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ABSTRACT

Objectives: To determine if circulating mitochondrial deoxyribonucleic acid levels increase after sport activity
involving blows to the head, such as boxing, and if it could play a role in inflammatory cascade regulation in
response to trauma.
Design: Observational, longitudinal.
Methods: We measured mitochondrial deoxyribonucleic acid levels and integrity in ten non-professional male
boxers before and after three weekly sparring matches. We set up a protocol to separate three different plasma
fractions enriched in mitochondria-containing vesicles, mitochondrial deoxyribonucleic acid bound to proteins
and naked mitochondrial deoxyribonucleic acid. We quantified the levels of the main cytokines involved in
inflammatory response and the levels of neurofilament light, a well-known marker of brain damage.
Results: Circulating mitochondrial deoxyribonucleic acid levels increased after each match. In the second fraction,
we also observed an increase over the weeks. Mitochondrial deoxyribonucleic acid is less intact after each match
if compared with pre-match integrity, especially the naked form which is not protected within vesicles or mito-
chondria. Circulating levels of interleukin-6, interleukin-1beta and interleukin-10 increased after each match
linking traumatic brain injuries to inflammatory state. Neurofilament light chain showed a similar trend to mito-
chondrial deoxyribonucleic acid.
Conclusions: As mitochondrial deoxyribonucleic acid displays an inflammatory effect and neurofilament light
chain is more specific for brain injury, we concluded that the simultaneous analysis of these two parameters
could be helpful to monitor the effects of traumatic brain injury in contact sports, and that mitochondrial deoxy-
ribonucleic acid is a promising candidate biomarker to study the inflammatory state of patients who suffered re-
peated traumatic brain injuries.
© 2025 The Authors. Published by Elsevier Ltd on behalf of Sports Medicine Australia. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Practical implications * MtDNA can be released in response to head trauma and acts as inflam-
matory molecules. Depending on its circulating form, it can change not

» Repeated TBISs, typical of contact sports including boxing, lead to the only after sparring matches but also over the weeks. Moreover, mtDNA
accumulation of inflammatory markers promoting the development released after TBIs is subjected to factors leading to its enhanced frag-
of an inflammatory state and the onset of several chronic degenera- mentation, especially the naked form which is not protected within

tive diseases.
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mitochondria or vesicles.

TBIs could cause not only quantitative but also qualitative mtDNA
alterations. Thus, mtDNA seems to be a promising candidate bio-
marker to study the inflammatory state of athletes who suffered
repeated TBIs.
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* NF-Lis a well-known marker for the assessment of brain damage and
increases after each match, suggesting cumulative damage in the CNS.
As this is the same trend of mtDNA but these two molecules show
different features, we suggest that the combined quantification of
mtDNA and NF-L could provide precious information to better study
the mechanisms underlying neuronal damage and inflammation in
athletes participating in contact sports.

1. Introduction

Several sports, including martial arts, football, rugby, and boxing,
are characterized by different types of concussions.! Concussions are a
specific form of traumatic brain injury (TBI) occurring when the brain
is subjected to linear and/or rotational forces.? TBIs can be classified as
mild, moderate, and severe. The predominant form is mild TBI (mTBI),
often observed in sports where athletes suffer repeated blows to the
head, such as boxing.># Although most TBIs resolve within a few weeks,
approximately 10-15 % of concussion patients may develop post-
concussive syndrome (PCS).>> TBI can promote the onset of several
chronic degenerative diseases, including Parkinson's disease, Alzheimer's
disease, and chronic traumatic encephalopathy (CTE),* with a strong
impact on the quality of life.”

CTE is a progressive brain disease that can affect individuals partici-
pating in various contact sports and activities but has gained particular
attention in the context of boxing, due to the frequent and intense head
trauma suffered by these athletes.>® The most common symptom of CTE
is cognitive decline provoking changes in mood, behavior, and cognitive
function.® As boxers who engage in more intense sparring sessions have
poorer cognitive abilities than those who spar less frequently, an associ-
ation could exist between sparring sessions and the occurrence of
cumulative brain injuries that adversely affect neurological function
over time.’

