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Abstract: Treatment of neurodegenerative disorders requires delivery of drugs into the central
nervous system. However, presence of the blood-brain barrier (BBB) strongly limits applicability of
intravenous or oral paths for administration of drugs acting in the brain. Intranasal delivery is a
promising, non-invasive strategy to bypass the BBB and deliver drugs directly to the brain. This review
examines the nasal-to-brain delivery mechanisms, enhancement strategies, and therapeutic applications
of drug delivery to the brain upon intranasal administration, with a focus on peptide delivery. It compares
the anatomical differences in nasal cavity structure between humans and model animals used to study
delivery efficacy and considers transport mechanisms, including intracellular (axonal) and extracellular
(paracellular and transcellular) pathways. Peptide drugs approved for intranasal administration, such as
insulin, exendin, and oxytocin as well as several peptides on the development stage are discussed in more
details with insights of the influence of peptide sequence on the delivery efficiency. Finally, recent
progress in various strategies to improve intranasal peptide delivery, including PEGylation, cell-
penetrating peptides, and cyclodextrins are discussed.

Keywords: intranasal drug delivery, blood-brain barrier, peptide administration, olfactory
transport, drug bioavailability enhancement.

1. INTRODUCTION

Neurodegenerative disorders, such as Alzheimer’s, Parkinson’s, and Huntington’s disease
affect significant fraction of elderly population and are a significant challenge for health system.
Most of the currently available drugs for the treatment of diseases related to the central nervous
system (CNS), are used systemically, i.e. administered orally or by injection. However, their delivery
to the brain is obstructed by the blood-brain barrier (BBB) that prevents 98% of small drug molecules
from entering the brain (Khawli and Prabhu, 2013). Intranasal delivery is a promising, non-invasive
strategy to bypass the BBB and deliver drugs directly to the brain. Leveraging the unique anatomical
connection between the nasal cavity and the CNS via the olfactory and trigeminal pathways, this
route offers rapid and targeted drug transport. Intranasal delivery is particularly advantageous for
neurodegenerative diseases, as it enables the administration of small molecules, peptides, and even
nanoparticles with enhanced bioavailability and minimal systemic exposure (Palde et al., 2024).

Three major types of possible routes of drug delivery to the brain have been described to this
day, the first being the indirect, systemic route, in which the drug is absorbed immediately into the
systemic circulation through the nasal cavity and then through the BBB to the brain; the other, direct
routes are the olfactory route, in which the drug passes through the olfactory epithelium into the
olfactory bulb and then into the brain tissue or cerebrospinal fluid; and the third, the trigeminal
pathway, which is named after the trigeminal nerve, in which the drug is transported directly
through the trigeminal nerve.



2. The structure of the olfactory cavity and olfactory bulb in different species

The nasal cavity is anatomically connected to the brain, providing a unique and direct route
for drug transport (Fig. 1). The olfactory region, located in the upper nasal cavity, contains
specialized neurons whose axons extend through the cribriform plate into the olfactory bulb of the
brain. Similarly, the trigeminal nerve, which innervates the nasal cavity, has branches that lead to
various CNS regions. Drugs administered intranasally can travel along these neural pathways
directly to the brain bypassing systemic circulation and the BBB.

The first model organism that was used to study this type of the drug delivery was the rat,
rodent with strongly development sense of smell that possess relatively large nasal cavity. Later, the
set of model animals used for studies of nasal delivery were extended to easier to operate mice as
well as to large animals including rabbits, dogs, sheep, and monkeys. Mice and rats are good models
for studying the absorption of drugs through the nose, while rabbits, dogs, and sheep are more
commonly used for pharmacokinetic studies (Erdo et al., 2018).

The olfactory cavity is the first area from which the body receives information about the
environment, located at the upper part of the nasal cavity, and is called the olfactory cleft. In humans,
this area makes up only ~10% of the total area of the nasal cavity, while in rodents the olfactory
region makes up to 50% (Fig. 1) (Keller et al., 2022).
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Figure 1. Olfactory bulb location and size in humans and rodents (Keller et al., 2022)

The main structure of the nose is generally similar between rodents and humans. The nasal
cavity is divided into two parts that extend from the nostrils to the nasopharynx. They can be
divided into three areas: vestibular, respiratory, and olfactory. In humans, the respiratory section
accounts for up to 80-90%, while in rodents it covers only 50% of the nasal cavity (Harkema et al.,
2006). In most respects, the morphology of the respiratory epithelium of the mouse nose is similar
to that of other animals. The mouse respiratory epithelium is an example of a pseudostratified,
ciliated stratified epithelium. Squamous, ciliated, and olfactory epithelia cover 7,46, and 47% of the
nasal cavity, respectively. The vestibule serves as a reservoir for drips and secretions of the lateral
glands and serous secretions, and the septum contains the so-called septal window, so the two
nostrils cannot be considered separately (Reznik, 1990).

