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Abstract: The incidence of morbidity and mortality in patients who have suffered traumatic
brain injury (TBI) is such that novel therapeutic strategies are currently required. There is
good evidence that ischaemia is the primary, and sometimes the secondary, cause of brain
damage in TBI. This ischaemia may lead to mitochondrial dysfunction, with associated
oxidative stress and inflammation, in the pathogenesis of brain injury following head
trauma. This, in turn, provides a rationale for the use of supplemental coenzyme Q10
(CoQ10) in the management of TBI, given its key roles in normal mitochondrial function
and as an antioxidant and anti-inflammatory agent. In this article, we, therefore, review
the use of supplemental CoQ10 in animal models of TBI and its potential application in
the management of TBI patients. The problem of blood-brain barrier access is discussed,
and how this might be circumvented via the use of an intranasal route to provide direct
access of CoQ10 to the brain. In addition, there is evidence that TBI patients have an
increased risk of developing cardiac dysfunction and that this may be mediated by aberrant
immune action. Given the role of CoQ10 in promoting normal cardiac function and normal
immune function, the administration of CoQ10 to prevent cardiovascular complications
may improve outcomes in TBI patients.

Keywords: traumatic brain injury (TBI); mitochondrial dysfunction; oxidative stress;
coenzyme Q10; intranasal drug delivery

1. Introduction

Traumatic brain injury (TBI) refers to the damage to brain structure and function
following exposure of the skull to an external force, for example, following a road traffic
accident, and symptoms can vary from concussion to coma and brain death. The severity of
a TBl is classified from mild to severe based on the Glasgow Coma Scale. TBIs are broadly
divided into skull penetrating and non-penetrating injuries, and into focal or diffuse types,
depending on the extent of injury [1]. TBI involves two pathological processes: primary
brain injury and secondary brain injury. Primary brain injury refers to brain contusion,
subarachnoid haemorrhage, parenchymal haemorrhage, epidural hematoma, and subdural
hematoma, which may require surgical intervention; secondary injury involves cerebral
oedema and the damaging effects of mitochondrial dysfunction. In both primary and
secondary brain damage, ischaemia plays an important role.

Conventional treatment of TBI includes monitoring of hypotension, hypoxia, and
intracranial pressure, as well as surgical intervention [2]. However, death and disability
rates from TBI remain high, and there are few effective pharmacotherapies (particularly
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those relating to mitochondrial dysfunction) for TBI patients. Following the initial injury,
secondary tissue damage can occur as a result of brain tissue metabolism, particularly
following tissue ischaemia/reperfusion. Such metabolic changes include mitochondrial
dysfunction, increased oxidative stress associated with increased production of free radical
species, and inflammation [3,4]. Coenzyme Q10 (CoQ10) is a vitamin-like substance that
has key roles in mitochondrial function and acts as an antioxidant and anti-inflammatory
agent. Therefore, the objective of the present article was to review the potential role of
CoQ10 in the management of traumatic head injury.

2. Mitochondrial Dysfunction in Traumatic Brain Injury

The brain uses more energy than any other organ, accounting for approximately 20%
of the total body energy requirement. To provide the energy required, brain tissue contains
high levels of mitochondria, which are found in all brain cell types. A major cause of
TBI-associated brain damage is secondary injury, which, in turn, results principally from
mitochondrial dysfunction [5,6]. Mitochondrial injury leads to decreased energy supply, al-
tered mitochondrial permeability transition pore function, calcium dysregulation, oxidative
stress, and inflammation [7]. Evidence from studies in animal models of TBI suggests that
these metabolic changes occur relatively early (within hours) after the primary injury [8].
Such cellular alterations, together with the release of apoptogenic proteins from mitochon-
dria into the cytosol, serve as a primary mechanism responsible for inducing apoptosis,
leading to the impaired neurologic functioning that has been observed in individuals
with TBL

Morphologically, the determination of mitochondrial dysfunction after human TBI is
limited by the availability of tissue removed from living patients and rapidly processed
to minimise post-mortem and ex vivo alterations. Balan et al. [9] quantified mitochon-
drial morphologic alterations in surgically resected and rapidly fixed human TBI tissue,
characterising mitochondrial ultrastructural changes at progressive distances from the
injury site.

