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Abstract: As a mental disease in modern society, depression shows an increasing occurrence, with
low cure rate and high recurrence rate. It has become the most disabling disease in the world. At
present, the treatment of depression is mainly based on drug therapy combined with psychological
therapy, physical therapy, and other adjuvant therapy methods. Antidepressants are primarily
administered peripherally (oral and intravenous) and have a slow onset of action. Antidepressant
active ingredients, such as neuropeptides, natural active ingredients, and some chemical agents, are
limited by factors such as the blood-brain barrier (BBB), first-pass metabolism, and extensive adverse
effects caused by systemic administration. The potential anatomical link between the non-invasive
nose-brain pathway and the lesion site of depression may provide a more attractive option for the
delivery of antidepressant active ingredients. The purpose of this article is to describe the specific
link between intranasal administration and depression, the challenges of intranasal administration,
as well as studies of intranasal administration of antidepressant active ingredients.

Keywords: depression; blood-brain barrier; brain targeting; antidepressant active ingredients;
intranasal administration; challenges of delivery

1. Introduction

Depression is a very common central nervous system (CNS) disorder disease world-
wide. Clinical symptoms include chronic depression, apathy, loss of appetite, and loss
of interest. According to the World Health Organization, more than 350 million people
worldwide suffer from depression, hundreds of thousands commit suicide each year, and
the number is rising rapidly. More than 75% of patients in countries with a shortage of
medical resources and healthcare personnel go untreated [1]. The clinical treatment of
depression is still characterized by a low cure rate, high recurrence rate, residual symptoms,
dysfunction, and high risk of self-injury and suicide, which imposes a serious burden on
physical and mental health and economic levels around the world [2,3]. After decades
of research, the most widely accepted treatment strategy for depression is a combination
of medication, psychotherapy, and physical therapy. Due to the social environment, psy-
chological burden, and other reasons, the use of antidepressants is generally accepted by
patients. There are several antidepressants on the market, most of which are administered
orally in tablets or capsules (Selegiline in the transdermal patch, Esketamine in the nasal
spray, and Brexanolone in the intravenous infusion). Antidepressants are absorbed by
different untargeted tissues and organs in the gastrointestinal tract or after absorption
into the blood circulatory system, resulting in systemic clearance (in oral and parenteral
route) and widespread adverse reactions such as drowsiness, weight gain, constipation,
dry mouth, and dizziness [4-7]. Invasive drug administration of the brain can cause great
discomfort to patients. Some depressive patients have marked relief or disappearance
of depressive symptoms after taking antidepressants for some time. However, there is
also a subset of patients (major depressive disorder, MDD) who do not respond to two or
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more first-line antidepressants and have acute or severe suicidal thoughts. Drug therapy is
limited because of the complexity of the pathogenesis of depression and the variability of in-
dividual patients [8]. The current clinical situation is that depressive symptoms are relieved
after 2 to 3 weeks or even longer after oral first-line antidepressants. The early stage after
taking antidepressants is also the stage where adverse reactions are prominent. During
this incubation period, patients are at increased risk of disability or suicide (especially in
patients < 24 years of age), aggravated disease, and decreased medication compliance.
Therefore, there is an urgent need to find new antidepressant active ingredients and routes
of administration with a fast onset of action and fewer side effects.

Due to BBB, extensive metabolism, high protein binding rate, and systemic side effects,
many ingredients with antidepressant activity cannot exert effective therapeutic effects by
oral or injection administration. The BBB is mainly composed of microvascular endothelial
cells, mural cells, and glial cell astrocytes (Figure 1). In contrast to inner cells in other
tissues, brain endothelial cells are connected by tight junctions (I]Js) and have very little
vesicle-mediated transcellular transport. The endothelium of the brain contains a variety of
enzymes that inactivate certain neurotransmitters, antidepressants, and toxins, preventing
them from entering the brain. In addition, efflux transporters, which are located on the
blood side of the endothelial cells, use energy to transport passively diffused lipophilic
molecules back into the blood, especially the P-glycoprotein (P-gp) [9-11]. Preclinical stud-
ies have shown that many antidepressants are substrates of P-gp, which may affect the
distribution of antidepressants to their target of action [12,13]. The effects of ABCB1 poly-
morphisms on P-gp expression and antidepressant transport were significantly different
between individuals, which may lead to treatment variability [14].

Endothelial Cell Neuron

P-gp
Capillary | @ ‘\ BCRP
lumen 28 MRP
C> Astrocyte

Tight Connection Pericyte

Figure 1. The blood-brain barrier. P-gp, P-glycoprotein; BCRP, breast cancer resistance protein; MRP,
multidrug resistance-associated protein.

Some first-line antidepressants, off-label drugs, peptides, natural active ingredients,
and other substances with antidepressant activity are limited by the choice of route of
administration because of their properties. Even when administered intravenously, some
drugs still enter the liver for degradation and are restricted by the BBB. Intracerebral
or spinal injections are the most direct methods of delivering drugs to the brain but are
invasive and cause great discomfort to patients. Invasive drug delivery is not suitable
for depression, which requires long-term treatment. Subsequent increasing studies have
shown that intranasal administration can treat brain diseases through the bypassing of BBB,
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olfactory nerve pathways, trigeminal nerve pathway, and mucosal epithelial pathways, to
get the drugs to the CNS [15-18]. Compared with traditional antidepressant administration
routes (oral administration, intravenous administration, intramuscular injection, etc.),
intranasal has the advantages of avoiding first-pass effect, improving bioavailability, short
onset time, small dose of administration, less toxic and adverse reactions on the body,
and good patient compliance [17]. The direct non-invasive pathway between the nose
and the brain is undoubtedly one of the best options for the limited antidepressant active
ingredients to enter the CNS to exert antidepressant effects. The purpose of this review is to
present the unique anatomical and physiological link between the nose-brain pathway and
the lesion site of depression. For example, the olfactory system has a high degree of overlap
with areas that process emotions and memory functions [19,20]. Furthermore, this review
also summarizes studies of antidepressant active ingredients (off-label drugs, peptides and
natural active ingredients, etc.), in addition to first-line antidepressants and the delivery
carriers in intranasal administration.

2. Unique Advantages of Intranasal Administration in the Treatment of Depression

The nose is the starting part of the respiratory pathway and olfactory organs. The
nose is divided into two different compartments by the nasal septum. The surface area
of the human nasal mucosa is 150 cm?~160 cm?, the thickness of nasal mucosa is about
2~5 mm, and the average pH value of nasal mucus is 5.5~6.5 [18,21]. The nasal cavity can
be divided into three areas according to their structure and function: the nasal vestibule,
olfactory region, and respiratory region.

2.1. Direct Pathway

The nasal cavity is the only non-invasive direct route between the CNS and the external
environment. The nasal vestibular area is located in the front of the nasal cavity with a very
small surface area, only about 0.6 cm?. Parts of the nasal vestibular area are skin tissue.
There are nasal hairs and mucus that block and filter particulate matter; so, the absorption
capacity of antidepressants is limited in the nasal vestibule [22]. The olfactory area is
distributed on the medial surface of the superior turbinate, part of the middle turbinate,
and the corresponding part of the septum [8]. The surface area is relatively small, only
about 10 cm?. The cells of the olfactory region are composed of olfactory cells, supporting
cells, basal cells, and trigeminal nerve cells. The lamina propria (LP)—the relatively loose
connective tissue layer beneath the epithelial cells—contains nerves, blood vessels, and
lymphatic vessels. Olfactory sensory neurons (OSNs) are bipolar neurons. Axons from
OSNss expressing the same odorant receptors aggregate in LP to form axon bundles that
pass through the ethmoid plate and terminate in glomeruli formed within the olfactory
bulb (Figure 2) [23].

The glomerulus of the olfactory bulb is the only transit point between the peripheral
and central olfactory systems. OSNs synapse with mitral cells and tuft cells to project sec-
ondary and tertiary olfactory structures. Olfactory information is transmitted to secondary
olfactory structures, particularly the piriform cortex and amygdala cortex. Tertiary olfactory
structures include the thalamus, hypothalamus, amygdala, hippocampus, orbitofrontal
cortex, and insular cortex. These regions are closely associated with the expression of
mood and memory function in depression [19,20]. Depressed patients are often associated
with reduced olfactory bulb volume and olfactory dysfunction, and people with olfactory
dysfunction are at higher risk for depression [25,26]. The causal relationship between the
olfactory system and depression is unclear, but the correlation between the severity of
olfactory disturbance and the severity of depression have been established. Melatonin
MT; and MT; receptors are expressed in the glomerular layer of the olfactory bulb and
coupled to Gi protein. Studies have shown that modulation of melatonin receptors ex-
pressed in the olfactory bulb can ameliorate 6-hydroxydopamine-induced depression-like
behaviors [27,28]. By intranasal administration, the olfactory bulb can serve as a target for
the antidepressant effects of melatonin and melatonin analogs.
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Figure 2. Anatomical schematic of the non-invasive pathway between nose and brain. Adapted with
permission from Ref. [24]. Copyright 2018, Elsevier.

Olfactory nerve cilia, located on the surface of the olfactory mucosa, can internalize
antidepressants, which are then slowly transported in the axoplasm to synapses within the
olfactory bulb that connect with secondary olfactory neurons. Afterward, antidepressants
are delivered to the prefrontal cortex, hippocampus, and other parts along the olfactory
conduction pathway, possibly by repeating this process. Antidepressants need to be
transported through the axons of neurons in the olfactory system at least through the tertiary
neurons to reach the hippocampus. There are complex possibilities for interneuronal
transfer and axoplasmic transport. Further studies are needed on drug delivery in the
perineuronal and intraneuronal spaces and transfer between neurons.

