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Abstract

Background. The limited availability of reperfusion therapies for ischemic stroke highlights the need for effective
neuroprotective strategies. Intranasal drug delivery is considered a promising approach for targeting the central nervous
system by bypassing the blood-brain barrier.

Materials and Methods. The study was conducted on Wistar rats with experimentally induced ischemic stroke. Brain
citicoline concentrations, neurological deficits, behavioral performance, and histomorphological changes were assessed.

Objective of the study. To assess the comparative efficacy of intranasal and intraperitoneal administration of citicoline
in a rat model of experimental cerebral

Results. Intranasal administration of citicoline resulted in significantly higher brain drug concentrations, faster recovery of
motor and cognitive functions, and less pronounced morphological damage compared with intraperitoneal administration.

Conclusion. The intranasal route of citicoline delivery demonstrates superior bioavailability and neuroprotective efficacy
compared with parenteral administration in experimental cerebral ischemia.

Keywords: ischemic stroke, neuroprotectio, citicolin, intranasal administration, blood-brain barrie, experimental
ischemia.
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Beepenue.OrpaHuyeHHas [LOCTYMHOCTb  penepdly3UOHHON Tepanuu NpU  WULWEMUYECKOM WHCYNbTe onpegenseT

HeoOxooMMOCTb  pa3paboTki  3hheKTUBHBIX  HEMPOMPOTEKTUBHLIX —CTpaTeruii. MHTpaHasanbHbIi NyTb  BBEAEHUS

NEeKapCTBEHHbIX CPEACTB paccMaTpUBAETCS Kak NEPCMEKTUBHBIN CMocob [OCTaBKM MPenapaToB B LEHTPasnbHY0 HEPBHYIO
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Llens wuccnepoBanus: OueHUTb CPaBHUTENbHYK 3PQEKTUBHOCTL WHTPAHA3anbHOrO W WHTPanepUTOHeanbHoro
BBELEHNS LUTUKONMHA B MOLENM SKCIEPUMEHTANBHOM ULLEMUI FOMIOBHOIO MO3ra Y KpbIC.

Matepuanbl n MeToabl. JKCMEPUMEHT BbIMOMHEH Ha Kpbicax nuHum Wistar ¢ mMogenupoBaHueM MLLEMUYECKOrO
nHcynbTa. OueHWBaNK KOHLEHTPaLMI0 LIMTUKONWHA B TKaHW MO3ra, HEBPOMOrnyeckuin eduumT, NoBeAEHYECKUe peakLum 1
MOpONOrNyeCKNEe N3MEHEHNS.

PesynbTtatbl. WHTpaHasanbHoe BBedeHWE LMTMKONMHA obecneunBano [OCTOBEPHO Bonee BbICOKYH KOHLEHTPaLmio
npenapata B Mo3re, Honee BbICTPOE BOCCTAHOBMEHWE [OBMraTeNbHbIX M KOTHWUTUBHBIX (PYHKUMA M MEHEEe BblpaXeHHble
Mopdonornyeckue NOBPEXAEHNS N0 CPABHEHMIO C MHTPaNEepPUTOHeanbHbIM BBEEHNEM.

3aknioyeHune. HTpaHasanbHbI NyTb JOCTABKM LWTWUKOMNMHA MPEBOCXOAUT MapeHTepanbHbii N0 G1ofocTynHOCTU W
HEeNPONPOTEKTMBHOM 3GH(PEKTUBHOCTM NPYW KCNIEPUMEHTANTBHON ULLEMUM MO3ra.

Knrovesble cnmosa: uwemuyeckull UHCYnbm, HeUpONpOMeKyus, UUMUKOMUH, UHMpaHalanbHoe 68edeHue,
2emamosHyeanuyeckuli bapbep, IKcnepuMeHmasbHas UWemUust.
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Kipicne. Nwemusinbik WHCYNbT KesiHOe penepdysnsnbik, TepanusiHbiH, KOMKETIMAINIMHIK, WwekTeyni 6onybl TMiMA
HEeMpOoNpPOTEKTUBTI  cTpaTernanapabl a3ipney KaXeTTiniriH aikbiHganabl. [opinik 3aTTapabl WHTpaHasanbdbl EHrisy
rematoaHuedanuanblk HereTTi aiHanbin eTin, npenapaTTapAbl OpTanblK KyWKe KyWeciHe XeTKiydiH, nepcrnekTusarsl
ToCiNi peTiHae KapacTbipbinagbl.