From the olfactory epithelium, the drug can enter the olfactory bulb of the brain. In general,
the brain of mice and humans has size differences, but the basic architecture of the brain is
unchanged. Many proteins in the mouse brain have much in common with human proteins. There
is one very noticeable difference between the human brain and rodent brain is gyrification (the
formation of brain folds), which is absent in rodents (Semple et al., 2013). Anatomical factors such
as the curve from the nostrils to the nasal cavity, length and volume, structure of the shells, and the
presence of a septal window can cause differences between species in the absorption of substances



from the nose (Table 1). The most important difference between humans and rodents in studies of
intranasal delivery is the much large volume of nasal cavity and area of nasal epithelia comparing
to the body size in rodents (Table 1). This can lead to the much faster and efficient intranasal delivery
in this model organisms than in humans. The size of nasal cavity and other anatomical and
physiological aspects dictate the volume of solution that can be injected into one nostril. Typical
injection volumes for humans, mice and rats are 150, 3, and 13 uL, respectively (Erdo et al., 2018).

Table 1: Comparative characteristics of the human mouse and rat nasal cavity*

Human Mice Rat
Weight (kg) 70 0.03 0.25
Average volume of the nasal cavity (ml) 20 0.03 0.4
Length of the nasal cavity (cm) 7.5 0.5 2.8
Average nasal epithelial area (cm?) 160 2.8 14
Structure of the nasal conchae Single spiral Double spiral ~ Double spiral
The presence of a Septal window No Yes Yes
Elimination half-life (min) ** 15 1 5
Volume injected into one nostril (uL) *** 150 3 13

* Based on the data from (Erdo et al., 2018)

** Estimated half-life calculated based on the length of the nose and the average mucus layer
velocity (14 mm/min).

*** Volume of the drug administered to obtain the same volume per unit area as in humans.

3. Mechanisms of intranasal delivery to the brain

There are two main direct routes for intranasal delivery: (i) through the olfactory bulb and (ii)
through the trigeminal nerve. Let’s break it down. Drugs can be transported to the brain via the
trigeminal nerve receptors present in the nasal cavity (Thorne et al., 2004). The trigeminal nerve
enters the brain from the respiratory epithelium of the nasal passages at two areas: (1) at the Varoli’s
bridge; and (2) through the lamina propria near the olfactory bulbs, allowing for the penetration of
drugs into both the posterior and anterior brain when administered intranasally (Schaefer et al.,
2002).

The trigeminal nerve provides innervation of the respiratory and olfactory epithelium of the
nasal passages. The possibility of drug transportation through the trigeminal nerve was first shown
using insulin-like growth factor labeled with radioactive iodine 125I-IGF-1 (insulin-like growth
factor-1). Thorne et al observed high concentrations of the radioactive label in the trigeminal nerve,
trigeminal ganglion, cervical spinal cord and other CNS structures (Thorne et al., 2004).

The olfactory pathway begins with neuronal dendrites and olfactory receptors that penetrate
the mucosal layer of the olfactory epithelium inside the nose to provide a sense of smell. The axons
of these neurons extend centrally, passing through the subarachnoid space containing cerebrospinal
fluid to transmit a synapse to mitral cells in the olfactory bulbs. From here, the neuronal endings
extend to the olfactory canal, anterior olfactory nucleus, pyramidal cortex, amygdala, and
hypothalamus (Kandel et al., 2014).

There have been experiments showing the role of olfactory pathways in the transportation of
substances to the brain. Intranasal injection of horseradish peroxidase-conjugated agglutinin (WGA-
HRP) was shown to transport along olfactory axons to olfactory bulbs in the CNS (Balin et al., 1986).
Other evidence for the transport of substances by the olfactory pathway is a study showing the
movement of fluorescent labels along the olfactory nerves of the lamina propria (Jansson and Bjork,
2002).