The morphological changes in TBI are proportional to mitochondrial dysfunction
and microglial activation [10]. Microglia and brain-infiltrating macrophages are respon-
sible for the production of inflammatory cytokines. In addition to their role in providing
energy support, mitochondria reprogram the pro- and anti-inflammatory machinery in
immune cells. Microglial pro-inflammatory activation is associated with decreased mito-
chondrial respiration, whereas anti-inflammatory microglial polarisation is supported by
increased oxidative metabolism; thus, mitochondria are central regulators of post-traumatic
neuroinflammation [11].

Both experimental and clinical TBI studies have documented mitochondrial dysfunc-
tion. Following TBI, a decline in ATP production is demonstrable in both rats and humans
at a time when energy requirements increase; decreased ATP production and increased
lactate accumulation are hallmarks of mitochondrial dysfunction. Evidence for mitochon-
drial dysfunction following TBI can be obtained from a number of sources; in patients,
these include cerebral microdialysis sampling, positron emission tomography (PET), and
magnetic resonance spectroscopy [12-16].

For example, in a study by Verweij et al. [17], mitochondria derived from therapeuti-
cally removed brain tissue were analysed in 16 patients with head injury (Glasgow Coma
Scale Scores of 3—-14) and two patients without head injury. Their results revealed that in
patients with head injury, mitochondrial function was impaired, with subsequent decreased
ATP production. Wu et al. [18] reported the mitochondrial deubiquitinase USP30 to be
upregulated after TBI in humans and mice; knockout of USP30 reduced lesion volumes,
mitigated brain oedema, and attenuated neurological deficits after TBI in mice. Addition-
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ally, USP30 deficiency effectively suppressed oxidative stress and neuronal apoptosis in
TBI. The protective effects of USP30 loss were thought to be attributed, at least partially,
to the reduction in TBI-induced impairment of mitochondrial quality control, including
mitochondrial dynamics, function, and mitophagy.

By monitoring the blood levels of mitochondrial proteins, Sinha et al. [19] found Com-
plex I, Complex IV and pyruvate dehydrogenase to be predictors of long-term outcomes in
severe traumatic brain injury. Further evidence of mitochondrial dysfunction was demon-
strated by an elevated lactate/pyruvate ratio following cerebral microdialysis of patients
following TBI [20]. Following paediatric TBI, the levels of mitochondrial heat shock protein
hsp60 increased in the CSE. The induction of hsp60 occurred early after the injury, and its
levels were associated with the severity of injury, defined as the admission Glasgow Coma
Scale Score [21]. There is evidence that mitochondrial DNA polymorphisms may impact
patient outcomes after TBI, potentially by influencing mitochondrial function [22].

There are four main preclinical animal models of TBI: the fluid percussion injury model,
the weight drop injury model, the controlled cortical impact injury, and the blast/diffuse
brain injury model [23]. Most of the animal studies referenced in the present article refer to
the weight drop or cortical impact models. A number of animal studies have demonstrated
changes in mitochondrial morphology following TBI. For example, Wu et al. [24], using the
weight drop model of TBI in mice, reported abnormal mitochondria in neurons 24 h after
TBI. These abnormalities included severe mitochondrial fragmentation, crista collapse, mi-
tochondrial swelling, mitochondrial membrane rupture, decreased mitochondrial density,
and increased size and shape heterogeneity. Similarly, Wiley et al. [25], using a cortical
impact mouse model, found the number and volume of mitochondria in the neurons in the
damaged area to be decreased.

At the biochemical level, the occurrence of aberrant mitochondrial metabolism in a
rat model of acute TBI was monitored by detecting ['3 C] bicarbonate production from
hyperpolarised [1-13 C] pyruvate, suggesting that ['3 C] bicarbonate is a sensitive in vivo
biomarker of the secondary injury processes [26]. In a rat model of TBI, Xiong et al. [27]
demonstrated excessive CaZ* adsorption to the mitochondrial membrane, which subse-
quently inhibited the respiratory chain-linked electron transfer and energy transduction.
Gilmer et al. [28] reported evidence for mitochondrial bioenergetic deficit relatively early
(one hour after injury) in a rat model of head injury.