The axons of olfactory neurons are surrounded by a series of olfactory ensheathing
cells, and their outer layers are covered by additional neuro fibroblasts (ONFs). The
ONFs layer is continuous to the meninges that cover the brain, which means that the
perineural space formed between the olfactory sheath cell layer and the neuro fibroblasts
are continuous to the subarachnoid space [29]. Antidepressants can enter LP through
transcellular or paracellular pathways of the olfactory epithelium, and then along the
perineural space into the olfactory bulb and cerebrospinal fluid [30]. Antidepressants need
to pass through TJs to reach LP, where OSNs undergo apoptosis and replacement in about
30 to 60 days to protect the brain from airborne contaminants, bacteria, and so on. During
this period, a potential delay between lysis and regrowth of OSNs leaves gaps between
the tightly connected nasal epithelial cells, resulting in increased permeability [29,31]. In
addition, increased permeability of drug absorption is associated with phosphorylation
of closed-protein, such as protein kinase signaling or certain substances [32,33]. The
characteristic of this pathway is that its effect is faster than that of the olfactory nerve
pathway. As the olfactory bulb is located below and anterior to the orbital surface of the
frontal lobe of the cerebral hemisphere, antidepressants can be rapidly distributed to the
close prefrontal cortex.
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The trigeminal nerve is another nerve pathway that connects the nose to the brain,
innervating the olfactory and respiratory mucosa [7,29,34]. The trigeminal nerve originates
from the pons, where the ocular and maxillary branches supply the nasal cavity. Unlike
the axonal bundles of the OSNs, the trigeminal nerve is mainly composed of the myelin
sheath made of Schwann cells. The non-myelinated branches of the trigeminal nerve
supply olfactory mucosal vessels and regulate blood flow. Trigeminal nerve endings (and
their associated arteries) are located below LP and nasal mucosa TJs and do not penetrate
the epithelial surface like OSNs [35,36]. Insulin, which has antidepressant activity, was
administered intranasally, and fluorescently labeled insulin was found to reach the brain
through the extracellular space around the trigeminal nerve [37]. Drugs entering LP may
also reach other brain areas, such as the brainstem, through the trigeminal branch [35].

The locus coeruleus and raphe nuclei located in the brainstem are the major sites for
the synthesis of norepinephrine (NE) and serotonin (5-HT) in the brain. The locus coeruleus
and raphe nuclei have a wide range of neuronal projections and play an important role in
regulating neuronal activity in areas such as the prefrontal cortex, amygdala, hippocampus,
lateral habenula, and anterior cingulate gyrus related to emotion and memory. Neuronal
damage in the locus coeruleus and raphe nucleus is strongly associated with depression,
especially MDD. The study found that after intranasal administration of radiolabeled
immunoglobulin (['?°T]-IgG), the highest signal in the olfactory bulb and brain stem was
observed by radiography [38]. Pang et al. evaluated the pharmacokinetics of intranasal
insulin in the rat brain and showed that the highest levels were in the brainstem of the brain,
followed by the olfactory bulb, cerebellum, hippocampus, hypothalamus, and striatum [39].
Exogenous active ingredients may be directly distributed to the brainstem through the
trigeminal nerve and its surrounding space to repair damaged neurons.

According to previous studies, the convection in the brain perivascular space driven by
arterial pulsation is thought to be the main reason for the rapid and widespread distribution
of antidepressant active ingredients after entering the brain from the nasal cavity [40,41].
As the olfactory bulb is located below and anterior to the orbital surface of the frontal lobe,
antidepressants can be rapidly distributed to the adjacent prefrontal cortex through the
olfactory bulb. The cerebrospinal fluid and the subarachnoid space have many vascular
punctures deep into the brain, separated from the brain parenchyma by the pia mater. The
tiny spaces between these blood vessel punctures and the pia mater allow for the circulation
of cerebrospinal fluid, known as the cerebrospinal fluid microcirculation. Antidepressants
are better distributed in the brain through perineural, perivascular, and cerebrospinal
fluid flow.

2.2. Indirect Pathway

The olfactory area, about 130 square centimeters, acts to warm and humidify the
inhaled air as well as filter particles and pathogenic microorganisms. The mucosa is the
stratified or pseudostratified columnar ciliated epithelium, and the cilia mainly move from
the front to the back of the nasopharynx. The mucosa is rich in secretory glands and goblet
cells, producing a large number of secretions. The mucosal surface is covered with a layer
of mucus blanket, which moves backward with the movement of cilia [42]. The abundant
capillaries in the respiratory area make this area a nasal cavity, and when administered,
antidepressants are absorbed into the system rather than directly into the brain.

The nasal mucosa is in direct contact with the external environment, where many
pathogens exist. Nasal-associated lymphoid tissue (NALT) plays a vital role in maintaining
the body’s immunity [43]. NALT is located in the LP and submucosal region of the nasal
epithelium and connects to the cervical lymph nodes. This is also a potential pathway for
the nose-to-brain antidepressant delivery.

Antidepressants can be absorbed by capillaries and lymphatics through the continuous
porous endothelium, or enter the blood circulation in the olfactory area through the LP,
avoiding first-pass metabolism [44]. Small lipophilic molecules pass more easily. However,
the indirectly transported substances still need to pass through the BBB to enter the CNS
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or brain tissue; so, the substances that enter the brain through the circulation are usually
small molecular weight and strong lipophilic substances [45,46].

From the perspective of physiological anatomy and pathological correlation, intranasal
administration may have a more direct antidepressant effect than other routes of adminis-
tration. Results from different studies suggest that intranasal drug delivery may be through
a single route or a combination of different routes. Compared with the traditional adminis-
tration route, intranasal administration can effectively avoid the extensive metabolism and
low permeability of the blood—-brain barrier caused by the gastrointestinal route. but also
avoid the antidepressants in the circulation of the blood as a result of higher plasma protein
binding and distribution in the other route, targeting the organization and improve the
concentration of antidepressants in the CNS [2,47]. Non-invasive intranasal administration
can effectively shorten the onset time and improve compliance in patients with depression
requiring long-term treatment [2,48].

3. Challenges of Intranasal Administration

Intranasal administration offers an excellent strategy to overcome the challenge of the
complex pathophysiology of brain diseases and drug penetration into the brain. However,
the physiological characteristics of the nose, the physicochemical properties of antide-
pressant active ingredients, and even intranasal drug delivery devices can influence the
nose-to-brain delivery of antidepressants [18,49].

TJs of the olfactory and respiratory epithelium and their protective mucus lining act as
selective filters, reducing antidepressants diffusion and permeability [50]. Although most
lipophilic compounds are more permeable to the nasal mucosa, peptides, macromolecules,
and small hydrophilic molecule compounds are generally less permeable [34,51]. Perme-
ation enhancers have been shown to improve the absorption of high molecular weight
antidepressants by facilitating the production of hydrophilic pores, and increasing mem-
brane fluidity and permeability of TJs [34,52]. Common Permeation enhancers include
cyclodextrin, chitosan (CN), surfactant, Cremophor RH40, saponins, etc. [51,53,54]. Gavini
E. et al. prepared solid microparticles based on CN or methyl-beta-cyclodextrin to enhance
the nose-to-brain delivery of deferoxamine mesylate [55]. Cell-penetrating peptides and
penetration accelerating sequences significantly facilitate the delivery of polypeptide an-
tidepressants, such as insulin [56]. Permeation enhancers may cause irritation and toxicity
to the nasal mucosa while increasing the permeability of the compounds. The selection of
materials and safety experiments is the premise to ensure the safety and effectiveness of
prescription, especially for depression requiring long-term administration. Nasal mucus
is mainly composed of 90~95% mucin and 2~3% water and tends to dissolve hydrophilic
substances [57]. Mucin fibers are usually composed of a proline-threonine—serine back-
bone with intermitting cysteine-rich domains. Different amino acids in the PTS region are
highly glycosylated via O-linked bonding. The degree of mucin glycosylation affects the
permeability and viscosity of the mucus [58,59]. There are many cilia on the surface of
the olfactory and respiratory areas, which block particles from the external environment
from entering the nasal cavity. The olfactory region cilia do not move, and the respiratory
region cilia generally toward the pharynx at an average velocity of 5~8 mm per minute;
so, the nasal administration of drug particles tends to be cleared in an average time of 20
to 30 min [60]. Inhibitory substances and mucoadhesive materials such as hyaluronan,
poloxamer, carbopol, gellan gum, polycarbophil, and other polymers can effectively delay
mucociliary clearance and increase the retention time of antidepressants in the nasal cavity,
thus increasing drug intake in the brain by interacting with mucin or reversibly /irreversibly
inhibiting cilia movement [51].

Although there are fewer enzymes in the nasal cavity, they still may affect antide-
pressant absorption, such as cytochrome P-450 enzyme system, glutathione S-transferase,
proteolytic enzyme, and other “Pseudo-first-pass effect” on foreign substances. Enzyme
inhibitors or some surfactants such as bestatin, amastatin, boroleucine, fusidic acids, and
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phospholipids can be used to avoid the metabolism of the compound, improve stability,
and thus increase the absorption of the original drug [34].

Like the BBB, P-gp act as multidrug resistance pumps, expressed in nasal epithe-
lial cells, and P-gp effusion restricts the entry of most substances into the brain. This
effect can be modulated by the use of P-gp inhibitors [61]. For example, cyclosporine A
and rifampin as P-gp inhibitors improve the permeability of verapamil after intranasal
administration [62].

As the breathing area is much larger than the olfactory area, some of the antide-
pressants that are administered intranasally will still enter the brain via indirect routes.
Therefore, studies have shown that the use of direct access can be increased by combining
vasoconstrictors to reduce the absorption of antidepressants through the nasal vessels and
to increase the retention time of antidepressants in the nasal mucosa [51,63]. Dhuria S. V.
et al. administered an intranasal combination of phenylephrine and neuropeptides and
measured the concentration of the drug in CNS tissues and blood. The addition of 1%
phenyl epinephrine significantly reduced the absorption of HC and D-KTP in the blood
and increased the delivery volume of the olfactory bulb [64]. Vasoconstrictors reduce the
peripheral side effects of CNS antidepressants by restricting the absorption of nasal blood
vessels into systemic circulation.

