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REVIEWS

THE MYOKINE IRISIN: EFFECTS ON THE BRAIN AND THERAPEUTIC POTENTIAL
IN THE TREATMENT OF DEPRESSION AND NEURODEGENERATIVE DISEASES
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Epidemiological studies indicate a consistent global increase, including in the Russian Federation, in the number
of patients with cognitive impairments associated with neurodegenerative diseases and various affective disorders.
In this context there is a clear need in the development of more effective therapeutic approaches for their corrections.
Good evidence exists that regular physical activity improves cognitive functions and alleviates depression.
Working muscles secrete biologically active substances known as myokines, which regulate muscle recovery and
functions of internal organs, endocrine glands, the immune system, and the brain. This results in a coordinated response
of organs and systems aimed at restoring functional activity of the body after physical exercises and improves
memory and learning ability. Patients with cognitive impairments or depression are often unable to engage in regular
physical activity due to physical limitations or decreased motivation. Therefore, pharmaceuticals that mimic the effects
of muscle activity are a promising therapeutic option. One potential direction in this field could be the development
of drugs based on the myokine irisin, which is produced during physical exercise and exerts a range of beneficial effects
on cognitive function and mood. This review summarizes existing data on the effects of physical exercise on cognitive
function in health and disease; it describes the physiological effects of irisin, and presents the proposed mechanisms

of irisin action on cognitive function and symptoms of depression.
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INTRODUCTION

Dementia and depression are the most
common psychiatric conditions in aging. Dementia
is characterized by acquired cognitive impairment,
leading to a significant deterioration in the patient's
ability to learn, work, and communicate, and ultimately
to a loss of the ability to maintain a normal lifestyle [1].
Based on etiology and pathogenesis, two categories
of dementia can be distinguished: 1) dementia observed
in neurodegenerative diseases — Alzheimer's disease,
dementia with Lewy bodies, Parkinson's disease and
frontotemporal lobar degeneration; 2) dementia
arising in other, non-neurodegenerative pathologies,
such as hydrocephalus, traumatic brain injury (TBI),
infections, immune disorders, tumors, poisoning and
metabolic diseases [1]. In 2017, the global estimate
of the number of patients diagnosed with dementia
was approximately 50 million people, and their
number was expected to double every 20 years [2].
Maintaining cognitive functions in the aging population
is an important task, since dementia directly impacts
the quality of life of older people and creates a significant
burden on society, families and the healthcare system.
Depression is an even more common serious
mental illness, affecting nearly 300 million people
worldwide [3] and is also a leading cause of temporary
disability and sickness absenteeism [4].

Epidemiological studies have demonstrated
that older adults with a history of depression
are at higher risk of developing cognitive impairments.
A link has also been found between previous cases
of mental disorders and the onset of dementia [5].
Moreover, a survey of the elderly population has shown
a high prevalence of depression, which often manifests
as a complication of dementia [6]. Depression
is accompanied by various physiological, biochemical,
and morphological manifestations, such as vascular
pathological changes, disruption of the molecular
mechanisms of glucocorticoid regulation, hippocampal
atrophy, neuroinflammation, deficiency of brain-derived
neurotrophic factor (BDNF), and others [7]. Depression
is associated with decreased hippocampal neurogenesis
in adults [8]. Intravital brain imaging studies have
shown decreased volume of cortical and limbic
regions, particularly the prefrontal cortex and
hippocampus, in patients with major depressive
disorder, which is particularly pronounced in patients
with multiple episodes, relapses, and longer illness
duration [8]. Postmortem analysis of brain tissue from
patients with major depressive disorder has shown
decreased glial cell density and neuronal volume
in the dorsolateral prefrontal cortex [9]. Reduced
synaptic plasticity in patients with depression
contributes to impaired mood regulation and cognitive
function [10]. Reduced expression of genes related
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to synaptic function and a decreased number
of synapses have been found in the prefrontal cortex
of patients with major depressive disorder [11].

Aging-associated sarcopenia and learning disability
are closely related. Gait speed and muscle strength
are significantly inversely correlated with cognitive
impairment. A meta-analysis of studies published over
the past decade found a consistent two-fold increase
in the odds of cognitive impairment among older
adults with sarcopenia compared to individuals without
significant age-related muscle loss [12]. A sedentary
lifestyle and lack of physical activity are risk factors
for sarcopenia in individuals with mild cognitive
impairment and Alzheimer's disease [13]. Moreover,
physical activity correlates with improved cognitive
function and a reduced risk of neurodegenerative
diseases [14]. Physical activity is an important factor
in maintaining mental health and preventing episodes
of anxiety and depression [15, 16]. Unfortunately,
patients with cognitive impairment or depression
are often unable to engage in regular physical activity
due to physical limitations and lack of motivation.
Therefore, myokine-based drugs that mimic the effects
of exercise are a promising therapeutic option.
A clear candidate for the active ingredient in such drugs
is the myokine irisin, which has a range of beneficial
effects on cognitive function and mood. This review
summarizes existing information on the role of exercise
in the treatment of cognitive impairment and depression;
it describes the physiological effects of irisin,
both endogenous and exogenous, produced during
exercise, and discusses the putative mechanisms
of beneficial effects of irisin on cognitive function and
the reduction of depressive symptoms.