3epTTeyaiH, MakcaTbl: Kemiprilutepdis, MHCYNbTTIH, SKCMEPUMEHTTIK MOAENIHAE LMTUKONMHAI MHTPOHA3ambai XaHe
WHTpONEpUTOHeanbAi eHrisyaiH, canbICTbipMars! TWiMAiniriH baranay.

Matepuangap MeH apictep. 3epTTey WwWweMusnblk WHCYynbT Mogeni xacanfaH Wistar  TykbIMbiHOafbI
ereykympblkTapaa xyprisingi. Mu TiHiHAeri UMTUKOMMH KOHLEHTPALMSACH], HEBPONMOMMAMbIK TamnlbIbIK, MiHE3-KYIbIKTbIK,
peakuusinap xaHe Mopdonorusnblk, e3repictep baranaHzbl.

Hatuxenep. LiuTukonuHai uHTpaHasarnbbl Hridy MHTpanepuToHeansabl eHrisyMeH canbICTbipFaHaa npenapaTTbiH, MU
TiHIHAEr KOHLEHTPaUMACHIHbIH, eAayip Xofapbl OOMyblH, KO3FanbiC XaHE KOTHWTMBTIK (DYHKUMANApObIH Kblnaamblpak,
KannblHa KesyiH, CoHAai-ak MophonornsasiblK 3akbiMaaHynapablH, a3 ankblHAanyblH KaMTaMachI3 eTTi.

KOpbITbIHABI. LIATUKONUHAI MHTpaHa3anbabl XeTKi3y KOJbl 9KCNEPUMEHTTIK MU ULLIEMUSCHI XaraanbiHga GuoxeTimainiri
XaHe HeNpOnpOTEKTUBTIK TMiMAINIr OOAbIHLIA NapeHTepanbab! eHridyaeH BackiM eKeHAiriH kepceTTi.

Tyliin  ce30ep:  uweMUssblK  UHCYNbM;  HeUPONPOMeEKYUs;  YUMUKOMUH,  UHmMpaHalansObl  eHaidy;
2eMamosHueanusnbik beaem; sKkCnepUMeHmMMIK UWeMus.
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Introduction placing a significant burden on healthcare systems and
Acute cerebrovascular accident (stroke) remains one of ~ society as a whole. In 2021, over 11.9 million new cases
the leading causes of morbidity and mortality worldwide,  and 7.3 million deaths were recorded globally, reflecting the
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immense global burden of the disease [8]. Among patients
who have suffered an ischemic stroke, the prevalence of
cognitive impairment reaches approximately 66-70% within
the first 6—12 months post-stroke. The combination of motor
and cognitive deficits significantly worsens functional status,
increases the risk of loss of self-care, and complicates
rehabilitation, leading to prolonged disability and reduced
quality of life [4].

Despite advances in reperfusion therapy (thrombolysis
and mechanical thrombectomy), these methods are only
available to a small proportion of patients due to a narrow
therapeutic window and contraindications, highlighting the
ongoing need for additional treatment strategies aimed at
neuronal protection and recovery [7].

Pharmacological  neuroprotection is aimed at
modulating key pathogenic mechanisms of ischemic injury
(excitotoxicity, —oxidative stress, inflammation, and
apoptosis) and is considered a promising complement to
reperfusion methods [7]. One of the major factors limiting
the effectiveness of many neuroprotective agents is the
blood-brain barrier (BBB), which prevents therapeutic
agents from reaching brain tissue [13]. In this regard, the
intranasal route of drug delivery has attracted attention as a
way to bypass the BBB by delivering active molecules
directly from the nasal cavity to the central nervous system
via olfactory and trigeminal neural pathways. This approach
has shown increased bioavailability and potential
therapeutic efficacy in models of neurodegenerative and
ischemic conditions [13].

Modern preclinical studies indicate that intranasal
delivery of neuroprotective agents in ischemic stroke
promotes neurogenesis and enhances functional recovery
compared to traditional administration routes [11].

The intranasal route significantly increases the
bioavailability of therapeutic molecules in brain tissue
compared to traditional systemic delivery, as the drug can
reach neuronal structures without having to cross the dense
endothelial layer of the BBB [11]. This delivery method has
already demonstrated promising results in preclinical
studies of ischemic stroke and other neurological disorders:
intranasally delivered molecules and carriers (e.g.,
nanoparticles, stem cell products, neurotrophic factors) help
increase drug concentration in the brain, stimulate
neurogenesis, and restore damaged neuronal structures,
leading to improved functional and behavioral outcomes in
stroke models [17].