Mechanistically, the primary cause of mTBI is non-penetrating head
trauma, which leads to the movement of the brain and the stretching
and tearing of axons.'® This phenomenon is ultimately responsible for
impaired brain function characterized by elevated intracranial pressure,
disruption of blood-brain barrier (BBB) integrity and vascular damage
leading to tissue destruction, hypoxia, and edema.*

In this scenario, a massive immunological response is triggered with
a rapid increase of inflammatory mediators,'! a complex mechanism
wherein activated immune cells release chemoattractant cytokines
and chemokines to target other immune and endothelial cells.'*!?
Several studies showed that an acute inflammatory response in the
central nervous system (CNS) caused by head injury is reflected in the
concentration levels of various components within the cerebrospinal
fluid (CSF), plasma or serum.8141°

In addition to the primary local impact, mechanical injury triggers
a complex secondary reaction mediated by excitatory amino acids,
calcium ions, purines, reactive oxygen species (ROS), and damage-
associated molecular patterns (DAMPs).'® These factors initiate the
migration of CNS-resident inflammatory cells to the site of injury, a
process further facilitated by BBB disruption following TBL'® In this
context, cell-free mitochondrial DNA (cf-mtDNA) and other mitochon-
drial products released into circulation can act as DAMPs, inducing
inflammation.'”” MtDNA can be released through active or passive
mechanisms in response to various stressors and pathological condi-
tions, including psychiatric disorders. Elevated levels of cf-mtDNA
have been associated with increased cortisol, indicating a potential
link between cf-mtDNA levels and hyperactivity of the hypothalamic-
pituitary-adrenal (HPA) axis.'® In addition, upon exposure to bacterial
components such as IL-5 and LPS adjuvants, gastrointestinal eosinophils
actively release mtDNA, forming extracellular structures capable of
binding and eliminating bacteria, thus functioning as part of the host's
antibacterial defense mechanism.'® Regarding physical activity, intense
and traumatic sports activity causes an increase in cf-mtDNA levels,'®
thereby promoting secondary brain injury, which may worsen
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progressively over a few hours or even weeks after trauma.?® Elevated
mitochondrial DAMPs are related not only to intense training, but also
to different pathophysiological conditions, including HIV, multiple
sclerosis, and aging.?'~*

Immune mediators, such as cf-mtDNA and cytokines, may act as
the driving force in regulating and activating the systemic response
to trauma.'? Notably, cytokines play an important role in functional
recovery, neural repair, and the induction of secondary injury.?® The
main pro-inflammatory cytokines involved are interleukin 6 (IL-6)
and tumor necrosis factor alfa (TNF-av), initially synthesized in the
brain and then released into circulation after trauma and the subse-
quent BBB disruption.® Additionally, the TBI response includes specific
axonal proteins responsible for axon mechanical support and integrity,
called neurofilament light (NF-L).* Concerning their specificity for neu-
rons, NF-Ls can only be found at other sites in the case of axonal disin-
tegration and neural death.*

The diagnosis and monitoring of TBI are very complex. Neuroimaging
techniques can detect gross head lesions but not the slightest alterations
of the neural structures whose accumulation causes the onset of neuro-
degenerative diseases.>* Conversely, fluid biomarkers could be more ac-
curate for damage assessment following TBL® Currently, results derived
from different studies are still very variable due to differences in the
models used, the experimental setting, and the parameters analyzed.’

The connection between concussion, neurodegeneration, and sports
represents a complex and evolving research area. While the exact mech-
anisms are not fully understood, accumulating evidence suggests a po-
tential link between repeated head trauma in sports and an elevated
risk of neurodegenerative diseases.? In this study we evaluated the
circulating levels and integrity of mtDNA, cytokines and NF-L levels
before and after three consecutive sparring matches in ten non-
professional boxers, to identify potential biomarkers for the diagnosis
of TBI and to contribute to the implementation of guidelines for safer
training environments.