In addition to the physiological factors mentioned above, the physicochemical proper-
ties and formulation composition of antidepressant active ingredients also have an effect on
the nose-to-brain delivery. The molecular weight of the drug is inversely proportional to the
percentage absorbed. Lipophilic ingredients are more readily absorbed than hydrophilic
ones. Lipophilic small molecule ingredients with a molecular weight of less than 1 kDa can
be transported quickly. The absorption of ingredients of less than 300 Da was almost unaf-
fected by molecular weight, while the absorption of antidepressants with molecular weight
between 300 Da and 1 kDa was inversely correlated with molecular weight [65]. Currently,
the most widely used and marketed antidepressants, such as Escitalopram, Fluoxetine,
Duloxetine, and Venlafaxine, have molecular weights ranging from 200 to 400 Da [66,67].
The pH value of the formulation not only ensures the stability of the drug itself but also
ensures the stability of the physiological conditions of the nasal cavity. The nasal pH range
is 5.0~6.8, and intranasal administration should be close to this to avoid irritation of the
nasal mucosa. The drug is always absorbed in a non-ionized state; so, the pKa of the drug
should also be taken into account in determining the pH of the formulation [68]. However,
changes in temperature, humidity, and some pathological conditions can cause changes
in nasal pH [69]. In addition, the prescribed osmotic pressure should also be adapted
to the physiological conditions of the nasal cavity; otherwise, it will affect the normal
nasal mucosal cell morphology and ciliary movement and further affect the absorption of
antidepressants [31,70].

The choice of drug delivery equipment also plays a very important role in whether the
drug formulation can be utilized to the maximum extent and play its due therapeutic ef-
fect [34,49,71]. Treatment of CNS diseases such as depression requires antidepressants to be
delivered to the olfactory region. Traditional pump sprays usually deposit antidepressants
in the anterior nasal cavity, which are removed quickly by clearance of the nasal mucosa.
The droppers may deposit the olfactory area above the nasal cavity better than nasal
pump sprays, but this often requires the patient to lie on his or her back in a head-down,
forward—forward position and even professional administration techniques, which can be
very inconvenient [72]. Vianase™ device is an electronic atomizer developed by Kurve
Technology® that consists of an atomizer and a vortex chamber [73]. The atomizer causes
the preparation to produce atomized particles, which, under the action of the vortex cham-
ber, form a vortex, and are ejected from the equipment in this form. Vianase™ device can
precisely maximize the delivery of drug to the olfactory region through electronic control.
Opt-Poeder device is a bidirectional delivery device that uses the patient’s exhalation as the
power to deliver the drug to the targeted site. The device is designed so that when a person
exhales, the soft palate closes, preventing antidepressants from entering the respiratory
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tract and depositing in the nose. The Precision Olfactory Delivery device, designed and
manufactured by Impl Neuropharma, is a single-dose delivery device that utilizes inert
gas as an impeller to deliver drug to the superior nasal cavity [34,74]. Experimental data
indicate that 45% of the dose of the Precision Olfactory Delivery device can be deposited in
the upper nasal cavity compared with the traditional pump [75]. Other devices such as the
Aero Pump System are also well used in intranasal delivery. However, the proportion of
drug deposition in the olfactory region is still relatively low due to these devices; thus, the
research and development of more convenient and efficient devices is one of the focuses of
current research.

4. The Delivery Carriers and Nanocarriers for Intranasal Administration
4.1. Polymer-Based Carriers

The physiological characteristics of the nose-brain pathway and the physicochemical
properties of ingredients lead to a certain degree of limitation for intranasal administra-
tion [58,59]. So far, many scholars have conducted studies on the nose-to-brain delivery
system to improve the safety and effectiveness of ingredients, alongside the development in
polymer technology and pharmaceutical technology. The delivery carriers and nanocarriers
have made significant contributions to protecting antidepressants from protein degrada-
tion, enhancing olfactory mucosal uptake and CNS utilization and prolonging half-life
(Figure 3).

Polymer- based carriers

PLGA NPs

Surface-modificd NPs In situ gel Chitosan NPs Chitosan-coated NPs

Lipid-based carriers

Liposomes

Q90 S

Nanostructured

Translersomes Lithosomes Nanoemulsions ) g
lipid carriers

Figure 3. Carriers for intranasal administration of antidepressant active ingredients. Adapted with
permission from Ref. [24]. Copyright 2018, Elsevier.

In situ gel refers to a kind of preparation that is transformed from liquid to non-
chemical cross-linked semi-solid gel immediately after administration in solution state
due to physiological conditions of the administration site or some stimulus factors in the
external environment (pH, temperature, ionic strength, etc.) [76,77]. Compared with the
traditional drug delivery system, in situ gels prepared with a variety of different polymers
or containing different stimulus-induced release factors show good biocompatibility when
exposed to the site of administration for a longer time to prolong the retention time of
formulation and improve the bioavailability of antidepressants [78-80]. The combination
of nanocarriers with in situ gels is also a promising strategy.
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Poly (lactic-co-glycolic acid) (PLGA), which is approved for therapeutic applications
by the U.S. Food and Drug Administration (FDA), is considered one of the most promising
synthesized polymers as a drug delivery system due to its biodegradability, biocompatibil-
ity, controllable properties, well-defined formulation techniques, and great potential for
targeting [31,81,82]. PLGA is a polymer synthesized by the interaction of glycolic acid and
lactic acid monomer.

Chitosan nanoparticles (CN-NPs) not only can open TJs between cells transiently but
also reduce the mucociliary clearance, prolonging the retention time of the compound as a
biological adhesive material, which enhances the delivery of antidepressants [83,84]. CN is
a natural linear polysaccharide cationic and hydrophilic polymer by alkaline hydrolysis
of chitin, which is the second most abundant biopolymer in nature. It is an important
component of the shells of many lower animals, especially arthropods such as shrimp,
crabs, and insects. It also exists in the cell walls of lower plants such as bacteria, algae,
and fungi. CN consists of randomly distributed (3-(1,4)-linked d-glucosamine (deacety-
lated) and N-acetyl-d-glucosamine (acetylated) units. Due to its properties of adhesivity,
biocompatibility, and biodegradability, CN has been well used in the field of medical
engineering [85].

Alginate nanoparticles have also been studied and reported by many researchers
in nose-to-brain drug delivery [86,87]. Alginate is extracted from brown Marine algae
and then processed several times before it can be used as a polymer in pharmaceutical
preparations. Alginates are mainly composed of (3-D-mannuronic acid and «-L-guluronic
acid, and have properties such as biocompatibility, biodegradability, low toxicity, and pH
sensitivity [88,89]. Alginate contains a large number of carboxyl groups and is a hydrophilic
anionic polymer, showing a certain adhesion. Divalent cations, such as Ca?*, exchange
ions with cations on a-L-guluronic to form a cross-linked network structure, thus forming
alginate hydrogels [90].

Nanoemulsion (NE) is a liquid nano-dispersion system formed by two kinds of insolu-
ble liquid stabilized by surfactant and co-surfactant (O/W; W/O). NEs have been widely
used in nasal and brain delivery of insoluble antidepressants due to excellent solubility,
thermodynamic stability, and easy preparation [91-93]. CN is often added to NEs to reduce
clarity and prolong the retention time of antidepressants in the nasal cavity [91,94].

4.2. Lipid-Based Carriers

Compared with polymer carriers, lipid carriers have better biocompatibility than
synthetic polymers because the materials of lipid carriers are basically derived from natural
materials [95]. The degradation of polymer carriers in vivo is often accompanied by an in-
crease in toxicity, while the degradation products of lipid carriers have low immunogenicity.
Lipid carriers can effectively avoid being cleared by the immune system in the body and
achieve long cycles. Liposome is a kind of structure similar to the cell membrane, mainly
composed of phospholipids” double-layer synthetic membrane. In water-soluble solvents,
the hydrophobic tails are clustered close to each other inside the bilayer phospholipids,
while the hydrophilic heads are exposed outward to the aqueous phase, forming vesicles
with bilayer molecular structure [96]. Liposomes can effectively protect the stability of
encapsulated antidepressants, reduce drug toxicity, and play a slow release, prolonging
the action time of antidepressants [97]. In addition, some studies have used altered phos-
pholipid vesicles, such as transferosomes, ethosomes, and phospholipid magnesomes, for
intranasal administration. Adding glycerol and ethanol makes the phospholipid vesicles
softer, enhancing the permeability to the nose-brain pathway [98-100].

It is noteworthy that due to the traditional lipid carrier containing unsaturated chains,
it is easy to fuse, oxidize, and hydrolyze as a solution form; so, the half-life of classic
liposomes is short and the stability is poor. In order to overcome the defects of liposome
preparations, new lipid-based forms for drug delivery have been gradually developed.
For instance, solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs)
have been widely used in drug delivery [101,102]. SLNs are nanoparticles made using one
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or more lipids—such as triglycerides, lecithin, fatty acids, etc.—as carrier materials and
combined with surfactants as stabilizers to form solid nanoparticles at body temperature
and room temperature. Compared with traditional liposomes, SLNs have lower cytotoxi-
city, higher stability, and bioavailability and can more effectively maintain drug stability
and control drug release, as well as mature the industrial production process [96,101-104].
Although SLNs have many advantages as nanoscale drug carriers, its disadvantages should
not be ignored. For example, SLNSs still have the problem of gelation in the dispersed phase
and expulsion of encapsulated antidepressants resulting from 3-modification during stor-
age, and low encapsulation rates and drug loads due to the fact that cavities are not allowed
to occur within the lipoid nucleus during crystallization [104]. NLCs are the second genera-
tion of lipid nanomaterials. Different from SLNs, NLCs are composed of liquid lipids and
solid lipids combined with surfactants as stabilizer to form nanoparticles that are also solid
at room temperature and body temperature. NLCs significantly enhance drug loading due
to the existence of liquid lipids, imperfect crystal order and loose structure of nanoparticles,
and reduced drug leakage caused by 3-modification during storage. The combined use of
different carriers, or the functional modification of classical carriers, has aroused extensive
interest in facilitating intranasal drug delivery and has promising prospects.