The substances via the olfactory and trigeminal pathways can be transported to the brain in
different ways. These are mainly intracellular pathways, also called intracellular/intraneuronal, and
extracellular/extraneuronal, which is divided into transcellular and paracellular (Fig. 2). Some
authors also include the transcellular pathway in the intracellular pathway (Agrawal et al., 2018),
and some authors refer to the transcellular pathway as the extracellular pathway (Keller et al., 2022).

Paracellular Transcellular

Nasal
Epithelium

1. Chanels 2. Transcytosis 3. Transcellular
And Pores Diffusion

Figure 2. Transport across the nasal epithelium (Meredith et al., 2015)

The intracellular transport involves endocytosis or pinocytosis of the drug into the trigeminal
or olfactory nerve. The drug moves along the axon (axonal transport), through the nerve bundle,
crosses the lamina propria and reaches the olfactory bulb (via the olfactory nerve) and the brainstem
(via the trigeminal nerve) (Lochhead and Thorne, 2012). Drugs can move along the nerve in
endocytic vesicles, and upon entering the brain, they are exocytosed and can be distributed
throughout the CNS. Passive diffusion by the intraneuronal pathway is also possible. This
intraneuronal pathway is very slow, on the average, drugs are delivered via this pathway from a
few hours to several days, so due to the limited speed, this intracellular mechanism is unlikely to be
the predominant mode of transport for most molecules or peptides. This pathway is limited to
transport of small lipophilic substances and those that have an active specific carrier (Banks, 2009).

Another pathway is the extracellular pathway, which is faster than the intracellular pathway
and is used for the delivery of hydrophilic substances, peptides, and proteins. The extracellular
pathway begins with either intercellular uptake by supporting cells or paracellular transport by
diffusion through leaky areas of the nasal epithelium. Substances can be transported extracellularly
through both the olfactory and trigeminal nerves. The drug crosses the epithelial layer via the
paracellular pathway and, upon reaching the lamina propria, enters the gap between the axons and
the enveloping layer. To reach the nerve cells, the drug must pass through epithelial tight junctions,
which can limit its absorption (Lochhead and Thorne, 2012). However, these junctions may not be
very tight, as the rate of neuronal turnover in the olfactory epithelium layer is quite high. Olfactory
neurons have a short lifespan until they undergo cell death and leave the cleft (Crowe et al., 2018).

Note that passage through the lamina propria of the brain does not mean that the drug will
reach the central nervous system. It can also be absorbed by blood vessels and, in turn, enter the
systemic circulation. In addition, it can enter the glands or lymphatic vessels. Finally, the drug can
enter the cranial nerves by extracellular diffusion, and it can also be transported to the subarachnoid
space adjacent to the bridge or olfactory bulb via the trigeminal or olfactory pathways (Lochhead et
al., 2015). Extracellular transport through the olfactory and trigeminal nerves is faster than
intracellular transport, mainly transporting small polar, hydrophilic drugs, various proteins and
peptides (Crowe et al., 2018).



Peptides can also cross the olfactory epithelium in a transcellular way. This happens by passive
diffusion or receptor-mediated transcytosis. Mostly lipophilic substances are transported by the
intercellular route (Spetter and Hallschmid, 2015).

4. Peptide drugs for intranasal administration

There are 4 peptide products currently known and approved by the US Food and Drug
Administration (FDA) for intranasal delivery in humans: salmon calcitonin, nafarelin acetate,
buserelin acetate, and desmopressin sodium acetate. All of them have a bioavailability of less than
5%. Bioavailability is the ability of a drug to be delivered to its destination and absorbed. There are
also other peptides used in nasal delivery, such as exendin, galanin-like peptide (GALP), insulin,
and oxytocin (Ozsoy et al., 2009).

Exendin is glucagon-like peptide (GLP-1, GLP) consisting of 39 amino acids and possessing
slight negative charge (Table 2). It acts as an agonist of GLP-1 receptors, which are involved in
neuroprotection and cognitive skills. The peptide was reported to enter the brain via extraneuronal
route when administered intranasally and then evenly distribute in it. During et al described that
intranasally administered exendin promotes neuronal survival. Receptors for exendin are located in
the hippocampus and involved in memory formation and learning, through secondary transduction
systems such as the adenylate cyclase and phosphatidylinositol 3-kinase pathways (During et al.,
2003).