2. Methods

Ten male non-professional boxers, aged 18-36, were recruited from
a local sports club by the Sports Medicine Service of Modena. All en-
rolled athletes had obtained a certificate of competitive activity from
the Sports Medicine Service. Athletes were in good health condition,
with no somatic or psychiatric disorders reported. Boxers showing
signs of inflammatory diseases or injuries occurring just before or dur-
ing the study were excluded. This study was performed in agreement
with the Declaration of Helsinki and approved by Ethics Committee of
Area Vasta Emilia Nord (protocol number 1104/2021/SPER/AUSLMO —
0007077/22). All the participants signed an informed consent form.

The athletes were selected to take part in one sparring match per
week for three consecutive weeks. Each match consisted of three
rounds lasting 5 min each. Immediately before and after each match, a
venous blood sample of 9 mL was collected and processed within 12 h
(Fig. 1A). Punches received by each boxer to the head, distinguishing
between the frontal and temporal regions, and body were tallied during
all matches.

Peripheral blood mononuclear cells (PBMCs) and plasma were iso-
lated from venous blood using a density-gradient centrifugation stan-
dard method. PBMCs were stored in liquid nitrogen. Plasma samples
(hereafter named Fraction 1) were subjected to differential centrifuga-
tion. A first centrifugation at 18,000g for 30 min at 4 °C was performed
to obtain a fraction free from mitochondria, large extracellular vesicles,
and cell debris, named Fraction 2.> This fraction underwent ultracentri-
fugation at 100,000g for 2 h at 4 °C to obtain Fraction 3, where naked
cf-mtDNA is present (Fig. 1B).'®

Total DNA was extracted from all fractions by using DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's in-
structions. The amount of mtDNA was quantified by droplet digital
PCR (ddPCR) on a Bio-Rad QX200 ddPCR droplet system (Bio-Rad
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Fig. 1. A. Timeline used for collecting blood samples. B. Cartoon depicting the flowchart used for cytokine and NF-L quantification, differential centrifugation and the subsequent mtDNA

quantification and particle determination in blood samples collected from boxers.

Laboratories, Hercules, CA, USA). The reaction mixture of ddPCR had this
composition in 20 pL of the final volume: 10 ng of DNA samples, 2 x
ddPCR Supermix for Probes, 1.1 pL of the mtDNA gene ND2 (Bio-Rad,
UniqueAssayID: dHsaCPE5043508) and 1.1 pL of the nuclear gene
EIF2C1 (Bio-Rad, UniqueAssayID: dHsaCP2500349). The thermal
protocol conditions were: 95 °C for 10 min, followed by 40 cycles
of 94 °C for 30 s, 55 °C for 1 min, and then 98 °C for 10 min. Droplet
reading was performed on a QX200 ddPCR droplet reader and
the analysis was performed using the QuantaSoft Analysis software
(version 1.7.4.0917).

Analysis of cf-mtDNA integrity was conducted by ddPCR on Frac-
tions 1, 2 and 3. A multiplex reaction was designed to simultaneously
quantify two amplicons located 1000 base pairs apart on the mitochon-
drial gene ND2 (Bio-Rad Laboratories, FAM: hg19 chrM:3163-3285;
HEX: hg19 chrM:9716-9838) as described by Stawski.?® They were am-
plified in the same droplet, resulting in positivity for both amplification
signals. Conversely, if mtDNA is fragmented, amplifications occur inde-
pendently, and droplets test positive for either one signal or the other.
Thus, the integrity index of cf-mtDNA was estimated by calculating

the ratio between the number of single positive droplets, which corre-
spond to fragmented DNA, and double positive droplets, which corre-
spond to intact mtDNA.