1. PHYSICAL ACTIVITY SUPPORTS
MENTAL HEALTH

Regular physical exercises not only promote
skeletal muscle growth and development but also
improve physical and mental health in humans and
enhance cognitive performance in healthy experimental
animals [17, 18]. The effectiveness of physical exercise
for depression is supported by the results of more
than 40 meta-analyses and systematic reviews [19-22].
Epidemiological studies have shown that physical
activity reduces the risk of Alzheimer's disease and
dementia, with high levels of physical activity
attenuating Alzheimer's-related cognitive decline [23].
These effects are partly explained by stimulation
of neurogenesis, increased synaptic plasticity, and
suppression of neuroinflammation in the hippocampal
dentate gyrus [24]. Myokines, including irisin,
interleukin-6 (IL-6), insulin-like growth factor-1
(IGF-1), brain-derived neurotrophic factor (BDNF),
and leukemia cell inhibitory factor (LIF), are produced
during exercises and are able to penetrate
the blood-brain barrier (BBB). They coordinately
participate in communication between skeletal muscle
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and the brain, mediating various neuroprotective effects,
such as improved memory, neuroplasticity, appetite,
and mood, as well as reduced neuroinflammation [25].
With age, due to limited physical activity, skeletal
muscle mass decreases, and this, in turn, leads
to a decrease in myokine secretion [26, 27].

Myokine secretion patterns are poorly understood.
It is known that myokine production by muscles
depends on individual characteristics, the type
of physical activity, its intensity, and duration.
Peak blood myokine levels are observed immediately
after exercise and persist for approximately one hour,
followed by a return to baseline levels 3-24 h after
exercise completion [28]. Myokine production
is dependent on age and a fitness level [29]. Resistance
exercise increased blood levels of the proinflammatory
myokine IL-6 in individuals with mild cognitive
impairment to a greater extent than in the blood
of controls [30]. A possible explanation for the increase
in IL-6 levels in this situation may be that the resistance
exercise was too intense for the elderly participants [31].
Low-intensity exercise is more beneficial for preserving
cognitive function in individuals with Alzheimer's
disease than more intense exercise [32]. Furthermore,
some studies have shown that cardiovascular and
strength training may have a more significant impact
on cognitive function in people with mild cognitive
impairments than multimodal exercises. This suggests
that cardiovascular and strength training may serve
as an effective strategy for slowing cognitive decline
in this group of patients. Research is ongoing to identify
optimal exercise combinations that promote effective
interactions between various myokines and deliver
maximum benefits.

Physical exercises represent an effective
approach for treatment of mild-to-severe depression,
with effects comparable to those achieved with
antidepressants and cognitive behavioral therapy [33].
The combination of exercises with standard treatment
produced a significantly higher antidepressant effect
than the standard treatment alone [34]. Exercises
also play a preventive role by reducing the risk
of depression [35]. A recent systematic review and
meta-analysis of 15 prospective studies have shown
that the development of depression is associated with
physical activity levels in a complex manner, with
the greatest reduction in depression risk observed
at relatively low levels of physical activity [36].
Another meta-analysis of 49 prospective studies
has shown vigorous-intensity activity reduced
probability of depression compared individuals
who lead a sedentary lifestyle [34]. The protective
effect of physical activity against depression
was observed across age, gender, and geographic region.
Exercises had a significant impact on the production
of neurotransmitters such as dopamine, norepinephrine,
and 5-hydroxytryptamine [37, 38]. In a randomized
controlled trial, patients with depression who engaged
in regular physical activity for 16 weeks had increased
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plasma levels of the anti-inflammatory cytokine IL-10,
decreased levels of pro-inflammatory cytokines and
pro-inflammatory markers such as IL-6 and C-reactive
protein, and decreased neutrophil and monocyte
counts [39]. Animal studies have confirmed that
exercises reduce depressive-like behavior, possibly
due to the suppression of systemic inflammation
by increasing IL-10 levels [40]. These findings suggest
that regular physical activity may be a way to control
inflammatory responses.