Mitochondria in the brain are classified as synaptic or non-synaptic; mitochondria
located in the neural synapse may undergo the highest bioenergetic demand in the brain
as they supply the energy needed during neurotransmission [29]. Synaptic mitochondria
are highly involved in the regulation of neurotransmitter release and synaptic vesicle
formation [30]. Hill et al. [31] found synaptic mitochondria to be more vulnerable to
TBI than non-synaptic mitochondria in terms of damage to mitochondrial proteins and
respiratory deficit. Opii et al. [32] identified oxidative damage/reduced activity of a number
of mitochondrial proteins in a rat model of TBI, including pyruvate dehydrogenase, ATP
synthase, Complex I, and Complex IV. Similarly, Chen et al. [33] found reduced levels of
Complexes I, I1I, and V following TBI in rats. There is evidence that Complex IV may be
particularly susceptible to TBI-induced damage [34]. Following TBI in mice, subsequent
cerebral cortex oxidative stress and neuronal apoptosis could be ameliorated via over-
expression of Uqcrll, a subunit of Complex III [35].

A number of studies have focused on mitochondria as therapeutic targets in TBI.
Thus, therapies that reverse mitochondrial uncoupling, increase mitochondrial antioxidant
production, or inhibit mitochondrial permeability transition pores (MPTPs) have been in-
vestigated [36]. Examples in rodent models of TBI include the restoration of mitochondrial
dysfunction (in terms of electron transfer, energy coupling capacity, and Ca®* transport
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capacity) following the post-injury administration of the antioxidant U-101033E [27]; the
attenuation of mitochondrial dysfunction following the inhibition of mitochondrial perme-
ability transition by cyclosporin A [37]; and the restoration of mitochondrial bioenergetics
and oxidative balance following the administration of the mitochondrial uncoupling agent
2,4 dinitrophenol [38]. The role of CoQ10 in mitochondrial energy generation was reviewed
by Mantle et al. [39].

3. Oxidative Stress in Traumatic Brain Injury

Although certain species of free radicals at lower levels can act as signalling molecules,
in general terms, free radicals, with their potential to damage cellular components, are
continually generated as unwanted by-products of normal cell metabolism. The vulnera-
bility of the brain to oxidative stress (the imbalance between free radical generating and
protective systems) results from a number of factors, particularly its high lipid content
and relatively modest levels of protective antioxidants [40]. Although free radicals can
be generated in various subcellular locations, mitochondria are the major intracellular
source of free radical generation, particularly via the leakage of electrons from the electron
transport chain during the process of oxidative phosphorylation. In addition to being
a major source of free radical generation, mitochondria are also a major target for free
radical-induced damage. For example, in contrast to nuclear DNA, mitochondrial DNA
has no nucleotide-excision repair pathways and is not protected by histones; mitochondrial
DNA is, therefore, particularly prone to mutations, resulting in a bioenergetic deficit where
ATP production markedly decreases and free radical production significantly increases. As
noted in the previous section, TBI is associated with mitochondrial dysfunction, which, in
turn, results in exacerbated free radical generation, resulting in a self-reinforcing cycle of
mitochondrial damage and free radical production.

Evidence of oxidative stress associated with TBI has been obtained from both preclini-
cal and clinical studies using various analytical techniques. For example, in a rat model of
TBI, Awasthi et al. [41] demonstrated increased free radical production via electron spin res-
onance spectroscopy. Similarly, Tyurin et al. [42] used electron spin resonance spectroscopy,
together with analysis of the lipid peroxidation biomarker 8-epi-prostaglandin F(2alpha), to
demonstrate increased oxidative stress in a rat model of TBI. In TBI patients, Yen et al. [43]
reported increased levels of the lipid peroxidation biomarkers F(2)-isoprostanes (F(2)-IsoPs)
and F(4)-neuroprostanes (F(4)-Nps) in the CSF and plasma, demonstrating enhanced ox-
idative damage in the brain of TBI patients and the association between higher CSF levels
of F(2)-IsoPs and a poor outcome. The antioxidant action of CoQ10 was reviewed by
Gutierrez-Mariscal et al. [44]. The role of the antioxidant CoQ10 in the management of TBI
is addressed in the following sections of this article.

