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Human blood contains cell-free mitochondrial DNA (cf-mtDNA) that dynamically increases in concentration in
response to acute mental stress. Like other neuroendocrine stress markers, we previously found that cf-mtDNA is
also detectable in saliva, calling for studies examining saliva cf-mtDNA reactivity to mental stress. In the present

:iz‘:a study, participants from the MiSBIE (Mitochondrial Stress, Brain Imaging, and Epigenetics) study (n = 68, 66 %
Mitoﬁ]};on drion women), were exposed to a brief socio-evaluative stressor, which induced a striking 280 % or 2.8-fold increase in

saliva cf-mtDNA concentration within 10 min (§=0.55, p < 0.0001). In blood drawn concurrently with saliva
sampling, stress increased cf-mtDNA by an average 32 % at 60 min in serum (g=0.20), but not in anticoagulated
plasma where cf-mtDNA decreased by 19 % at 60 min (g=0.25). Examining the influence of mitochondrial health
on cf-mtDNA reactivity in participants with rare mitochondrial diseases (MitoD), we report that a subset of MitoD
participants exhibit markedly blunted saliva cf-mtDNA stress reactivity, suggesting that bioenergetic defects
within mitochondria may influence the magnitude of saliva, and possibly blood cf-mtDNA responses. Our results
document robust saliva cf-mtDNA stress reactivity and provide a methodology to examine the psychobiological
regulation of cell-free mitochondria in future studies.

Repeated measures

1. Introduction

Psychosocial stressors trigger rapid neuroendocrine, metabolic, and
immune responses which evolved to mobilize energetic resources
required for adaptation, therefore promoting survival (McEwen, 1998).
Over time, chronic stress leads to increased disease risk (Cohen et al.,
2007) but the physiological pathways for the stress-disease cascade
remain unclear (Kelly et al., 2024). A recently discovered stress marker
is cell-free mitochondrial DNA (cf-mtDNA): fragments or entire mito-
chondrial genomes that exist in “free” form in the circulation, outside of
cells but packaged in different membranous containers (Al Amir Dache
et al., 2020; D’Acunzo et al., 2021; Song et al., 2020; Caicedo et al.,
2024; Miliotis et al., 2019; Trumpff et al., 2021). Two studies previously
found that plasma and serum cf-mtDNA increase 5-30 min after a
socio-evaluative challenge (Trumpff et al., 2019; Hummel et al., 2018).

This response pattern is reminiscent of the rapid inducibility of canon-
ical stress hormones, such as cortisol and other acute stress mediators
(Kirschbaum et al., 1992).

Several stress mediators are detectable not only in blood, but also in
saliva (Kirschbaum et al., 1993). This led to the discovery that cf-mtDNA
exists at high abundance in human saliva (Trumpff et al., 2022). As it is
the case for cortisol, we showed that saliva cf-mtDNA exhibits a robust
awakening response, increasing by 2-3-fold within 30-45min after
waking up (Trumpff et al., 2022). Both acute mental stress and waking
up in the morning engage energetically costly processes that result in a
rise in whole-body energy demand (Krauchi and Wirz-Justice, 1994;
Carroll et al., 1986; Seematter et al., 2000). Mitochondria play an
important role in the production of the cellular energetic currency
(Adenosine Triphosphate, ATP) and signals required for adaptation
(Picard et al., 2018), and it has been suggested that circulating whole
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mitochondria may contribute to processes of resilience and healing
(Miliotis et al., 2019; Brestoff et al., 2025), which may support allostasis
and adaptive stress responses - all of which consume energy
(Bobba-Alves et al., 2022).

Thus, the stress reactivity of blood cf-mtDNA (Trumpff et al., 2019;
Hummel et al.,, 2018; Limberg et al., 2025) and the existence of
cf-mtDNA (Trumpff et al., 2022; Michelson et al., 2023) in saliva natu-
rally motivated the hypothesis that cell-free mitochondria or naked
cf-mtDNA in various biofluids could be dynamically induced by acute
psychobiological demands. A recent study investigated this question and
found that exposure to a modified Trier social stress test (TSST) caused a
50 % increase (trend, not statistically significant) in saliva cf-mtDNA
(Limberg et al., 2025). Here we examine this question with an 8-time-
point saliva + blood sampling protocol following a brief 5-minute
socio-evaluative stress test, using a validated biofluid processing and
cf-mtDNA quantification protocol. We demonstrate in healthy in-
dividuals and individuals with mitochondrial diseases (MitoD) that
saliva cf-mtDNA exhibits rapid and robust reactivity to socio-evaluative
stress, well above blood changes. These findings suggest that saliva
cf-mtDNA could serve as a bona fide marker of acute mental stress.

