elimination, or active degradation that 

contribute to its removal.

5.6. Removal of cf-mtDNA

For the various potential forms of cf-mtDNA to be regulated, every trigger event needs 

to have a removal mechanism to restore homeostatic levels. For example, after challenges 

such as exercise or psychological stress, cf-mtDNA levels peak within 15 to 30 min and 

subsequently decrease (e.g., (Hummel et al., 2018; Beiter et al., 2011)) showing not only 

that cf-mtDNA is inducible, but also implying the existence of mechanisms to reduce 

cf-mtDNA levels. Based on the limited evidence discussed above, the time frame for 

cf-mtDNA removal is similar to its induction, and is similar to other inducible hormones, 

including cortisol and cytokines. Two major mechanisms could actively contribute to cf

mtDNA removal: i) circulating DNases could degrade cf-mtDNA in the blood; ii) cf-mtDNA 

could be uptaken or sequestered by target cells for use or removal.

DNases are produced by various organs that are secreted into blood, and other body fluids, 

to hydrolyze circulating DNA molecules that are later cleared by the liver and kidney 

(Velders et al., 2014; Saukkonen et al., 2008; Napirei et al., 2000; Keyel, 2017). DNases 

are either categorized as endonucleases that cleave nucleotides within the DNA or as 

exonucleases that cleave nucleotides from free 5′ or 3′ ends. Physiologically, DNases 

are triggered by i) apoptotic signals in response to infection (either bacterial or viral), ii) 

clearance of excess circulating RBCs during regular developmental processes (Hotz et al., 

2018; Jacobson et al., 1997; Strasser et al., 2009), and by iii) high-intensity exercise (Velders 

et al., 2014; Kawane et al., 2014). Interestingly, almost two decades ago it was shown 

that fetal cf-DNA, which is foreign to the maternal plasma, is rapidly cleared from the 

circulation with a half-life of about 16 min by undefined plasma nucleases (Lo et al., 1999). 

While DNases within the mitochondria are mostly involved in mtDNA replication and repair 

(Kazak et al., 2013; Uhler and Falkenberg, 2015), it is unclear if they are stimulated once 

mtDNA escapes into the cytoplasm.
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Differences in the magnitude and dynamics of circulating DNAs between different physical 

and psychological stressors could in part be related to differences in clearance dynamics. 

For example, some populations of cf-mtDNA – those in whole mitochondria – could be 

protected from the action of DNases by the mitochondrial membranes. In other cases, 

mtDNA, if released in complex with proteins like TFAM or as oxidized-mtDNA adduct 

(Lood et al., 2016; Caielli et al., 2016), may evade DNases due to inaccessibility of the DNA 

(Sisirak et al., 2016), exhibiting a longer half-life than non-membrane encapsulated DNA 

fragments.

Regarding non DNAse-related cf-mtDNA uptake or removal, membrane-associated or non

membrane-associated cf-mtDNA may also be eliminated via the liver, spleen, or kidney, 

as has been shown for other forms of circulating cf-DNAs (Yu et al., 2013; Gauthier 

et al., 1996; Botezatu et al., 2000). Elevated cf-mtDNA levels in urine, but not plasma, 

is an indicator of mitochondrial defects and kidney injury in septic patients (Hu et al., 

2018), suggesting urine as a viable path of cf-mtDNA elimination from the circulation and 

contributor to overall plasma cf-mtDNA dynamics (see also Zhang et al., 2020b). While 

many studies have documented the kinetics of cf-DNA clearance in general, understanding 

the specific mechanisms of their removal will provide a more robust quantitative mapping 

of cf-mtDNA dynamics. For example, activation of removal systems could mask or diminish 

the apparent release of cf-mtDNA in circulation.

Moreover, the potential physiological uptake of cell-free mitochondria (and therefore cf

mtDNA, discussed above in Section 5.2.5) remains a possible source of removal from the 

circulation. Understanding the relative contribution of the rates of i) release and ii) removal 

on observed variation in specific forms of cf-mtDNA levels will help resolve its role in stress 

adaptation and psychobiological processes.