Banks et al note that the delivery of exendin via the olfactory bulb is four times more effective
than intravenous administration of the peptide, although similar concentrations of exendin were
delivered to other parts of the brain by both intranasal and intravenous administration (Banks et al.,
2004). The effects of exendin are also associated with an improvement in the treatment of diabetes
in patients. Ueno et al showed that when GLP-1 was administered before meals for two weeks, there
was a restoration of early-phase insulin secretion and a decrease in glycoalbumin levels. There are
also clinical trials of Exendin-4 in Alzheimer's disease, as exendin has effects related to neuronal life
(Clinical Trial NCT01255163) (Ueno et al., 2014).

Galanin-like peptide (GALP). It is a 60-amino acid neuropeptide produced in the arcuate
nucleus of the hypothalamus and the posterior pituitary gland. Galanin-like peptide, does not have
any effect related to cognitive skills, while galanin is a peptide that has a similar sequence of 13
amino acids and has a positive effect on memory and cognitive skills (Beck and Pourie, 2013). A
study by Nonaka et al compared the effectiveness of galanin-like peptide delivery in mice. It was
found that intranasal delivery of this peptide to the brain is 20 times better than intravenous delivery
and leads to a significant increase in the concentration of the peptide in the olfactory bulb within 10
minutes (Nonaka et al., 2008). Galanin-like peptide was also found to have an effect on feeding
behavior in mice. Intranasal administration of the peptide for one week promotes weight loss in
mice. These results suggest that intranasal administration of GALP is a viable option for people
seeking to combat lifestyle-related diseases, including obesity (Shiba et al., 2010).

Insulin is the main anabolic hormone in humans, a 6kDa heterodimer consisting of A- and B-
chains connected by disulfide bonds. In addition to being involved in important metabolic processes,
this hormone is also involved in the central nervous system. Insulin has the ability to cross the blood-
brain barrier and perform such functions as glucose utilization in the hippocampus and other parts
of the brain, as well as improve signal transmission between synapses and improve memory (Luo
et al.,, 2024). Alterations in insulin metabolism in the brain may be one of the causes of Alzheimer's
disease, a neurodegenerative disease associated with memory impairment. Renner et al. and
Lockhead et al. showed that insulin, after nasal administration, can be delivered to the brain
extracellularly via the olfactory and trigeminal nerves (Lochhead et al., 2019), (Renner et al., 2012).

Insulin is also delivered to the brain via a specific insulin receptor. And this receptor-mediated
transport initially involves the formation of the receptor-insulin complex, followed by the



internalization of insulin (Henkin, 2010). It has been shown that insulin receptor sensitivity was
reduced in patients with Alzheimer's disease (Talbot et al., 2012). It has also been hypothesized that
an increase in insulin concentration in the brain of patients with Alzheimer's disease may slow down
the development of the disease, as activation of the insulin signaling pathway improves cognitive
skills and provides neuroprotective effects. Intranasal delivery of insulin for 8 weeks (human regular
insulin 4 x 40 IU/d (4 x 40 IU/day)) has been shown to improve memory and mood in the absence of
any side effects (Benedict et al., 2004).

The use of intranasal insulin suggests that it may have therapeutic benefits for adults with
mild cognitive impairment and Alzheimer's disease. A pilot clinical trial, in the form of a
randomized, double-blind, placebo-controlled, parallel-group study in which 90 participants with
Alzheimer's disease or mild cognitive impairment received daily intranasal administration of either
insulin or placebo for 4 months, showed that patients taking insulin had improved short-term
memory and cognitive function (Craft et al., 2012).

Oxytocyn (C*YIQNC*PLG-NH2) is a cyclic neuropeptide normally produced in the
hypothalamus. It is relatively small and possesses an intramolecular disulfide bond making its
molecule even more compact and easy to cross membranes. Experiments with intranasal
administration of oxytocin have shown that it affects metabolic processes and eating behavior in
humans proving efficiency in its delivery. It was found that intranasal delivery of oxytocin in
healthy, normal-weight fasting men did not alter hunger-induced food intake for breakfast, but
strongly influenced a decrease in chocolate cookie consumption when food was a reward for work.
Thus, these results open up new possibilities for the use of oxytocin as a regulator of eating behavior
in humans (Ott et al., 2013). Intranasal oxytocin administration has been shown to increase empathy,
perception of emotions, enhance the anxiolytic effect in stressful situations, and the willingness to
trust people. In a study by Zhang et al, overweight people who received a daily dose of 24 IU of
oxytocin intranasally for 8 weeks lost about 9 kg of body weight and reduced their waist and hip
circumference (Zhang et al., 2013). Given the lack of long-term data on the therapeutic and side
effects of intranasal administration of insulin, oxytocin, and other peptides in humans, much work
remains to be done to fully characterize the potential of intranasal peptide delivery in humans.