Endothelial damage caused by oxidative stress
is linked to the onset and progression of a number
of central nervous system disorders, including vascular
depression and late-life depression [41]. Voluntary
running wheel exercise increased endogenous
glutathione levels and ameliorated depressive-like
behavior in male rats with significantly elevated
ethanol-induced lipid peroxidation and protein
oxidation in the hippocampus and cerebellum [42].
In adult humans, the antidepressant effect of exercises
is accompanied by, and may be associated with,
improved synaptic plasticity, neuronal growth,
and neurogenesis in the hippocampus [43-46].
In a mouse model of depression induced by chronic
unpredictable stress, physical exercises increased
the number of mature neurons and dendritic spines
in the dentate gyrus and other hippocampal regions
and they were more effective than fluoxetine
in promoting neuronal maturation and modulating
synaptic plasticity [43].

Increasing evidence suggests that BDNF
is involved in the antidepressant effect of exercises.
Clinical studies have shown that physical exercises
increased BDNF levels differentially depending

on its intensity, and changes in BDNF were closely
associated with improvements in depressed mood
after exercise [47]. In rats, 28 consecutive days
of physical activity increased BDNF mRNA and protein
expression in hippocampal neurons, primarily in their
dendrites [48].

2. MYOKINE IRISIN

In 2002, Teufel et al. identified the transmembrane
protein FNDCS3, containing a fibronectin type III domain
and playing a role in myoblast determination and
differentiation [49]. In 2012, Bostrém et al. discovered
that an unknown enzyme could cleave the extracellular
portion of membrane-embedded FNDCS5, resulting
in the release of a 112-amino acid residue
polypeptide, subsequently named as irisin, into
the peripheral circulation [50]. FNDCS5 transcription
is regulated by peroxisome proliferator-activated
receptor gamma coactivator l-alpha (PGC-la),
a transcription cofactor involved in energy metabolism
(Fig. 1). FDNCS consists of a signal peptide and
the structural domain of fibronectin III, which contains
irisin, as well as transmembrane and cytoplasmic
domains [50-52]. Irisin has a highly conserved structure
and is 100% homologous in mice and humans [50].
Specific antibodies or tandem mass spectrometry
can be used to identify and quantify circulating irisin
in the human body.

The spatial structure of irisin was determined
using X-ray diffraction [52]. Irisin contains the typical
fibronectin III arrangement with a four-stranded
[B-sheet that packs tightly against a three-stranded
[B-sheet [52] (Fig. 2).
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Figure 1. Physical exercise induces activation of the transcriptional coactivator PGC-la in skeletal muscle,
leading to increased expression of FNDCS5, which is cleaved by an unidentified enzyme to produce irisin.
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Figure 2. Schematic representation of the irisin crystal structure determined by X-ray crystallography

(adapted from [52]).

Irisin is mainly produced by skeletal muscle and
cardiomyocytes (cardiomyocytes produce it even more
actively per mass unit) [50, 53]. Skeletal muscles
can be considered as endocrine organs, as they secrete
irisin into the bloodstream, where its concentration
is maintained in the range of 3—5 ng/ml characteristic
of peptide hormones. The molecular mechanism
activating irisin production during physical exercise
is as follows. Hypoxia occurring in muscles during
exercise leads to a decrease in ATP levels and
an increase in AMP. High AMP levels, as well as reactive
oxygen species (ROS), accumulate during hypoxia,
activate AMP-dependent protein kinase (AMPK),
which stimulates PGC-la production [54, 55].
Accumulation of Ca* in the cytoplasm of working
muscles leads to phosphorylation also contributing
to AMPK activation and PGC-la stimulation,
which alters gene expression, including FNDCS5.
Among the genes activated by PGC-1a there are many
genes involved in energy metabolism genes.

The described pathway activating FNDCS5
expression and irisin production is characteristic
of muscles. In other tissues, FNDCS5 expression
may be regulated differently. In addition to muscle,
PGC-1a expression has also been detected in the brain
and kidneys, at lower levels in the liver; minimal levels
were detected in white adipose tissue [56].
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FNDC5/irisin has been shown to be expressed
not only in muscle tissue but also in adipose tissue.
FNDC5/irisin is also detected in serum and cerebrospinal
fluid (CSF) [53, 57—60]. Details of the quantitative and
qualitative detection of FNDC5/irisin at the protein and
mRNA levels are presented in Table 1.

Results of recent studies show that irisin
is also detected in the brain, particularly in cerebellar
Purkinje cells, as well as in the cerebral cortex,
hippocampus, basal ganglia, and hypothalamus.
It is unclear whether CSF irisin is of central or peripheral
origin. It is hypothesized that irisin can cross the BBB
via a saturable transport system [59]. This is supported
by increased muscle expression of the FNDCS5 protein,
which influenced hippocampal gene expression
and ameliorated memory impairments [64, 65].
Irisin receptors are a family of oV integrins,
in particular the aV/B5 integrin complex. Certain
evidence exists that irisin can reduce neuroinflammation
after cerebral hemorrhage by binding to integrin a V5
expressed in microglia [66]. Irisin has been found
to stimulate energy metabolism, reduce insulin
resistance, regulate glucose and lipid metabolism
disorders, and participate in the formation of brown
adipose tissue involved in thermogenesis [50, 67].
Thus, irisin may alleviate metabolic disorders, including
obesity, diabetes, and cardiovascular diseases [50, 68].
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Table 1. Tissues in which FNDC5/irisin expression has been detected