2. Results
2.1. Cf-mtDNA across biofluids

To examine cf-mtDNA dynamics in human blood and saliva in par-
allel, 68 healthy MiSBIE participants (Mitochondrial Stress, Brain Im-
aging, and Epigenetics study, 66% women, mean age 37 years;
additional demographic information available in Table 1) performed a
standardized 5-minute socio-evaluative challenge adapted from the
TSST (Kelly et al., 2024). For each participant, we simultaneously
collected blood (plasma and serum, intravenous catheter) and saliva
(salivette) 5 min before and 5, 10, 20, 30, 60, 90, and 120 min after the
onset of the stressor, as described in (Kelly et al., 2024). Biofluids were
immediately processed to isolate the cell-free fraction of each sample,
and quantify cf-mtDNA using a real-time qPCR-based method (Mito-
chondrial DNA Quantification by Lysis; MitoQuicLy) (Michelson et al.,
2023). Previous work showed that plasma and serum contain distinct
cf-mtDNA levels (Xia et al., 2009; Rosa et al., 2020) and subtypes of
cf-mtDNA particles (Michelson et al., 2023), calling for separate analysis
of blood-derived plasma (EDTA) and serum (red top), in parallel with
our primary biofluid of interest, saliva.

We first compared the amount of cf-mtDNA detected at baseline
across biofluids in healthy controls (Fig. 1A, B). The average baseline
saliva cf-mtDNA concentration was 1208 copies per pl. This value was in

Table 1
Participant characteristics.
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the same order of magnitude as blood. On average, saliva levels were
71.4 % lower than plasma (p < 0.0001, 4223 copies per pl) and 57.3 %
lower than serum (p < 0.01, 2831 copies per pl; Fig. 1B). Baseline serum
and plasma cf-mtDNA levels were not significantly different from one
another (p =0.21, Fig. 1B).

Saliva baseline cf-mtDNA levels showed a weak and almost-
significant positive correlation with plasma (r = 0.260, p = 0.055,
Fig. 1C) but not with serum (r = 0.124, p = 0.361) cf-mtDNA levels.
Consistent with this differential association, plasma and serum cf-
mtDNA levels did not show a correlation between each other
(r =0.125, p = 0.325), illustrating their independent regulation.

cf-mtDNA can be released in the circulation via both active release
mechanisms (e.g. vesicles) and possibly cell death. To evaluate the po-
tential role of cell death in the release of cf-mtDNA, we measured
another type of cell-free DNA that is known to be released in this process,
cell-free nuclear DNA (cf-nDNA) (Trumpff et al., 2021; Jiang et al.,
2017; Boudreau et al., 2014; Kahlert et al., 2014; Cai et al., 2013). In
contrast to cf-mtDNA, baseline saliva cf-nDNA levels were significantly
higher than both serum (+204 %, p < 0.0001) and plasma levels (un-
detectable in ~99 % of samples) (Fig. S1A). cf-mtDNA and cf-nDNA
measurements were positively correlated in saliva (r=0.84,
p < 0.0001; Fig. S1C), and to a lesser degree in serum (r = 0.40,
p < 0.0001; Fig. S1D). Overall, these findings support the notion that
both genomes may be co-released, possibly driven by cell death or other
unknown factors, and may therefore contribute to a fraction of
cf-mtDNA measured in serum and, to a greater extent, in saliva.

2.2. cf-mtDNA biology in plasma, serum and saliva

Studies of the biological nature of cf-mtDNA — whether it exists as
naked free-floating mtDNA fragments or as membrane-bound particles —
have shown that the majority of cf-mtDNA in human plasma can be
pelleted by centrifuged at moderate speeds or filtered by a 0.22 pm
membrane (Al Amir Dache, 2020; Chiu, 2003; Roch, 2021). This means
that rather than only naked DNA fragments, the majority of mtDNA
detected likely represents sedimentable membranous bodies, such as
microvesicles, whole mitochondria, or fragments of mitochondria
(Brestoff et al., 2025).

To extend this technical point and gain additional initial insight into
the above-described results, we performed transmission electron mi-
croscopy (TEM) imaging studies of human saliva, serum and plasma.
Biofluid samples from ten healthy control participants were fractionated
via size exclusion chromatography and cf-mtDNA was measured in the
resulting fractions. The first four fractions of each biofluid sample, in
which the largest particles would be expected to elute, contained the

Healthy Control Mutation Deletion Mutation with MELAS
Number of Participants 68 20 15 5
Sex, No. (%)

Female 45 (66.2) 15 (75.0) 11 (73.3) 2 (40.0)
Male 23(33.8) 5 (25.0) 4(26.7) 3(60.0)
Age (years)* 37.1 (10.5) 34.4 (11.2) 43.1 (9.8) 39.2 (7.6)

Race, No. (%)

American Indian or Alaska Native 0 0 0 0

Asian 5(7.8) 0 1(6.7) 0

Native Hawaiian or Other Pacific Islander 0 0 0 0

Black or African American 10 (15.6) 1(5.0) 0 0

White 45 (70.3) 18 (90.0) 12 (80.0) 5 (100.0)

More than one race 2(3.1) 1 (5.0) 1(6.7) 0

Other / Unspecified 6(3.1) 0 1(6.7) 0
Ethnicity, No. (%)

Hispanic or Latino 8 (11.8) 1(5.0) 1(6.7) 0

Not Hispanic or Latino 60 (88.2) 19 (95.0) 14 (93.3) 5(100.0)
Body Mass Index* 25.1 (5.3) 24.6 (4.0) 23.6 (5.8) 20.1 (8.49)