5. Other peptides studied for intranasal brain delivery

Most studies on the intranasal delivery of peptide drug candidates have been conducted in
rats or mice, which are the most common experimental species for testing drug delivery to the brain,
however in some cases the rabbits are also used.

Insulin-like growth factor I. Separately, the cytokines erythropoietin and insulin-like growth
factor-I significantly reduce neuronal damage in rodent models of cerebral ischemia. Erythropoietin
in the brain plays a neuroprotective role in many animals with brain-related injuries (Noguchi et al.,
2007). Insulin-like growth factor I plays an important role in the normal development and growth
of the bodyj, it is a somatomedin and mediates some of the effects of somatotropic hormone.

The intranasal delivery of Insulin-like growth factor I was investigated in a study of
neuroprotective properties of cytokines. The model object was mice injected with 125I-EPO ((3-[125I]
iodothyrosyl)-erythropoietin) and 125I-IGF-I ((3-[125I] iodothyrosyl)-insulin-like growth factor-I)
labelled with a radioactive tag, which were dissolved in pH 6.2 succinate buffer containing 140 mM
NaCl. After injection of the drugs, the brains of mice were taken in periods from 10 to 720 minutes,
homogenized, and the concentration of drugs was measured by the liquid scintillation method.
According to autoradiography data, the drugs were localized to the sites of brain damage caused by
middle cerebral artery occlusion (MCAO). Studies in this work and others indicate that 125I-EPO



((3-[125I] iodothyrosyl)-erythropoietin) and 125I-IGF-I ((3-[125]] iodothyrosyl)-insulin-like growth
factor-I) are transported extracellularly through olfactory epithelial cells. It has also been described
that IGF-1 can be transported via the triglyceride pathway, and perhaps erythropoietin can do so as
well (Fletcher et al., 2009, Thorne et al., 2004).

Vasoactive intestinal peptide (VIP) is a cationic 28-amino acid peptide. The peptide performs
important functions related to smooth muscle relaxation, has anti-inflammatory and
immunomodulatory properties, and acts as a neurotransmitter (Delobette et al., 1997, Gololobov et
al., 1998). Vasoactive intestinal peptide plays an important role in improving memory and
intellectual abilities, and can be used to treat various neurological disorders such as Alzheimer's
disease (Hardy and Selkoe, 2002). Studies on the intranasal delivery of vasoactive integrin peptide
to the brain demonstrate that it is delivered by a direct extracellular route (Cui et al., 2013). A
lipophilic analog of VIP, bearing stearyl-norleucine at position 17 demonstrated neuroprotective
properties in rats with Alzheimer's disease. Radiolabeling and chromatography methods has shown
that the highest amount of the peptide locates in the cerebral cortex and hypothalamus 15 minutes
after injection (Gozes et al., 1996).

Orexin-A (hypocretin-1) is a neuropeptide that regulates both sleep and appetite. This
hormone is secreted in the hypothalamus and orexin-A receptors are located on neurons in various
parts of the brain, which allows it to activate areas associated with sleep and lack of sleep after
release (Hagan et al., 1999). Hypocretin is delivered to the brain for its therapeutic potential in the
treatment of narcolepsy and obesity (Fujiki et al., 2003). The delivery of hypocretin-1 to the rat brain
was studied using hypocretin with 1251 radiolabel. The highest concentration of the drug was found
in the olfactory bulbs, 30 minutes after intranasal administration (2.2 nM). This suggests that the
drug is delivered by extracellular mechanisms via the olfactory pathway and the delivery efficacy is
relatively low. (Dhuria et al., 2009).