Tissue Res.earch Detected Method of detection Result Reference
objects substance

Detected; concentration

Plasma Humans Protein Mass spectrometry at rest: ~3.6 ng/ml; after [61]
exercises: ~4,3-4.,4 ng/ml

Cerebrospinal fluid | Humans Protein Mass spectromet Detected; concentration: [62]

P P y 0.26-1.86 ng/ml
Adipose tissue Rats Protein, mRNA Immunoblotting, QRT-PCR, | Detected; concentrations [63]
secretome study are not shown
QRT-PCR - quantitative real-time PCR.
Animal and human studies have shown that and memory in experimental animals [82].

exercises increased irisin levels in circulation and
hippocampus and increased FNDCS5 mRNA and protein
expression in muscle tissue [50, 69—72]. In humans,
irisin levels at rest are about 3.6 ng/ml, and after
aerobic interval training, they increase to 4.3 ng/ml [61].
Other factors, such as temperature, diet, and certain
medications such as fenofibrate and metformin,
also affect irisin levels [73]. In general, individuals
with sarcopenia have lower irisin levels [74].
Although irisin production decreases with age,
it can be partially restored by resistance training [75].
Resistance, aerobic, or combined exercise appears
to play a beneficial role, with irisin production levels
corresponding to increases in exercise intensity [76].
However, in several studies, physical exercises
did not change serum irisin levels [77, 78].
These results can likely be explained by the fact
that serum irisin concentrations are influenced
by a number of factors, such as age, gender, weight,
and physical fitness level of the subjects.
The most important factors are the time of sample
collection and the type of exercise regimen used.
Failure to account for these factors may lead
to the conclusion that there is no relationship
between physical exercise and irisin secretion [79—81].
Since the half-life of irisin in the body is less than 1 h,
attention should be paid to the timing of blood
collection after a single bout of physical exercise [61].

3. IRISIN EFFECTS IN NEURODEGENERATIVE
DISEASES AND DEPRESSION

A positive correlation has been shown
between irisin levels and cognitive dysfunction.
In an experimental study on rats, intrahippocampal
administration of beta-amyloid, mimicking some
symptoms of Alzheimer's disease and inducing
impairments in spatial learning and memory,
was accompanied by a decrease in FNDCS5 expression
in the hippocampus. However, 4 weeks of physical
exercise in the form of moderate-intensity running
led to an increase in FNDC5 mRNA levels
in the hippocampus and improved spatial learning

Irisin also has an antidepressant effect [82, 83].
Several clinical trials have examined the relationship
between depression and the ability to produce
irisin during exercise. A randomized trial showed
that aerobic exercise increased serum irisin levels
and reduced depression and fatigue in patients
with relapsing-remitting multiple sclerosis [84].
A 6-month study of patients with acute ischemic stroke
showed that serum irisin levels were lower in patients
with post-stroke depression compared to non-depressed
patients. In this context, irisin is a more effective
biomarker in predicting post-stroke depression
than age and serotonin [85]. Studies performed using
animal models of depressive disorder have shown
that irisin released during exercise has a beneficial
effect on behavior by increasing dopamine and
norepinephrine levels [86]. Thus, irisin produced
during exercise may have an antidepressant effect [82].