6. Technical considerations

The methodologies employed by previous studies differ in several significant ways, 

including the choice of biological sample type (serum vs. plasma), the timing and 

procedures for blood collection, as well as pre-extraction centrifugation conditions, DNA 

extraction methods, and qPCR protocols (Fig. 6A). However, as noted previously, pre

analytical methods, in particular the centrifugation conditions, have a large influence on 

cf-mtDNA levels and are crucial to ensure the biological specificity of the measurements 

(Meddeb et al., 2019; El Messaoudi et al., 2013; Chiu et al., 2003; Zhong et al., 2000). 

To promote more robust and reproducible results, we: i) have integrated methodological 

guidelines and experiences from the hematological and mitochondrial biology literatures, 

ii) recommend methodological guidelines to selectively isolate cf-mtDNA in its different 

forms, iii) propose methods to quantify both cell-free mitochondrial and nuclear genomes 

(cf-mtDNA and cf-nDNA) in the same samples, and iv) provide easy-to-follow minimum 

reporting criteria with a simple reporting checklist.

6.1. Plasma versus serum

Serum is the liquid fraction of blood obtained after clotting, whereas plasma is obtained 

from anti-coagulated blood, and thus represents the liquid fraction of whole blood. If the 
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researchers’ goal is to measure blood cf-mtDNA levels of the individuals being studied, 

the most appropriate approach is to rapidly process plasma, as it most directly reflects the 

circulating un-coagulated blood (Al Amir Dache et al., 2020). In contrast, serum collection 

requires a coagulation period (typically 30 to 45 min at room temperature) during which 

time platelets become activated and actively release respiratory competent mitochondria and 

mtDNA in the serum (Boudreau et al., 2014). In a direct plasma-serum comparison study of 

20 individuals, serum cf-mtDNA and cf-nDNA were respectively 12-fold and 45-fold higher 

than plasma (Xia et al., 2009). Another study found serum cf-mtDNA values to be 2.6-fold 

higher than plasma (Rosa et al., 2020). Thus, rapidly processed plasma most directly reflects 

what is in a person’s bloodstream at the time of collection, whereas serum composition is 

altered by cellular activities during coagulation.

6.2. Platelet contamination and other vesicular bodies

Whether plasma or serum, the liquid fraction of blood is a complex biofluid that contains 

various membrane-bound structures, including platelets, microvesicles, and exosomes. This 

complex liquid fraction is separated from most blood cells by low-speed centrifugation 

at 300–1000 g for 5–15 min (1,500–4,500 g min) on freshly collected blood. During 

centrifugation, whole blood separates into three layers: red blood cells (bottom), the buffy 

coat (middle, containing most leukocytes), and the liquid fraction on top. This initial 

separation removes leukocytes, which harbor 200–600 mtDNA copies per cell (Rausser 

et al., 2020). However, excessive centrifugation speeds while cells are still in suspension in 

fresh blood can cause the shearing and release of genomic material from leukocytes (Enjeti 

et al., 2008), which would artificially inflate cf-mtDNA and cf-nDNA during preparation 

(Meddeb et al., 2019). Thus, the initial centrifugation of blood should be performed at 

<1,000 g.

This resulting plasma contains platelets and platelet-derived extracellular vesicles, which are 

a heterogeneous population of membranes with diverse morphologies, sizes, and contents 

(Gasecka et al., 2019). Because platelets and their vesicles can contain mitochondria and 

therefore large numbers of mtDNA copies (Fig. 6B and C), it will be important to determine 

what proportion of cf-mtDNA variability is attributable to variation in the size and number 

of these platelet microparticles.

6.3. cf-mtDNA isolation and protocol standardization

Among studies in our systematic review, the more centrifugation force (time and speed 

or g-force) was applied, the less cf-mtDNA was detected in the final samples (Fig. 6D). 

This inverse relationship is expected when cf-mtDNA is membrane encapsulated rather than 

non-membrane encapsulated. As larger structures, such as platelets, pellet under the action 

of centrifugal force, DNA concentrations in the final sample supernatant decrease with 

centrifugation force. The goal of differential centrifugation is to eliminate as much of the 

mtDNA contained within cells and platelets, while preserving the entire cell-free fraction.