Thus, due to the possibility of direct “nose-to-brain”
transport, higher bioavailability, minimal systemic effects, and
non-invasiveness, the intranasal route is a promising and
potentially more effective method of delivering neuroprotective
agents in acute and chronic brain injuries, including stroke,
compared to classical parenteral routes [11].

Citicoline (cytidine-5-diphosphocholine, CDP-choline) is
an endogenous compound that, when administered as a
drug, participates in the synthesis of cell membrane
phospholipids and the stabilization of neuronal membrane
structures, which is important in protecting cells from
ischemic damage [12]. Current data demonstrate that
citicoline in cerebral ischemia modulates key pathogenic
processes, including suppression of NF-kB activation and
reduction of neuronal apoptosis. It also improves membrane
stability and energy metabolism, contributing to reduced

neuronal death and better functional outcomes in ischemic
injury models [2].

Modern pharmacokinetic studies show that after
administration, citicoline is rapidly metabolized into cytidine
and choline, which efficiently penetrate the brain and are
involved in the biosynthesis of neuronal membrane
phospholipids and cholinergic neurotransmitters, thereby
supporting membrane integrity, synaptic transmission, and
neuronal function under ischemic conditions [10]. Clinical
studies and meta-analyses indicate that citicoline may be
an effective adjunct to standard therapy for ischemic stroke,
improving neurological outcomes and daily functioning in
some patients, although results vary depending on dosage
and timing of administration [19]. Literature data show that

citicoline  exerts  pleiotropic  neuroprotective  and
neuroregenerative  effects, including stimulation of
membrane  phospholipid  synthesis, inhibiton  of

phospholipase A2 activation, and reduction of free radical
formation. It also modulates microglial responses and
reduces neuroinflammation, which collectively promotes
neuronal protection and regeneration after ischemic brain
injury [2].

In light of the above, intranasal delivery of citicoline is
attracting attention as a potentially more effective route of
drug transport into the CNS, capable of enhancing its
therapeutic efficacy in ischemic stroke. However, direct
comparisons  between  traditional and intranasal
administration routes in experimental models of ischemia
are lacking, making it necessary to conduct studies aimed
at comparing them in terms of key pharmacokinetic,
neurological, behavioral, and morphological parameters.

Objective of the study

To assess the comparative efficacy of intranasal and
intraperitoneal administration of citicoline in a rat model of
experimental cerebral ischemia.

Materials and Methods

Study design: Experimental

Experimental animals. The study was conducted on
20 sexually mature Wistar rats (weighing 180-250 g),
meeting age and weight criteria appropriate for modeling
ischemic brain injury. The selection of experimental
animals was based on the fact that Wistar rats represent a
validated model of ischemic stroke with high
reproducibility in preclinical studies. The animals were
housed under standard vivarium conditions with controlled
microclimate parameters (temperature: 22 + 2 °C, relative
humidity: 50-60%, light/dark cycle: 12:12 h) and had free
access to food and water. All procedures were performed
in strict accordance with ethical standards established by
EU Directive 2010/63/EU and the European Convention
ETS No.123. The present study was approved by the
Local Ethics Committee of the NAO ‘Semey Medical
University’ (Protocol No. 2 dated October 28, 2020). The
experimental part of the study was carried out at the
vivarium and the Central Research Laboratory of NAO
‘SMU’ in 2023.

After randomization, the rats were divided into four
equal groups of 5 animals each (n = 5), totaling 20 animals:

1. Control group (ischemia without therapy);

2. Intraperitoneal administration of citicoline;

3. Intranasal administration of citicoline in a Pluronic
F127-based formulation;
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4. Placebo group (0.9% NaCl solution).

Modeling of ischemic stroke. Acute cerebral ischemia
was induced using a combined method that simulates the
pathogenesis of human stroke and ensures high
reproducibility of neurological symptoms. The method
consisted of the following stages:

1. Pharmacological induction of thrombosis — vitamin K
(menadione) was administered intravenously in a dose
sufficient to activate the blood coagulation cascade. This
led to the formation of multiple emboli in small cerebral
vessels and microarterioles.