Pattern separation strongly depends on de novo
neuron formation in the hippocampus [87]. Certain
evidence exists that the dorsal hippocampus controls
cognitive functions, while the ventral hippocampus
controls emotional behavior [88]. Hippocampal
neurogenesis is reduced in mice and humans during
aging and Alzheimer's disease [89, 90], while exercises
promote neurogenesis in the adult hippocampus and
improve learning and memory [91]. FNDC5 knockout
affects the development of hippocampal neurons and
alters their morphology, transcriptome, and function.
Under the same exercise conditions, wild-type mice
exhibited improved spatial learning and memory
compared to FDNC5 knockout mice (FSKO mice),
with aged (21-24 months) F5KO mice exhibiting
a greater decline in cognitive performance than
wild-type mice [64]. Abnormal activation patterns
were found in the hippocampus of adult FSKO mice.
During running exercise, the total length of dendrites
increased to a greater extent in wild-type mice
than in FS5KO mice. In the hippocampal ventral
dentate gyrus of sedentary F5KO mice there
was a more complex dendritic structure compared
to wild-type mice, suggesting that the absence
of irisin could lead to excessive growth or defective
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formation of new hippocampal neurons [64].
Furthermore, the neuronal density in the dorsal
hippocampus of FSKO mice was significantly reduced
and dendritic spine heads were smaller compared
to wild-type mice [64]. These results suggest
that irisin specifically affects the growth and
maturation of new neurons in the hippocampus and,
consequently, cognitive abilities. Irisin maintains
normal gene expression in hippocampal neurons.
Regardless of the type of physical activity,
the transcriptome profile of newborn neurons
in F5KO mice was abnormal. Nuclear RNA sequencing
identified a total of 459 genes that were differentially
expressed between neurons in FSKO and wild-type mice.
Gene enrichment analysis suggests that irisin
knockdown in newborn hippocampal neurons may lead
to a number of serious neurological diseases, including
Alzheimer's disease [64]. RNA sequencing data
from another study, including a total of 2114 samples
from 1234 individuals, showed a significant decrease
in irisin expression in the parahippocampal gyrus
of individuals diagnosed with Alzheimer's disease
compared to controls [64]. In APP/PS1 mice,
a well-known transgenic model of Alzheimer's disease,
FNDC5 gene expression in the hippocampus
was markedly reduced compared to wild-type mice [92].
At the age of 6 months, amyloid plaque formation,
gliosis, and cognitive decline were observed. Cognitive
function of APP/PS1-F5KO mice (created by hybridizing
F5KO mice with APP/PS1 mice) was reduced after
exercise compared to APP/PS1-wild-type hybrids.
Furthermore, APP/PS1-F5KO mice had significantly
elevated levels of cortical soluble beta-amyloid,
contributing to beta-amyloid plaque formation.
Despite lack of elevated hippocampal irisin expression,
male APP/PS1 mice with elevated liver irisin expression
and elevated circulating irisin levels, demonstrated
significant gains in spatial learning and memory tasks.
After irisin treatment 5SXxFAD mice (another type
of transgenic Alzheimer's disease mouse model)
showed improved spatial learning and memory
performance in the Morris water maze test [92].
These results suggest that peripheral administration
of irisin improves cognitive performance in animal
models of Alzheimer's disease.

Irisin may play a role in neuronal differentiation
[93-95]. Irisin expression increased in mouse
embryonic stem cells during retinoic acid-induced
neural differentiation [93]. Subsequent experiments
demonstrated that suppression of irisin expression
in neuronal progenitor cells blocks the differentiation
of mouse embryonic stem cells into neurons and
the maturation of astrocytes [93]. The mRNA and
protein levels of BDNF and its receptors, tyrosine
kinase and p75, were reduced after FDNCS5 knockout.
FNDCS5 knockout suppressed neuronal differentiation
by affecting the expression of BDNF and its receptors
at the transcriptional and translational levels [95].
In contrast, increased FNDCS5/irisin expression
promoted the expression of neuronal progenitor
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markers Sox1 and Pax6, mature neuronal markers
such as Neurocan, and the astrocytic marker GFAP,
likely through the induction of increased
BDNF expression [94]. This highlights the importance
of FNDCS5 in neuronal differentiation.

Irisin induces BNDF expression and improves
synaptic plasticity in an Alzheimer's disease
model [96, 97]. It enhances maturation of hippocampal
neurons and alters their morphology, transcriptome,
and function. Studies have shown that irisin
administration effectively mitigates cognitive decline
even when significant pathological changes already
occurred in the mouse brain [98]. Patients with
late-stage Alzheimer's disease had significantly reduced
irisin levels in the hippocampus compared to patients
with early-stage Alzheimer's disease or individuals
with normal cognitive function [65]. Furthermore,
patients with Alzheimer's disease had lower
CSF irisin levels compared to patients with mild
cognitive impairments or with normal cognitive
function. A positive correlation was also found between
CSF irisin levels in patients with Alzheimer's disease
and their Mini-Mental State Examination scores,
as well as CSF levels of beta-amyloid and BNDF [99].
In C57BL/6 mice, decreased irisin activity resulted
in impaired long-term potentiation in the hippocampus,
suggesting that irisin could influence hippocampal
synaptic plasticity, memory, and novel object
recognition (NOR). Direct intrahippocampal
administration of recombinant irisin may protect against
impairment in memory and NOR. Intraventricular
administration of the irisin-containing adenoviral
vector AAFNDCS5 to C57BL/6 mice for 6 days
resulted in increased irisin mRNA and protein levels
in the cortex and hippocampus and -effectively
protected against beta-amyloid infusion-induced
impairment in various memory types [65].