Cytokines (IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-13, TNF-ct) and NF-Ls
were quantified in Fraction 1, before and after each match, by the ELLA

Table 1
Anthropometric data of the ten male non-professional boxers enrolled in the study.
Participants Age (year) Height (m) Weight (kg)
C1 19 1.75 71
2 18 1.77 75
c3 18 1.78 71
c4 21 1.85 71
C5 31 1.77 80
[€9) 36 1.77 82
Cc7 36 1.77 79
8 23 1.72 62
Cc10 33 1.82 78
C11 23 1.75 76
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Table 2

Blows sustained to the head, divided into frontal and temporal regions in the third match,
and the body by each boxer in each match, and total blows received at the end of the study
(T5).

Participants 1st match 2nd match  3rd match Total
Head Body Head Body Head Head Body blows
(T5)
(frontal) (temporal)
C1 43 31 58 49 45 38 29 293
2 7 54 28 52 23 19 55 238
3 91 39 124 53 74 48 23 452
c4 96 41 92 38 41 18 34 360
C5 3 15 33 57 13 10 22 153
c6 2 10 88 102 43 23 65 333
Cc7 49 38 35 47 29 6 31 237
8 10 41 58 36 40 15 55 255
Cc10 18 3 17 22 31 14 71 176
Cc11 146 59 167 67 74 56 27 596

Automated Immunoassay system (Biotechne, San Jose, CA, USA). Data
are expressed as pg/mL.

Immunoblot was performed with total cell lysates prepared in RIPA
lysis buffer plus protease inhibitor cocktail (Sigma Aldrich, St. Louis,
MO, USA) and phosphatase inhibitors (SigmaAldrich). Samples were
resolved by SDS-PAGE on precast gels (12 %, ThermoFisher Scientific,
Waltham, MA, USA) and transferred to PVDF membranes (Bio-Rad).
The membranes were incubated overnight with the primary antibody
anti-flotillin (1:500; Santa Cruz Biotechnology, Dallas, TX, USA,
sc-74566), washed and incubated with a secondary HRP-conjugated
goat anti-mouse antibody (1:5000, Bio-Rad, Cat #1706516) for 2 h.
The Enhanced Clarity chemiluminescent substrate (Bio-Rad) was used
to detect proteins by using a Chemidoc MP (Bio-Rad), with Image Lab
software v5.2.1.

The size and size distribution of vesicles were measured in plasma
samples of Fractions 1, 2 and 3, and pellets derived from Fractions 2
and 3, using a Malvern Zetasizer Ver. 7.03 instrument (Malvern Instru-
ments, Malvern, UK) according to the manufacturer's protocol. Samples
were diluted to a concentration of approximately 0.5 mg/mL in PBS.
Each sample was measured three times, and the results are expressed
by the histogram as mean + SEM.

The analysis of cf-mtDNA plasma variations before and after matches
was conducted using the Friedman test for repeated measures. The eval-
uation of potential correlations between cf-mtDNA concentrations,
other measured soluble factors, and blows sustained by athletes was
analyzed using Spearman correlation test and linear regression analyses.
Prism 9.0 (GraphPad Software Inc,, La Jolla, CA, USA) was used for statis-
tical analyses. p < 0.05 was considered statistically significant.

3. Results
3.1. MtDNA levels of the different fractions increased after each match

Ten male non-professional boxers, whose weight ranges from 62 to
82 kg, were enrolled in the study (Table 1). During matches, we counted
the blows sustained to the head, whose number was highly variable and
not correlated with anthropometric data (Table 2).

As cf-mtDNA can activate the immune system in different ways,
depending on if bound to vesicles and proteins or naked,'”"'® we set
up and optimized a protocol consisting of differential centrifugations
to discriminate and quantify the forms of cf-mtDNA released during
sparring matches (Fig. 1B). The analysis of vesicle size and distribution
in plasma samples showed a reduction in vesicle size from an average
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size of 230 nm present in Fraction 1 (Fig. 2A), to an average size of
180 nm in Fraction 2 (Fig. 2B), and 50 nm in Fraction 3 (Fig. 2C). In
agreement with this observation, the single peak present in the pellet
obtained after centrifugation at 18,000g included particles of a diameter
of 391.6 £ 62.7 nm (Fig. 2D), while the pellet after ultra-centrifugation
contained vesicles with a diameter of 258.6 + 27.9 nm (Fig. 2E, F).