4. Inflammation in Traumatic Brain Injury

There is a common misconception that inflammation, which involves the release of
pro-inflammatory cytokines, is a wholly negative process within the body. However, in-
flammation is the body’s normal response to infection or injury, and it is essential for tissue
healing, although this process should resolve following the initial immune response. Thus,
after TBI, inflammation could potentially have beneficial effects, provided the process is
not too intense or prolonged. Within minutes of impact, the release of damage-associated
molecular patterns (DAMPs) prompts resident cells to secrete cytokines, which, in turn,
attract neutrophils, thus promoting the removal of damaged and dead cells and debris.
Infiltrating monocytes and activated glia begin to predominate 3-5 days post-injury to
defend against infection and perform reparative functions. At 3-7 days post injury, T and
B cells can also be recruited to the site of injury [45]. When control of this process is lost,
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further tissue damage contributes to the subsequent neurological deficit and neurodegener-
ative changes associated with TBI; mitochondrial dysfunction and oxidative stress have
been identified as factors contributing to the loss of control of the latter process [46]. CoQ10
performs a number of cellular functions of potential relevance to the immune system; in
particular, CoQ10 is able to directly modulate the action of genes involved in inflammation
and may have a role in controlling the release of pro-inflammatory cytokines [47].

5. Apoptosis, Ferroptosis, and Traumatic Brain Injury

Apoptosis is a process of programmed cell death, which can occur after a number of
triggering events, one of which is TBI; inhibition of apoptosis could potentially reverse
its deleterious effects and lead to better functional outcomes [48]. Various strategies to
inhibit apoptosis have been described, for example, the inhibition of caspase enzymes (as
the principal mediators of cell death due to apoptosis) [49]; however, to date, there has
been little work to investigate the potential role of CoQ10 in inhibiting apoptosis after TBI.
In this regard, the study by Lin et al. [35] is of note, where the upregulation of ubiquinol-
cytochrome ¢ reductase, complex III subunit XI (Uqcrll), in a mouse model of TBI reduced
neuronal apoptosis. A considerable number of preclinical studies have been reported in
which the administration of CoQ10 inhibited apoptosis in disorders other than TBI, for
example, after spinal cord injury in rats [50] and in a mouse cell model of diabetes [51].

Ferroptosis is a type of iron-dependent programmed cell death (distinct from apopto-
sis) of relevance to the pathology of TBI [52]. In animal models of TBI, beneficial effects
have been reported following the administration of a number of inhibitors of ferroptosis,
although, to date, these do not include CoQ10 [52]. Several preclinical studies on disorders
other than TBI have demonstrated the action of CoQ10 or its structural analogues in in-
hibiting ferroptosis; these include models of epilepsy [53], subarachnoid haemorrhage [54],
myocardial infarction [55], Parkinson’s disease [56], and acute liver injury [57].

6. CoQ10 Supplementation in Animal Models of Traumatic Brain Injury

Whilst CoQ10 is the predominant (>99%) CoQ form in humans, rat tissues predomi-
nantly contain the CoQ9 form; the structure of CoQ9 is very similar to CoQ10, with nine
repeating isoprene units in the long isopenoid tail attached to the quinone ring, as opposed
to ten isoprene units in the corresponding CoQ10 molecule. The exception is rat brain
tissue, which contains approximately 30% of total CoQ in the form of CoQ10. On this basis,
the rat model of brain injury is considered to be a valid system for extrapolation of data to
humans [58].

Lazzarino et al. [58] found that severe TBI reduced CoQ10 levels in the rat brain
compared to rats with moderate TBI or controls. In rats with induced traumatic brain
injury, Kalayci et al. [59] showed that the administration of CoQ10 after trauma reduced
subsequent tissue damage, quantified in terms of vascular congestion, neuronal loss,
nuclear pyknosis, nuclear hyperchromasia, cytoplasmic eosinophilia, and axonal oedema.
In a rat model of TBI, the intra-arterial administration of ubiquinol (the reduced form of
CoQ10) either 30 min before or after primary injury reduced brain mitochondrial damage,
apoptosis, and two serum biomarkers of TBI severity: glial fibrillary acidic protein and
ubiquitin C-terminal hydrolase-L1 [60]. The same research group [61] had previously
shown that the administration of ubiquinol prior to TBI in rats modified the cerebral
expression of genes involved in bioenergetics and oxidative/nitrosative stress. In a rat
model of brain injury induced following exposure to potassium dichromate, the oral
administration of CoQ10 (50 mg/kg for 3 days) reduced biomarkers of oxidative stress and
inflammation and ameliorated cognitive impairment [62]. In a rat model of brain injury
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induced via exposure to lipopolysaccharide, the oral administration of CoQ10 (200 mg/kg
for 7 days prior to injury) decreased markers of brain tissue oxidative stress [63].