Three bodies of literature define the sedimentation characteristics of blood components: 

platelet biology and hematology (Mustard et al., 1972), mitochondrial isolation protocols 

(Frezza et al., 2007), and extracellular vesicles (EV) isolation guidelines (Momen-Heravi, 
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2017; Mateescu et al., 2017). Platelets, which are smaller than leukocytes and easily 

activated (which can impair their sedimentation), pellet at ~2,200 g × 10–16 min (22,000–

35,200 g × min) (Cazenave et al., 2004; Hechler et al., 2019), although platelets greatly vary 

in size and these parameters may not eliminate platelets of all sizes. Whole mitochondria 

pellet at ~10,000 g × 10 min (100,000 g × min) (Graham, 2001; Djafarzadeh and Jakob, 

2017). Endothelial-derived microparticles as well as large intermediate-sized vesicular 

bodies are removed by centrifugation at ~10,000–20,000 g × 30 min (300,000 – 600,000 
g × min) (Szatanek et al., 2015). And smaller vesicular bodies (exosomes) are removed at 

>100,000 g × 70 min (7,000,000 g × min) (Livshits et al., 2015).

Standardized conditions sensitive to sedimentation characteristics of clinically-meaningful 

blood components will help clarify these biologically and clinically-meaningful questions, 

as well as increase reproducibility. Because recent evidence suggests that >75–90% of 

cf-mtDNA is bound within membranes that include whole mitochondria (Song et al., 2020; 

Stephens et al., 2020; Zhang et al., 2020a), preserving the whole-mitochondria fraction with 

intermediate isolation conditions is desirable to capture the major physiological form of 

cf-mtDNA in healthy individuals.

For practical reasons, collected samples are generally frozen for storage prior to batch 

measurements of cf-mtDNA (and other analytes). But freezing plasma samples prior 

to centrifugation may damage the membranes of platelets and other potential vesicular 

bodies (El Messaoudi et al., 2013). The released materials that would have otherwise been 

removed during centrifugation remain in suspension with cell-free content. Freezing prior 

to processing may inflate cf-mtDNA levels by up to 8-fold when the thawed samples are 

centrifuged after (rather than before) freezing (Cox et al., 2020). Therefore, all depletion 

centrifugation should be performed on freshly collected plasma prior to freezing.

6.4. Recommended cf-mtDNA isolation procedures

Based on evidence reviewed above, we recommend the following procedure to quantify 

cf-mtDNA levels in humans. The recommended reporting guidelines and procedures are 

illustrated in Fig. 6E and F. They build but differ from previous recommendations (Meddeb 

et al., 2019) and consider the vast diversity of forms of transport for cf-mtDNA in human 

plasma. A detailed blood processing protocol, validated qPCR primers and probes, and 

a sample methods section with methodologies to standardize cf-mtDNA isolation and 

quantification across laboratories is available in the Supplemental Document of this article.

We recommend that anticoagulated blood should be immediately centrifuged after draw 

(within 1–2 min) at 1,000 g × 5 min (10,000 g × min) [first centrifugation]. This step 

eliminates whole cells and a good proportion of platelets, producing cell-free but platelet

rich plasma. Subsequently, about 80% of the plasma volume from the top fraction is 

transferred to a conical tube and centrifuged a second time at 5,000 g × 10 min (50,000 
g × min) [second centrifugation]. This second step specifically reduces platelets and large 

vesicular bodies. The top 80% of the volume is then transferred to a new tube [clean plasma] 

and can be used for total cf-mtDNA quantification by qPCR or sequencing.
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To gain additional information about which forms contain cf-mtDNA, additional differential 

centrifugation steps can further be applied to the supernatant to more finely discriminate 

among EV populations. For example, after an aliquot of the 50,000 g min plasma is obtained 

for total cf-mtDNA quantification, an additional centrifugation step at 18,000 g for 30 

min will deplete whole mitochondria and some large EVs, leaving only smaller forms 

of transport including small microparticles and small EVs, which includes exosomes, and 

non-membrane bound cf-mtDNA. Subsequent (ultra)centrifugations (>100,000g) can also be 

applied to eliminate all membrane-bound forms of transport and focus exclusively on naked 

DNA, for example.

Once plasma is obtained using the desired isolation conditions, methods applied to 

isolate cf-DNA from plasma should be optimized for maximal quantitative recovery of 

cf-mtDNA and cf-nDNA. Because mtDNA and nDNA vary in their size and nucleoprotein 

compositions, they may not both be optimally extracted by certain DNA isolation methods. 

For an experimental analysis of optimal mtDNA isolation methods, see (Jorgez et al., 2006). 

