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Abstract

Targeting drugs to the mitochondrial level shows great promise for acute and chronic treatment of traumatic brain

injury (TBI) in both military and civilian sectors. Perhaps the greatest obstacle to the successful delivery of drug thera-

pies is the blood brain barrier (BBB). Intracerebroventricular and intraparenchymal routes may provide effective delivery

of small and large molecule therapies for preclinical neuroprotection studies. However, clinically these delivery methods
are invasive, and risk inadequate exposure to injured brain regions due to the rapid turnover of cerebral spinal fluid. The
direct intranasal drug delivery approach to therapeutics holds great promise for the treatment of central nervous system
(CNS) disorders, as this route is non-invasive, bypasses the BBB, enhances the bioavailability, facilitates drug dose reduc-
tion, and reduces adverse systemic effects. Using the intranasal method in animal models, researchers have successfully
reduced stroke damage, reversed Alzheimer’s neurodegeneration, reduced anxiety, improved memory, and delivered neu-
rotrophic factors and neural stem cells to the brain. Based on literature spanning the past several decades, this review aims
to highlight the advantages of intranasal administration over conventional routes for TBI, and other CNS disorders. More
specifically, we have identified and compiled a list of most relevant mitochondria-targeted neuroprotective compounds
for intranasal administration based on their mechanisms of action and pharmacological properties. Further, this review
also discusses key considerations when selecting and testing future mitochondria-targeted drugs given intranasally for TBI.

Highlights

- Noninvasive intranasal drugs administration bypass the BBB, and can be rapidly delivered from the nasal mucosa
to the brain

- The intranasal delivery is an attractive route for mitochondria-targeted neuroprotective drugs administration

- Accurate screening of intranasal compounds based on physiochemical properties is crucial

- When optimizing the intranasal administration by nanocarriers, drugs protection from chemical and enzymatic
degradation must be carefully applied

- The intranasal route offers means to pharmacologically counter TBI pathogenesis in austere combat settings.

*Correspondence:

Jignesh D. Pandya

jignesh.d.pandya.civ@health.mil

Full list of author information is available at the end of the article

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024. Open
Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,

provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visithttp://creativecommons.
org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecormmons.org/publicdomain/zero/1.0/)
applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-04908-2&domain=pdf
http://orcid.org/0000-0003-3281-5792

Pandya et al. Journal of Translational Medicine (2024) 22:167

Page 2 of 22

Keywords Traumatic brain injury, Intranasal drug delivery, Mitochondrial function therapeutics, Blood brain barrier,

Neuroprotection

Graphical Abstract

High Bioavailability (

Trigeminal Nerve/ .
Olfactory Nerve

Drugs

Intranasal Route ,-::'

‘ Low Bioavailability

Blood Brain
Barrier
(BBB)
98% of drug 1
struggles to o g
cross BBB

j Pulmonary

M Traditional Route

~= > Parenteral

Background
Traumatic brain injury (TBI) is one of the most common
medical emergencies with consequences that worsens
rapidly without immediate treatment [1, 2]. In the United
States, approximately 4.8 million people are evaluated
in emergency departments for TBI annually. An esti-
mated 1.5 million Americans sustain a TBI each year,
230,000 hospitalizations, and about 50,000 deaths in the
United States. For moderate to severe TBI patients, about
80,000—90,000 people experience the long-term disability
[3]. In 2000, there were 10,958 TBI diagnoses. In 2015,
this number jumped to 344,030 [4]. The incidence and
prevalence of TBI rose globally in the past few decades.
Military service members are at high risk of TBI dur-
ing combat missions. Because of the austere setting of
the combat environment, the ideal treatment protocol,
particularly for acute point-of-injury treatment, faces
numerous constraints not encountered in civilian trauma
centers. Therefore, researchers continue to explore ther-
apeutic compounds with a neuroprotection potential
that could be delivered immediately, and with ease to
mitigate the progression of TBI pathogenesis [5]. Over-
all, neuroprotective compounds’ clinical development is

challenged by a consistent lack of clinical efficacy result-
ing in dozens of failed clinical trials over the past 3 dec-
ades [6].

Currently, no therapeutic intervention is available as
neuroprotective treatment for TBI. In the battlefield, sup-
portive measures usually include restoration of blood
pressure and tissue oxygenation through resuscitation
or control of intracranial hypertension with hypertonic
saline. However, all these measures require skilled para-
medics and reasonable medical settings, which are often
not feasible during combat. Thus, there is a critical need
to develop small, ruggedized devices and drugs that can
either be self-administered or administered by non-med-
ical personnel in the field. In this line of effort, US Army
has tested nasal atomizer device in the emergency setting
to administer analgesics, such as ketamine [7].

TBI is characterized by both the primary damage
resulting from mechanical disruption of brain structures
and the immediate emergence of secondary pathogenic
molecular events, which collectively contribute to neu-
rological deficits. The secondary (i.e., acute, sub-acute
and chronic) effects are defined as processes experienced
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within days, up to several weeks post-injury [8-10].
Much of our understanding of the pathobiology of TBI
have arisen from animal models that mimic features of
human TBI. There are several detailed reports on models
and cellular mechanisms of TBI [8, 11, 12].

Importantly, mitochondrial dysfunction is a shared
immediate common indicator of cellular damage for
multiple preclinical TBI models, including penetrat-
ing traumatic brain injury (PTBI), controlled corti-
cal impact (CCI), blast (BTBI), and closed head injury
(CHI) [13-17]. Mitochondrion is probably the most
studied subcellular compartment due to its indispen-
sable role in the regulation of cellular homeostasis and
multifaceted functions. At the cellular level, the main
deleterious effects of the secondary TBI cascades are
cell damage and death, that are centrally regulated by
mitochondria. Excitotoxicity, calcium overload and
membrane permeability transition, metabolic and bio-
energetic failure, antioxidants depletion, free radicals
over production and oxidative stress, elevated cal-
pains, caspases, and apoptosis inducing factors are
key mechanisms governing mitochondria-mediated
neuronal damage following TBI [18, 19]. Thus, mito-
chondrial dysfunction disrupts cellular homeostasis,
exacerbating the acute through chronic progression of
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TBI pathogenesis. Mitochondria have become a major
pharmacological target in TBI and many neurodegener-
ative diseases due to governing vital cellular functions
and cell death [15, 19-21]. In theory, and as reported
in many preclinical studies, the secondary TBI patho-
genesis should be amenable to mitochondria-targeted
pharmacological interventions resulting in improved
outcomes [22]. Strikingly, despite the promising pre-
clinical results of the neuroprotective efficacy of mito-
chondria-targeted drugs, these compounds have failed
to translate successfully to clinical studies.