Exendin (9-39) is a selective GLP-1 receptor antagonist. It inhibits the formation of intracellular
cAMP induced by GLP-1. Intranasal administration of exendin (9-39) has been shown to have a
positive effect on cognitive function and neuronal survival. The study was conducted on mice
intranasally injected with radiolabeled exendin (9-39). The brains were taken at 2-10 minutes after
dissection and preparation of the supernatant, and the amount of the drug was measured by high-
performance liquid chromatography (HPLC). The results of the study indicate that the drug very
quickly enters the olfactory bulb of the brain and after intranasal administration was found in the
hippocampus, cerebellum, brain stem and cerebrospinal fluid. The raped delivery points at extra-
neuronal route of the exendin (9-39) transport from the nose to the brain (Banks et al., 2004).

Vasopressin is a hormone that has been identified as a modulator of emotional social behavior
and is associated with neuropsychiatric disorders characterized by social dysfunction. Intranasally
administered vasopressin has great therapeutic potential for the treatment of mental disorders
characterized by deficits in social perception, motivation and affective behavior, such as autism,
anxiety, depression and schizophrenia (Meyer-Lindenberg et al., 2011). It has been shown that
vasopressin is transported to the brain from the nasal cavity by an indirect route, namely,
extraneuronal. The concentration of vasopressin has been determined in mice brain using functional
magnetic resonance imaging (Galbusera et al., 2017), and the amount of delivered vasopressin in
cerebrospinal fluid and blood has been determined in humans by radioimmunoassay (RIA) (Born et
al., 2002).

R8-AP(25-35) peptide is a synthetic peptide that combines a polyarginine sequence that helps
the peptide penetrate membranes and a part of the amyloid beta segment. The delivery of this
peptide to the brain upon intranasal administration was studied using a fluorescein conjugated to
the peptide in the mouse model and 0.5-24 hours delivery times. The results suggest that it is



transported via the direct extracellular route. R8-AB(25-35) was developed as an inhibitor of A{ fibril
formation and octaarginine moiety was added to increase the solubility and cell permeability, There
are reports showing that daily administration of the peptide reduces the formation of amyloid-beta
in the brain of APP/PS1 transgenic mice (Cheng et al., 2017).

Table 2. Intranasal delivered peptides and their characteristics

Name Length MW, Net % of Reference
Da  charge hydrop
hobic*
Approved as drugs
Exendin 39 4190 -3 41 During et al., 2003
Galanin-like peptide 60 6472 +1 47 Beck and Pourie, 2013
Insulin 51 5795 -1 39 Luo et al., 2024
Not yet approved
Insulin-like growth factor I 195 7650 +22 39 Noguchi et al., 2007
Vasoactive intestinal peptide 28 2800 +3 43 Gololobov et al., 1998
Orexin-A 32 3500 -1 41 Hagan et al., 1999
Exendin (9-39) 31 3400 -1 42 Banks et al., 2004
Vasopressin 9 1080 +1 22 Meyer-Lindenberg et al.,
2011
R8-Ap (25-35) 18 2250 +8 28 Cheng et al., 2017

6. Improvements of intranasal delivery of peptides

PEGylation involves chemical modification with polyethylene glycol and is considered to be
an effective method to improve the penetrating ability of peptides in vivo (Moreira Brito et al., 2022).
It has been well documented that this technique extends the biological lifespan of peptides by
reducing their proteolysis (Harris and Chess, 2003). PEGylation also provides flexibility, as it allows
easy modification of pharmacological profiles by decreasing or increasing the molecular weight of
polyethylene glycol. In particular, increasing the molecular weight of polyethylene glycol increases
the stability of the peptide, but may lead to interference with the biological functions of the drug.
Therefore, it is important to choose the right size of PEG unit to achieve a balance between biological
activity and drug stability. In addition, PEGylation reduces the patient's immune response to the
administered peptides (Veronese and Pasut, 2005). Increased stability and biological lifespan of the
therapeutic GLP-1 peptide calcitonin, when delivered intranasally using polyethylene glycol (mono-
PEG), has been proven (Lee et al., 2003).

PEGylation of peptides for improvement of their delivery by intranasal administration was
tested in diabetic mice (Kim et al., 2012). Non-invasive delivery systems are much more convenient
for diabetes patients as they alleviate the pain and discomfort associated with injections. However,
the bioavailability of intranasally administered therapeutic peptides is often low (in most cases
<10%), which is explained by the degradation of peptides by proteolysis in the nasal mucosa.