To further confirm that most of the extracellular vesicles were pelleted
by differential centrifugation and were not present anymore in the super-
natant, we monitored the presence of flotillin, a marker of extracellular
vesicles, in plasma and pellets by immunoblot. Indeed, intracellular and
extracellular vesicles are enriched in flotillin, which is implicated in sev-
eral cellular processes, including axonal regeneration, vesicular trafficking
and signal transduction, cell migration, and membrane-cytoskeletal
interaction.?’As shown in Fig. 2G, flotillin signal can be observed in each
sample with a progressive enrichment in the pellets, confirming the pres-
ence of vesicles in pellet samples after each centrifugation.

Quantification of circulating mtDNA by ddPCR indicated that
the copies of mtDNA per mL ranged from 3.98 « 10° to 8.57 = 10 in
Fraction 1 (Fig. 3A, left panel). The amount of mtDNA underwent a pro-
gressive reduction after differential centrifugation, with Fraction 3 -
where naked mtDNA should be present - containing around 10° copies
of mtDNA per mL (Fig. 3A, right panel). Thus, naked mtDNA accounts
for approximately 10 % of the total mtDNA measured in Fraction 1.
While we compared the concentration of mtDNA before and after
match, we observed a tendency to increase and then return to pre-
match values, regardless of the fraction and match considered, and
the number of blows suffered. However, these differences were very
tiny and not significant in the case of Fraction 1, with the notable excep-
tion of the first match, while they were more evident in the case of
Fraction 2 (p = 0.0087) and Fraction 3 (p = 0.0074). In addition, in
Fraction 2 mtDNA levels progressively increased over the weeks, from
about 1.5 = 10° copies/mL at the beginning of the study (T0) to about
8.7 « 10° copies/mL at the end of the study (T5; p = 0.0369; Fig. 3A,
central panel). We also quantified the nuclear DNA in the same samples.
Nuclear DNA was always negligible and, when detectable, did not show
variations among samples (not shown).

3.2. MtDNA integrity decreased following repeated TBIs

We then investigated whether cf-mtDNA released in plasma was
intact or if it exhibited significant fragmentation. As depicted in
Fig. 3B, the fragmentation of cf-mtDNA, expressed as the ratio between
broken mtDNA and intact mtDNA, increased after each match in all an-
alyzed fractions. In the case of Fraction 1, ratios consistently remained
below 1, suggesting that the majority of cf-mtDNA was intact, likely
originating from intact organelles. Furthermore, the relative increase
after sparring matches in Fraction 1 was minimal (Fig. 3B, left panel).
In the case of Fraction 2, the relative ratio was higher compared to
Fraction 1, with a substantial increase in fragmented cf-mtDNA observed
after the first match (p = 0.0183; Fig. 3B, central panel). Regarding
Fraction 3, the ratio remained consistently around 1 before all three
matches considered, but significantly increased after each match,
reaching a value of 2.8 4 2 after the second match (p = 0.0467; Fig. 3B,
right panel).

3.3. The proinflammatory cytokine and NF-L level increase correlates with
the number of TBIs suffered

As the concentration of fluid biomarkers may correlate with the
severity of TBI,>>?2 we monitored the concentrations of a panel of

Fig. 2. Representative examples of nanoparticle size distribution in Fractions 1 (A), 2 (B) and 3 (C), and in the pellet obtained after centrifugation at 18,000g (D, pellet Fraction 2) and after
ultracentrifugation at 100,000 (E, pellet Fraction 3) analyzed in triplicate. The three replicates of each sample are shown as blue, green and red lines. Histogram (F) representing the size of
vesicles measured in Fractions 1 (black column), 2 (gray column) and 3 (light gray column), and in the pellets obtained in Fractions 2 and 3 (white columns). Data are shown as mean +
SEM of particle size, expressed in nm, from three representative samples. Western blot (G) showing flotillin relative level measured in pellets obtained in Fractions 2 (black column) and 3
(gray column) from three representative samples. Data are shown as mean + SEM of flotillin expression normalized to total protein concentration, expressed in pg/ul. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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pro- and anti-inflammatory cytokines in plasma before and after
matches. As usually observed in the case of sport performance, IL-6
levels increased after each match, up to 113 & 34 pg/mL, and then