5. Intranasal Administration of Antidepressant Active Ingredients
5.1. Antidepressants

Venlafaxine (VLF) inhibits central 5-HT and NE neuronal reuptake, thereby increasing
levels in the synaptic cleft between neurons in the brain. Oral VLF has low bioavailability, a
short half-life, delayed onset of action, and significant systemic adverse reactions [105,106].
Cayero-Otero et al. prepared VLF-loaded PLGA-NPs and modified the nanoparticles with
transferrin and specific peptide against transferrin receptor. Compared with plain NPs
(around —25 mV), the amide reaction of the carboxylic acid terminus on the PLGA surface
with the amino group of the peptide resulted in a less negative zeta potential value. The
release rate of ordinary nanoparticles is higher than that of modified nanoparticles. Cell
viability of h-CMEC /D3 cells is more than 85% in the MTT assay. In vivo biodistribution
studies showed higher concentrations of plain fluorescent NPs than functionalized NPs
in the brain after 30 min of administration. The authors hypothesize that the reason for
this result is that plain NPs enter the brain through direct neural and olfactory epithelial
pathways between the nose and brain. However, the speed and degree of functionalized
NPs transport, which were mediated by the transferrin receptor expressed by the BBB,
are not superior to the direct pathway between nose and brain [107]. Baboota S. et al.
published a report about the new preparation of VLF-loaded CN-NPs by using CN and
sodium tripolyphosphate ionic gel (Figure 4). CN is positively charged and has mucosal
adhesion. It can inversely open TJs between nasal mucosal epithelial cells. The cumulative
drug permeability after 24 h in VLF CN-NPs was nearly 3 times compared with VLF
solution. VLF CN-NPs showed a more significant antidepressant effect than VLF solution
on chronic depression rats by forced swimming method [108]. The properties of CN could
be modified by functional groups, such as cross-linking, etherification, carboxymethylation,
and graft copolymerization [109].
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Figure 4. Chitosan is protonated under acidic conditions, and then ionically cross-linked with
negatively charged sodium tripolyphosphate to prepare chitosan nanoparticles.
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Desvenlafaxine (DVF) is a 5-HT and NE reuptake inhibitor. Systemic side effects were
obvious after oral administration of DVF [110]. Tong et al. prepared desgavenlafaxine-
loaded PLGA-CN-NPs. Intranasal PLGA-CN-NPs can increase the retention time and
permeability of DVF in the nasal mucosa, avoiding degradation in the gastrointestinal tract,
and liver intranasal PLGA-CN-NPs can increase the residence time and permeability of
DVF in the nasal mucosa, avoiding degradation in the gastrointestinal tract and liver and
bypassing BBB. In a rodent model of depression, compared with intranasal DVF solution
and oral administration, increased levels of 5-HT and NE in the brain showed a more
pronounced antidepressant effect. Pharmacokinetic parameters such as concentration,
half-life, and AUC in the brain after intranasal administration were higher than those after
intravenous [111].

As an atypical antidepressant, agomelatine has antidepressant effects by agonizing
MT1, MT2 and antagonizing 5-HT2C. Agomelatine is well and rapidly absorbed (>80%)
after oral administration. Peak plasma concentrations are reached within 1-2 h after
oral administration. However, the first-pass metabolism of agomelatine in the liver is
obvious and the protein binding rate in the blood is high. Yasmin et al. prepared an
intranasal formulation of agomelatine-loaded NE-thermosensitive in situ gel with CN.
Pharmacokinetic study in Wistar rats showed that plasma concentration in the brain was
2.82 times higher than that of the intravenous suspension via the intranasal route [112].
The nasal solid lipid nanoparticles prepared by Ahmed et al. were superior to the oral
suspension in brain concentration, AUC(_3somin, and absolute bioavailability (44.44%) [113].
Their other study combined drug-loaded SLNs-NPs with in situ gels, which also showed
that intranasal administration has advantages over the oral route [114]. In the forced
swim test, polymer nanoparticles receiving intranasal agomelatine significantly reduced
immobility time in mice compared with suspension [115].

Duloxetine is a 5-HT and NE reuptake inhibitor. Duloxetine is acid intolerant, and
its oral first-pass metabolism significantly affects bioavailability. Its concentration in cere-
brospinal fluid is low. Baboota et al. loaded duloxetine into solid/liquid lipid-based
nanostructured lipid carriers (DLX-NLCs). Intranasal DLX-NLCs showed higher concen-
trations in blood and brain compared with DLX solution and oral route, which showed
the same results in behavioral tests in mice. Intranasal NLCs were 8-fold higher in brain
concentrations than intravenous DLX. The controlled release provides the possibility for the
sustained action of DLX in the brain [116,117]. Fares et al. designed a thiomer gel loaded
with duloxetine proniosomes to increase the retention time, sustained release, and penetra-
tion of DLX in the nasal mucosa (1.86 times that of duloxetine proniosomes) [118]. Shah
et al. designed intranasal DLX in situ cubo-gel by a central composite approach. Compared
with the intranasal DLX solution, brain bioavailability was increased by 1.96 times [119].

Paroxetine, a phenylpiperidine derivative, selectively suppresses the 5-HT transporter,
blocks the reuptake of 5-HT by the presynaptic membrane, and prolongs and increases the
effect of 5-HT, thereby producing antidepressant effects. However, paroxetine has extensive
first-pass metabolism and the BBB obstruction that limits its access to the brain [120]. Ba-
boota S. et al. successfully developed an O/W type NE loaded with paroxetine for the study
of intranasal treatment of depression. The permeability of paroxetine NEs was 2.57 times
higher than that of its suspension via permeation studies. Results of behavioral studies
in rats showed that intranasal administration of paroxetine NEs significantly improved
behavioral activity in depressed rats compared with the oral suspension of paroxetine [121].
In addition, in nose-to-brain delivery for brain diseases, coating with adhesives such as CN
is often added to NEs to reduce clarity and prolong the retention time of antidepressants in
the nasal cavity [91,94]. Fortuna et al. prepared three nanostructured lipid carriers loaded
with escitalopram and paroxetine. In vivo studies showed that intranasal delivery of the
drug had similar pharmacokinetic parameters to intravenous administration, whereas
escitalopram did not exhibit significant direct nasobrain delivery but reduced exposure
elsewhere. In contrast, intranasal delivery of paroxetine-loaded borneol-NLCs significantly
increased the concentration in the brain (5-fold), showing good brain targeting [122].
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Trazodone is a tetracyclic atypical antidepressant that inhibits 5-HT reuptake and an-
tagonizes 5-HT2 receptors in the presynaptic membrane to promote 5-HT release. Plasma
concentrations and onset of oral trazodone are significantly affected by food, and there are
significant systemic side effects. Sayyed et al. radiolabeled trazodone and compared the
pharmacokinetic parameters of intranasal delivery of '3!I-TZ solution, 13!I-TZ microemul-
sion, and intravenous injection of 13!I-TZ solution. Intranasal '3'I-TZ microemulsion had
sustained and higher brain uptake at any time tested than the other two formulations and
routes. In addition, the blood exposure of intranasal 1311-TZ microemulsion was lower than
that of intravenous injection, reducing systemic toxicity [123].

Quetiapine fumarate can clinically treat manic episodes of bipolar disorder by an-
tagonizing 5-HT2A receptors and D2 receptors. Oral quetiapine fumarate is also widely
metabolized and has poor bioavailability. In addition, quetiapine fumarate is also a sub-
strate of P-gp, and its absorption and brain distribution are limited. The intranasal NE
prepared by Boche et al. enabled quetiapine fumarate to have higher brain-targeting effi-
ciency and a shorter time to peak plasma concentration than intravenous injection [124]. In
another comparative study, the brain bioavailability of quetiapine fumarate of CN-coated
microemulsion was 3.8-fold and 2.7-fold higher than that of drug solution and CN-free mi-
croemulsion, respectively [125]. CN has an obvious promoting effect on the nasal mucosa.

Doxepin hydrochloride is a tricyclic antidepressant and anxiolytic. Doxepin hydrochlo-
ride has extensive first-pass metabolism and poor oral bioavailability (13-45%). Hema
et al. prepared thermoreversible biogels based on CN and glycerophosphate loaded with
doxepin hydrochloride. The formulation gelled rapidly at 37 °C, showing good drug
permeability and long residence time. Compared with doxepin hydrochloride solution,
the thermoreversible biogel showed more advantages in immobility time and swimming
activity count in mice after 13 days of drug administration [126].

Intranasal administration is not appropriate for the type of antidepressant used. Some
first-line antidepressants, such as escitalopram, have a good oral absorption effect, are not
significantly metabolized, have high absolute bioavailability, and have a high ability to
cross the BBB. Such antidepressants may be more suitable for oral formulations. Compared
with intranasal administration, oral administration is undoubtedly more convenient and
more easily accepted by the public who are now taking medication alone.

5.2. Off-Label Drugs

The rapid and potent antidepressant effect of ketamine for anesthesia is the most strik-
ing discovery in recent decades. The U.S. FDA approved the intranasal S-enantiomer of
ketamine (Esketamine) in 2019 for the treatment of MDD in adults. The S-enantiomer of ke-
tamine is more potent on NMDAR than the R-enantiomer and racemic ketamine [127,128].
R-enantiomer of ketamine exhibits more potent and longer-lasting antidepressant ef-
fects [129]. Studies have shown that in addition to antagonizing N-methyl-D-aspartate
(NMDA) receptors, ketamine also inhibits possible mechanisms such as opioid receptors
and monoamine transporters to exert antidepressant effects. It is now clear that ketamine,
whether administered intravenously or intranasally, has a higher bioavailability than the
oral route, and has a more rapid and significant effect than traditional antidepressants with
delayed onset of action. Due to the plasma elimination half-life of ketamine of 2—4 h and
the discomfort associated with invasive administration, delivery of ketamine directly to the
brain via the nasal cavity is a more advantageous strategy (Figure 5).

Studies have shown that dopamine plays an indispensable role in the regulation of
neural activity in states such as fear and anxiety. The ability of dopamine to cross the
BBB is extremely poor, but intranasal dopamine exhibits antidepressant activity in the
forced swim test [130]. Only dihydroxyphenylacetic acid produced by monoamine oxidase
metabolism was detected in the CNS following intranasal dopamine delivery. However, the
submucosal MAO saturates rapidly after administration, with little effect on the delivered
dopamine content [131]. Liu et al. designed an interfering peptide capable of disrupting the
interaction between dopamine D1 and D2 receptors. Due to the invasiveness of injection
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into the brain and cerebrospinal fluid and the restriction of the BBB to the peptide, they
chose the route of intranasal administration. Intranasal administration showed similar
antidepressant effects to imipramine, and disruptive effects of interfering peptides could
be detected in the prefrontal cortex [132].
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Figure 5. Receptors for antidepressant action.