To avoid bias in the extraction of either mtDNA or nDNA using standard DNA isolation 

kits (Guo et al., 2009; Fazzini et al., 2018), lysis based methods which can be combined 

with DNA retrieval methods (Kolesar et al., 2012) appear to be optimal. Optimized high

throughput methods have recently been reported that increase the efficiency of mtDNA 

recovery by 95-fold and nDNA recovery by 20-fold (Ware et al., 2020).

6.5. Quantification of cf-mtDNA and cf-nDNA

Two technical factors related to cf-mtDNA quantification can further increase the 

interpretability and robustness of the findings. To determine whether total cellular genomic 

material is indiscriminately released or if the mitochondrial genome is preferentially 

released, both cf-mtDNA and cf-nDNA may be measured in parallel. In most cases, 

both mtDNA and nDNA amplicons can be used in a duplex Taqman qPCR reaction for 

parallel quantification (Trumpff et al., 2019a). In sequencing-based methods, reads can also 

be mapped to both genomes. To increase measurement robustness, two different mtDNA 

amplicons (regions of the mitochondrial genome, such as the ND1 and COX1 genes) can 

also be quantified (e.g., (Trumpff et al., 2019a)) to increase the robustness of cf-mtDNA 

estimates. If the relative cf-mtDNA values for a specific sample, or the change over time or 

in response to challenges in a given individual based on both mtDNA amplicons are similar, 

it decreases the probability that sequence variations (e.g., single nucleotide polymorphisms 

in the mtDNA sequence) would impair amplification efficiency, or that the preferential 

release of sub-genomic regions would bias the results. When amplicons yield substantially 

different results (>10–20% divergence), it could theoretically reveal sequence variation or 

the release of specific mtDNA fragments.

Absolute cf-mtDNA concentration in plasma can be obtained using a reference standard 

curve validated by digital PCR (e.g., (Trumpff et al., 2019a)) or from an engineered 

reference plasmid DNA (Fazzini et al., 2018). For this analysis, it is important to use 

reference standards that can be applied across plates to account for batch effects, and that 

are sequence insensitive. We have used pooled DNA samples from multiple sources to dilute 

sequence divergence and extend the number of applications to which the standard can be 

Trumpff et al. Page 23

Mitochondrion. Author manuscript; available in PMC 2021 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used. Estimated cf-mtDNA levels should be computed in copies of mtDNA per unit of 

volume (e.g., copies per ml) of original plasma.

7. Summary

The presence of the mitochondrial genome passively and actively released in the 

bloodstream adds to the repertoire of mitochondrial signaling behavior. Because heterotypic 

stressors appear to change blood cf-mtDNA levels, including abnormal psychological states 

in psychopathology and socio-evaluative stress, cf-mtDNA must now be considered an 

emerging stress biomarker, which is certainly in need of validation in properly-controlled 

studies. Our current ignorance of the specific form(s) of transport of cf-mtDNA – in health, 

disease, and with acute stress – is an important knowledge gap. Likewise, we still know 

little about the potential triggers and mechanisms that connect, within minutes, subjective 

psychological states to the cf-mtDNA release into circulation.

In the absence of high temporal resolution data or of a mechanistic understanding of 

cf-mtDNA regulation, it has been assumed that cf-mtDNA is mostly a stable trait-like 

biomarker. However, our analysis (see Fig. 4A, B) shows large day-to-day and month-to

month changes in resting cf-mtDNA within individuals. Together with the inducibility of 

cf-mtDNA within minutes to hours, this positions cf-mtDNA as a state measure similar to 

other neuroendocrine stress mediators.

In relation to physiological significance, we conclude that the current notion that cf-mtDNA 

is pro-inflammatory is mostly derived from the misinterpretation of correlational clinical 

studies, as well as from experimental studies demonstrating how cytoplasmic (i.e., from 

inside the cell) mtDNA triggers antiviral signaling, and how exogenously applied purified 

forms of mtDNA potentiates but, in most cases, does not appear sufficient to systematically 

trigger inflammation. Thus, the hypothesis that physiological forms of cf-mtDNA in humans 

have pro-inflammatory effects must be re-evaluated and tested in relevant systems, using 

naturally occurring forms of cf-mtDNA. Other possible functions of cf-mtDNA should also 

be considered, including but not limited to the potential cell-to-cell transfer of cf-mtDNA 

and whole mitochondria (Miliotis et al., 2019).