One of the greatest obstacles to the successful deliv-
ery of drug therapies to the central nervous system
(CNS) is the blood brain barrier (BBB). Although a
restricted class of lipid-soluble drugs (<400 Dalton)
cross freely, the BBB prevents 98% of small and 100%
of large molecules from entering the brain [23, 24].
Moreover, even small molecule (<400 Dalton) drugs
must meet certain criteria in order to effectively cross
the BBB (i.e., nonpolar and not multi-cyclic) [25]. Many
neuroprotective compounds do not have these proper-
ties, imparting severe restraint to the progress of TBI
treatment development. At the application level, 98%
of drug compounds do not cross the BBB in therapeu-
tic quantities [26]. According to the US Food and Drug
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Fig. 1 Schematic representation of key aspects of intranasal delivery of neuroprotection compounds to the brain. TBI is difficult to treat as most
therapeutic agents (98%) cannot reach in the brain, mainly due to the selective permeability of the blood—brain barrier (BBB). The olfactory

and trigeminal nerves can serve as direct nose-to-brain routes that bypass the BBB that can impede absorption of most CNS targeted compounds,
resulting in higher biocavailability. In addition, compared to traditional routes, the nasal administration of drugs can direct the rapid CNS absorption
to brain tissues, thereby circumventing the hepatic first-pass metabolism and gastric degradation and allowing fast onset of pharmacological action



Pandya et al. Journal of Translational Medicine (2024) 22:167

Administration (FDA), more than 90% of neuropro-
tective drugs tested at the clinical level to treat central
nervous system (CNS) diseases have not been approved
due to their poor bioavailability [27]. Thus, alternative
routes of drug administration to the traditional paren-
tal or oral route, especially one that circumvents the
multitude of barriers inhibiting brain penetration by
neuroprotective compounds may solve this problem.
The most widely tested drug administration routes
for TBI at the preclinical level are parental (e.g., intra-
venous, IV; intramuscular, IM; and intraperitoneal, IP)
and oral (e.g., intragastric, IG) routes. These standard
systemic routes of drug delivery typically require higher
levels of dosing to reach targeted CNS concentration,
often increasing the risk of adverse effects and toxicity
while failing to achieve the desired therapeutic efficacy.
Importantly, some drugs such as proteins and peptides
are inappropriate for oral administration because they
are significantly degraded by gastric acid and proteo-
lytic enzymes in the gastrointestinal (GI) tract, and
rapidly metabolized by the first-pass effect in the liver.
Following IP administration, drugs are absorbed into
the mesenteric vessels, which drain into the portal
vein and pass through the liver. In the liver, a portion
of the drug gets metabolized and significantly excreted,
decreasing the bioactive drug concentration before it
reaches systemic circulation [28]. Even drugs adminis-
tration using IM and IV routes are challenged by first-
pass liver metabolism. Intracerebroventricular (ICV)
and/or intraparenchymal routes may provide effec-
tive delivery of small and large therapeutic molecules,
including beneficial growth factors for preclinical neu-
roprotection studies. However, clinically these delivery
methods are invasive and risk inadequate CNS expo-
sure due to the rapid turnover of cerebral spinal fluid
(CSF). Furthermore, treatment development in TBI
is also complicated by the effects of TBI on the phar-
macokinetics of drugs. TBI-induced increased hepatic
metabolism and decreased plasma protein binding
resulted in higher drug clearance and decreased bio-
availability of potential neuroprotective therapies [29].
The direct intranasal drug delivery approach to thera-
peutics, first developed and patented by William H. Frey
in 1989 [30, 31] represents a non-invasive method for
bypassing the BBB via the olfactory route. The graphical
abstract illustrates the concept of higher bioavailability
of drugs achieved at the brain target when administered
through intranasal route following TBI (Fig. 1). This
route of administration has the added benefit of being
able to achieve much higher concentrations in the
injured brain in the absence incurring adverse systemic
effects. Administration of radio-labeled proteins, such as
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insulin-like growth factor-1 (IGF-1) and interferon-beta
1b (IEN-B1b), into the rat nose leads to their distribution
along trigeminal and olfactory nerve associated pathways
and dissemination into both rostral and caudal regions
of the rat brain within 30—60 min, thus providing evi-
dence of rapid brain access of CNS acting drugs through
intranasal delivery [32, 33]. Using the intranasal method
in animal models, researchers have successfully reduced
stroke damage, reversed Alzheimer’s neurodegeneration,
reduced anxiety, improved memory, and delivered neuro-
trophic factors and neural stem cells to the brain [30, 31,
34-37].

Intranasal administration may be particularly rel-
evant for military combatants as a TBI point-of-injury
solution in the battlefield because over 80% of military-
centric TBIs result from blast and/or impact concus-
sion. Some major advantages of the intranasal drug
delivery method include: (1) the absence of GI tract-
associated drug degradation; (2) the hepatic first-pass
metabolism is bypassed, thus increasing drug bioavail-
ability; (3) while nasal bioavailability for smaller drug
molecules is advantageous; absorption enhancers can
further boost bioavailability of compounds as needed;
(4) the anatomy of the nasal region provides a direct
path to the CNS that bypasses the BBB as the drug
gets rapidly absorbed via the highly-vascularized nasal
mucosa; (5) offers alternate routes for rapid medication
and drug delivery by non-medical personnel or self-
administration, when IV access is unavailable; and (6)
there is a low potential for injuries or blood-borne dis-
ease transmission compared to parental routes. Thus, it
is not surprising that intranasal administration enables
drugs to directly access the brain with additional ben-
efits compared to traditional routes of administration.

While there are still some limitations with intrana-
sal delivery, including solubility, pH, and dose/volume
limits, it is becoming increasingly accepted that this
route is both safe and effective [38]. A meta-analysis of
the subjective reactions, safety, and side-effects to intra-
nasal delivery of oxytocin, steroids, insulin, and benzo-
diazepines revealed no significant adverse side-effects
[39—42]. Intranasal drug delivery method should be con-
sidered as a viable drug delivery route in TBI that has
enormous clinical implications for achieving more robust
efficacy in the injured brain while mitigating potentially
adverse systemic effects.

Under the umbrella of neurotherapeutics develop-
ment for military medicine, we aim to deliver mito-
chondrial targeted drugs at varied concentrations to the
injured brain. Since mitochondria are the core mediator
of the secondary injury cascades in TBI and serve as an
important target in preventing neuronal cell death, this
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Fig. 2 Comparison between the Blood-CSF Barrier (BCSFB) and Blood—Brain Barrier (BBB) structures. The BBB separates the lumen of the brain
capillaries from the brain parenchyma. The main contribution to the BBB property of reduced permeability comes from the tight junctions (TJs)
among endothelial cells lining of the capillaries. The BCSFB is at each ventricle’s choroid plexus epithelial cells, joined together by TJs. Unlike
the endothelium in the brain parenchyma, capillaries of the choroid plexus have no TJs and are fenestrated; therefore, they are relatively leaky
and permeable to small molecules. Although in principle, both the barriers serve the homologous defensive purpose for the CNS, their distinct

anatomical feature allows the interchange of different substances between the CSF/bloodstream and the brain cells

review examines previous and ongoing studies exploring
intranasal routes delivery of mitochondrial drugs used in
CNS diseases and TBI. Our focus remains on detailing
the mechanisms of action and pharmacological profile of
each identified compound tested intranasally. Addition-
ally, the prospects and challenges/limitations of the intra-
nasal route of drug delivery for TBI are also discussed.