A

Size Distribution by Intensity
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returned to pre-match values, at about 48 + 15 pg/mL (p = 0.0124;
Fig. 4A). IL-1p levels increased after the second and the third match,
reaching concentrations around 30 £ 7 pg/mL (p = 0.0324; Fig. 4B).
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Fig. 3. A. Histograms depicting the number of copies of mtDNA per ml in Fractions 1 (left panel), 2 (central panel) and 3 (right panel), before (black columns) and after (gray columns) each
match, as measured by ddPCR. Data are shown as the mean 4 SEM from ten samples. *p < 0.05; **p < 0.01; ***p < 0.001. B. Graphics showing the fragmentation of mtDNA in Fractions 1, 2
and 3, before (black columns) and after (gray columns) each match, as measured by multiplex ddPCR. The columns represent the ratio of fragmented to intact mtDNA. Data are shown as

mean + SEM of the ratio from ten samples. *p < 0.05; **p < 0.01; **p < 0.001.

IL-8 and TNF-a showed a similar trend, although not statistically signif-
icant (Fig. 4C and D). The anti-inflammatory cytokine IL-10 showed the
same trend in the second and third matches, reaching the concentra-
tions of 124 4+ 35 pg/mL (p = 0.0180) and 106 + 35 pg/mL (p =
0.0271) respectively, and returned to pre-match values, around 92 +
19 pg/mL (Fig. 4E), while IL-4 and IL-13 were below the detection
limit. IL-2 presented a trend similar to that of anti-inflammatory cyto-
kines, although less pronounced (Fig. 4F). We finally measured the
levels of circulating NF-Ls, the most well-established circulating bio-
marker for axonal damage, as some studies report increased NF-L levels
following head injury.?®2° NF-L levels showed a slight upward trend
following the sparring matches, which became significant over the

three-week period, from a mean value of 350 pg/mL at TO to about
650 pg/mL at T5 as observed (p = 0.0382; Fig. 4G).

Finally, we correlated mtDNA levels in the different fractions,
proinflammatory cytokines and markers on neuroinflammation.
While we found a positive correlation trend between mtDNA in
Fraction 3 and NF-L, this correlation does not reach statistical signifi-
cance (p = 0.154). Conversely, we observed a correlation between the
mtDNA levels (Fraction 3) and IL-6 (p = 0.049), IL-8 (p = 0.056)
and IL-10 (p = 0.003). Finally, mtDNA levels (both in Fraction 1 and
Fraction 3) were correlated with blows to the head and total blows (p =
0.013 and 0.042, respectively). NF-L levels appeared to be correlated
with IL-6 (p = 0.013) and IL-2 (p = 1.06e —005; Supplementary

Fig. 4. Cytokine levels (A, IL-6; B, IL-1B; C, IL-8; D, TNF-a; E, IL-10; F, IL-2) measured in Fraction 1, expressed in pg/ml, before (black column) and after (gray column) each match.
Histogram (G) representing NF-L levels measured in Fraction 1, expressed in pg/ml, before (black column) and after (gray column) each match. Data are shown as mean 4 SEM from

ten samples. *p < 0.05; **p < 0.01; **p < 0.001.
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Fig. 1A). We also observed a linear correlation between total blows suf-
fered at the end of the study (T5) and IL-6 levels (R?> = 0.6311,p =
0.0105; Supplementary Fig. 1B).

4. Discussion

In past years little attention was paid to the consequences of
repeated TBIs suffered by athletes in contact sports. Currently, the
increasing focus on contact sports, especially boxing, raises the need
to study and find markers of brain damage and systemic inflammation.
In this scenario, mtDNA seems to be a promising candidate biomarker
to monitor the inflammatory state of athletes particularly exposed to
repeated TBIs during their sports career.