The first clinically available incretin-like drug, exendin-4 is a peptidase-resistant glucagon-like
substance. As a GLP-1 receptor antagonist, exendin-4 has many glucoregulatory effects, such as
enhancing glucose-dependent insulin secretion, suppressing glucagon secretion, reducing gastric
motility, and improving pancreatic endocrine function. However, its therapeutic use is limited by
the need for frequent injections. In addition, intranasally administered exendin-4 has a
bioavailability of only 1.7% (Gedulin et al., 2008). Thus, it makes sense to develop a low-molecular-
weight polyethylene glycol conjugated with exendin-4 available for intranasal administration.



Cell-penetrating peptides (CPP) attract great interest due to their ability to improve cellular
uptake of poorly internalized conjugated bioactive macromolecules (Snyder and Dowdy, 2004).
Most commonly used cell-penetrating peptides include human immunodeficiency TAT peptides
(Vives et al., 1997), oligoarginine (Mitchell et al., 2000) and amphipathic peptides, such as Drosophila
homeodomain, or penetratin (Derossi et al., 1994).

The strategy of using cell-penetrating peptides is promising for the delivery of therapeutic
peptides and proteins through the intestine or nose, as they provide higher bioavailability and show
no visible negative effects on biological membranes (Morishita et al., 2007). Scientists have shown
that the non-invasive delivery of therapeutic peptides and proteins has been significantly improved
by co-administration of penetratin (RQIKIWNFQNRRMKWKK) with these drugs (Khafagy el et al.,
2009). In attempt to improve properties of penetratin as a vector, its analogue, Shuffle (RK fix) 2
(RWFKIQMQIRRWKNKK) was developed (Khafagy et al., 2010). This significantly improved the
bioavailability of insulin via the intranasal route compared to penetratin alone, with no detectable
damage to brain membranes. The mechanism by which penetratin and Shuffle (RK fix) 2 enhance
nasal drug absorption across the cell membrane is not clear but it is expected to be associated with
intermolecular binding of drugs to cell-penetrating peptides as a certain ratio between penetratin
and insulin is required to maximize nasal insulin delivery (Khafagy et al., 2010) .

Cyclodextrins are cyclic oligoglucosides containing 5-10 glucose residues. They are used to
improve the nasal absorption of small molecules and peptide drugs by increasing their water
solubility or enhancing their absorption into the nasal mucosa. The use of cyclodextrins in dosage
forms has not shown any side effects (Merkus et al., 1999).

Cyclodextrins are used as enhancers of the absorption of calcitonin, glucagon, insulin, and
granulocyte colony growth factor. Calcitonin has been delivered intranasally in rats and rabbits
together with methylated [3-cyclodextrin as an absorption enhancer (Schipper et al., 1995). Studies
indicate that usage of methyl, dimethyl and trimethyl (-cyclodextrins can improve intranasal
delivery of calcitonin to the rabbit brain (Schipper et al., 1995).

When liquid and powdered variations of glucagon were administered intranasally together
with dimethyl (3-cyclodextrin, it resulted in approximately 80% bioavailability of the drug in the
rabbit brain. A decrease in the amount of dimethyl B-cyclodextrin administered with glucagon
shows a decrease in the absorption of the peptide by the nasal epithelium (Pontiroli et al., 1989).

For insulin, the absolute bioavailability after intranasal administration into the rats' nose
almost doubled with the addition of dimethyl 3-cyclodextrin (increase from 3 to 5%) (Merkus et al.,
1991). Studies indicate that usage of dimethyl 3-cyclodextrin is much more effective than other types
of cyclodextrins (Merkus et al., 1991). When powdered insulin was used in combination with
dimethyl beta-cyclodextrin, the intranasal delivery of the peptide increased to 13%. When modified
cyclodextrins were used, the maximum delivery of 16% could be achieved (Watanabe et al., 1992).
However, when unmodified cyclodextrin was added to dissolved insulin, the increase in
bioavailability was insignificant as was shown in rabbit model (Schipper et al., 1993).