Amisulpride is a second-generation atypical antipsychotic drug approved by the
FDA for schizophrenia. Amisulpride selectively binds to D2/D3 dopaminergic receptors
in the limbic system [133]. Multiple reports indicate that amisulpride blocks presynaptic
dopamine D2 /D3 receptors at low doses to promote dopamine transmission and antagonize
5-HT7 receptors to play an antidepressant role [134-136]. The absolute bioavailability
of amisulpride after oral absorption is low (48%), and 25% to 50% of intravenous or
oral administration will be eliminated with the original drug in the urine. Long-term
use can also produce leukopenia or agranulocytosis [137,138]. Kokare et al. prepared
amisulpride-loaded lipid-based poloxamer-gellan gum nanoemulgel for nose-to-brain
delivery. Pharmacokinetic studies in Wistar rats showed that the intranasal Cmax of
the brain was 3.39 times higher than that of the intravenous administration. Further,
intranasal administration within one month did not affect blood leukocyte and granulocyte
counts [139].

Aripiprazole—also a second-generation atypical antipsychotic; a partial agonist of
dopamine D2, D3, and 5-HT1A receptors; and an antagonist of 5-HT2A receptors—has
efficacy as a first-line antidepressant enhancer [140,141]. Although aripiprazole is well ab-
sorbed after oral administration, it undergoes extensive metabolism. Moreover, aripiprazole
and its active metabolite dehydroaripiprazole are substrates for P-gp, limited by BBB per-
meability, resulting in low CNS bioavailability [142,143]. Hira et al. prepared aripiprazole-
loaded mucoadhesive NE (ARP-MNE). Pharmacokinetic studies with single-dose admin-
istration showed that the plasma concentration in the brain of intranasal ARP-MNE was
1.44 and 6.03 times higher than that of intranasal and intravenous ARP-NE, respectively,
and the Tmax was smaller than that of intravenously administered ARP-NE. Intranasal
administration of ARP-MNE had higher values of drug targeting efficiency (96.90%) and
drug targeting potential (89.73%) [144]. Aripiprazole-loaded poly(caprolactone) nanopar-
ticles (APNPs) were prepared by Krutika et al. The AUCy_g,, of Aripiprazole in the rat
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brain administered by the intranasal route of APNPs was approximately twice that of the
intravenous route [145]. Somayeh et al. developed an ion-sensitive in situ gel contain-
ing Aripiprazole-loaded nanotransfersomes (APZ-TFS-Gel) for intranasal administration.
Animal behavioral evaluations (swimming and climbing time, locomotor activity, and
immobility time) showed that intranasal delivery of APZ-TFS-Gel was more effective for
improving depression than oral or other formulation groups [146].

Selegiline is an irreversible type B monoamine oxidase (MAO-B) inhibitor clinically
used to treat Parkinson’s disease. High-dose selegiline is an irreversible inhibitor of MAO-A
and MAO-B for the treatment of MDD. Selegiline transdermal patch has been clinically
used to treat MDD. Selegiline can increase the content of dopamine in the hippocampus,
activate D1 receptors, and regulate neuronal plasticity to play an antidepressant effect.
However, oral selegiline has high first-pass metabolism and low bioavailability [147].
Wairkar et al. prepared selegiline-loaded CN-NPs and compared the pharmacokinetic
parameters of selegiline delivered in the brain and plasma by different formulations and
routes of administration. The Cyax of plain solution of selegiline in the brain and plasma
by intranasal administration (Tmax = 5 min) was 20 and 12 times higher, respectively,
compared with oral administration (Tmax = 15 min). Furthermore, intranasal administration
of selegiline-loaded CN-NPs and mucoadhesive thermosensitive gel showed superior
formulation advantages compared with the AUC_4, of plain solution [148,149]. There are
also numerous studies on the enhancement of its bioavailability in the brain by intranasal
delivery of selegiline-loaded vehicles, such as CN-NPs [150], thiolated CN-NPs [151],
NE [147,152], nanostructured lipid carriers [153], etc. These studies have verified that the
appropriate formulation delivered by the intranasal route is beneficial to reduce the dose of
Selegiline and enhance the brain bioavailability for the treatment of MDD.

Racemic tramadol hydrochloride is used clinically as a central analgesic. The (-)
enantiomer of tramadol hydrochloride can inhibit the synaptic reuptake of monoamine
neurotransmitters such as NE and 5-HT, increasing the concentration outside neurons. The
thermoreversible gel loaded with tramadol hydrochloride CN-NPs prepared by Goyal et al.
showed antidepressant potential by intranasal administration [154].

5.3. Peptides

Growing evidence suggests that impaired insulin signaling may contribute to both
depression and type 2 diabetes. Intranasal delivery of antihyperglycemic agents can avoid
systemic exposure-induced abnormal blood glucose levels, the BBB, and metabolically
induced reductions in brain-targeted content [155]. The brain is an insulin-sensitive site.
There are high densities of insulin receptors in the olfactory bulb, hypothalamus, hip-
pocampus, and limbic system. Numerous studies have shown that insulin signaling may
modulate hypothalamic—pituitary—adrenal axis homeostasis; affect levels of central neu-
rotrophic factors and monoamine neurotransmitters; interact with gastrointestinal microbes;
and improve mood, learning, and memory functions [156,157]. Oral insulin bioavailability
is low. Insulin injected under the skin can lower healthy blood sugar levels and can even
be life-threatening. The study found that intranasal delivery of insulin showed a 2000-fold
increased AUC in the brain: plasma ratio compared with subcutaneous administration,
with no apparent effect on blood glucose levels [158]. Lixisenatide acts as a GLP-1 receptor
agonist to control blood sugar levels. It has neuroprotective effects in degenerative diseases
such as Parkinson’s and Alzheimer’s. Wu et al. explored the possible mechanism of action
of lixisenatide in the improvement of olfactory function and mood [159]. Intranasal lixise-
natide not only improved depressive and anxious behaviors in a chronic unpredictable
mild stress model, but also improved olfactory system function. In addition, intranasal
lixisenatide was demonstrated to play an antidepressant role by regulating cyclic-AMP
response binding protein (CREB)-mediated neurogenesis. In addition, intraventricular
injection of glucagon 2 (GLP-2) showed a good antidepressant effect in depression model
mice. Yamashita et al. combined a cell-penetrating peptide and a penetration-accelerating
sequence with GLP-2 to prepare a GLP-2 derivative (PAS-CPP-GLP-2). PAS-CPP-GLP-2
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can be smoothly taken up and released by nasal mucosa epithelial cells to enter the CNS.
Studies have found that intranasal PAS-CPP-GLP-2 exhibited antidepressant effects similar
to intracerebroventricular injection in mouse models but not intravenous injection [56,160].
In another studies, they developed a GLP-2-loaded nasal formulation prepared from poly-
oxyethylene (25) lauryl ether and {3-cyclodextrin, which similarly increased the brain
targeting of GLP-2 effects and antidepressant effects in a rat model [161].

Oxytocin is a peptide neurohormone composed of 9 amino acids synthesized by the
hypothalamus and secreted by the posterior pituitary. Intranasal delivery of oxytocin has
potential value in regulating anxiety and depression. Oxytocin is secreted by the pituitary
into the peripheral circulation. It is involved in regulating the balance of the hypothalamic-
pituitary—adrenal axis (HPA) and reducing corticosterone levels [162,163]. In addition,
oxytocin is distributed in the hippocampus, amygdala, prefrontal cortex, cingulate cortex,
olfactory bulb, and other brain regions involved in emotion regulation. Oxytocin can di-
rectly stimulate oxytocin receptors in the center nucleus and striatum to promote the release
of 5-HT and dopamine [164-166]. Oxytocin also inhibits microglial activation, reduces
the release of pro-inflammatory cytokines, and promotes neuronal plasticity. However,
synthetic exogenous oxytocin has a short half-life and poor BBB permeability.

Brain-derived neurotrophic factor (BDNF) in the hippocampus and prefrontal cortex,
which is closely related to depressive symptoms, was significantly reduced in patients
with depression. BDNF plays an important role in the adaptive regulation of neuronal
function (neuronal plasticity) [167,168]. Increased expression of BDNF in the brain may be
an effective treatment for depression. Intracranial injection, microinjection, and peripheral
delivery cause tissue damage and low bioavailability. Liu et al. fused TAT, which can
improve permeability, and HA2, a hydrophobic peptide sequence that promotes lipid
membrane stability, with BDNF, and loaded them onto mitochondrial virus (AAV) to
successfully construct BDNF-HA2TAT /AAV through intranasal route. Western-blotting
analysis showed that the content of BDNF in the hippocampus increased [169]. Compared
with the control group and the AVV group, the BDNE-HA2TAT/AAV group significantly
reversed the depressive behavior of the rats [170].

NAP is a peptide derived from activity-dependent neuroprotective protein, consisting
of eight amino acids (Asn-Ala-Pro-V al-Ser-lle-Pro-Gln, NAPVSIPQ). NAP functions by
protecting the structural stabilization of neuronal microtubules, neuroprotection, and the
role of axonal transport. Dang et al. constructed NT4-NAP/AAV to promote the expression
of NAP in the CNS via the intranasal route. Intranasal administration largely solves the
limitations of synthetic NAPs with short plasma half-life and weak ability to cross the BBB.
Experiments have shown that the depressive symptoms of female mice are improved after
ten days of administration [171,172].

Using the «26 auxiliary subunit of V-gated Ca®* channels and GABAA receptors as
targets, Sukhanova et al. screened LCGA-17 in silico. LCGA-17 restores hippocampal NE
levels and exhibits favorable anxiolytic and antidepressant properties in behavioral evalu-
ations in animal models of rats. The cyclic neuropeptide Cortistatin-14 (CST-14) mRNA
was significantly decreased after exposure to stressed mice. CST-14 exerts a rapid antide-
pressant effect through the regulation of ghrelin and GABA(A) systems [173]. Intranasal
delivery of neuropeptide Y (NPY) demonstrated lower behavioral impairment compared
with controls in a single chronic stress animal model [174]. Melanin-concentrating hormone
(MCH) exerts anxiolytic and antidepressant effects by regulating the target of rapamycin
(mTOR) signaling pathway. MCH can also restore proteins downregulated by stress on the
synaptic surface [175].

Depression lowers blood and brain levels of neurotrophic factors (NTFs), which are
restored by antidepressant treatment. Nerve growth factor (NGF) was first discovered
and has regulatory effects on the development, differentiation, growth, regeneration, and
functional properties of neurons. Intranasal administration of NGF reduces immobility
time in the forced swim test and tail suspension test in mice. In addition, intranasal
NGEF increases glucose intake and activity time, and NE and dopamine release in the
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frontal cortex and hippocampus in rats after UCMS [176]. It also increases neurogenesis to
compensate for cellular damage from depression.