In a study, involving 63 elderly subjects
(38 with cognitive impairment and 25 without cognitive
impairment), 41 elderly subjects were diagnosed with
depression, which was associated with decreased
CSF irisin and BDNF levels, comparable to those
seen in patients with dementia [100]. Major depressive
disorder is both a predisposition factor for Alzheimer's
disease and a comorbidity [101]. Regular exercises
caused a reduction in the incidence and severity of major
depressive disorder and Alzheimer's disease [102].
Another study showed that subcutaneous injection
of irisin (100 pg/kg per day for 5 days) caused
marked antidepressant and antianxiety effects
in young mice [103]. One form of depression
seen in patient and experimental animals (mice),
is depression induced by propofol, a pharmacological
agent used in surgical practice, which induces
postoperative depression in humans. Irisin blocks
propofol-induced depressive behavior in mice [93].
Furthermore, irisin mitigated neuronal death induced
by high concentrations of propofol in vitro and
suppressed propofol-induced increases in cytokine
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levels in astrocyte cultures [104]. In a rat model
of depression induced by chronic unpredictable stress,
irisin (100 ng/ml or higher concentrations) exerted
an antidepressant effect in rats, modulating energy
metabolism, including in the prefrontal cortex [105].

4. MECHANISMS OF IRISIN ACTION
ON COGNITIVE FUNCTION AND MOOD

Irisin is a key mediator between physical activity
and metabolic homeostasis in the brain. The proposed
mechanisms by which irisin improves cognitive
function and exerts antidepressant effects include:
1) regulation of glucose and lipid metabolism;
2) increased BDNF expression in the hippocampus;
3) activation of the AKT and ERKI1/2 signaling
pathways; 4) attenuation of neuroinflammatory
responses in the brain; 5) suppression of oxidative stress;
6) reduction of neuronal apoptosis; 7) protection
of the integrity of the blood-brain barrier; 8) reduction
of the accumulation of pathological a-synuclein (a-syn)
in the brain (Fig. 3).

4.1. Regulation of Glucose and Lipid Metabolism

Impaired brain energy metabolism is a significant
factor in the pathogenesis of depression [106, 107].
Combined proteomic and metabolomic analysis
demonstrated that patients with mood disorders
had impairments in energy metabolism [108-110].
Disturbances in glucose, lipid, and amino acid
metabolism are common in patients with major
depressive disorder. Irisin plays a role in the regulation
of lipid and glucose metabolism in skeletal muscle
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and adipose tissue [50, 111-113]. In obese mice,
irisin reduced insulin resistance, corrected disturbances
in glucose and lipid metabolism, and increased
lipolysis via the cAMP/PKA/perilipin pathway [112].
Furthermore, irisin injection at a the range of doses
from 1.5 pg/kg to 2.5 pg/kg increased oxygen
consumption and carbon dioxide and heat production
in rats [114].

Impaired glucose metabolism in the brain
is a key pathological feature of depression and
contributes to its onset and progression [106, 115].
According to results of some studies, patients with
depression have higher than normal blood glucose
levels, and elevated glucose levels are associated with
fatigue symptoms in patients with mild depression [116].
Patients with monophasic depression have lower
glucose metabolism in the dorsal prefrontal and anterior
cingulate cortex compared to healthy controls.
Numerous studies have demonstrated the beneficial
effects of irisin on glucose metabolism and insulin
sensitivity [113]. Irisin levels were reduced in patients
with type 2 diabetes mellitus and obesity, and circulating
plasma irisin levels were inversely related to the level
of insulin resistance [113]. Irisin increased fatty acid
oxidation and glucose uptake in type 2 diabetes mellitus
by modulating the AMPK signaling pathway and
reducing the expression of the gluconeogenic enzymes
phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G6Pase) in the liver [117].
Furthermore, irisin  activated p38 MAPK
in an AMPK-dependent manner, and inhibition
of p38 MAPK blocked irisin-induced glucose
uptake [118]. Irisin also increased the expression
of B-trophin, a hormone stimulating pancreatic -cell

Effects of irisin in the brain:

1)regulation of glucose and lipid
metabolism

2)increase of BDNF expression in the
hippocampus

3) activation of the Akt and ERK1/2
signaling pathways

4) inhibition of neuroinflammatory
responses in the brain

5) suppression of oxidative stress

6) decrease of neuronal apoptosis
7) protection of blood—brain barrier
integrity

8) decrease in the accumulation of
pathological a-synuclein in the brain

Figure 3. Irisin released into the bloodstream from skeletal muscle or administered as an exogenous pharmacological
agent crosses the blood-brain barrier and exerts a range of neuroprotective effects in the brain, contributing
to the alleviation of cognitive impairment and depressive symptoms.
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proliferation and improving glucose tolerance [119].
Interestingly, increased endogenous ATP release
from astrocytes exhibited an antidepressant-like
effect in a mouse model of depression, suggesting
a physiological link between ATP release from
astrocytes and major depressive disorder [120].

It has been shown that, irisin stimulates
UCP1 expression and the conversion of white
adipose tissue to brown adipose tissue, which increases
thermogenesis and energy production [50, 119].
This effect may be mediated by activation
of p38 MAPK (mitogen-activated protein kinase)
and extracellular signal-regulated kinase (ERK)
signaling pathways [119]. The MAPK pathway
is a key mechanism for the conversion of white
adipocytes to brown adipocytes, neuronal differentiation,
and osteoblast proliferation [65, 66, 121].