In a mouse model of TBI, the administration of the CoQ10 analogue mitoquinone (Mi-
toQ) 30 min post-injury enhanced neurological and cognitive functions 30 days post-injury.
MitoQ also decreased the activation of astrocytes and microglia, which was accompanied by
improved axonal integrity and neuronal cell count in the cortex. The study demonstrated
that MitoQ has neuroprotective effects in a TBI mouse model by decreasing oxidative
stress, neuroinflammation, and axonal injury [64]. Similarly, Tabet et al. [65] showed that
the administration of MitoQ in a mouse model of TBI reduced astrocytosis, microgliosis,
and dendritic and axonal shearing, increased the expression of antioxidant enzymes, and
improved motor function and learning impairments. The administration of thymoquinone,
a plant-derived compound chemically similar to CoQ10, following TBI in rats reduced
oxidative stress levels and improved neuronal survival [66].

7. Transport of Coenzyme Q10 Across the Blood-Brain Barrier in Humans

At present, the ability of CoQ10 to cross the human blood-brain barrier (BBB) has
yet to be established. In view of this, synthetic analogues of CoQ10, such as idebenone
or mitoquinone, have been developed with the intention of improving BBB transport;
however, the efficacy and safety of such compounds have yet to be fully established in
clinical studies [67]. To elucidate the mechanisms by which CoQ10 may cross the BBB,
Wainwright et al. [68] utilised an in vitro porcine endothelial model of the barrier and iden-
tified lipoprotein-associated CoQ10 transcytosis in both directions across the BBB. CoQ10
uptake via SR-B1 (Scavenger Receptor) and RAGE (Receptor for Advanced Glycation End
products) receptors was matched by efflux via LDLR (Low-Density Lipoprotein Receptor)
transporters, resulting in no “net” transport across the BBB. When CoQ10 deficiency was
induced in the model (using p-aminobenzoic acid, a competitive inhibitor of COQ2), BBB
tight junctions were disrupted, and CoQ10 “net” transport to the brain side increased. The
in vitro porcine BBB model was also used to investigate the transport of idebenone across
the BBB, which was found to have a much greater transport from the blood to the brain
side of the barrier than CoQ10, being able to cross the barrier directly rather than requiring
incorporation into a lipoprotein complex [68]. It has been suggested that the uptake of
exogenous CoQ10 into the brain may be improved by the administration of LDLR inhibitors
or by the stimulation of luminal SR-B1 transporters; however, this has yet to be undertaken
experimentally [68].

8. Intranasal Delivery of CoQ10 in Traumatic Brain Injury

A major obstacle to the successful delivery of therapeutic drugs to the central nervous
system is the BBB [69]. As noted in the previous section of this article, preclinical studies
have indicated that CoQ10 may be able to access the BBB, but this has not been established
in clinical studies [70]. The disappointing outcome of clinical trials supplementing CoQ10
in a number of neurological disorders may be related to the inability of CoQ10 to cross the
BBB in humans; however, corresponding studies in animal models have shown therapeutic
promise [71,72]. Although a restricted class (molecular weight < 400 Da) of lipid-soluble
drugs can freely access the BBB, the latter prevents 98% of small and 100% of large molecules
from entering the brain [73]. Although intracerebroventricular and intraparenchymal routes
may provide the effective delivery of such substances in preclinical models, clinically, these
delivery methods are invasive and risk inadequate exposure to injured brain regions
because of the rapid turnover of cerebrospinal fluid.

The delivery of drugs directly to the brain via an intranasal route, initially developed
by Frey [74], represents a non-invasive method for bypassing the BBB, essentially free
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of adverse effects. Intranasal drug delivery to the brain is facilitated by the olfactory
and trigeminal nerves (Figure 1). The intranasal route comprises two pathways: one
intracellular and one extracellular. The intracellular pathway involves endocytosis by
olfactory sensory cells, followed by axonal transport to their synaptic clefts in the olfactory
bulb, where the drug is exocytosed. This trans-synaptic process is repeated by olfactory
neurons, facilitating drug delivery to other brain regions. In the extracellular pathway,
drugs are transported directly into the CSF by first transiting the paracellular space across
the nasal epithelium, then via the perineural space into the subarachnoid space of the
brain [75].

To cerebrum, pons, frontal cortex and other regions of the brain
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Figure 1. Neural transport through the olfactory and trigeminal nerve to the brain (A) and through the
lymphatic system and subarachnoid space to the brain (B) + vascular transport across the blood-brain
barrier to the brain (C). CSF: cerebrospinal fluid.