*Data shown as mean (standard deviation)
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Fig. 1. Cell-free mitochondrial DNA in different biofluids. (A) cf-mtdna is detectable in different biofluids including saliva and blood (serum and plasma) and can be
naked or contained within different circulating bodies. (B) Comparison of baseline cf-mtDNA levels in saliva, serum, and plasma in control participants (n = 59-65).
(C) Correlations between baseline cf-mtDNA levels in saliva (n = 59), serum (n = 65), and plasma (n = 64) shown in heatmap and scatter plots. (D) Transmission
electron micrographs of membrane-encapsulated structures in saliva, serum (“red top” tube), and plasma (“heparin” tube). Samples for EM were pre-processed to be
rendered ‘cell-free’ following the same protocol used in preparing samples for cf-mtDNA quantification, then fractionated via size-exclusion chromatography. Select
fractions were pooled and prepared for EM (Details in Fig. S2). Red rectangles in insets indicate areas shown in higher magnification images. Red-shading highlights
apparent double-membrane structures. Data shown as average + SEM. Effect sizes and p-values from (B) one-way ANOVA with Tukey’s multiple comparisons test
and (C) Spearman rank correlation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

majority of cf-mtDNA. These fractions were pooled and imaged using
TEM (Fig. S2). As expected from previous findings (Al Amir Dache,
2020; Michelson, 2023; Song, 2020), each biofluid contained morpho-
logically distinct biological entities ranging from small vesicles of
varying electron density (i.e., containing distinct molecular cargos) to
large, heterogenous multivesicular bodies, including several
double-membrane structures consistent with swollen or distended
mitochondria (Fig. 1D). Thus, together with other work (Al Amir Dache,
2020; Brestoff, 2025; Chiu, 2003; Roch, 2021; Song, 2020), these ul-
trastructural observations from mtDNA-rich saliva, serum, and plasma
fractions demonstrate that the majority of blood and saliva cf-mtDNA is
likely contained within extracellular circulating mitochondria-derived
particles.

2.3. Saliva and blood cf-mtDNA stress reactivity

Saliva cf-mtDNA showed a significant increase as fast as 5 min after
the TSST onset (Fig. 2A), reaching its peak at 10 min with an average
280 % increase (g=0.55, p < 0.0001). When normalized to each in-
dividual’s baseline values to assess the relative change in cf-mtDNA, this
corresponded to a 950 % increase at 20 min. The initial, rapid rise in
saliva cf-mtDNA was followed by a recovery phase where the levels only
ceased being significantly higher than the baseline at 120 min.

In blood, consistent with previous studies (Trumpff et al., 2019),

serum cf-mtDNA showed a significant increase only after 60 min (32 %,
g=0.20, p < 0.01, Fig. 2C), but it kept increasing during the rest of the
time course (at 90 min 36 %, g=0.21, p < 0.01; at 120 min 51 %,
g=0.19, p < 0.01). Unlike our findings for saliva cf-mtDNA, we were
unable to capture the onset of a recovery phase for serum cf-mtDNA,
preventing us from determining the timing and extent of the
maximum reactivity in that biofluid. Finally, plasma cf-mtDNA exhibi-
ted a distinct trajectory, initially showing a trend of an increase at
20 min (7.1 %, ns, Fig. 2D), followed by a steady decline that reached
significantly lower than baseline levels by 120 min (-21 %, p < 0.01).
However, it remains unclear whether this decline stabilized or continued
to intensify over time.

Comparing saliva to blood cf-mtDNA reactivity, saliva-based reac-
tivity was on average ~20-fold larger than in serum (at +60 min;
p < 0.0001) and ~18-fold larger than in plasma (within +10-30 min;
p < 0.0001) (Fig. S3A). The magnitudes of individuals’ normalized cf-
mtDNA reactivities in different sample types were not correlated
(Fig. S3B; p > 0.05 for all comparisons), again reflecting their inde-
pendent regulation. We explored whether sex and age are associated
with cf-mtDNA reactivity. While no sex differences were found in
plasma and saliva (Fig. S4-5A-B), the magnitude of serum cf-mtDNA
reactivity was larger in men (Fig. S6A,B). Age was positively corre-
lated with cf-mtDNA reactivity in plasma but not in saliva or serum
(Fig. S7A-C). We did not find evidence of an effect of menstrual cycle
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Fig. 2. Cell-free mitochondrial DNA reactivity. (A) Overview of experimental design. The study included a control group of participants without mitochondrial
disease (n = 68) and individuals with a mitochondrial genome mutation (m.3243 A>G point mutation, both with and without MELAS (Mitochondrial Encephalo-
myopathy, Lactic acidosis, and Stroke-like episodes); n = 25), or a deletion (single, large-scale deletion of mitochondrial DNA; n = 15). participants were exposed to
a modified version of the Trier social stress test (TSST) speech task. Saliva, serum, and plasma samples were collected between the hours of 13:00 and 15:00 at 8
timepoints (-5, +5, 10, 20, 30, 60, 90, and 120 min relative to stressor onset). Cell-free mitochondrial DNA (cf-mtDNA) trajectories in (B,E) saliva (n = 68 control,
n = 23 mutation, n = 13 deletion), (C,F) serum (n = 65 control, n = 22 mutation, n = 14 deletion), and (D,G) plasma (n = 65 control, n = 22 mutation, n = 13
deletion). Dotted line labeled ‘TSST” indicates the start of the speech task. (B,C,D) Average cf-mtDNA trajectories of control participants. Asterisks indicate significant
differences between values at indicated timepoints and baseline. Inset plots show average percent changes from individuals’ baseline values (-5 min timepoint). (E,F,
G) Average cf-mtDNA trajectories of participants from all groups. Asterisks indicate significant differences relative to control group value at the corresponding
timepoint. Groups are indicated by colors as in (A). (Inset E,F,G) Bar graphs comparing individuals’ average cf-mtDNA values over all timepoints from each group. (B-
G) Data shown as average + SEM. Baseline-corrected cf-mtDNA trajectories by study groups are shown in fig. S11. Effect sizes and p-values from (B-G) mixed-effects
analysis of log transformed data with Dunnett’s multiple comparisons test and (Inset E,F,G) one-way ANOVA of log transformed data with Tukey’s multiple com-

parisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

status on cf-mtDNA responses across biofluids (Fig. S8).

As mentioned above, cf-mtDNA can be released in the circulation via
both active release mechanisms (e.g. vesicles) and possibly cell death,
while cf-nDNA is believed to only be released after cell death (Trumpff
et al., 2021; Jiang et al., 2017; Boudreau et al., 2014; Kahlert et al.,

2014; Cai et al., 2013). This makes the mitochondrial:nuclear ratio
(cf-mtDNA/cf-nDNA) potentially meaningful to isolate the contribution
of mitochondrial release. Since cf-nDNA was not detected in most of the
plasma samples, we could not compute the cf-mtDNA/cf-nDNA ratio in
this biofluid. Cf-mtDNA/cf-nDNA ratios in saliva were, on average,
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lower than those in serum (Fig. S9A; p < 0.0001), consistent with
baseline measurements of cf-mtDNA and cf-nDNA in these biofluids.
These ratios in saliva and serum were not correlated (Fig. S9B). Saliva
cf-nDNA trajectories showed a significant but smaller effect of time
compared to cf-mtDNA trajectories (Fig. SIE,F p < 0.05). Additionally,
we found that saliva cf-mtDNA/cf-nDNA trajectories mirrored cf-mtDNA
trajectories, indicating that even after accounting for the co-release of
nuclear and mitochondrial genomes, participants still exhibited saliva
cf-mtDNA reactivity (Fig. S9C,D). On the other hand, serum cf-nDNA
and cf-mtDNA/cf-nDNA trajectories did not show a significant time ef-
fect (Fig. S1E,F, S9C,D).

2.4. cf-mtDNA reactivity in genetic mitochondrial diseases

To determine if systemic mitochondrial health regulates blood and
saliva cf-mtDNA stress reactivity, as part of the MiSBIE study (Kelly
et al.,, 2024) we exposed to the same socio-evaluative challenge in-
dividuals with rare genetic defects in the mitochondrial genome causing
MitoD (n = 40), mean age 39 years, 67.5 % women). We studied two
different groups of individuals presenting either: 1) the 3243 A>G
mtDNA mutation (n = 25); or 2) a single, large-scale mtDNA deletion
(n =15), where a segment of the mitochondrial genome is deleted
(Fig. 2A). Both conditions affect mitochondrial energy transformation
and cause multisystem diseases (Mancuso et al., 2015; Li et al., 2022).
Baseline cf-mtDNA values were not significantly different between the
groups in any sample type (Fig. ST0A-C).

Although no group differences were observed in baseline saliva cf-
mtDNA levels (Fig. S10A), over the time course saliva cf-mtDNA tra-
jectories were significantly different between groups (p = 0.026;
Fig. 2E, the baseline adjusted trajectories are shown in Fig. S11A). Like
controls, MitoD participants also exhibited an acute stress reactivity in
saliva cf-mtDNA. On average, relative to controls, absolute cf-mtDNA
reactivity in saliva was 10 % lower in the mutation group and 530 %
lower in the deletion group (Fig. S10D). In absolute terms, cf-mtDNA
increased on average (at +5-10 min) in the control, mutation, and
deletion groups by 15,205, 13,941, and 2414 copies per pl, quantifying
the blunted response in the MitoD deletion group, and suggesting that
intrinsic mitochondrial health influences saliva cf-mtDNA reactivity
(Fig. S10D). Saliva cf-nDNA and cf-mtDNA/cf-nDNA average values and
trajectories (Fig. S1G-I, S9E-G) did not differ by groups.

In serum and plasma, cf-mtDNA trajectories and reactivity (both
absolute and normalized) did not differ between groups (Fig. 2F,G,
Fig. S10E,F, Fig. S11B,C). Absolute cf-mtDNA reactivity in plasma (at
+10-30 min) showed a trend to be lower in mutation (85 % less, ns) and
deletion groups (80 % less, ns) compared to controls (Fig. S10F). Serum
cf-nDNA (Fig. S1G,L,J) and cf-mtDNA/cf-nDNA average values and tra-
jectories (Fig. S9E,G,H) did not differ by groups. The correlations be-
tween baseline cf-mtDNA values (Fig. S10G,H) and normalized cf-
mtDNA reactivity (Fig. S10LJ) across biofluids in mitoD groups did
not differ from the trends found in controls. We found no associations
between sex, age, and cf-mtDNA reactivity in the mutation and deletion
groups (Fig. S4-S6C-F, S7D-I).