The cytokine hypothesis reveals an inextricable link between depression and inflam-
matory responses. Studies have shown that the levels of pro-inflammatory cytokines
such as interleukin-6 (IL-6) and tumor necrosis factor (TNF) in patients with depression
are significantly increased [177]. Pro-inflammatory cytokines promote increased corti-
costerone synthesis, decreased monoamine neurotransmitter synthesis, and increased
reuptake [178-181]. Shevela et al. reduced anxiety responses in mice in the field by in-
tranasal delivery of soluble factors in M2 macrophage culture medium [182]. Concurrent
studies have shown that M2 macrophages exert antidepressant potential by downregulating
pro-inflammatory cytokines in the hippocampus, prefrontal cortex, and striatum.

5.4. Natural Active Ingredients

Albiflorin is a safe natural active component of monoterpene glycoside extracted from
the root of Radix Paeoniae Alba. Albiflorin can act on multiple targets such as hippocampal
phospholipids, tryptophan, and dopamine to play anti-inflammatory and antioxidative
stress effects [183]. However, albiflorin is easily metabolized to benzoic acid by microor-
ganisms in the gastrointestinal tract. After oral administration, the absolute intracerebral
drug concentration is low and the absolute bioavailability is low [184,185]. Wang et al. pre-
pared albiflorin-loaded alginate nanogels for nasal administration to avoid gastrointestinal
degradation. Fluorescent labeling showed that albiflorin could quickly reach the brain
for distribution after intranasal administration (<30 min). The authors observed through
tail suspension experiments in mice that low-dose intranasal administration significantly
shortened the chronic unpredictable mild stress (CUMS) model of mice compared with
intragastric gavage and intravenous injection of albiflorin solution. The reduction of pro-
inflammatory cytokine levels and the repair of neuronal damage in CUMS rats further
suggest that albiflorin has excellent potential for rapid antidepressant effects [186].

Berberine is a quaternary ammonium alkaloid biologically active ingredient extracted
from Coptis chinensis with low toxicity and side effects. Berberine can reverse and improve
the physiological changes caused by depression, such as monoamine neurotransmitter
and dopamine levels, neuronal plasticity, and inflammatory responses [187,188]. Berber-
ine has poor oral absorption, obvious intestinal first-pass metabolism, and limited abso-
lute bioavailability [189]. Cui et al. improved the solubility of berberine by inclusion of
hydroxypropyl-3-cyclodextrin (HP-3-CD). The encapsulated drug was then loaded into a
thermosensitive hydrogel for intranasal administration. The relative intracerebral bioavail-
ability of berberine showed that the intranasal formulation of berberine was 110 times
higher than the oral inclusion complex of berberine—cyclodextrin. Pharmacological studies
have found that the intranasal route, in addition to increasing the levels of monoamine neu-
rotransmitters in the hippocampus compared with oral administration, exhibits a potential
antidepressant mechanism by restoring sphingolipid and phospholipid abnormalities and
mitochondrial dysfunction [190]. In another study, they combined two natural bioactive
ingredients with antidepressant effects, berberine and evodiamine, into a nasal formulation.
The bioavailability of intranasal hydrogels was more than 100 times higher than that of gav-
age drug solutions. Further, the intranasal formulation significantly improved behavioral
despair by modulating monoamine levels and related metabolic pathways in mice [191].

Cang-ai volatile o0il is a Chinese herbal volatile oil that has been used clinically as
an intranasal inhaler. Studies have shown that Cang-ai volatile oil can inhibit microglia
activation and kynurenine pathway to regulate 5-HT and play an antidepressant effect [192].
The forced swim test, open field test, sucrose preference test, etc. confirmed that intranasal
delivery of Cang-ai volatile oil can effectively regulate the metabolism of dopamine and
5-HT in the brain of CUMS rats and improve depressive behavior [193].

Icariin (ICA), the main component of Epimedium grandiflorum, has shown ther-
apeutic effects in osteoporosis, tumor, inflammation, cardiovascular disease, and even
depression [194]. However, pharmacokinetic studies of ICA have shown poor oral absorp-
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tion and brain bioavailability [195]. Wang Q. S. and Cui Y. L. et al. prepared an ICA nanogel
loaded self-assembled thermosensitive hydrogel system (ICA-NGSTH) to treat depression
by intranasal administration. ICA-NGSTH changes from a solid phase to a liquid phase
in the nasal cavity and adheres to the nasal mucosa, thereby prolonging the residence
time and releasing the drug slowly and continuously. They used fluorescence imaging
of rhodamine B-labeled nanogels to study the in vivo distribution. ICA-NGSTH could be
distributed in the brain in about half an hour and showed zero order kinetic release within
10 h. By comparing the oral route of ICA, intranasal ICA-NGSTH showed better behavior
in an animal model of depression [196].

Olfactory dysfunction is a complication of a variety of CNS disorders, including
depression. Gao et al. investigated the effects of white tea extracts on depressive behavior
and olfactory disturbances in CUMS mice by intranasal administration. High and low
levels of white tea extracts could effectively reverse depressive behavior in mice. Olfactory
avoidance tests and olfactory sensitivity tests showed their relief of olfactory dysfunction.
Pharmacological studies found that white tea reduced mitochondrial and synaptic damage
in the olfactory bulb and enhanced the content of BDNF (Table 1) [197].
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Table 1. Summary of studies on antidepressant active ingredients and new dosage forms for intranasal administration.
Types Ingredients Dosage Form Characterization Ex Vivo/In Vivo Studies Relevant Outcomes Ref.
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EE = 48-50%. e 30 min of administration.
. Ex vivo permeation studies using The cumulative drug permeability
Venlafaxine porcine nasal mucosal membrane after 24 h in VLF CN-NPs was
PS =167 + 6.5 nm; (Franz cells); nearly 3 times compared with VLF
PI =0.367 £+ 0.045; Pharmacodynamic studies in Wistar ~ solution. VLF CN-NPs showed a
. . ZP = +23.83 +1.76 mV; rats (modified forced swim test, more significant antidepressant
Chitosan nanoparticles (CN-NPs) DL =32.25 + 1.63%; locomotor activity test); effect than VLF solution on chronic [108]
EE =79.3 + 2.6%; Qualitative localization and depression rats by forced swimming
Yield = 71.42 + 3.24%. biodistribution studies by confocal method.
. laser scanning microscopy; DTE (%)/DTP (%): NPs =
Antidepressants Pharmacokinetic analysis. 508.59/80.34
In a rodent model of depression,
Ex vi . . compared with intranasal DVF
X vivo permeation studies on luti d oral admini .
orcine nasal mMucosa: solution and oral administration,
IP;harmacod namic st1’1dies (Wistar increased levels of 5-HT and NE in
PS=172.5+10.2 nm; rats); Yy the brain showed a more
PI=0.254 £ 0.02; Stres,s-in duced model (forced pronounced antidepressant effect.
Chitosan-coated poly ZP = +35.63 £ 8.25 mV; swimming test); Pharmacokinetic parameters such as
Desvenlafaxine lactic-co-glycolic acid DL =30.8 + 3.1%; & / concentration, half-life, and AUC in  [111]

nanoparticles (PLGA-CN-NPs)

EE =764 + 4.2%;
Release (24 h) = 77.21 & 3.87% (pH
7.4) and 76.32 + 3.54% (pH 6.0).

Drug-induced model (reserpine
reversal test);

Biochemical estimation of serotonin,
noradrenaline, and dopamine;
Blood and brain pharmacokinetic
studies.

the brain after intranasal
administration were higher than
those of through intravenous.
DTE (%)/DTP (%) = 544.23/81.62
(DVE-NP s)

DTE (%)/DTP (%) = 202.41/50.59
(DVF)
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Types Ingredients Dosage Form Characterization Ex Vivo/In Vivo Studies Relevant Outcomes Ref.
Gelling point =28 + 1 °C; In vitro gel erosion study;
Mucoadhezswe strength = 6246.27 Ex v1vo‘drug permeation through Pharmacokinetic study in Wistar
dynes/cm’”; the bovine nasal mucosa; rats showed plasma concentration in
Nanoemulsion thermosensitive in NEs: PS =206.3 £ 3.7 nm; Nasal toxicity study; the brain wals:)Z 82 times higher than
. o . Micelles of P-407: PS = 142.58 421  Pharmacokinetic analysis: DTE (%) N gher | [112]
situ gel + 0.5% Chitosan nm: and DTP (%); that of the intravenous suspension
Ago-NE-gel + 0.5%chitosan: Pharmacodynamic studies \S%E}}(e)/l)n/tg?;s(ao} )r (iu;il 9/71.0
Agomelatine Viscosity = 2439 + 23 cP (35 £ 1 °C);  (Behavioral test; modified forced ° o) o ’
pH=58=+0.2. swim test and tail suspension test).
PS =167.70 + 0.42 nm; The nasal solid lipid nanoparticles
PI=0.12 £ 0.10; Pharmacokinetic study (rats): assay =~ prepared by Ahmed et al. were
s . ZP = —17.90 £ 2.70 mV; of agM in plasma and brain; superior to the oral suspension in
Solid lipid nanoparticles (SLNs) EE =91.25 4+ 1.70%; Pharmacokinetic analysis: DTE (%) brain concentration, AUCy_360min, [113]
Release (1 h)/(8 h) =35.40 &+ and DTP (%). and absolute bioavailability (44.44%)
1.13%/80.87 =+ 5.16%. DTE (%)/DTP (%) = 190.02/47.37
Intranasal DLX-NLCs showed
higher concentrations in blood and
brain compared with DLX solution
and oral route, which showed the
PS=137.2 +2.88 nm; Biodistribution studies (Wistar rats); same results in behavioral tests in
Nanostructured lipid carriers ZP =-31.53 £ 11.21mV; P}ia rr;acolliir?etii ;ltugs' SHrTa) mice. Intranasal NLCs were 8-fold [116,117]
(NLCs) DL =9.73 + 3.22%; Gamma-imaging st dy, higher in brain concentrations than !
EE =79.15 + 4.17%. amma-imaging stucy: intravenous DLX.
DTE (%)/DTP (%) = 757.74/86.80
Duloxetine (DLX-NLC)
DTE (%)/DTP (%) = 287.34/65.12
(DLX)
20% w/o PF127, 5% w/o PF6S; Thlomer gel lgaded with duloxet.me
. . proniosomes increased the retention
3.76 lipid ratio; Pharmacokinetic analysis: DTE (%) time and sustained release and
Thiomer gel loaded with PS =265.13 + 9.85 nm; and DTP (%); ysis: ? enetration of DLX in the nasal [118]
proniosomes GT =32+£0.05°C; i P

EE =98.13 4+ 0.50%;
Release (3 h) = 33%.