2. Hypoxic exposure — immediately after vitamin K
injection, the animals were placed in a sealed chamber with
reduced oxygen content (10-12%) for 90 minutes. The
combination of hypoxia and embolic factors resulted in
stable, multifocal ischemic damage accompanied by
neurological deficits and morphological changes typical of
human ischemic stroke.

3. Recovery phase - after hypoxia, the animals were
transferred to individual cages with temperature and
respiratory monitoring.

This model provides strong clinical and pathological
resemblance to human stroke, including motor, cognitive,
and morphological alterations.

Drug formulations and administration routes

o Intraperitoneal citicoline was administered as a
standard solution (125 mg/mL) with daily injections.

e Intranasal citicoline was delivered as a gel-forming
solution based on Pluronic F127 (20%) containing 3 mg/mL

of the active substance. The gel was prepared at 5 °C and
instilled into the nasal passages in volumes of 0.03-0.05
mL daily for 30 days.

Methods of Evaluating Therapeutic Efficacy

1. Neurological status — assessed using the Bederson
scale (0-5 points), evaluating paresis, motor impairments,
and asymmetry.

2. Behavioral tests — including the Tolman maze to
assess cognitive activity, orientation, and anxiety.

3. Histomorphological ~ analysis of the brain -
hematoxylin and eosin staining, assessment of
demyelination, neuronal edema, and infiltration.

4. Pharmacokinetics — determination of citicoline
concentration in the brain using HPLC on days 3, 7, and 14.

Statistical analysis was performed using standard
methods of variation statistics. Given the small sample size (n =
5 per group) and the experimental nature of the study,
quantitative data were presented as the median and
interquartile  range  Me(Q1-Q3). The  Kruskal-Wallis
nonparametric test was used for intergroup comparisons.
Differences were considered statistically significant at p < 0.05.

Results

Analysis of citicoline concentrations in brain tissue revealed
differences between routes of administration. In the
intraperitoneal group, the median brain concentration of
citicoline was 2.99 pg/mL. In the group receiving intranasal
citicoline in a Pluronic F127-based gel, the median
concentration reached 7.756 pg/mL (Figure 1). The differences
between groups were statistically significant (p = 0.001).

Brain citicoline concentration by route of administration

p = 0.001

Citicoline concentration in brain (pg/ml)

Intraperitoneal

7.76

Intranasal

Route of administration
Figure 1. Brain citicoline concentration by route of administration

Neurological deficit assessment using the Bederson scale
revealed differences in the severity and dynamics of recovery
among the study groups. In the intraperitoneal group, the
median neurological deficit score was 2.5 points. By day 7,
70% of animals still exhibited signs of hemiparesis or
hemiplegia, and spontaneous motor activity recovered slowly.
In the intranasal group, the median Bederson score was 2.3
points. Motor impairment began to decrease as early as days
3-5, with observable restoration of movement symmetry.

Behavioral analysis using the Tolman maze test
showed intergroup differences.  Animals  receiving
intraperitoneal  citicoline exhibited signs of anxiety,
disorientation, and poor task performance.

In contrast, animals in the intranasal group maintained
behavioral performance: they successfully navigated the

maze, demonstrated exploratory activity, and showed
reduced anxiety levels.

Histomorphological analysis also revealed differences in
the severity of ischemic changes between the groups.

In the intraperitoneal group, pronounced ischemic
alterations were noted, including multifocal lesions,
demyelination, edema, and cellular infiltration, persisting up
to day 14. In the intranasal group, limited focal changes
were observed, with minimal demyelination and infiltration,
showing signs of regression by day 14.

Comparison ~ of  pharmacokinetic,  neurological,
behavioral, and morphological parameters revealed notable
differences between the intranasal and intraperitoneal
routes of citicoline administration (Table 1).
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Intranasal administration was associated with higher
drug concentration in brain tissue, earlier reduction of
neurological deficits, preserved behavioral responses, and
less pronounced morphological damage compared to
intraperitoneal administration.

Table 1.
Comparative efficacy of intranasal and intraperitoneal

citicoline administration in experimental cerebral
ischemia.