Candidate drugs for intranasal delivery should be readily dissolved in the vehicle
solvent, permeable to the nasal mucosa, and meet clinical criteria for safe delivery. Drugs
with lower molecular weight and higher lipophilicity generally favour rapid intranasal
uptake and brain delivery; in this regard, it is of note that CoQ10 is one of the most
lipophilic naturally occurring substances. Additional critical pharmacological factors that
dictate the bioavailability and efficacy of intranasal compounds include drug metabolism in
the nasal cavity, degree of dissociation (pKa), chemical structure, drug half-life, osmolarity,
and pH. The delivery of compounds to the nasal mucosa may be hindered by the action of
proteolytic enzymes located within the latter [76]. Table 1 outlines previous randomised
clinical trials that have utilised intranasal delivery to bypass the BBB.
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Table 1. Randomised clinical trials using intranasal drug delivery.

Drug Indication Outcome Reference

Greater relief in pain intensity

Sumatriptan Migraine versus oral delivery Tepper et al. (2015) [77]
. L Faster reduction in pain intensity .

Sumatriptan Migraine versus oral delivery Lipton et al. (2017) [78]
. N Reduced nausea versus .

Sumatriptan Migraine oral delivery Lipton et al. (2018) [79]
Insulin Alzheimer’s disease Improved cognition Claxton et al. (2015) [80]
Insulin Alzheimer’s disease h .ReduFed white matter . Kellar et al. (2021) [81]

yperintensity volume progression
Insulin Alzheimer’s disease Reduced levels of CSF Kellar et al. (2022) [82]
inflammatory markers

Midazolam Sedative Imprc?ved bloavallabl.hty versus Bancke et al. (2015) [83]

intravenous delivery

Midazolam Neonatal sedation More effective than ketamine Milesi et al. (2018) [84]

Diazepam Anticonvulsant More acceptable administration Henney et al. (2014) [85]

route versus rectal delivery

Lorazepam Anticonvulsant Lgss nvastve altgrpa’ay eto Ahmad et al. (2006) [86]
intramuscular injection

Esketamine Treatment resistant Efficacy and safety confirmed McIntyre et al. (2024) [87]
depression

Greater bioavailability versus

Tizanidine Muscle spacticity oral delivery

Vitale et al. (2013) [88]

More rapid absorption versus oral

S lami Motion sick .
copolamine otion sickness or transdermal delivery

Simmons et al. (2010) [89]

In animal models of traumatic brain injury, a number of compounds of relevance to
mitochondrial function, either for their role in energy metabolism, as antioxidants, or with
other functions, can be delivered directly to the brain via the intranasal route (reviewed by
Pandya et al. [76]).

Of particular interest is the study by Silachev et al. [90], in which brain injury in
rats was induced via middle cerebral artery occlusion. The intranasal administration
(1 umol/kg) of the CoQ10 analogue SKQ1 [67] showed a high level of penetration into
brain tissue, with a concomitant reduction in tissue injury. The use of intranasal DDAVP
(1-deamino-8-D-arginine vasopressin) was described successfully by Kauli and Laron in
1974 [91], and this pathway has been routinely used since [92,93]. Table 2 summarises
therapeutic targets and preclinical study outcomes for CoQ10 supplementation in TBL

No clinical studies were identified in which supplemental CoQ10 was administered
specifically to TBI patients. However, Hasanloei et al. [94] described a randomised con-
trolled trial involving 40 trauma patients (type of trauma not specified) with low plasma
CoQ10 levels admitted to the ICU. The sublingual administration of CoQ10 (400 mg/day
for 7 days) resulted in significant reductions in oxidative stress and inflammatory biomark-
ers (malondialdehyde, interleukin-6), Glasgow Coma Score, ICU and hospital length of
stay, and mechanical ventilation duration. In addition, CoQ10 administration increased
fat-free mass and skeletal muscle mass. The use of supplemental CoQ10 in combination
with selenium in ICU patients was reviewed by Hargreaves and Mantle [95].
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Table 2. Summary of therapeutic targets and preclinical study outcomes for CoQ10 supplementation

in TBI.
Study Outcome Case Model
Reviewed the therapeutic approaches to
Yo;(glltgs[:seg]al., ameliorate mitochondrial dysfunction Review
following brain injury.
Reviewed the evidence relating to
Sullivan et al mitochondrial permeability transition in
2005 [37] i central nervous system trauma and evidence Review
for therapeutically targeting the
mitochondrial permeability transition in TBL
Animal model using male Sprague Dawley rats
at 8 weeks of age; there were six experimental
Reported that mild mitochondrial groups, each with eight subjects. These groups
Hubbard et al., uncoupling can restore mitochondrial were subjected to compressed helium-driven
2023 [38] bioenergetics and oxidative balance blasts at 11 psi to induce mTBI. The treatment

following TBI.