4.2. Increased BDNF Expression in the Hippocampus

BDNF, found primarily in the brain and skeletal
muscle, is vital for the development and differentiation
of myoblasts and myofibers. It has also been
detected in various tissues and systems, including
the peripheral and central nervous systems [122].
BDNF levels decrease during myoblast maturation
and myogenic differentiation, thus influencing
satellite cells or muscle cell progenitors and supporting
early myoblast differentiation [123]. BDNF plays
an important role in the CNS, controlling neuronal
survival, growth, and maintenance. It also regulates
synaptic plasticity, cell survival, and brain cell
differentiation [124]. Studies in mice have shown
that BDNF has positive effects on brain function
by promoting hippocampal cell regeneration, increasing
BDNF gene expression, improving spatial memory,
enhancing motor performance, and maintaining
overall brain function [125]. BDNF also acts
as a key factor in exercise-induced neuroprotection
and mediates increased neurotransmitter release.
Even in the case of progressive memory impairment,
physical activity was found to increase BDNF levels,
which in turn enhances hippocampal neuroplasticity
and memory function in mice of different ages [126].
A significant body of clinical and experimental
evidence suggests that BDNF plays a significant role
in the pathophysiology of depression. Autopsy studies
of brain tissue from depressed and non-depressed
patients have shown lower levels of BDNF [127].
Antidepressant treatment increases BDNF synthesis,
and direct administration of BDNF to the hippocampus
has an antidepressant effect [128]. Selective blockade
of BDNF in the hippocampal dentate gyrus reduced
the effectiveness of antidepressants [129].

Exercises induced BDNF expression
in the hippocampus via the PGC-1a/FNDC5
pathway [130]. Moreover, intraperitoneal administration
of recombinant irisin (0.5 pg/kg/day) increased
the mRNA levels of PGC-1a, FNDC5, and BDNF
in the hippocampus [131]. Peripheral delivery
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of irisin to the liver via adenoviral vectors
also increases circulating irisin levels, promoting
the expression of BDNF and other neuroprotective genes
in the hippocampus [130]. Irisin can cross the BBB
via peripheral transport and induce BDNF expression
in the CNS [64]. Suppression of irisin expression
in cortical neurons by siRNA resulted in a decrease
in BDNF expression [130]. Further studies showed
that recombinant irisin activated the cAMP/PKA/CREB
pathway, crucial for BDNF synthesis, in human
cortex slices and increased cAMP and pCREB
expression in mouse hippocampal slices [65].
Activation of the cAMP/PKA/CREB/BDNF signaling
pathway and increased BDNF expression are known
to have antidepressant effects [132, 133]. A study
aimed at examining the effects of central irisin
administration on BDNF mRNA expression and
protein levels, has shown that irisin decreased
BDNF mRNA expression in the hippocampus after 1 h
but increased it after 6 h [82]. BDNF mRNA expression
correlated with irisin mRNA expression [82].
The latter is consistent with the notion that irisin
is a positive regulator of BDNF expression [130].
Furthermore, genetic polymorphisms in BDNF
(BDNF Met/Met) result in a lack of the antidepressant
effect and increased BDNF and irisin mRNA levels
in the hippocampal dentate gyrus [134]. Taking
into consideration that BDNF expression can help
mitigate the onset and progression of depression,
activation of the irisin-BDNF axis in the brain may be
a promising therapeutic approach for the treatment
of depression.