In conclusion, based on the interdisciplinary body of work reviewed here, we propose 

that the most valuable insights into the role of cf-mtDNA in human psychobiology are 

likely to emerge from future studies that: i) quantify cf-mtDNA dynamics over multiple 

time points, thereby capturing true intra-individual variation from inter-individual and 

between-group differences, ii) adopt standard methods to isolate specific biological forms of 

plasma cf-mtDNA (whole mitochondria, EV-associated mtDNA, or naked DNA), which will 

increase the biological specificity and interpretability of findings, and iii) establish changes 

in cf-mtDNA in parallel with other well-known markers of normal physiological function 

and disease biomarkers, including hormones, cytokines, and metabolites. Elucidating 

the mechanisms and forms of transport of cf-mtDNA under different health states and 

(psycho)pathological conditions is an important, immediate challenge for the field. The 

implementation of standardized, robust, and scalable experimental procedures grounded in 
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the principles of mitochondrial biology should produce new insights into the significance of 

cf-mtDNA for human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Potential forms of blood circulating cell-free mtDNA (cf-mtDNA).
(A) Several forms of cf-mtDNA exist in the circulation. During cf-mtDNA isolation, the 

time and speed (i.e., g force) of the initial and secondary centrifugations determine the 

specific forms of cf-mtDNA that are isolated and detected. Platelets, which contain abundant 

mitochondria and mtDNA, can easily contaminate cf-mtDNA preparations and therefore 

inflate apparent cf-mtDNA levels when centrifugation forces are low. Note that structures 

in A are not drawn to scale. (B) The different forms of cf-mtDNA may have different 

physiological consequences. See Section 5 for discussion. (C) Cf-mtDNA release may occur 
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“passively” with different forms of cell death, or “actively” through regulated processes. 

(D) Quantifying both cf-nDNA and cf-mtDNA determines whether increases in cf-DNA are 

specific to mtDNA. The selection of two different mtDNA/nDNA amplicons (mtDNA1 and 

mtDNA2) helps ensure that results are robust to potential inter-individual mtDNA sequence 

variations. The example mtDNA and nDNA genes/amplicons are from (Trumpff et al., 

2019a). (E) The mtDNA/nDNA amplicons can be quantified in duplex quantitative real-time 

polymerase chain reaction (qPCR) or using other methods. qPCR measures the exponential 

amplification of target sequences over several cycles of PCR via fluorescence. The crossing 

of the resulting function in log linear phase of amplification above the detection threshold is 

called the cycle threshold (Ct) or crossing point, which depends on the number of the target 

amplicons (mtDNA or nDNA) in the original sample. Ct values are inversely proportional 

to the abundance of the amplicons in the original sample. By using multiple dilutions of a 

known amount of standard DNA, a standard curve can be generated of log concentration 

against the Ct, and the amount of DNA in a sample can be calculated, yielding the number 

of copies of mtDNA per mL of plasma.
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Fig. 2. Systematic review of human studies evaluating the effects of psychopathology and acute 
psychological stress on cfmtDNA levels.
(A) Summary of effects sizes (Hedges’g, 95% confidence intervals) for cf-mtDNA and (B) 

cf-nDNA. Circles are used for plasma and squares for serum. Results from Zhang et al. 

(Zhang et al., 2010b) are not displayed in this figure. (C) Magnitude of group differences or 

acute responses in cf-mtDNA and cf-nDNA represented as fold changes for psychological 

stress. Note that not all studies measured cf-nDNA. Abbreviations: ASD, autism spectrum 

disorder; BD, bipolar disorder; HC, healthy controls; MDD, major depressive disorders; SZ, 

schizophrenia.
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Fig. 3. Systematic review of studies evaluating the effects of exercise training and acute physical 
activity on cf-mtDNA levels.
(A) Summary of effects sizes (Hedges’g, 95% confidence intervals) in response to exercise 

for cf-mtDNA levels and (B) cf-nDNA levels. (C) Magnitude of group differences or acute 

responses in cf-mtDNA and cf-nDNA to exercise stress represented as fold changes. Results 

from Schockett et al. (2016) are not displayed in these figures.
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Fig. 4. Analysis of inter- and intra- individual variation in cf-mtDNA levels.
(A) Results from inter- and intra-individual variability in baseline cf-mtDNA levels 

quantified by the coefficient of variation (C.V.) of fold change in plasma (Hummel et al., 

2019), and (B) in serum (Trumpff et al., 2019a). Each line represents a healthy participant 

sampled twice (visits 1 and 2). Note that cf-mtDNA can vary widely (i.e., more than double, 

in some case ± 80%) across both visits, suggesting that cf-mtDNA exhibits state properties. 