Blood-CNS barriers (BCB) and TBI

Before discussing the intranasal compounds, here we
introduce the concept of physiological blood-CNS bar-
riers (BCB), and explore the latest discovery regard-
ing the effects of TBI pathology on these barriers, and
introduce various therapies that would benefit the BCB
integrity. The CNS compartments are tightly sealed
from the changeable milieu of blood by the BBB as well
as the blood-CSF barrier (BCSFB). BBB and BCSFB
together form the anatomical BCB to shield brain against

potentially toxic substances. While the BBB is localized
at the level of the endothelial cells within CNS blood ves-
sels, the BCSFB is formed by choroid plexus epithelial
cells (Fig. 2). The BBB permits exchange of gases, amino
acids, and metabolites like glucose, but inhibits the dif-
fusion of water-soluble molecules by a network of tight
junctions (TJs) that interconnect the endothelial cells,
in conjunction with the absence of fenestrae. The BBB
allows the transport of biomolecules (<400 Daltons)
directly to the brain cells without the involvement of
CSF [23]. Whereas the BCSFB is at the epithelial cells of
choroid plexus, which are joined by TJs. The capillaries
in the choroid plexus differ from BBB, as molecules of
larger size may be able to freely move across the endothe-
lial cells to CSF through fenestrations and intercellular
gaps. This diffusion of molecules facilitates the exchange
of metabolites between CSF and blood. Since, no diffu-
sional barrier exists in between CSF and nervous tissues’
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interstitial space, even larger size may be able to enter up
to the interstitial space by diffusion in the vicinity of CSF
existence, but may not be able to be taken up by neuronal
cells [43]. Drug entry into neuronal cells is dependent on
individual physiochemical properties. Therefore, pene-
tration of drug up to interstitial space is expected through
BCSFB at a rate inversely related to the molecular weight
/ size. However, it does not provide information on rates
of neuronal drug uptake across the BBB at the brain cap-
illary endothelium level [23]. Neurotherapeutics entry
into CSF is reported for many CNS diseases, however it
does not provide information if drug may readily cross
the BBB, and reach to the neuronal target. [23].

Overall, the entry of drugs into the CNS depends on
the pharmacokinetics (PK) parameters of drugs, such
as molecular size, electric charge, lipophilicity, plasma
protein binding, affinity to diffusion/active transport
systems at the BBB and BCSFB, and pharmacodynamic
(PD) factors such as CSF flow in the brain. Knowledge of
the PK-PD profile of neuroprotective drugs at the BBB/
BCSFB level may be helpful to improve the therapeutic
window of opportunity to treat TBI and other CNS dis-
eases. The ideal therapeutic compound for TBI and CNS
diseases should have PK-PD criteria such as smaller
molecular weight, moderately lipophilic, low plasma
protein binding affinity, higher distribution volume, and
serve as weak ligand of P-glycoprotein or another efflux
pump located at the BCB [44]. When several approxi-
mately equally active compounds are available, a drug
that comes closer to these physicochemical and pharma-
cological (PK-PD) properties should be preferred.

Notably, BCBs are the critical mediator and modula-
tor of TBI pathology progression. Following TBI, direct
or indirect mechanical forces to the brain causes vascu-
lar and parenchymal damage contributing to BBB/BCSFB
breakdown. Subsequently, this may affect the physico-
chemical and pharmacological responses of neuropro-
tective drugs bioavailability in the injury regions during
acute to sub-acute TBI conditions. In recent years, the
pathophysiology of the BBB breakdown and its down-
stream effects, such as edema, inflammation, ischemia
and hyperexcitability has become increasingly evident
[45]. TBI disrupts expression of TJs proteins altering
dynamics of BCB [45]. Additionally, studies have shown
that TBI promotes BCB opening as early as the day after
injury, and BCB can remain open up to 30 days [46, 47].

The ideal neuroprotection strategy would be to prevent
BCB breakdown and stabilize it, thereby protecting the
brain from factors released from damaged blood vessels
that cause further damage. Therefore, attempts have been
made at curtailing the permeability of BCB. Studies have
shown that blocking VEGE, a promoter of angiogenesis,
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decreases BBB permeability in vivo by reducing perme-
able micro-vessel formation [18]. Numerous hormones
including neural growth factors, ghrelin, and progester-
one have recently been found to have neuroprotective
effects following TBI, and they influence the BBB integ-
rity [48—50]. More importantly, an innovative study sug-
gests that mesenchymal stem cells and fibroblast growth
factor 21 may mitigate BBB breakdown following TBI
[51, 52]. For instance, endothelial mitochondria have
been recognized as a key player in BBB permeability
and maintaining their function as a potential new thera-
peutic strategy [53]. Thus, targeting mitochondria and
endothelial cell mitochondrial regulation is potential new
therapeutic strategy to maintain BBB integrity. Although
BCB disruption is a pathological hallmark of TBI, further
elucidation of the dynamics of BBB/BCSFB dysfunction
after TBI would provide important information for vali-
dation of drug selection based on the optimal therapeu-
tic dose and window of opportunity, and best route of
administration in preclinical TBI models.

In contrast, transient disruption of the BBB to increase
the concentration of neurotherapeutics has been
explored. Invasive methods that primarily rely on dis-
ruption of the BBB integrity by osmotic or biochemical
means, or direct intracranial drug delivery by intracer-
ebroventricular, intracerebral or intrathecal administra-
tion after creating reversible openings in the head are
recognized [54]. However, safety and toxicity challenges
associated with these techniques limit their application.
Therefore, safe method through intranasal route that can
enhance drug delivery to the CNS are of great pharma-
ceutical interest.

Method

Selection criteria

We searched research articles exclusively published in
peer-reviewed journals. Additionally, potentially eligible
articles were also obtained by the Google Scholar website
(https://scholar.google.com). The keywords used in the
literature search were "Intranasal drug AND Mitochon-
dria AND Traumatic Brain Injury AND CNS Disease" in
the reporting period between 1989 and 2023. Approxi-
mately 18200 articles were identified based on keyword
search. After filtering through the layers of inclusion
criteria, we selected 24 compounds, the most pertinent
drug candidates listed in Table 1. Article screening was
conducted initially using abstracts followed by full-text
level.

Reasons for inclusions and exclusions eligibility criteria
were predetermined. A study was considered eligible if it
tested a chemical compound with mitochondrial enhanc-
ing function as a mechanism of action for treating TBI or
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any CNS diseases. Mitochondria-targeted compounds,
those under investigation for intranasal delivery and
awaiting successful outcomes, also made into our short-
list. Most of these compounds are antioxidants tested in
several CNS diseases, including neurodegenerative dis-
eases, TBI, stroke, multiple sclerosis, autism, and demen-
tia. Other approaches were excluded from the current
analysis, such as intranasal therapeutic device develop-
ment, intranasal stem cell transplantation, and intranasal
growth factors administration.

In the literature search, the selected drug candidates
were used in preclinical or early clinical stages, and their
successful claim related to intranasal administration of
mitochondria-targeted therapeutics for TBI, or neurode-
generative diseases were limited to animal models only.
To confirm their role in clinical research, we searched the
Clinical Trial Database (https://clinicaltrials.gov) using
the keyword "Intranasal Drug AND Mitochondria AND
Brain Injury AND CNS Disease", which revealed zero
results, confirming that none of these compounds have
been tested clinically employing the intranasal route of
drug delivery.

Drug’s favorable properties for intranasal delivery

The selected intranasal deliverable drug candidates
should be readily dissolved in the vehicle solvent, perme-
able to the nasal mucosa and meet clinical criteria for safe
delivery. Drugs with lower molecular weight and higher
lipophilicity (log P) generally favor rapid intranasal
uptake and brain delivery. Additional critical pharmaco-
logical factors that dictate the bioavailability and efficacy
of intranasal compounds include drug metabolism in the
nasal cavity, degree of dissociation (pKa), chemical struc-
ture, drug half-life (t,,), osmolarity and pH. The peptidase
and protease activity can hinder the delivery of peptides
and proteins in the nasal mucosa [55].