Cf-mtDNA can be released in response to many signals, including
trauma or pathological conditions,?® and it seems to play a crucial role
in the regulation of inflammatory processes depending on its circulating
form.2! Currently, there is no clear classification of the various biological
forms of mtDNA and, consequently, there is a lack of knowledge of the
specific role of each form particularly in relation to health, disease,
stress, damage, and repair.>'

We optimized an experimental protocol to more deeply investigate
this aspect by progressively removing vesicles and mitochondria,
until naked mtDNA was obtained. The experimental approach is based
on the study by Stawski et al. conducted on participants undergoing
treadmill running sessions, which revealed changes in cf-mtDNA not
only before and after the single session but also between subsequent
sessions.%®

In our study, the differential centrifugations performed led to a
reduction in measured cf-mtDNA levels, due to the progressive
removal of particles that can contain mtDNA bound to proteins or
enclosed in intact mitochondria. In fact, as mentioned before, the
release of cf-mtDNA can occur passively through various forms of cell
death, including apoptosis and necrosis,'® or actively through regulated
processes. In the latter case, mtDNA can be released in vesicles contain-
ing mitochondria, vesicles containing mtDNA, naked mitochondria or
naked mtDNA.!”8

Our data show a change in cf-mtDNA levels between the samples in
the three different fractions, with significant changes only in Fraction 2.
Thus, the biological effect of cf-mtDNA could be masked in Fraction 1
and become increasingly evident with the subsequent centrifugation.
For this reason, it is extremely important to analyze the biological effect
of each form of cf-mtDNA and other inflammatory markers for the mon-
itoring and maintenance of health. Several studies report that naked
mtDNA is massively released into circulation following TBI, where it
could act as a pro-inflammatory stimulus. Although naked mtDNA is
present in circulation in low concentrations, and its biological role has
not yet been completely elucidated, it may be the form primarily
responsible for activating the inflammatory cascade.® Currently, there
is no direct evidence of the direct biological effect of naked mtDNA,
but in vitro experiments show that this form of mtDNA can lead to an
inflammatory effect, i.e. on monocytes.>? For this reason, it is of pivotal
importance to study naked and other mtDNA forms especially in
athletes, more prone to repeated TBIs.

To investigate the origin of cf-mtDNA, we analyzed the possible
changes of its integrity after each sparring match and in the subsequent
sessions. Our data reveal that mtDNA is less intact after each match if
compared with pre-match integrity. This indicates that cf-mtDNA,
released in response to head trauma, is subjected to factors leading to
its enhanced fragmentation. Thus, TBIs provoke not only quantitative
but also qualitative mtDNA alterations. In agreement with previous
observations, the naked mtDNA form shows the most evident increase
in fragmentation after each match. This is particularly significant after
the first week, highlighting the cumulative effect of the blows received.
Moreover, the increase indicates that the measured cf-mtDNA is not
derived from residual organelles, but it is released into the cytoplasm
by necrotic cells and then fragmented. Therefore, the rupture of naked
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mtDNA is caused by traumatic events because it is not protected within
vesicles.