Parameter Intranasal | Intraperitoneal
Brain concentration (Me) 7.756 pg/iml 1299 ug/ml
p-value 0.001 -
Onset of functional recovery | 3-5 days 5-7 days
Neurological deficit (Bederson)| 2.3 2.5
Behavioral performance Preserved Impaired
Morphological changes Focal,. Mult.ifocal,

reversible persistent

Discussion

The results of this study demonstrated that intranasal
administration ~ of  citicoline  significantly  outperforms
intraperitoneal administration in terms of brain concentration,
neurological function, behavioral activity, and the extent of
morphological damage. These findings are consistent with
recent reviews emphasizing that intranasal drug delivery allows
bypassing the blood-brain barrier and provides more effective
delivery of neuroprotective agents to the brain than traditional
systemic administration routes [11].

The intranasal route facilitates rapid and direct transport of
therapeutic agents to the central nervous system via olfactory
and trigeminal neural pathways, bypassing the blood-brain
barrier. This substantially increases their bioavailability and
targeting precision in the treatment of cerebrovascular and
other central nervous system disorders, including in preclinical
models of ischemia [15]. Our data showing more pronounced
improvements in behavioral responses with intranasal
administration are consistent with observations that intranasally
delivered therapeutic systems can reduce neurological deficits
and accelerate the recovery of sensorimotor and cognitive
functions after stroke [18].

In clinical practice, the effectiveness of citicoline
remains controversial: some studies have shown limited
impact on global stroke outcomes, highlighting the need for
optimization of treatment regimens and delivery methods
[16]. It is important to note that intranasal delivery methods
for active compounds, including citicoline and other
neuroprotectants, are being actively explored as promising
alternatives to enhance therapeutic efficacy by bypassing
the blood-brain barrier and increasing drug concentration
directly in post-ischemic brain tissue [15].

Increased brain concentration of citicoline correlates
with improved neurological outcomes, partially supported by
experiments involving its delivery into the extracellular
space of the brain, where significant reductions in infarct
volume were observed [18]. Contemporary preclinical
research demonstrates that intranasal delivery of
nanoparticles and other nanotechnology-based carriers
promotes angiogenesis and neurogenesis, improves
neuroplasticity, supports white matter repair, and leads to
enhanced neurological and behavioral outcomes in models
of ischemic stroke. These findings are consistent with our

results regarding improved behavioral activity following
intranasal citicoline administration [14].

Strategies for intranasal therapy in stroke models also
include the delivery of genetically targeted agents that
migrate to ischemic regions and enhance neural plasticity
and recovery post-injury [5]. Our findings on enhanced
behavioral recovery with intranasal administration align with
studies showing that intranasally delivered therapeutics can
reduce neurological deficits and speed up the restoration of
sensorimotor and cognitive functions after stroke [5].

Evidence confirms that citicoline possesses both
neuroprotective  and  anti-inflammatory  properties,
demonstrating the ability to improve neurological functions,
reduce disability, and positively influence the recovery of
cognitive abilities and daily activities in patients with
ischemic stroke. However, optimal treatment regimens and
patient subgroups remain subjects of ongoing research [1].
Our experimental results also align with reports suggesting
that citicoline helps normalize metabolic disturbances and
improve biochemical markers of ischemia, reflected in
enhanced motor activity and reduced neurological
impairments. Authors also note that integrating intranasal
delivery with nanotechnology could further enhance
neuroprotective efficacy by improving drug stability,
controlling its release, and increasing accumulation in
ischemic regions [6].

Considering the presented literature, our results support
the concept that the route of drug administration is a critical
factor for the effectiveness of neuroprotective therapy. The
intranasal pathway provides direct access to the central
nervous system via olfactory and trigeminal routes,
bypassing the blood-brain barrier and increasing
therapeutic agent concentrations in the brain. This makes it
a promising approach for accelerating recovery following
ischemic stroke compared to systemic administration [3].

Current trends in intranasal nano- and microemulsion
drug delivery research indicate strong interest in such
platforms for CNS drug targeting, while also emphasizing
the need for further translational studies—including
assessments of efficacy, safety, and standardization—
before these innovative approaches can be adopted in
clinical practice [9].

Conclusion

The conducted experimental study demonstrated that
the route of citicoline administration significantly influences
its pharmacokinetic and therapeutic properties in ischemic
stroke. Intranasal  administration  provided  higher
bioavailability, accelerated drug penetration into brain
tissue, and more pronounced neuroprotective effects
compared to intraperitoneal administration. This was
accompanied by reduced neurological deficits, improved
behavioral outcomes, and less severe morphological
damage.

The obtained data support the potential of intranasal
citicoline administration as a more effective alternative to
systemic therapy in cases of acute cerebral ischemia and
justify the need for further clinical investigations.
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