Ideal intranasal compounds should be able to over-
come the enzymatic barrier created by these metabolic
enzymes in the nasal epithelium. The pKa of a drug influ-
ences solubility, lipophilicity, protein binding and per-
meability and is of paramount importance to the overall
characteristics of a drug [56]. Drugs that have a shorter
half-life tend to act very quickly, but their effects wear off
rapidly, meaning that they usually need to be adminis-
tered several times a day intranasally to have the thera-
peutic effect. In contrast, a longer half-life requires less
frequent dosing required, thus steady-state concentra-
tions are more attainable, and therapies are more likely to
be efficacious.

Studies have shown that hypotonic formulations
improve drug permeability through the nasal mucosa
[57]. The physiologic pH of the nasal mucosa is 5.0-7.0,
and compounds with pH outside of this physiologic
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range may cause irritation to the nasal mucosa and may
affect its absorption or may show adverse effects.

Based on these efficacy factors, we have illustrated
a brief profile of all eligible intranasally tested mito-
chondria targeted therapeutics. We utilized PubChem
(https://pubchem.ncbi.nlm.nih.gov) as the search tool to
obtain these compounds’ physiochemical properties.

Evaluation of mitochondria targeting intranasal
compounds

To compile the list of intranasal compounds in Table 1,
we designed and used a structured data abstraction for-
mat to ensure consistency in appraising each intranasal
drug. The most pertinent mitochondria targeting intra-
nasal compounds from this table are selected for further
discussion.

Potential compounds

Numerous preclinical studies testing mitochondria tar-
geted compounds have indicated that the direct delivery
of mitochondrial drugs to the brain is achievable through
the intranasal route (Table 1). However, the therapeutic
efficacy testing of these preclinical drugs administered via
intranasal delivery in humans remains to be elucidated.
To translate preclinical success into clinical practice, the
intranasal compounds with an established mechanism of
action in preclinical studies should have several desirable
characteristics, as listed above, and suggested by a phys-
icochemical/pharmacokinetic literature survey. Besides
well-established mechanisms that enhance mitochondrial
function, we have considered desirable physicochemical
properties in selecting the compounds for discussion.

NMN & NAD

The NMN (nicotinamide mononucleotide) is a precur-
sor of coenzyme nicotinamide adenine dinucleotide
(NAD), which is a central coenzyme of redox reactions
that restores mitochondrial function. NMN is a neutral
compound, and it is lipophilic in nature. NAD also serves
as a cofactor for enzymatic reactions to enhance energy
metabolism via participation in pyruvate dehydroge-
nase, tricarboxylic acid cycle, and oxidative phospho-
rylation. Intracellular NAD has a short half-life estimated
to be 1 to 2 h [128]; therefore, intranasal administration
is preferable over systemic routes. A preclinical study
revealed that intranasal administration with NAD pro-
foundly decreased brain injury in a rodent model of
transient focal ischemia [58]. In contrast, intravenous
injection of identical dose of NAD could not produce
significant improvement in ischemic brain injury. These
results provide the first in vivo evidence that intranasal
NAD administration may be a novel strategy for decreas-
ing brain damage in cerebral ischemia. Another study
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reported that NMN attenuates brain injury after intrac-
erebral hemorrhage by suppressing neuroinflammation/
oxidative stress [129].

NACA

The antioxidant NACA (N-acetyl cysteine amide), a
glutathione (GSH) prodrug, reduces oxidative stress,
improves mitochondrial bioenergetics, and maintains
antioxidant capacity. It is a neutral, lipophilic compound
with higher membrane permeability. The parental com-
pound NAC (N-acetylcysteine) is undeniably effective in
hepatotoxicity, particularly due to its glutathione replen-
ishing and antioxidants effects. However, NAC is acidic
in nature, and being a charged molecule, it has poor
bioavailability in the brain due to BBB inhibition [130].
Conversely, NACA is a neutral compound with higher
bioavailability due to the reactive amide group added to
the parent compound.

Our recently conducted preclinical studies in the pen-
etrating TBI animal model, demonstrated zero toxic
effects for IP-administered NACA at the highest concen-
tration (600 mg/kg), supporting a safer profile for its use
as a mitochondrial-targeted neuroprotection compound
for TBI (unpublished data). During the clinical trial of
Parkinson’s disease (PD), oral NAC did not show signifi-
cant increases in brain GSH, which may be related to its
low bioavailability [131]. However, intranasal administra-
tion of NACA may rapidly achieve therapeutic concen-
trations in the brain. Indeed, the recent efficacy study of
a nasal spray containing NAC in hypertonic solution for
the treatment of nonallergic chronic rhinitis was well tol-
erated [59]. A phase I clinical study of a glutathione nasal
spray concluded the therapy has a good safety/tolerability
profile and is associated with an improvement in clini-
cal symptoms of PD [132]. This study utilized magnetic
resonance spectroscopy (MRS) to measure real-time glu-
tathione concentrations in the brain, and demonstrated
that intranasal administration of glutathione elevates the
brain glutathione level.

MitoQ & SKQ1

Mitoquinone (MitoQ) is a synthetic powerful mito-
chondria-targeted antioxidant compound. There is a
strong body of evidence indicating the critical role that
oxidative stress plays in secondary brain damage mecha-
nisms, such as mitochondrial dysfunction, apoptosis, and
inflammatory response following the TBI. MitoQ can
defend against this oxidative stress associated with sec-
ondary TBI pathogenesis. MitoQ is composed of a lipo-
philic triphenylphosphonium (TPP) cation to facilitate
its penetration into the mitochondria and is soluble in
solvent dimethyl sulfoxide (DMSO). A compound with a
similar mitochondrion targeting TPP moiety, SKQ1, has
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been tested intranasally with a result showing a high level
of penetration into the brain tissue [61, 133]. This bodes
well for intranasal testing of MitoQ as a TBI therapeutic.
MitoQ has shown positive outcomes in the animal mod-
els of PD, Alzheimer’s Disease (AD) and TBI [134-137].
Preliminary safety studies of MitoQ in humans indicated
that MitoQ is safe and well-tolerated [138].

Curcumin

Curcumin is an active component in the spice of tur-
meric and in Curcuma Xanthorrhiza oil [139]. Its phar-
macological properties include anti-inflammatory,
anti-tumor, and antioxidant effects. Preclinical studies
have identified that therapeutically achievable curcumin
concentration protects mitochondria from oxidative
damage and attenuates neuronal apoptosis following TBI.
Curcumin is a lipophilic compound that displays poor
GI absorption and is rapidly metabolized when admin-
istered orally [140]. However, intranasal delivery of cur-
cumin has shown to enhance its brain uptake efficiency
in a rodent model of oxidative damage in cortical neu-
rons[141]. Curcumin treatment also markedly prevented
cellular glutathione depletion and mitigated intracellular
ROS generation [141]. Thus, the intranasal route for cur-
cumin should be further explored for TBI. Studies have
supported the preventive effect of curcumin in inhibit-
ing the acute effects of neuroinflammation and cognitive
decline in AD [142, 143]. Curcumin and its products are
safe when taken orally or applied to the skin in the rec-
ommended amounts, thus suitable for daily dietary use
as established by the Joint Nations and World Health
Organization Expert Committee on Food Additives
(JECFA) [144].