7. Conclusions

The delivery of therapeutic peptides to the brain remains a significant challenge due to the
protective nature of the blood-brain barrier (BBB), which prevents the majority of drugs from
crossing into the central nervous system (CNS). Intranasal drug delivery has emerged as a promising
non-invasive strategy to bypass the BBB by leveraging direct routes such as the olfactory and
trigeminal pathways. It allows not only improve the delivery but also decrease the side effects on
other organs. There are several peptides for which intranasal delivery to the brain is currently well
developed, including insulin, exendin, and vasoactive intestinal peptides. The maximal size of
peptides that can be delivered depends on the possible route. Non-specific delivery is efficient for
small, up to 30 amino acid, cationic lipophilic peptides, while receptor-mediated delivery is known



even for some large peptides. The bioavailability upon intranasal delivery remains relatively low
even in the best cases rarely exceeding 10%. The intranasal delivery of peptides to the brain can be
enhanced by modifying its sequence, PEGylation, co-administration with enhancers like
cyclodextrins or cell-penetrating peptides. The studies of the intranasal delivery are performed
predominantly in rodent models using radiolabeling or fluorescence methods. Advances in the field
of intranasal delivery of therapeutic peptides hold potential for addressing the growing prevalence
of CNS disorders such as Alzheimer's disease, Parkinson's disease, and multiple sclerosis.
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Xapyk Cssatocaas, Illtypmaxk Amngpinn, HIsaguak Boaogummp. OCTAHHI AOCATIHEHHS B
IHTPAHA3AABHIN AOCTABIII AIKAPCBHKIMX TIENTUAIB. XKyprar [puxapnamcvkozo yHisepcumemy
imeni Bacuas Cmepanuxa. biorozisa, 11 (2024), C123-C135.

/likyBaHH: HeIpOJ4eTreHepaTUBHIIX PO34aJiB BUMara€ AOCTaBKU AiKiB y IIeHTPaAbHy HEPBOBY
cucremy. Oanak HasBHiCTH remaroeHuedaaiunoro 6ap'epy (I'EB) cyrreso oOMexye 3acTocyBaHHS
BHYTPiIlIHLOBEHHOTO Ta IIepOpaAbHOTO IAsAXiB BBeAeHHs IIpenapaTiB 40 M0o3Ky. [lepcriekTuBHOIO,
HeiHBa3MBHOIO cTpareri€lo, mo Ao3soas€e odirtu I'Eb i gocraButy aikm 6esrocepedHbO B MO30K €
IHTpaHa3aAbHa AOCTaBKa. ¥ IIbOMY OIAs4l pO3rAs14al0ThCsl MeXaHi3MM AOCTaBKI AiKiB Y MO3OK IIpU
BBeJCHHI uyepe3 HiC, cTpaTeril HNOKpalljeHHs Ta TepaleBTU4YHI 3acTOCyBaHH: TaKOi AOCTaBKM, 3
aKIIeHTOM Ha TepameBTU4Hi nentuau. TakoX HOPiBHIOIOThCA aHATOMIi4yHi BiAMiHHOCTI B OyA0Bi
HOCOBOI IIOPOKHMHM MiX AIOABMM 1 MOJAEABHMMM TBapMHaMM, sKi BUKOPUCTOBYIOTBCA AAs
BIBYEHHs e(PeKTMBHOCTI AOCTaBKM i PO3ras4aioThcsl MeXaHi3MU TPaHCHOPTYBaHHS, BKAIOYAIOUU
BHYTPIIIHbOKAITUHHI (aKCOHaABHi) i IO3aKAiTMHHI (HapaneaioAsdpHi i TPaHCKAITMHHI) IILASXIA.
Ilentnani mperapary, cXBadeHi A4s IHTpaHa3aAbHOIO BBeAEHHs, TaKi sK iHCyAiH, eKCeHAUH i
OKCUTOILIMH, a TAaKOX KiabKa IeITUAIB, 1110 3HaXOAAThCS Ha CTaAil po3poOKU OOTOBOPIOIOTHCS O1ABII
AeTaAbHO 3 yBarolo A0 BIIAVBY aMiHOKMCAOTHOI II0CAiA0BHOCTI Ha e(peKTUBHICTh A40CTaBKM. TaKoX,
OOrOBOPIOETHCS HElllOAaBHil IpOrpec y pi3HUX cTpaTerisx MOKpallleHHs iHTpaHa3aAbHOI 40OCTaBKI
IeNTUAIB, BKAIOYAIO4M IeriaboBaHe BBeACHH:, IIeNTUAM, IO IIPOHUKAIOTh y KAITMHHU, Ta
LMKAOAEKCTPUHI.

Karo4dosi caoBa: iHTpaHa3aabHa AOCTaBKa AiKiB, reMaroenrnedaaiunuit 6ap'ep, BBeAeHHS IENTHUAIB,
HIOXOBUII TPaHCIIOPT, MiABUIIIeHHs 0i0AO0CTYITHOCTI AiKiB.