3. Discussion

By combining experimental repeated-measures stress paradigms and
molecular quantification of mtDNA in both saliva and blood, we
discovered that cf-mtDNA is rapidly and robustly induced in human
saliva, and that it follows kinetics and a pattern distinct from blood
collected simultaneously from the same individual. The physiological
function or purpose of stress-induced cf-mtDNA reactivity is unknown.
The electron microscopy imaging of biofluid fractions enriched for cf-
mtDNA demonstrate that as suspected from previous work (Al Amir
Dache et al, 2020), human biofluids including saliva contain
mitochondria-related vesicular material, raising the possibility that the
majority of cf-mtDNA measured in this and previous studies are in fact
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circulating mitochondria or mitochondrial fragments, rather than naked
DNA.

Our results contrast with a recent study of saliva cf-mtDNA stress
reactivity (Limberg et al., 2025). The study by Limberg et al. (2025)
reported a trend for a 50 % (g=0.14, ns, n = 43) increase in saliva
cf-mtDNA at 15 min post stress. While the timing of the response was
similar in both studies finding peak cf-mtDNA reactivity around
10-15 min, the magnitude of cf-mtDNA reactivity was considerably
larger in our study with a 280 % increase (g=0.55, p < 0.0001, n = 60).
This difference could arise from methodological and technical differ-
ences. The study by Limberg et al. (2025) employed a modified TSST,
consisting of a mock job interview and an arithmetic test, and sessions
were conducted during the COVID-19 pandemic during which the
interviewer wore a mask (hiding potentially relevant facial features).
This setup may have resulted in a less intense stressor than our para-
digm, where participants had to prepare and deliver a speech defending
themselves against an alleged theft in front of a camera, a mirror, and an
evaluator providing neutral to negative feedback. Notably, in the MiS-
BIE study, only the latter 60 % of participants encountered a masked
evaluator due to regulatory restrictions, which may have influenced
stressor intensity to a lesser extent. Technically, the centrifugation
speeds and durations used to extract saliva from the cotton swab were
2.5-fold higher and 200 % longer in the Limberg et al. (2025) study than
in our study (2500 g x 15 min vs 1000 g x 5 min). Elevated centrifuga-
tion speeds create shear force that can damage cells as saliva is extracted
from the matrix of the cotton swab, potentially causing artifactually
elevated cf-mtDNA levels. Moreover, the cf-mtDNA quantification
methods also differed between studies. The process in the Limberg et al.
(2025) study does not include any steps between centrifuging samples
and qPCR, whereas the method in the current study employed a step to
lyse membranes, which we previously showed to recover DNA more
uniformly than DNA purification kits (Michelson et al., 2023). These
methodological differences could introduce biases and inconsistencies in
DNA quantification (Meddeb et al., 2019; Messaoudi et al., 2013; Chiu
et al., 2003; Zhong et al., 2000) Thus, while both studies show elevated
cf-mtDNA after acute mental stress, differences in stress paradigms,
sample processing, and quantification methods could account for the
differences in magnitude of this psychobiological response.

The mechanisms of mtDNA release and forms of mtDNA in saliva and
blood also remain unclear. Previous studies have shown different
mechanisms by which extracellular mitochondria or mitochondrial DNA
can originate (Aucamp et al., 2018) (e.g. release of mtDNA from acti-
vated platelets in serum (Boudreau et al., 2014)), and various extra-
cellular bodies that cf-mtDNA may represent (Al Amir Dache et al.,
2020; D’Acunzo et al., 2021; Song et al., 2020; Caicedo et al., 2024;
Miliotis et al., 2019; Trumpff et al., 2021). Additionally, our electron
micrograph results show that the cf-mtDNA measured in samples from
this study is likely a combination of different species of circulating
membrane-bound bodies that contain mitochondrial material. It is not
clear how the mechanisms of release and species of extracellular vesicles
that account for cf-mtDNA dynamics in blood and saliva in response to
acute psychological stress relate to those that determine cf-mtDNA levels
in response to other factors, such as exercise or chronic mental or
physical health conditions. Future studies aiming to use mtDNA as a
biomarker should investigate the different circulating forms to increase
biological specificity, using different centrifugation speeds or via other
physical methods to separate different mtDNA fractions (Trumpff et al.,
2021; Brestoff et al., 2025).

One outstanding question to be resolved in future studies relates to
the purpose of cf-mtDNA. Why does a stressed organism release mtDNA
or whole mitochondria in saliva? While we do not have a definitive
answer, we can speculate on an evolutionary explanation that relates to
our animal nature. Cell-free mitochondria are readily internalized by
various cell types where they influence cell bioenergetics and optimize
certain functions (Miliotis et al., 2019; Trumpff et al., 2021; Levoux
et al., 2021; Brestoff et al., 2021). In the mouse skin for example, this
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applies to dermal stem cells where exogenously applied mitochondria
are internalized and accelerate wound healing after injury (Levoux
et al., 2021). Mammals instinctively respond to injury by licking their
wounds - i.e., locally applying saliva — generally understood to promote
coagulation and have an antimicrobial effect (Vila et al., 2019). If as in
our studies, injuries and/or the psychological stress associated with the
injurious encounter increase saliva cf-mtDNA and mitochondria, then
perhaps licking becomes a mechanism to locally apply
mitochondria-rich biofluid to promote the healing process, by mito-
chondria transfer (Miliotis et al., 2019; Trumpff et al., 2021; Brestoff
et al., 2025; Levoux et al., 2021; Brestoff et al., 2021). Future studies
should aim to determine the function(s) of saliva cf-mtDNA in humans
under different psychobiological states.