Resveratrol

Resveratrol is another potent antioxidant derived from
plants. It is linked to mitochondrial biogenesis through
the Sirtuin 1 (SIRT1) metabolic regulatory pathway. The
SIRT1 promotes the deactivation and activation of coac-
tivator one alpha, the primary regulator of mitochon-
drial biogenesis [72]. Preclinical studies have established
the protective role of resveratrol in TBI, brain ischemia,
PD, and AD [145-147]. Clinical trials have shown that
Resveratrol supplementation is safe and well tolerated
at different doses, and it modulates neuroinflammation,
induces adaptive immunity and attenuates the cogni-
tion decline in AD [148-150]. Resveratrol is insoluble
in water; however, its esterified form has higher lipo-
philicity and enhanced solubility. Resveratrol ester is a
lipid-soluble neutral compound with high absorption
but low bioavailability when taken orally [71]. A dramatic
increase in resveratrol levels in the CSF was attained by
coating it with chitosan when delivered to the brain via
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nasal administration [151] demonstrating the utility of
BBB penetration enhancers for intranasal drug delivery.
Interestingly, this marked increase in CSF bioavailability
was achieved without any distribution in the systemic
circulation, demonstrating a direct nose-to-brain deliv-
ery [151]. Typical BBB penetration-enhancing agents
are solvents, co-solvents, ionic and some non-ionic sur-
factants, selected fatty acids, including oleic acid and
certain lipids, and cyclodextrin [152]. Intranasal admin-
istration of resveratrol nanoparticle formulation has been
shown to reduce retinal ganglion cell loss in a multiple
sclerosis model of mouse [153]. Major dietary sources of
resveratrol include grapes, wine, berries, cocoa, peanuts,
and soy.

Apelin-13

Apelin-13 is a 13 amino acid oligopeptide, a novel com-
pound for targeting mitochondria and downstream sec-
ondary injury pathology effects following TBI. It prevents
mitochondrial depolarization and apoptotic events [114].
Animal studies have suggested that Apelin-13 attenuates
secondary injury after TBI, and exerts a neuroprotective
effect by suppressing autophagy, preventing BBB disrup-
tion, and alleviating brain edema [154]. Apelin-13 is a
basic compound that dissolves well in saline. The intrana-
sal delivery of Apelin-13 provides a noninvasive method
for directly administering the peptide therapy to the
brain and bypassing the BBB [155]. Apelin-13 remark-
ably decreased cell death and improved long-term func-
tional recovery in a focal ischemic stroke model of mouse
[113]. The intranasal delivery of Apelin-13 may help to
address issues related to this peptide’s short plasma half-
life, poor bioavailability along with the slow absorption,
degradation, and avoiding the drug’s first-pass metabo-
lism in the liver [155].

Quercetin

The antioxidant quercetin is one of the most abundant
polyphenolic flavonoids and displays beneficial biological
effects in many diseases. It acts via multiple mechanisms
of action, such as modulation of mitochondrial biogenesis,
mitochondrial membrane potential, oxidative respiration,
and ATP anabolism. However, quercetin’s poor solubil-
ity as well as limited oral absorption results in low serum
and tissue levels [156, 157]. Quercetin is found in many
plants and foods, such as red wine, onions, coffee, leaves,
green tea, apples, and berries. Studies have suggested that
quercetin exerts neuroprotective effects in brain ischemia
and in PD [158, 159]. A recent study evaluating nasal pow-
der derivatives of quercetin-p-cyclodextrin combined
with mannitol microparticles for intranasal delivery has
reported superior CNS penetration and bioavailability
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[160, 161]. Significant compound levels were achieved at
both brain targeting sites and the bloodstream compared
to those after oral delivery, which were negligible. Prepar-
ing quercetin’s nano-emulsions and administering them
via a noninvasive intranasal route offers the possibility
of achieving therapeutic concentrations with potentially
robust beneficial effects in the CNS.

DL-3-n-butylphthalide (NBP)

NBP is a lipid-soluble, alkaline compound that has a long-
lasting pharmacologic impact, with a half-life of 11.84 h
[116, 162]. NBP is metabolized to various products with
different physiological functions. NBP prevents oxidative
damage and preserves mitochondrial function. Its broad
pharmacologic effects also include inhibiting nerve cell
apoptosis, anti-inflammatory response, and anti-throm-
botic impact [116]. Due to its potent anti-thrombotic and
neuroprotective effects, NBP was approved by the FDA
in China to treat ischemic stroke [163]. The complex
molecular mechanisms associated with NBP metabo-
lites make it a hot compound for research. Recently, daily
intranasal NBP treatment provided protective and neuro-
genic/angiogenic effects in the post-stroke brain accom-
panied by functional improvements after a focal ischemic
stroke in mice [164]. Testing the effects of NBP adminis-
tered intranasally in TBI would reveal the prospects for
its future use in medicine.

We have also included two potential compounds, i.e.,
glyceryl triacetate (GTA) and triheptanoin, which so far
have not been tested intranasally for any CNS indica-
tion. However, they offer excellent therapeutic potential
for TBI. There are numerous considerations for select-
ing these two compounds in the list, including factors
such as pH, stability, osmolality, and lipophilicity. Most
research studies have shown that intranasally admin-
istered lipophilic compounds improve CNS bioavail-
ability and reduce the time for the onset of therapeutic
response. The rapid absorption of these lipophilic com-
pounds via the nasal mucosa can be utilized to test the
therapeutic potential of GTA and Triheptanoin’s mito-
chondrial oxidative phosphorylation-enhancing proper-
ties in the energy deprivation-related pathogenesis of TBI
and CNS diseases.

Glyceryl triacetate (GTA)

GTA is an FDA-cleared food additive that supplies ace-
tate, a widely active precursor that is converted into
acetyl-CoA and is central to mitochondrial energy supply,
fatty acid synthesis, and lipid metabolism [165]. GTA is
a lipophilic neural compound that gets rapidly absorbed
following ingestion and freely crosses the plasma mem-
brane. Drug penetration through the BBB is also favored
by it’s lipophilicity. Intranasal GTA can be potentially
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used to deliver metabolizable acetate to supply fuel to
an energy-deprived injured brain. However, GTA was
administered at a higher dose during past study [166].
Therefore, it would be challenging to deliver an effec-
tive therapeutic concentration through the nostrils as the
intranasal dosing volume may be a rate-limiting factor
compared to traditional routes.

Triheptanoin

Like GTA, triheptanoin, the triglyceride of heptanoate,
is a promising therapeutic alternative biofuel to improve
oxidative phosphorylation and aid ATP generation in
TBI. Heptanoate can be metabolized to propionyl-CoA,
producing succinyl-CoA after carboxylation and thereby
re-filling a key substrate of the tricarboxylic acid (TCA)
cycle [167]. A preclinical study suggested that trihep-
tanoin slows motor neuron loss and the onset of motor
symptoms in Amyotrophic lateral sclerosis (ALS) mice
by improving TCA cycling [167]. Likewise, clinical
research identified triheptanoin as a promising therapy
for neurodegenerative disorders involving energy defi-
cit pathophysiology [168]. The improvement of a child’s
neurological status with pyruvate carboxylase deficiency
during IV treatment with triheptanoin suggests that
C5-ketone bodies (Triheptanoin metabolite) are taken
up and used by the brain [169]. The intranasal route of
administration can achieve peak efficacious CSF concen-
trations of triheptanoin and its metabolites to provide
energy supplementation in TBI. At the clinical level, this
lipophilic compound with basic nature (pH) has been
evaluated intranasally in AD [170, 171].