Stability study.

mucosa (1.96 times that of
duloxetine proniosomes).
DTE (%)/DTP (%) = 137.77/10.5




Pharmaceutics 2022, 14, 2070

20 of 34

Table 1. Cont.

Types Ingredients Dosage Form Characterization Ex Vivo/In Vivo Studies Relevant Outcomes Ref.
The permeability of paroxetine NEs
Ex vivo permeation studies using was 2.57 times higher than that of its
_ . porcine nasal mucosal membrane suspension via permeation studies.
ESDI_ :5%%;;: f g%é;m ! (Franz cells); Results of behavioral studies in rats
P . . 4 T Pharmacodynamic studies (Wistar showed that intranasal
aroxetine Nanoemulsion (NEs) ZP = —-33 mV; . . .. . . [121]
Transmittance = 100.60 + 0.577%: rats; forced swimming test, a.dm'lr.ustrathn of paroxetine NES
Refractive index = 1.412 - 0.003 ’ locomotor activity test); significantly improved behavioral
’ R Biochemical estimation: GSH and activity in depressed rats compared
TBARS. with the oral suspension of
paroxetine.
Sayyed et al. radiolabeled trazodone
and compared the pharmacokinetic
parameters of intranasal delivery of
131 con. 131
labelling yield = 91.23 + 2.12%; 12 solution, 112
In vitro stability of ¥1-TZ =6 h; mieroemu S}g’f‘ ,and Intravenous
Droplet size = . e 1Bl T, injection of *>*I-TZ solution.
roplet size = 16.4 & 2.5 nm; Biodistribution of *'I-TZ; Intranasal B-TZ microemulsion
Trazodone Microemulsion PDI=0.11 £ 0.02; The ¥1I-TZ uptake in organs and had . . . [123]
7P = 3.83 + 0.36: bodv fluids. ad sustained e.md higher brain
i ¢ y ke at any time tested than the
Viscosity (25 °C) = 261.7 + 3.0; upta y time |
Viscosity (37 °C) = 157.3 + 7.5 other two formulations and routes.
’ e In addition, the blood exposure of
intranasal '3!'I-TZ microemulsion
was lower than that of intravenous
injection, reducing systemic toxicity.
PS:
QF-ME = 29.75 4 0.99 nm;
CH-ME =35.31 + 1.71 nm;
MeBCD-ME = 46.55 + 1.9 nm with; The brain bioavailability of
PDI: . . . quetiapine fumarate of
QF-ME = 0.221 + 0.01; Ei zizg ?;;Z?Zigii:;tsgz?gth’ chitosan-coated microemulsion was
Microemulsion CH-ME = 0.249 + 0.03; diffusion study (goat nasal m a 3.8-fold and 2.7-fold higher than that
- Chitosan microemulsion (CH-ME) MeBCD-ME = 0.233 £ 0.02; tudy 180 ) S ucos of drug solution and chitosan-free
Quetiapine fumarate and small intestine); [125]

methyl-B-cyclodextrin
microemulsion (MeRCD-ME)

ZP:

QF-ME =2.77 £+ 0.51;
CH-ME =20.29 +1.23
MeBCD-ME =8.43 £0.7;
Viscosity:

QF-ME = 17.5 £ 0.69 cP;
CH-ME =38.5 4+ 1.26 cP;
MeBCD-ME =33.3 £ 0.93 cP.

Nasal mucosal toxicity test;
Pharmacokinetic analysis: DTE (%)
and DTP (%).

microemulsion, respectively.

DTE (%)/DTP (%) = 371.20 + 12.02/
68.66 + 6.84 (QF-ME)

DTE (%)/DTP (%) = 453.69 +
10.17/80.51 = 6.46 (CH-ME)
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Types Ingredients Dosage Form Characterization Ex Vivo/In Vivo Studies Relevant Outcomes Ref.
Compared with doxepin
In vitro penetration test on shee hydrochloride solution, the
Doxepin Gelation temperature = 37.4 °C; nasal mt}:cosa' P thermoreversible biogel showed
P . Thermoreversible biogels Gelation time = 7.32 min . ’ more advantages in immobility time  [126]
hydrochloride Stress-induced model (forced . . .. )
pH =6.93. swimming test) and swimming activity count in
& ' mice after 13 days of drug
administration.
Ketamine, whether administered
intravenously or intranasally, has a
higher bioavailability than the oral
route, and has a more rapid and
significant effect than traditional
antidepressants with delayed onset
Ketamine/Esketamine Nasal spray N/A N/A of action. Due to the plasma [127,128]
elimination half-life of ketamine of
2-4 h and the discomfort associated
with invasive administration,
delivery of ketamine directly to the
brain via the nasal cavity is a more
advantageous strategy.
AMS-NE:
PS =92.15 + 0.42 nm; Pharmacokinetic studies in Wister
PI=0.46 + 0.03; rats showed that the intranasal
ZP = —18.22mV; Ex vivo drug permeation study on C(max) of the brain was 3.39 times
. Transmittance = 99.57%; freshly isolated sheep nasal mucosa; higher than that of the intravenous
Lipid-based poloxamer-gellan . _ . . . . . . .
Mucoadhesive strength = 1.24 g; In vivo animal experiments administration and intranasal
Off-label drugs gum nanoemulgel N o L . L. . 1
. . . Release (4 h) = 99.99%; (pharmacokinetic study, AMS in administration within one month
Amisulpride AMS nanoemulsion (AMS-NE) . . [139]
A AMS-NG: brain and blood plasma samples); did not affect blood leukocyte and
AMS in situ nanoemulgel . - . S
(AMS-NG) PS =106.11 £+ 0.26 nm; Animal behavioral studies (induced  granulocyte counts.
PI=0.51 + 0.01; locomotor activity test, paw test); DTE (%)/DTP (%) = 314.08/76.13
ZP = —16.01 mV; In vivo safety assessment. (AMS-NE)
Transmittance = 98.47%; DTE (%)/DTP (%) = 1821.72/275.09
Mucoadhesive strength = 8.90 g; (AMS-NG)
Release (4 h) = 98.96%.
Pharmacokinetic studies with
PS=1218 + 1.5 nm; . . single-dose admlnlstratlon. shqwed
_ . Ex vivo permeation test and nasal that the plasma concentration in the
PI =0.248 + 0.05; - L . '
_ . ciliotoxicity on sheep nasal mucosa;  brain of intranasal ARP-MNE was
ZP = —18.89 + 347 mV; . . . .
. . o In vitro cytotoxicity study (Vero 1.44 and 6.03 times higher than that
hesi Isi Viscosity = 187.79 £ 5.35 cP (25% 1 1ls): fi 1 .
Aripiprazole Mucoadhesive nanoemulsion Carbopol); cells, PC12 cells); of intranasal and intravenous [144]
Viscosi v 626.32 + 8.63 <P (1% In vivo pharmacokinetic study (DTE ~ ARP-NE, respectively, and the Tmax
Carboptc}),l)_' ’ ’ ° (%) and DTP (%)); was smaller than that of

Release (8 h) = 84.92%.

Locomotor activity study.

intravenously administered
ARP-NE.
DTE (%)/ DTP (%) = 96.90/89.73
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Ex vivo diffusion studies on goat The AUC_gp, of Aripiprazole in the
PS =199.2 + 5.65 nm; nasal mucosa; rat brain administered by the
. ZP=-214+4.6mV; Nasal toxicity study (goat nasal intranasal route of APNPs was
Poly(caprolactone) nanoparticles EE = 69.2 + 2.34%; mucosa); v e approximately twice that of the [145]
Release (8 h) =90 &£ 2.69%. In vivo pharmacokinetics study intravenous route.
(DTE (%) and DTP (%)). DTE (%)/DTP (%) = 64.11/74.34
The Cmax of plain solution of
selegiline in the brain and plasma by
Ex vivo drug diffusion on sheep intranasal administration (Tmax =5
nasal mucosa: min) was 20 and 12 times higher,
PS = 341.6 + 56.91 nm; Ph ki ’ i d respectively, compared with oral
PI=0.317 & 0.29; h:iﬁl‘zzg d“ifa;sicasnsm dics: administration (Tmax = 15 min).
Selegiline Chitosan nanoparticle ZP =—-13.4 4+ 0.04 mV; I];ehavioral ’Zes ting: 4 Furthermore, intranasal [148,149]
EE =92.20 & 7.15%; Biochemical analg,s os: dopamine administration of selegiline-loaded
Release (8 h) =90 + 2.69%. 1 yses: dop CN-NPs and mucoadhesive
evel, catalase activity, reduced th itive wel showed
glutathione (GSH) content. CIMOSENSIIVE §e' S
superior formulation advantages
compared with the AUCy_p4, Of
plain solution.
Pharmacokinetics study (insulin Th.e stu(.iy found intranasal delivery
N - of insulin showed a 2000-fold
concentrations in brain and plasma increased AUC. ratio
Insulin N/A N/A via different delivery routes); . ~brain: plasma [158]
.7 compared with subcutaneous
AUChrain: plasma ratio; administration, with no apparent
Repeated in insulin administration. ’ PP
effect on blood glucose levels.
Intranasal lixisenatide not only
improved depressive and anxious
Chronic unpredictable mild stress behaviors in a chronic unpredictable
depression model (rats); mild stress model, but also
Behavioral studies (forced swim test, improved olfactory system function.
Peptides Lixisenatide N/A N/A tail suspension test, open field test);  In addition, intranasal lixisenatide [159]
Cells were labeled with BrdU and was demonstrated to play an
neurogenesis in the olfactory bulb antidepressant role by regulating
and hippocampus was observed. cyclic-AMP response binding
protein (CREB)-mediated
neurogenesis.
Studies have found that intranasal
Behavioral studies (forced swim test, Eﬁ?&cpf{;;ia fEfBXhtlbl;e—rilar b
GLP-2 PAS-CPPs-GLP-2 N/A tail suspension test, open field test); epressant elects s ° [56,160]