groups received 8 or 80 mg/kg of MP201
(2,4-dinitrophenol prodrug, uncoupler) with
administration early or delayed after mTBI.

Yen et al., 2015 [43]

Reported increased levels of lipid
peroxidation biomarkers and the need for
antioxidant protection in TBI patients.

Moderate and severe TBI patients with an age
range of 15-75 years. The patients were
randomly treated with 10 mg/mL propofol or
5 mg/mL midazolam for 72 h postoperation.
Cerebrospinal fluid and plasma were collected
from 15 patients for 6-10 days after exposure.

Simon et al.,

Found that mitochondrial dysfunction and
oxidative stress contributed to the loss of

control of the inflammation process in TBI

patients. The loss of control of this process

Review

2017 [46] resulted in further tissue damage,
neurological deficit, and neurodegenerative
changes associated with TBL
Reported that CoQ10 could modulate
Mantle et al., directly the action of genes involved in Review
2021 [47] inflammation and may help to control the
release of pro-inflammatory cytokines.
Reported that the upregulation of
. ubiquinol-cytochrome c reductase, complex .
Lin etal,, 2023 [35] III subunit XI (Uqcrll), in a mouse model of Review
TBI reduced neuronal apoptosis.
Reported that ferroptosis was related to the
Geng et al., 2021 pathology of TBI and that the inhibition of .
. . Review
[52] ferroptosis could improve long-term
outcomes of TBL
A lithium—pilocarpine rat model was created
using male Wistar rats from 6 to 8 weeks old.
. A rat study found that CoQ10 had a Se{zures were 1'nduce.d uss 0'5. e /mL
Fikry et al., beneficial tareeted effect on hippocampal pilocarpine diluted in DMSO, injected
2023 [53] & Pp P intraperitoneally at 100 mg/kg. The

oxidative stress and ferroptosis.

CoQ10-treated group was given CoQ10 at
20 mg/kg via gavage once a day for 2 weeks
before it was given a Pilo injection.
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Table 2. Cont.

Study

Outcome

Case Model

Lazzarino et al.,

A rat study found that severe TBI changed the
levels and redox states of CoQ9 and CoQ10,
indicating TBI-associated mitochondrial

Rat study with induced graded TBIs (mild, moderate,
and severe) in 26 male Wistar rats of 300-350 g body
weight (b.w.). The subjects were administered
35 mg/kg b.w. ketamine and 0.25 mg/kg b.w.

2023 [58] impairment affecting oxidative phosphorylation, midazolam to indue anaesthesia prior to TBI
energy generation, and antioxidant defence. induction. Reduced and oxidised CoQ9 and CoQ10
were determined via HPLC analysis.
The study used 28 Wistar albino male rats with a body
A rat study found that CoQ10 decreased weight between 350 and 400 g to create a brain injury
Kalayci et al., neuronal degeneration, secondary brain damage, model. The rats in the CoQ10 group were
2011 [59] and ischemia caused by oxidative stress in administered a CoQ10 dose of 10 mg/kg immediately

TBI rats.

after trauma was induced and again at the 24th hour
post-trauma via gavage.

Pierce et al., 2018 [60]

A rat study found that ubiquinol administered
before or after TBI reduced brain mitochondrial
damage, apoptosis, and serum biomarkers of
TBI severity.

The study used 36 adult male F344 rats with induced
TBI. The rats with pre-treatment before TBI were
administered 100 mg/kg b.w. ubiquinol intra-arterially
30 min before the cortical impact. The rats with post-TBI
treatment were administered 100 mg/kg b.w. ubiquinol
30 min after the cortical impact.

Salama et al.,
2021 [62]

A rat study found that CoQ10 reduced
biomarkers of oxidative stress and inflammation
in a rat model of brain injury.