Collectively, the intranasal route of administration
has surfaced as a valuable alternative for the delivery of
neurotherapeutics with problems of CNS bioavailability.
Multiple compounds compiled here can be considered
the rational for developing mitochondria-protective nasal
formulations for brain injury treatment. The greatest
number of studies in this review explored antioxidants,
especially plant-derived ones. Damaged brain tissue
has lower oxidative metabolic and bioenergetic activi-
ties, high production of mitochondrial reactive oxygen
metabolites, relatively low levels of antioxidants, and
non-replicating nature of neuronal cells. This underpins
the importance of targeting mitochondrial antioxidant
systems to counteract oxidative stress and brain dam-
age. Several preclinical studies reported that antioxi-
dants diminish oxidative stress and improve brain injury
outcomes.

Compounds like Resveratrol, Curcumin, Quercetin,
Gallotannin, Ginsenosides, Huperzine A, and Geran-
iol are naturally occurring phytochemicals antioxidants
found in fruits and vegetables. Additionally, NMN can
be found in avocados and broccoli, and NAC in onion
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[172, 173]. A list of these phytochemicals strongly sug-
gests using antioxidants as a possible instrument to pre-
vent oxidative stress on neurological targets. Indeed,
phytochemicals have gradually become a hotspot in
nutrition research due to a plethora of health benefits
and their antioxidative properties. More importantly,
phytochemicals are proposed as one of the most prom-
ising mitochondria-targeting medicine to preserve the
activity and structure of mitochondria and neurons
[174]. Phytochemicals affect mitochondrial function and
structure by modulating the mitochondrial biosynthe-
sis (mitobiogenesis), dynamics (fission, fusion), trans-
port, and autophagic cleavage of damaged mitochondria
(mitophagy) [174]. However, despite this popularity, only
limited data regarding the safety of most individual phy-
tochemicals treating CNS diseases are available. Many
in vitro studies and data have been collated, but the
in vivo efficacy and safety experiments still need to be
explored. Toxicological screening is essential for pursu-
ing natural bioactive compounds to be used in drug dis-
covery. Therefore, the development of safer antioxidants
from natural sources is desired. In this regard, identifying
the best phytochemical extraction methods are of crucial
value. Since the product will contain traces of extrac-
tion solvent, the solvent should be non-toxic. In fact,
the choice of extraction methods has the greatest impact
on the bio-composition of both active compounds and
matrix components obtained from plant sources. Each
phytochemical ingredient listed here requires verifiable
scientific evidence and significant scientific agreement.
The government should set regulations for phytochemi-
cal consumption, and the safety and health claims should
be monitored appropriately and researched. The authen-
tic data on the effectiveness of phytochemicals against
CNS disease can only be drawn from carefully controlled
human studies. If these challenges are addressed, there is
tremendous future scope for the intranasal application of
phytochemicals, and it holds exciting opportunities.
Molecular weight, lipophilicity, and degree of dissocia-
tion are some of the primary properties of phytochemi-
cals that dictate to what rate and extent these compounds
will transport from the nasal mucosa to the brain.
Unfortunately, most phytochemicals are non-lipids,
have limited bioavailability due to their poor solubil-
ity and stability characteristics [175]. Hence, formulat-
ing studies should be carried out to enhance absorption
using innovative formulations such as chitosan, nanoe-
mulsions, polymeric nanoparticles, nanocrystals, and
exosomes, which can be administered intranasally.
Often, the formulations proposed involve the addition
of a mucoadhesive polymer to overcome the problem of
nasal clearance [176—178]. As shown by the literature,
chitosan, a cellulose-based biopolymer plays a significant
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role as a penetration enhancer and for the mucoadhe-
sion properties [179]. Chitosan nanoemulsions signifi-
cantly enhanced the quantity of antioxidant drugs found
in the brains of the rats following the nasal administra-
tion (5- and 4.5-fold higher than with free medicine and
nanoemulsion without chitosan, respectively) [180].
Additionally, histopathological examinations suggested
that these nanoemulsions were safe for the nasal mucosa
and could preserve the drug’s antioxidant capability
[180]. Combined results of biochemical and histopatho-
logical evaluation verified the superiority of surface mod-
ification of phytochemical with chitosan coating could
be of great value in management of TBI. We have further
discussed other surface engineering approaches in the
next section.

Discussion
Drug delivery across the physiological barriers of the
brain is one of the challenging issues in the develop-
ment of treatment of TBI and CNS disorders. This review
elaborates on the significance of electing the appropriate
drug delivery route and predicting drug delivery to the
CNS. Our main purpose was to lay a foundation based
on scientific rationale on which informed decisions could
be made when designing and testing mitochondria tar-
geting drug candidates, and development and testing of
intranasal drug delivery technology and/or devices in the
future preclinical and clinical TBI research. Distinctions
between the bioavailability of various drugs based on
their route of administration, pharmacological and physi-
ological properties may explain why neuroprotective
compounds in TBI studies have not been successful so
far at the clinical level. The advancement of mitochondria
targeted TBI drugs is currently hindered by the BBB’s
selective permeability, which limits the distribution of
systemically administered therapeutics to the CNS.
Despite the rapid advancement in the medical field,
the neuroprotective medicine evaluation and testing is
still in its relative infancy, with numerous challenges and
hurdles yet to be overcome. Among the neuroprotective
medicine cohort, mitochondria-targeted therapy appears
to be a promising treatment approach for TBI and many
forms of neurodegenerative diseases. Although neuro-
protective medicine has been efficacious in a preclinical
setting, patient response rates at the clinical level vary,
and only a small subset of the patients within a large
cohort respond favorably to these treatments leading to
a lack of statistically significant clinical outcomes [181].
This issue is particularly concerning and has become a
challenge for researchers aiming to improve the effec-
tiveness of mitochondria targeted TBI therapeutics and
patient response rates. Therefore, there is a growing reali-
zation that the standard drug delivery method used to
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administer mitochondria-targeted therapies to the CNS
might not be efficient. It is critical to quest for alternative
CNS delivery routes to achieve effective drug concentra-
tions in the brain.

The intranasal delivery is a promising drug administra-
tion method for treating TBI and CNS diseases. The most
considerable promise appears to lie in intranasal deliv-
ery of phytochemicals antioxidant compounds such as
NMN, resveratrol and mitochondria targeted compound
MitoQ. However, other therapeutics, including lipophilic
precursors of the mitochondrial Krebs cycle (i.e., TCA
cycle), such as GTA and triheptanoin, also have signifi-
cant therapeutic potential. The intranasal route could
be a solution to poor oral absorption of neuroprotective
compounds like quercetin, gallotannin and tetrandrine.
Compounds with a short half-life, like insulin, apelin-13,
ginsenoside Rg3 and cyclin D1 may achieve better bio-
availability and expedited onset of action following intra-
nasal administration. Earlier, we indicated higher dosing
volume of GTA, and resveratrol could be a limiting factor
for intranasal administration since the intranasal dosing
volume and absorption surface area are limited. How-
ever, it is essential to note that the intranasal route avoids
pre-absorption metabolism, first-pass effect, and dilu-
tion caused by distribution along with protein binding,
indicating that the required intranasal volume may eas-
ily be as low as 0.01-1% of oral dosage [182]. There are
mounting scientific backings that the delivery of drugs
via the intranasal route results in higher CNS concentra-
tions of drugs that cannot cross the BBB and fewer side
effects [182]. For neuroprotective mitochondria-targeted
drugs with several systemic side effects, such as pitavas-
tatin and pentoxifylline, intranasal drug administration
could be a promising option to target the CNS using a
lower dose that would minimize systemic exposure, thus
decreasing the unwanted adverse systemic effects.