Distribution test (rats’ brain).

intracerebroventricular injection in
mouse models, but not intravenous
injection.
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. . . Western-blotting analysis showed
Chromc. unpredictable mild stress that the content of BDNF in the
. . depression model (rats); . . .
Each step was qualified by specific . . hippocampus increased via
- . Behavioral assessment (forced swim . . .
restriction enzyme reactions and test. sucrose preference test. open intranasal administration.
BDNF BDNF-HA2TAT/AAV AGE; N p » OP Compared with the control group [169,170]
. . . field test);
High expression of BDNF in Bodv weight: and the AVV group, the
infected Hela cells. yweshy . BDNF-HA2TAT/AAV group
Western-blotting analysis; i .
. significantly reversed the depressive
Expression of BDNF mRNA. .
behavior of the rats.
Experiments have shown that the
i i Behavioral assessment (forced swim de.pressn{e symptoms of female
Each step was qualified by specific mice are improved after ten days of
L . test, sucrose preference test, open .. p
restriction enzyme reactions and field test); administration. Although the effect
NAP NT4-NAP/AAV AGE; ’ is not significant, it also proves that [171,172]
. . Effect on plasma CORT; . e .
Expression of BDNF in infected E . . intranasal administration from
xpression of 5-HT and BNDF in .
PC12 cells. hipbocampus different targets, such as
pp pus. microtubules, provide new ideas for
the treatment of depression.
These peptides bypass the
blood-brain barrier via a
non-invasive intranasal route of
. . administration, improving
NPY/LCG- Behavioral assessment (forced SWIth  bioavailability and brain targeting.
17/MCH/CST- N/A N/A o p + Op The peptides both improve anxiety [173-176]
field test); . L .
14/NGF . g . and depression behavior in animal
Biochemical studies. .
models. The peptides also promote
neuroplasticity in the central
nervous system, especially the
hippocampus and prefrontal cortex.
Fluorescent labeling showed that
albiflorin could quickly reach the
brain for distribution after intranasal
administration (<30 min). The
authors observed through tail
In vivo fluorescence distribution suspension experiments in mice that
PS =456 £52nm; analysis of alginate nanogels (rats); low-dose intranasal administration
PI <0.20; Pharmacodynamic study; significantly shortened the chronic
Natural active Albiflorin Alginate nanogels ZP =-19.8 + 09 mV; Antidepressant behavioral studies: unpredictable mild stress model of [186]

ingredients

EE = £7.15%;
Release (12 h) = 99%;
Gelling temperature = 28 °C.

tail suspension test;

Transcriptome studies: cAMP,
calcium ion, and cGMP PKG signal
pathway.

mice compared with intragastric
gavage and intravenous injection of
albiflorin solution. Do not move
time. The reduction of
pro-inflammatory cytokine levels
and the repair of neuronal damage
in CUMS rats further suggest that
albiflorin has an excellent potential
for rapid antidepressant effects.
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The relative intracerebral
bioavailability of berberine showed
that the intranasal formulation of
berberine was 110 times higher than
the oral inclusion complex of
The berberine /HP-3-CD inclusion  Brain targeting of berberine study berberine—cyclodextrin.
complex ('H-NMR-NMR showed (Radioactive tracer of 12°T); Pharmacological studies have found
Berberine Cyclodextrin + thermosensitive good degree of inclusion); Pharmacokinetic analysis: berberine  that the intranasal route, in addition [190]
hydrogel Gelling temperature = 30 °C; in hippocampus; to increasing the levels of
Release (6 h) = 83.29 4 3.98%; Monoamine neurotransmitters in monoamine neurotransmitters in the
Loading efficiency = 22.86%. rats (reserpine-induced model). hippocampus compared with oral
administration, exhibits a potential
antidepressant mechanism by
restoring sphingolipid and
phospholipid abnormalities and
mitochondrial dysfunction.
The bioavailability of intranasal
Pharmacokinetic study (plasma and hydrogels was more than 135- and
P407/P188/HP-B-CD/PEG 8000 = 1,20 00 v 112-fold higher than that of gavage
. 20/0/8/1; pp pus); . . berberine and evodiamine solutions.
Berberine and e o . Antidepressant behavioral studies . .
o Thermosensitive in situ hydrogels = Release = 93% (berberine); - . . The intranasal formulation [191]
Evodiamine o . (open field test, tail suspension test); . .. . .
Release = 43% (evodiamine); Monoamine neurotransmitters significantly improved behavioral
Gelling temperature = 28 °C. studies in rats despair by modulating monoamine
’ levels and related metabolic
pathways in mice.
Studies have shown that Cang-ai
Chronic unpredictable mild stress volatile oil can inhibit microglia
depression model (rats); activation and kynurenine pathway
Behavioral studies (open field test, tore gulate 5-HT and play an
forced swim test, and sucrose ant.ldepressant ef.fect. The forced
Cang-ai volatile oil Intranasal inhaler N/A preference test); swim test, open field tes.t, sucrose [192,193]
Expression of pro-inflammatory preference test, etc. confirmed that
c tPc)) kines and monoamine intranasal delivery of Cang-ai
n}e,eurotransmitters studies in volatile oil can effectively regulate
refrontal cortex the metabolism of dopamine and
P ' 5-HT in the brain of CUMS rats and
improve depressive behavior.
PS =73.80 & 2.34 nm; In vivo distribution fluorescently ICA-NGSTH could be distributed in
PI < 0.15; labeled nanogels the brain in about ha.lf ar.l hour and
Nanogel loaded thermosensitive ZP=—-192+114mV; Behavioral testing (tail suspension :\t‘é’}‘:‘;ﬁ‘ig’i’o};riziﬂkﬂf&c rti:a:)sfal
Icariin & Loading efficiency = 2.03%; test, forced swim test); - By p g [196]

hydrogel (NGSTH)

Release (36 h) = 70% (nanogel);
Gelling temperature = 30 °C;
Release (36 h) = 100% (NGSTH).

Expression of pro-inflammatory
cytokines and morphological
changes in the hippocampus.

route of ICA, intranasal
ICA-NGSTH showed better
behavior improvement ability in an
animal model of depression.
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High and low levels of white tea
extracts could effectively reverse
depressive behavior in mice.
Olfactory avoidance tests and
olfactory sensitivity tests showed its
relief of olfactory dysfunction. [197]
Pharmacological studies found that
white tea reduced mitochondrial
and synaptic damage in the
olfactory bulb and enhanced the
content of BDNF.

Chronic unpredictable mild stress
depression model (rats);
Behavioral testing (open-field test,
sucrose preference test, buried food
pellet test);

Olfactory sensitivity test.

White tea N/A N/A

Abbreviations: PS, globule size; ZP, zeta potential; PI, polydispersity index; DTE (%), drug targeting efficiency; DTP (%), nose-to-brain direct transport percentage; BDNF, brain-derived
neurotrophic factor; CORT, corticosterone; P407, poloxamer 407; P188, poloxamer 188.



Pharmaceutics 2022, 14, 2070

26 of 34

6. Summary and Outlook

Under the action of different factors, the incidence of depression in today’s society is
becoming more and more serious. Drug treatment for depression is mainly oral administra-
tion, which is challenged by extensive first-pass metabolism, the BBB, and systemic side
effects. Some antidepressant active ingredients, such as peptides, natural active ingredients,
etc., cannot achieve their high brain bioavailability due to the limitations of their own
physical and chemical properties. The direct pathway between the nasal cavity and the
brain provides a reliable guarantee for improving the bioavailability of antidepressant
active ingredients and reducing side effects. As the olfactory system highly overlaps with
areas that process emotion and memory functions, intranasal administration (especially to
the olfactory area) may be a potential route for treating depression. Antidepressant active
ingredients can enter the brain directly through the olfactory sensory nerve, trigeminal
nerve, and olfactory mucosal epithelial pathways, or indirectly through the rich capillaries
in the respiratory area and lymphatic tissue.

With the continuous progress of medical technology and the pharmaceutical engi-
neering industry, remarkable research achievements have been made in how to make
more effective use of nose-to-brain drug delivery, but there are still some problems to be
solved. The small size of the nasal space and olfactory area limits the amount of drug that
needs to be delivered directly to the brain. Moreover, factors such as the close connection
of olfactory epithelial cells, the clearance of nasal mucosa cilia and the degradation of
antidepressant active ingredients by various enzymes all make fewer parts to be absorbed;
so, the method of enhancing absorption is very important. At present, some remarkable
achievements have been made in the research of promoting nasal mucous absorption. For
example, some materials with good biocompatibility, biodegradation, and low toxicity,
such as permeability enhancers, adhesives, enzyme inhibitors, and nanoparticles, have
been well applied in promoting nose-to-brain delivery. Solvent enhancers, antioxidants,
preservatives, moisturizers, buffers, and taste maskers are added to the formulation to
ensure drug stability and patient compliance. However, the treatment of depression is
often long-term, and these absorption-based materials can more or less cause irritation
and side effects to the nasal cavity and other tissues and organs. On the other hand, the
invention of some nasal delivery devices, such as Vianase™, has significantly improved the
deposition of antidepressant active ingredients in the olfactory region of the upper nasal
cavity compared with traditional delivery devices. However, the deposition rate in the
olfactory area is still relatively low; the highest is only about 50%. Therefore, there is an
urgent need to find better excipients and new devices for enhancing drug delivery in the
nose and brain.

Current studies on intranasal administration of antidepressant active ingredients are
mostly limited to the cellular level and model animal level. In addition, different stimulation
methods may also lead to individual differences in the model. There are differences between
the structure and physiological conditions of the human nasal cavity and experimental
animals; thus, it is not effective in an animal model but in the human body. To further
verify the drug, a clinical observation test is needed to evaluate its safety and effectiveness.
In addition to intranasal administration, the development of new routes of administration,
such as transdermal targeted administration, to overcome the disadvantages of oral and
injectable administration is also one of the main exploration directions to improve the
efficacy of antidepressant treatment in the future.
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