This study includes notable limitations. Participants were only sub-
jected to a single stress visit without a control condition, which would be
required to separate the effect of the psychosocial stress task from the
effect of the overall intervention (intravenous catheter insertion and/or
the novelty of the testing environment). The rarity of MitoD makes it
difficult to recruit individuals with genetically consistent diseases. Thus,
while the sample size for the mutation and deletion MitoD MiSBIE
groups is substantial for this population, the absolute numbers of par-
ticipants is small, inviting caution in interpreting differences between
groups. Technically, our electron microscopy studies emphasize the di-
versity and heterogeneity of mitochondria-like particles in saliva and
blood. As outlined previously (Caicedo et al., 2024; Brestoff et al., 2025),
there are several different types of microparticles, mitochondria,
platelet-derived fragments, and exosomes in the mtDNA-enriched bio-
fluid fractions. Naked cell-free mtDNA can also circulate in the blood-
stream, either intact or fragmented into various sizes. Understanding
these forms can provide valuable insights into the mechanisms under-
lying the origin of mtDNA (Verebi et al., 2023). Ideally, each type of
cf-mtDNA-containing unit would be biochemically and/or physically
isolated and purified, assayed for mtDNA in parallel with protein
markers, thus revealing which “type” of particles contain the baseline-
and stress-inducible fractions of cf-mtDNA. Technical limitations and
the scale of this study precluded us to perform these detailed analyses.
Future studies of human cf-mtDNA will benefit from including further
levels of analytical specificity and adopting standard nomenclature
(Caicedo et al., 2024; Brestoff et al., 2025). It should also be noted that in
the study by Limberg et al. a LINE-1 retrotransposon (L1PA2), which is
copied an estimated 4940 times throughout the human genome (though
this number varies based on the ethnic background of each individual),
was targeted in the qPCR reaction as a proxy for nuclear DNA abundance
(Limberg et al., 2025). This permitted the consistent quantification of
cf-nDNA in cell-free plasma samples, whereas our approach of targeting
B2M, a single-copy nuclear gene, was unable to quantify nDNA in all but
a few plasma samples, prohibiting us from investigating the trajectories
of cf-nDNA and mtDNA:nDNA ratios in this biofluid as robustly as in
Limberg et al (Limberg et al., 2025).

In summary, we have showed that human biofluid cf-mtDNA levels
are acutely influenced by a brief socio-evaluative stress. In particular,
we show that saliva cf-mtDNA is robustly stress inducible, calling for
further studies examining the usability of saliva cf-mtDNA as a
biomarker of acute and/or chronic stress exposure, and potentially a
marker of systemic mitochondrial recalibrations. Our studies in rare
MitoD patients with objective impairments in mitochondrial health
suggested that saliva cf-mtDNA levels could indirectly reflect systemic
mitochondrial disorders, although this point requires further research.
Together, the inducibility and accessibility of saliva cf-mtDNA provides a
foundation to examine the psychobiological regulation of cell-free
mitochondria in vulnerable populations where collecting blood is
challenging. Given the dynamic properties uncovered here, future work
should consider intensive repeated-measures studies where saliva is
sampled multiple times per day (Trumpff et al., 2022), or even per hour,
depending on the question. The large inter-individual differences in
baseline saliva cf-mtDNA levels also call for large-scale studies where
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the origin of this variance can be ascertained, including
deeply-phenotyped cohorts with existing saliva biobank repositories.

4. Methods
4.1. Participants

Participants were enrolled in the MiSBIE study (Kelly et al., 2024) in
adherence to the directives outlined by the New York State Psychiatric
Institute IRB protocol #7424 and the Columbia University Medical
Center IRB protocol #AAAU9470. The study was registered in Clin-
icalTrials.gov under #NCT04831424. Recruitment was conducted both
within our local clinic at the Columbia University Irving Medical Center,
and nationally throughout the United States and Canada. All enrolled
participants provided written informed consent, authorizing their
participation in the investigative procedures and the dissemination of
findings. Recruitment occurred from June 2018 to May 2023, including
a total of 68 healthy controls (66 % women) with blood and data for the
acute stress protocol, 25 mitochondrial disease (MitoD) patients pre-
senting the 3243 A>G mutation (64 % women) and 15 with a single
large-scale mtDNA deletion (73 % women).

Inclusion criteria for all groups were 1) ages between 18 and 60, 2)
willing to provide saliva samples and have a venous catheter installed
for blood collection, 3) willing to provide informed consent and having
the capacity to consent, 4) use of effective birth control method for
women of childbearing capacity, and 5) English speaking. Exclusion
criteria for all groups were 1) cognitive deficits that prohibited
providing informed consent, 2) symptoms of flu or seasonal infection
within four weeks preceding visit, 3) Raynaud’s syndrome, 4) involve-
ment in therapeutic trials listed on clinicaltrials.gov, including exercise,
5) having metal in body or claustrophobia that would prevent MRI.
Additional exclusion criteria for the control group was a diagnosis of
mitochondrial 3243 A>G mutation or mitochondrial DNA deletion.