Even with well-established mechanism of action,
therapeutic failures of neuroprotective drugs may occur
due to lesser absorption in neuronal and other brain
cells, slower drug action and conversion of drug mol-
ecules into non-interacting metabolites. Due to a time
lag in the conventional route of administration, there
is a possibility that an active compound may become
a slow-acting molecule that may be destroyed once it
gets inside the brain tissue or enzyme catalytic activity
rendering it useless [183]. Therefore, active penetra-
tion, rapid availability, possible structure and activity
preservation, and neuroprotective action of a drug in
the target area are highly desirable traits for treating
TBI and various CNS disorders (Fig. 3). Overall, the
future of intranasal delivery for TBI looks promising, as
it represents an efficient way for neuroprotective drugs
to be delivered quickly, noninvasively, and directly to
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Fig. 3 Combination of the ideal parameters to advance nose-to-brain delivery of neuroprotective therapy in TBI

the brain cells or at the injured site. The quick and non-
invasive delivery aspect is crucial if immediate therapy
is desired and the patient’s ability to deal with injec-
tions is impaired, such as in military combat casualty
settings. In the civilian setting, intranasal drug delivery
could facilitate greater patient compliance with clinical
protocols because of the ease of use, which would be an
important added benefit.

The combat environment exacerbates the typical chal-
lenges of treating medical emergencies [184]. It has
additional obstacles, including a lack of supplies and
equipment to deliver drugs, delayed or prolonged evacu-
ation times and distances, multiple injuries, provider
inexperience, and a dangerous tactical situation [184].
The intranasal delivery can be utilized to alleviate drug
delivery challenges on the battlefield to provide prehospi-
tal TBI treatment. Thus, intranasal administration offers
a noninvasive alternative route of medication delivery
when the parental route is unavailable or will result in
an unacceptable delay in medication efficacy. Moreover,
intranasal administration doesn’t require sterile condi-
tions and hence it can be self-administered in non-sterile
battlefield settings. The application of intranasal therapy
for combat patients is not limited to TBI and could be
used for other acute care management. In keeping with
this, the US Army has funded an intranasal clinical trial
for ketamine, for pain management in the combat set-
ting, which has shown promising results [185]. Intranasal
therapies may be commercially prepared with a built-in
atomizer and carried by warfighters.

Notably, targeting mitochondrial pathologies are
often mired by efficacy-limiting unintended off-target
effects [22]. In addition to the application of the intra-
nasal delivery method, the enrichment of therapeutics

at the sub-mitochondrial site of action can reduce del-
eterious effects and increase therapeutic potency. Mito-
chondrial drug localization can be accomplished using
several approaches, such as the mitochondrial membrane
potential, affinity of a carrier to mitochondria-specific
components, and nanoparticle-based approaches [22].
MitoQ, an endogenous antioxidant ubiquinone deriva-
tive discussed earlier, used mitochondrial membrane
potential to target mitochondria. The matrix-negative
voltage difference promotes the selective accumulation of
cationic compounds such as TPP in mitochondria. TPP
conjugates of phytochemical antioxidants such as querce-
tin, resveratrol, curcumin and NAC were also reported
to improve mitochondrial activity [186-188]. Exploring
additional methods to increase mitochondrial penetra-
tion of intranasally delivered therapeutic agents will pave
the way for the next breakthroughs in neurotherapeutics
development.

The intranasal delivery signifies a new frontier in CNS
disease treatment that has shown promise since its initial
conceptualization. However, there is also contrary evi-
dence that the intranasal route is relatively inconvenient
to patients compared to oral delivery since nasal irrita-
tion is possible [189]. Therefore, each neuroprotective
compound must be examined for its safety effects on the
nasal mucosa when drug is given intranasally. Besides
the information used for appraisal in this review for the
selection of intranasal compounds, several other essen-
tial characteristics should be considered. These prop-
erties include: the intranasal compound should have
no unpleasant odor, should not be irritating to nasal
mucosa or influence the sense of smell, and should be
potent enough so that post-intranasal administration
bioavailability of the drug can reach therapeutic efficacy.
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Additionally, the optimal volume of the intranasal admin-
istration is 0.5 to 1 ml per nostril in humans; there-
fore, the compound formulation must remain within
the standard volume range [190, 191]. Furthermore,
compounds that are metabolized by enzymes such as
peptidase in the nasal cavity must be sheltered from deg-
radation. Studies have also suggested that physical and
pathological conditions such as allergies, polyps and the
common cold may affect nasal absorption [192].

Understanding the in-depth pharmacology of each
neuroprotective compound is essential for the intranasal
experimental planning, but it is beyond the scope of this
paper to review the in-depth pharmacokinetics and phar-
macodynamics (PK-PD) properties of individual com-
pounds. Before conducting animal studies, the research
team members should receive proper intranasal route
drug delivery training and attain competency. Experi-
mental issues such as the selection of animals, volume
of administration, use of anesthesia, and pH of the sub-
stance must be refined for the intranasal delivery. The
intranasal administration in rats typically requires anes-
thesia, although devices are being developed to circum-
vent this limitation. However, intranasal drug delivery to
mice can easily be done using a pipette or readily avail-
able atomization devices without any anesthesia, making
mice the ideal first-line test subjects. Importantly, ade-
quate training and thoughtfulness to details is important
to mitigate inadvertent adverse effects on animal health
and confounded experimental outcomes when testing the
intranasal method of administration [193].

Also, there are factors such as differences in the nasal
anatomy and physiology of animal species and humans,
making it difficult to obtain a direct correlation between
them when translating preclinical findings to clinical
research. Therefore, it is imperative to study the anatomy
of the animal’s nasal cavity before electing appropri-
ate animal models for the intranasal studies. The key to
overcoming these challenges and advancing the field of
intranasal drug delivery is to develop informative meth-
odologies to better understand the nose-to-brain delivery
pathway. Elucidating the drug pathways after intranasal
administration is central to develop relevant drug deliv-
ery systems for intranasal approaches. A critical tool at
our disposal is in vivo imaging to track a drug’s route.
Imaging has excellent potential to facilitate the transla-
tion of promising intranasal therapies from animals to
humans, and improved imaging techniques continue to
emerge [194].