Rat model with potassium dichromate (PD) induced
brain injury via the intranasal administration of
2 mg/kg PD. Male Wister albino rats of 140-150 g
were used. Starting 24 h post-PD-induced brain injury,
the subjects were administered 50 mg/kg CoQ10
orally for 3 days. Prior to and after the experiment,
locomotor activity was assessed, and biochemical and
histopathological investigations were assessed in the
brain homogenate.

El-Laithy et al.,
2018 [63]

A rat study found that CoQ10 decreased
biomarkers of brain tissue oxidative stress in a
rat model of brain injury.

The study used 66 female Wistar albino rats with a
body weight between 100 and 120 g at 3 months old.
The groups were treated with 100 mg/kg or
200 mg/kg CoQ10. The subjects were treated with or
without lipopolysaccharide (LPS) simultaneously with
CoQ10 to induce brain injury.

To date, no studies, either preclinical or clinical, have been carried out to investigate
the potential delivery of CoQ10 directly to the brain via the intranasal route, and this is an
area identified by the authors as requiring further research.

9. Conclusions

1. As noted in the Introduction, the incidence of morbidity and mortality in patients
who have suffered TBI is such that novel therapeutic strategies would be desirable. We
reviewed evidence for the involvement of mitochondrial dysfunction, with associated
oxidative stress, inflammation, and apoptosis/ferroptoses, in the pathogenesis of brain
injury following head trauma.

2. Based on the studies identified in item 1 above, there is a rationale for the use of
supplemental CoQ10 in the management of TBI, given its key roles in normal mitochon-
drial function, as an antioxidant, anti-apoptotic/ferroptotic, and anti-inflammatory agent
(summarised in Table 2).

3. A number of studies using animal models of TBI have described beneficial outcomes
following supplementation of CoQ10 or its structural analogues (summarised in Table 2).

4. Based on the studies identified in item 3 above, there is a rationale for the sup-
plementation of CoQ10 in patients with TBI. However, to date, no clinical studies have
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been carried out to assess the potential benefit of CoQ10 supplementation in TBI patients.
Two potential problems with this approach are the low bioavailability of orally adminis-
tered CoQ10 [96] and whether supplemental CoQ10 can cross the blood-brain barrier in
humans. Some attempts to overcome the poor bioavailability of orally administered CoQ10,
at least in animal models, have been described using an intravenous injection route [97];
however, this approach does not address the problem of BBB accessibility. There is evidence
for the disruption of the BBB in some cases of TBI [98], and it is difficult to predict the effect
of such disruption with regard to the transit of CoQ10.

5. A possible method to circumvent the difficulty of BBB access is the administration
of CoQ10 directly into the brain via the intranasal route. The efficacy and safety of this
route to administer prescription-type drugs of relevance to neurological function directly
into the brain have been established (summarised in Table 1). However, to date, no clinical
studies have investigated the potential of this route of administration for CoQ10. This
is an area identified by the authors as requiring future research. In this regard, a recent
study by Capossela et al. [99] is of note, in which nerve growth factor administered via the
intranasal route to an adolescent with severe TBI resulted in a significant improvement in
clinical outcomes.

6. In addition to the above area of research, there is evidence that TBI patients have
an increased risk of developing cardiac dysfunction [100] and that this may be mediated
by aberrant immune action [101]. Given the role of CoQ10 in promoting normal cardiac
function [102] and normal immune function [47], the administration of CoQ10 to prevent
cardiovascular complications in TBI patients remains another area for future research.
In general terms, the safety of CoQ10 supplementation is well established. More than
200 randomised controlled clinical trials have been listed to date on Medline, in which
CoQ10 has been supplemented in a wide range of disorders. Dosage regimes on the
order of 200-300 mg/day for 3—6 months are typically utilised, although some studies
have used much higher daily doses (2700 mg/day) or longer intervention periods (up to
5 years). None of these studies has reported any serious adverse effects as a result of CoQ10
supplementation. Finally, although this article focused on the potential benefits of CoQ10
supplementation in TBI, the potential benefits of supplementation with other mitochondrial
metabolites should be considered. Beneficial results have been reported in animal models
of TBI following supplementation with, for example, NAD [103], alpha-lipoic acid [104],
and acetyl-L-carnitine [105]; however, no clinical studies supplementing these metabolites
in TBI have been reported, and these constitute other areas for future research.
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