Inclusion criteria for the MitoD deletion and mutation without
MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis, and
Stroke-like episodes) groups also included 1) having a single large scale
DNA deletion or m.3243 A>G point mutation and 2) taking a confir-
matory genetic test or consenting to undergo genetic testing. Exclusion
criteria for those groups included 1) neoplastic disease, 2) history of
strokes and seizures, 3) involvement in therapeutic trials listed on
clinicaltrials.gov, including exercise, and 4) clinical use of steroid
therapy. Having metal in body preventing MRI was not an exclusion
criterion for this group.

Inclusion and exclusion criteria for the MitoD mutation with MELAS
group were the same as those for the mitochondrial deletion and mu-
tation without MELAS groups, except the inclusion criteria also required
that participants have had at least one stroke-like episode, seizure, or
both, in addition to having the m.3243 A>G mutation, and the exclusion
criteria did not include history of strokes and seizures.

4.2. Stress reactivity protocol

A psychosocial stress response was elicited in participants using an
adapted version of the TSST as described in full detail in (Kelly et al.,
2024). All participants had eaten breakfast and lunch prior to the TSST,
which was always conducted around 1:00 PM. Participants were seated
in a room. Five minutes after baseline samples and readings were taken,
the study coordinator entered the room with a clipboard and video
camera, which was set up to appear as if it was recording the participant.
A full-length mirror was also set up so participants can see their
reflection. The test coordinator instructed participants to prepare a
speech to defend themselves from an accusation of stealing store
merchandise. After the instructions, participants were given 2 min to
prepare their speech. A person wearing a lab coat posing as an ‘evalu-
ator’ stood in the room and took notes using a clipboard as participants
delivered their speech for 3 min.
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4.3. Blood and saliva collection and processing

Blood and saliva were collected at 5 min prior to the start of the stress
task and at 5, 10, 20, 30, 60, 90, and 120 min after the start of the stress
task. For blood collection, participants were fitted with an intravenous
catheter in the right arm > 45 min prior to the start of the stress task.

Serum and plasma were collected in red-top (BD, REF367815) and
K2 EDTA (BD REF367899) vacutainers respectively. Serum tubes were
inverted 10-12 times upon collection and incubated for 30 min at room
temperature. They were then centrifuged at 2000 x g for 3.5 min at room
temperature then transferred to ice in a Styrofoam container. Plasma
tubes were processed identically to serum tubes except they were not
incubated for 30 min before centrifugation. Plasma and serum tubes
were transported to the laboratory (~5 min walk) and centrifuged at
2000 x g for 10 min at 4 °C. ~80 % of the supernatant from each tube
was transferred to a new 15 mL tube and centrifuged at 2000 x g for
10 min at 4 °C. ~90 % of this supernatant was transferred to a new
15 mL tube, aliquoted into three or more 2 mL cryovials and stored at
—80 °C. Samples were later thawed, aliquoted into 96-well plates, and
re-frozen in preparation for plate-based analyses. Blood was not avail-
able from ten participants due to phlebotomy failure.

Saliva was collected using salivettes (Starstedt Cat# 51.1534.500).
Participants were instructed to hold a cotton salivette swab on the center
of the tongue for 2-5 min without moving or biting it. After two mi-
nutes, the study coordinator would check the swab to determine if it was
saturated or if it required more time. After collection, swabs were
immediately returned to plastic tubes and kept on ice in a Styrofoam
container, then transported to the lab where they were centrifuged at
1000 x g for 5min at 4 °C. Supernatants were aliquoted into 2 mL
cryovials and stored at —80 °C. The samples were later thawed and
centrifuged at 5000 x g for 10 min at room temperature. The resulting
5000 x g supernatants were aliquoted into 96-well plates and stored at
—80 °C until analysis.

4.4. cf-mtDNA detection

mtDNA (represented by mitochondrial gene ND1) and nDNA (repre-
sented by nuclear gene B2M) in cell-free blood and saliva samples were
quantified using previously published methods (Michelson et al., 2023).
Briefly, samples were diluted 20-fold in freshly assembled lysis buffer
(Tris-HCL, 114 mM, pH 8.5; Tween-20, 6 %; Proteinase K, 0.2 mg/mL) on
two replicate 96-well plates and heated to 55 °C for 10 h for thermolysis,
then heated to 95 °C for 10 min to deactivate Proteinase K and other
enzymes. Lysates were held at 4°C and processed further the following
day or stored at —80 °C if processing did not occur immediately. 8 uL of
each replicate lysate was transferred to three wells of a 384-well plate that
had been pre-loaded with 12 pL of freshly assembled qPCR buffer (1x
TagMan Universal MasterMix Fast; 0.3 uM ND1 primers; 0.1 uM ND1
probe; 0.3 uM B2M primers; 0.1 uM B2M probe). An eight-step 1:4 serial
dilution of DNA extracted from a human fibroblast culture (hFB1) that
had been quantified using digital PCR was also added to each 384-well
plate in triplicate as a standard curve. TagMan-based qPCR reactions
were run and measured using a QuantStudio 7 Flex system. For each
replicate sample, the copy number of each target gene per uL was deter-
mined by comparing the median of its three Ct values for that gene against
the median Cts measured for the standard curve on the same 384-well
plate and accounting for dilution into lysis and qPCR buffers. Reactions
with Cts representing three or fewer copies of target gene per uL were
considered below the limit of detection (<LOD) and omitted from the
analysis (Saliva: 3.5 % of ND1 values and 49.5 % of B2M values <LOD.
Serum: 0.1 % of ND1 values and 51.6 % of B2M values <LOD. Plasma:
0.0 % of ND1 values and 98.7 % of B2M values <LOD). The scarcity of
nDNA in our samples may be attributed to 1) the specific release of
membrane-bound particles containing mtDNA, but not nDNA, into cir-
culation, and 2) the relative abundance of mtDNA over nDNA on a cellular
basis. For each sample, the copy numbers determined for each replicate
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were averaged to yield a single value. Replicate plates were re-run
starting from lysis if the median coefficient of variance between repli-
cate values was greater than 4 %.