Besides mtDNA, we quantified the levels of the main cytokines in-
volved in inflammatory response. Inflammatory cytokines are secreted
by macrophages, lymphocytes, and vascular smooth muscle cells and
increase in the peripheral blood during the systemic acute-phase re-
sponse after brain injury.2>33 Previous works reported that healthy
plasma levels of IL-1B are below 25 pg/mL, IL-6 below 40 pg/mL, and
IL-10 below 80 pg/mL.3* Notably, the data from our study show levels
slightly above the normal range even before the match, probably be-
cause the enrolled athletes regularly engage in physical activity. Never-
theless, the increase of IL-6, IL-13 and IL-10 found after each match
suggests a correlation between the TBIs suffered and the progression
of an even more pronounced inflammatory state. Our results agree
with what has been reported in the literature. In fact, an increase in
IL-1p, IL-6, and IL-8 following sporting activity and repeated trauma is
well known. IL-1p3 and IL-6 concentrations are associated with TBI
severity, prognosis, and Glasgow Coma Scale (GCS) score.” IL-1B plays
an important role in the regulation of inflammatory response because
it can stimulate microglia and astrocytes to produce IL-6, one of the
main measured inflammatory markers,'? which is a multifunctional
cytokine that increases exponentially during and after intense exercise.
Numerous studies reported that it is generally released during the acute
phase of inflammation (<24 h post-trauma) and is involved in neuronal
regeneration.® Consistent with this observation, higher IL-6 levels mea-
sured in the blood within 48 h were related to a poorer outcome and an
increased risk of mortality, also indicated by lower GCS scores.” IL-10
levels show the same trend, probably due to its proposed compensatory
anti-inflammatory action. In animal models after brain injury, the
administration of IL-10 clearly determines a reduction in glial cell acti-
vation in association with a decrease in TNF-a synthesis, improving
neurological outcome.®> However, in humans, this action of IL-10 is
not sufficient to mitigate the systemic inflammation observed after
TBIs.*?

NF-L is another marker proposed for the assessment of brain
damage. While NF-Ls are not normally found in circulation, they can
be released following axonal injury caused by a traumatic event, such
as TBI, or neurologic diseases.>® We observed an increase in NF-L levels
after each match, suggestive of a cumulative damage in the CNS. This is
the same trend of the cf-mtDNA copy number in samples processed at
18,000g. As mtDNA also displays an inflammatory effect, a feature that
is not shared by NF-Ls, we suggest that the combined quantification of
mtDNA and NF-L could provide precious information not only on the
damage suffered by neuronal cells in the CNS, but also on the functional
consequences — in terms of inflammation - of this injury in contact
sports and TBI.

This body of observations depicts a scenario where mtDNA may be
a promising candidate biomarker to study the inflammatory state of
patients who have suffered repeated TBIs.2° However, several questions
remain to be addressed. First, we do not have direct evidence that circu-
lating cf-mtDNA we detected originated from the CNS, and it is likely
that it could derive from multiple sources. A main source of trauma-
induced circulating cf-mtDNA in contact sports could be neutrophil
extracellular traps (NETs),2® whose formation is promoted by the pro-
inflammatory cytokines released after traumatic event. Thus, TBIs can
create a vicious circle that increasingly amplifies the inflammatory
state and could contribute to the onset of neurodegenerative diseases
(Fig. 5). Second, we do not know how long mtDNA lasts in the blood-
stream and contributes to inflammation. Quantification of cf-mtDNA
during resting periods after matches at the end of agonistic season
could provide some insights on this point and could be useful to identify
optimal recovery periods after injuries or TBI.

Further studies in other contact sports characterized by frequent
TBIs, such as rugby union or rugby league, could clarify if cf-mtDNA,
alone or in combination with NF-Ls, will represent a reliable marker of
injury and inflammation in TBIs.
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Fig. 5. Traumatic brain injuries trigger a vicious circle consisting of the formation of NETSs, release of cytokines, origination of a systemic inflammatory state and release of mtDNA, which

again promotes the formation of NETs.

5. Conclusion

The present study showed that mtDNA plasma levels are increased
by TBIs in a contact sport like boxing, and that this increase is not limited
to an acute effect after a single match but is extended over the whole
period of sport practice. Furthermore, we showed that not only
mtDNA increased, but also that it underwent a more pronounced frag-
mentation. Although the biological significance of these observations
is not completely clear, the fact the mtDNA trend over time resembles
that of other possible markers of brain damage, such as NF-L, led us to
conclude that mtDNA, in combination with other markers, could be a
valid molecule to monitor TBI in contact sports.

Regarding the different effects and origin of the mtDNA forms
analyzed, our data highlight the need to more deeply investigate their
biological role to better understand which form is mainly involved in
inflammatory cascade activation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jsams.2025.01.011.
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