The feasibility of intranasal drug delivery is limited in
the context of a patient with a skull fracture impacting
the nasal cavity or cribriform plate, a history of coagu-
lopathy disorder or friable (crumbly) nasal mucosa. In
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addition, congestion, bleeding, or obstruction in the
nose following TBI may prevent intranasal administra-
tion. Although dozens of studies have tested intranasal
delivery of mitochondria-targeting compounds preclini-
cally, it is surprising that nanotechnology has not been
extensively explored for this promising route. Recently,
multiple systems have been successfully formulated using
nanomaterials for intranasal delivery. A nanotechnology-
based delivery system like chitosan, carbon nanotubes
(CNTs), and polylactic-co-glycolic acid (PLGA) have
been studied in vitro and in vivo for the delivery of sev-
eral therapeutic agents and have shown promising con-
centrations in the brain after nasal administration [195].
Nanotechnology offers great potential to enhance drug
penetration through the nasal barrier at a minimal vol-
ume, and without altering physiochemical properties for
better absorption.

CNTs are the strongest candidates in the province of
nanobiotechnology and nanomedicine, promising to
treat various CNS diseases. A CNT is a tube made of car-
bon atoms organized in a series of condensed benzene
rings with a diameter in the nanometer range that can
penetrate BBB [196]. CNTs can be either single-walled
or multi-walled, with open ends, or maybe closed with
fullerene caps [196]. Their unique surface area, hollow
drug-loadable central cavities, strength, and resilience
have led to much excitement in the pharmacy field. Uti-
lizing an easily modifiable surface, many therapeutic mol-
ecules have been incorporated into the functionalized
CNTs for delivery to the site of interest [197]. Conjugat-
ing mitochondria-targeted compounds with CNT is one
of the surface engineering approaches that can improve
its intranasal absorption and open the way for the effec-
tive brain-targeting delivery. Transportation of encapsu-
lated drugs across the nasal membrane, lengthening the
retention period, and higher stability can complement
the overall intranasal absorption. Recently, multi-walled
carbon nanotubes have been found to exert neuropro-
tective effects by modulating vital neurotrophic factors
when delivered via the intranasal route [198]. Despite
CNT’s promising outlook, they have some limitations,
such as protein corona formation around them and cyto-
toxic effects. Studies have reported that systemic admin-
istration of CNTs are often associated with severe CNS
toxicity; the interaction of CNT with brain cells leads to
the release of mediators from microglia and astrocytes
that may result in apoptosis, inflammation and oxidative
stress in the brain [199, 200].

Therefore, the functionalization of nanocarriers on
their interaction with brain tissue is deemed critical for
developing nanotube-based intranasal delivery for CNS
applications. Owing to the small number of nanocarbons
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required through intranasal delivery, and the even smaller
amount of material released from implanted complexes;
intranasal application of nanocarbon may mitigate its
practical application challenges due to dose-related CNS
toxicity. However, to accomplish competent drug deliv-
ery, it is imperative to recognize the interactions of CNT
and the nasal biological environment, drug release, mul-
tiple drug administration, and stability of therapeutic
compounds. The biosafety of each therapeutic modal-
ity must be demonstrated in logical and well-conducted
experiments. The promising combination of nanocarriers
and intranasal delivery needs to elucidate better clinical,
pharmacokinetics, and safety profiles. Although there
are some hurdles in its clinical application, the success
of the CNTs may result in the development of a new and
highly relevant drug delivery procedure benefiting sev-
eral patients in the near future.

Additionally, the nose-to-brain pathway may enable the
rapid delivery of mitochondria to the CNS within min-
utes. Autologous mitochondrial replacement therapy
with parental administration and direct injection has
been employed to treat mitochondrial diseases in clini-
cal trials [201]. Mitochondria are nano-sized cell orga-
nelles measuring approximately 200-1000 nm in size
[202]; thus, they can penetrate the nasal mucosa. A study
has shown that mitochondria can enter brain meninges
and parenchyma upon nasal delivery and undergo rapid
cellular internalization [203]. Recent evidence has indi-
cated that the physiological properties of healthy mito-
chondria provide the possibility of replacing damaged
mitochondria [204], suggesting that the replacement of
damaged mitochondria with healthy mitochondria may
protect cells against further injury following TBI [205].
The intranasal administration of mitochondria can be
explored as an effective transplantation strategy of fully
functional mitochondria directly into defective neurons,
reversing TBI pathogenesis and restoring brain energy
supplements.

Several drugs tested for CNS disorders and TBI were
discarded despite the well-established mitochondrial-
enhancing mechanisms because their efficiency is
marred due to the presence of the BBB. The intranasal
delivery route may well revive further research on these
mitochondria targeting neuroprotective drugs. The
intranasal pathway offers a unique opportunity to repur-
pose old drugs for new uses and to improve the efficacy
of currently approved medications indicated for other
administration routes [206]. To facilitate and expedite
TBI therapeutic development, intranasal delivery of neu-
roprotective experimental compounds, including the list
provided here can play a critical role.
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The promising results of numerous intranasal deliver-
ies reported in this review do not allow these findings to
be equalized to human use, and selecting promising com-
pounds. They must be established by additional research
and further experiments. Therefore, significant amount
of future research needed to translate these experimen-
tal results from bench to bedside. In this regard, utiliz-
ing more representative larger animal models (e.g.,
non-human primates, swine, ferrets) in parallel with
rodents for intranasal delivery research could improve
the predictive value of preclinical studies. Non-human
primates would be more accurate animal model due to
their greater anatomical and physiological resemblance
to humans. There were relatively few direct comparative
studies on animal models and human counterparts in
terms of their nasal anatomy and physiology, and these
studies would have been valuable in clarifying the spe-
cific similarities and differences between the two species.
Although the olfactory pathway to the brain in humans
is well established, it remains an area to explore and
understand as to what extent it contributes to the CNS
availability of compounds administered via the nasal
route. The key to furthering the field of intranasal deliv-
ery is to develop methodologies to better understand
the nose-to-brain drug delivery pathways. Since only a
small quantity of drugs are delivered to the brain intra-
nasally, the mechanisms of drug delivery need to be bet-
ter clarified, and novel methods need to be developed to
overcome the obstacles facing nose-to-brain delivery of
promising mitochondrial therapeutics. Hopefully, future
clinical studies will be conducted on neuroprotective
drugs reported in this review by utilizing physicochemi-
cal and pharmacokinetic properties of drugs to treat TBI
and other CNS diseases. Using the nose-to-brain route
to overcome listed pharmacokinetic challenges will allow
future studies to better elucidate the neuroprotective effi-
cacy of mitochondria-targeted drugs on CNS.

Conclusion

The approach aimed at mitochondrial-targeted drug
delivery is achievable through the intranasal route. Short-
comings associated with most of the neuroprotective
compounds compiled in this review when administered
through a conventional route, such as low bioavailabil-
ity due to BBB, drug degradation in the GI tract, and
first-pass metabolism, make them ideal candidates for
the intranasal administration. Our study indicated that
post-TBI intranasal administration of the mitochon-
dria-targeted neuroprotective compound appears to be
a promising strategy to bypass the BBB. Practically, the
intranasal drug administration offers several benefits for
patients, as it represents a noninvasive, painless, simple
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drug delivery system, which is manageable and easily
repeatable. By localizing drugs at their desired site of
action, systemic toxicity can be reduced, and treatment
efficiency can be increased. However, there are still for-
mulation limitations, and toxicological aspects to be opti-
mized. Further study of this clinically relevant route of
administration for mitochondria-targeting compounds is
warranted in TBI animal models to optimize this route
and fully understand dosing, therapeutic window and
safety issues related to the route.
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