4.5. Electron microscopy of biofluid fractions

Saliva and blood samples were collected from ten healthy adult
volunteers who gave informed consent. The study protocol was
approved by New York State Psychiatric Institute Institutional Review
Board protocol #7618. Blood was drawn with a 21-gauge needle (BD
#367281), and 66 mL of blood was collected into 13 tubes. Participants
were not required to have fasted. Blood samples were drawn consecu-
tively in the following order: Citrate (2 x2.7 mL), Heparin (6.0 mL), and
EDTA (6.0 mL) for plasma samples, and red top serum (6.0 mL) and gold
top serum (6.0 mL) for serum samples. After collection, all tubes were
inverted 10-12 times to ensure thorough mixing. Saliva was sampled
concurrently using a Salivette cotton swab (Sarstedt #51.1534.500) on
the tongue for 5 min, beginning once the blood started to flow into
collection tubes.

Blood samples were processed shortly after collection with an initial
centrifugation of 1000 x g for 5 min. Serum samples were incubated at
room temperature for 30 min to ensure coagulation. Both plasma and
serum samples were centrifuged a second time at 5000 x g for 10 min at
room temperature to pellet and remove the remaining platelets. The
resulting supernatants were collected and aliquoted in 150 pL aliquots.
Salivettes were immediately centrifuged at 1000 x g for 5 min at room
temperature and then centrifuged a second time at 5000 x g for 10 min
before collecting supernatants.

Samples were separated into eight fractions using IZON qEV2 size
exclusion chromatography columns (70 nm exclusion limit) and auto-
matic fraction collector. cf-mtDNA in the resulting fractions was
measured using qPCR (described above). On average, the first four
fractions of each biofluid were found to contain the majority of the cf-
mtDNA (Supplemental Fig. S2). These four fractions from each sample
were pooled. Pooled fractions were centrifuged at 18,213 g for 30 min at
4°C. Pellets were washed with PBS then fixed with modified Karnovsky’s
fixative (2.5 % glutaraldehyde, 4 % paraformaldehyde, 0.02 % picric
acid in 0.1 M sodium cacodylate buffer pH 7.2). Fixed pellets were sent
to the Electron Microscopy Core Facility at Weill Cornell Medical Center
where they were fixed with a secondary fixative (1 % osmium tetroxide,
1.5 % potassium ferricyanide), dehydrated with a graded ethanol series,
and embedded in an Epon-analog resin. Ultrathin sections were cut
using a Diatome diamond knife on a Leica EM EC7 ultramicrotome.
Sections were collected on copper grids and contrasted with lead citrate
stain. Sections were imaged using a JEM 1400 electron microscope
operated at 100 kV. Images were recorded with a Veleta 2k x 2k camera
using RASIUS software.

4.6. Data processing and statistical analysis

Individual participants’ absolute cf-mtDNA reactivities were defined
as the difference between their baseline value and the maximum value
within a range of time points for saliva (+-5-10 min after the onset of the
stress task) and plasma (+10-30 min after the start of the task), and at
-+ 60 min in serum. Participants’ normalized reactivities for each sample
type were defined as absolute reactivity divided by baseline and are
presented as a percentage. Statistical tests were performed using
GraphPad Prism version 10.4.0 (GraphPad Software, Boston, Massa-
chusetts USA). Because cf-mtDNA and cf-nDNA values were found to
follow a lognormal distribution, values were log transformed before
statistical analyses. Welch’s t tests and one-way ANOVA with Tukey’s
multiple comparisons test were used to compare averages and baseline
values between two and three groups, respectively. Effect sizes are
presented as bias corrected Hedges’ g. cf-mtDNA reactivities (both ab-
solute and normalized) included negative values that could not be log
transformed, so Kruskal-Wallis tests with Dunn’s test were used to
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compare these values between groups and sample types. Correlations
between individuals’ cf-mtDNA baseline values and normalized re-
activities in different sample types were computed using Spearman
correlation. Mixed-effects model ANOVA was used to evaluate the ef-
fects of time and participant group on cf-mtDNA and cf-nDNA mea-
surements, with Dunnett’s multiple comparisons test to compare
average values at baseline with those measured at subsequent time
points and values in mitochondrial mutation and deletion groups with
those from the control group.
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