(C) Diagram representing known kinetics of trait and state variables typically assessed in 

clinical and psychobiological studies. Current evidence suggests that cfmtDNA levels vary 

within minutes to hours in healthy individuals. (D) Hypothetical intra-individual variation in 

cf-mtDNA across a normal day, highlighting the absence of information about potential 

diurnal variation and minimal information about the influence of acute psychosocial 

stress on cf-mtDNA dynamics. (E) Illustrative example of three occasions of sampling 

between two subjects exhibiting normal variation, resulting in three qualitatively different 

conclusions. As for other neuroendocrine factors (e.g., cortisol), mapping intra-individual 

cf-mtDNA dynamics and repeated-measures study designs may be required to achieve robust 

estimates of inter-individual differences.
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Fig. 5. Intracellular and extracellular mtDNA release in relation to pro-inflammatory signaling.
(A) Existing data from experiments on the pro-inflammatory effects of cf-mtDNA have 

used laboratory DNA extraction methods to remove the membrane and proteins and obtain 

purified mtDNA, or synthetic (PCR-amplified) oligomers. Therefore, isolated mtDNA using 

conventional techniques is not biologically equivalent to cf-mtDNA in human circulation. 

Left: depicted are the most prominent forms of cf-mtDNA in human plasma, which are 

either whole mitochondria or membrane-encapsulated forms of cf-mtDNA. Additional work 

is necessary to establish their immunogenic potential. Right: purified or synthetic forms 

of mtDNA used for in vivo and in vitro adjuvant and co-stimulation experiments, which 

can act as a DAMPs under certain conditions. Beyond their potential pro-inflammatory 

effects, physiological forms of cf-mtDNA and cell-free mitochondria could play other 

signaling roles that remains to be elucidated Section 5. (B) Intracellular release of mtDNA 

in the cytoplasm cause increased expression of interferon-related pro-inflammatory gene 

expression through known pathways (see (West and Shadel, 2017) and (Riley and Tait, 

2020) for in depth reviews). (C) In humans, the association between physiological forms of 

cf-mtDNA and inflammation is correlational, and causality has not been established. Studies 

by Zhang et al. (Zhang et al., 2010a); Pinti et al. (Pinti et al., 2014), Nasi et al. (Nasi et al., 

2020) and Kim et al. (Kim et al., 2020) show that purified/naked mtDNA can potentiate the 

pro-inflammatory effects of bona fide immune agonists like lipopolysaccharide (LPS) and 
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N-Formylmethionyl-leucyl-phenylalanine (fMLF), but found that on its own, extracellular 

cf-mtDNA is not sufficient to induce pro-inflammatory gene expression or cytokine release.
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Fig. 6. Recommended protocol for cf-mtDNA quantification in human blood.
(A) Experimental steps to quantify cf-mtDNA and cf-nDNA. (B) Left: electron micrograph 

showing platelets isolated from a healthy individual’s plasma. Middle: magnified image of 

a single human platelet containing several visible mitochondria (mtDNA) but no nucleus 

(no nDNA). Right: Single platelet mitochondrion showing the characteristic electron-dense 

outer and inner membranes, and cristae. (C) Diagram illustrating how platelet abundance 

influences mtDNA and nDNA quantification and increases cf-mtDNA levels detected in 

human plasma. (D) Quantitative analysis of studies in the systematic review, showing 

reported copies of cf-mtDNA (copies per ml) relative to the maximal centrifugation 

conditions used in each study. Relationship between centrifugation time and speed with 

the amount of mtDNA detected in healthy subjects at baseline (log transformed plot), linear 

regression results not statistically significant. (E) Suggested minimum reporting guidelines 

and (F) standardized technical procedures to increase the robustness and reproducibility of 
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cf-mtDNA research in humans. In addition to these steps, which yield total cf-mtDNA levels 

(multiple forms of transport), additional centrifugation steps can be applied to to the final 

clean plasma to isolate additional vehicular and potential non-vesicular forms of transport of 

cf-mtDNA.
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