4.3. Activation of the AKT and ERK1/2
Signaling Pathways

In patients with ischemic stroke, blood irisin
concentrations inversely correlated with the severity
and duration of post-stroke neurological deficit [135].
A significant decrease in serum irisin levels
compared to controls was observed in patients
with vascular dementia [136]. After adjustment
of all clinical characteristics, statistical analysis
showed a significant positive correlation between
irisin levels and cognitive performance in patients
with vascular dementia. A mouse ischemia/reperfusion
model was established by bilateral ligation
of the common carotid arteries for 20 min followed
by 24 h reperfusion; this resulted in severe neurological
deficits that were significantly ameliorated by irisin
administration [137]. Experiments in vivo and in vitro
have shown that irisin reduced hippocampal neuronal
apoptosis. Furthermore, 10 pg/kg irisin significantly
suppressed the expression of inflammatory cytokines
such as IL-1B and tumor necrosis factor-o (TNFa),
with simultaneous expression of Notchl intracellular
domain (NICD), Notchl, and Hesl. These results
suggest that irisin exerts neuroprotective effects under
ischemia/reperfusion conditions by modulating
the Notch signaling pathway [137]. In a mouse
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model of vascular dementia with chronic cerebral
hypoperfusion due to bilateral stenosis of the common
carotid arteries, irisin levels in the hippocampus of mice
were significantly reduced. Induction of irisin expression
in the hippocampus by pulsed ultrasound or injection
of recombinant irisin into the hippocampus improved
synaptic plasticity, mitigated neuroinflammation,
and reduced the degree of cognitive impairment
in mice [138]. In a study using a mouse model of stroke
induced by temporary occlusion of the middle
cerebral artery, intracerebroventricular injection of irisin
(doses from 0.5 pg/kg to 15 pg/kg) significantly reduced
infarct volume. Administration of 7.5 pg/kg irisin
alleviated cerebral edema, significantly reduced
the number of apoptotic cells in the ischemic cerebral
cortex and increased BDNF immunoreactivity,
but did not affect the BBB permeability [139].
Another study found a negative relationship between
plasma irisin levels and cerebral infarction volume,
neurological deficit and plasma TNFo and IL-6
concentrations [140]. Administration of irisin (0.2 pg/g)
resulted in increased AKT and ERK1/2 phosphorylation
levels, while inhibition of AKT and ERK1/2 weakened
the neuroprotective properties of irisin. Consequently,
activation of serine-threonine-specific protein kinase
AKT and ERK1/2-dependent signaling pathways
by irisin may be a mechanism of neuronal protection
under ischemia/reperfusion conditions.

4.4. Reduction of Neuroinflammatory Responses

Neuroinflammation plays a crucial role
in the pathogenesis of depression. Depressed patients
have elevated levels of proinflammatory cytokines
such as IL-6 and TNFa in the serum and CSF [141].
Elevated mRNA and protein levels of IL-1f3, IL-6,
and TNFa have also been found in the prefrontal cortex
of depressed patients who died by suicide [142]. Animal
studies show that depressive behavior is accompanied
by increased inflammatory markers in brain regions
associated with major depressive disorder [143].
Administration of lipopolysaccharide (LPS), which
triggers an immune and inflammatory response, induces
depressive behavior in rodents [144]. The signaling
pathway involving toll-like receptor 4 (TLR4), myeloid
differentiation primary response gene 8 (MyDS§8),
and nuclear factor NF-xB is a classic inflammatory
signaling pathway implicated in the development
of depression [145]. It is suggested that irisin
may inhibit inflammatory signaling systems
and/or inflammasome activation and maturation.
Irisin exhibits anti-inflammatory, anti-apoptotic, and
antioxidant effects in neurological pathologies [146].
In mice with middle cerebral artery occlusion, irisin
treatment suppressed microglial activation, monocyte
infiltration, oxidative stress, and the expression
of proinflammatory factors (TNFa and IL-6) [140].
Irisin suppressed the release of proinflammatory
cytokines (IL-1B, IL-6, TNFa) and cyclooxygenase
type 2 (COX-2) via the AMPK/NF-kB pathway

in a rat spinal cord injury model [147]. In a cerebral
hemorrhage model, irisin suppressed proinflammatory
microglia/macrophage polarization, reduced neutrophil
infiltration, and decreased the expression
of proinflammatory cytokines TNFa and IL-1B
via the integrin aVB5/AMPK signaling pathway [66].
An in vitro study assessing the ability of irisin
to protect neurons from beta-amyloid injury showed
that irisin attenuated the release of IL-6 and IL-1f3
and reduced COX2 expression in astrocytes.
Irisin can reduce NF-kB activation in beta-amyloid-
exposed astrocytes [148]. Another study showed
that irisin attenuated oxygen- and glucose-deprived
inflammation by inhibiting ROS and the NLRP3
inflammatory signaling pathway [149]. In a middle
cerebral artery occlusion model of cerebral ischemia,
irisin inhibited neuroinflammatory responses and
reduced neuronal damage by downregulating
the TLR4/MyD88 cascade and inhibiting
NF-kB activation [150]. Thus, it is reasonable
to conclude that irisin reduces neuroinflammation
and decreases the production of inflammatory
factors in the brain.

Irisin influences macrophage polarization.
Macrophages are classified as conventionally activated
(M1 type) or alternatively activated (M2 type), which
play opposing roles in inflammation [151, 152].
M1 macrophages produce proinflammatory cytokines
including TNFa, IL-6, and IL-1B, while
M2 macrophages secrete anti-inflammatory cytokines
such as IL-10 [152]. Exogenously administered irisin
and irisin overexpression inhibit LPS-induced
M1 macrophage polarization and inflammatory cytokine
production via the AMPK pathway [153]. Previous
studies have shown that irisin treatment can suppress
the expression of proinflammatory cytokines, reduce
macrophage migration, and induce a phenotypic switch
of macrophages from the M1 to M2 state [154].
Irisin-mediated BDNF activation can reduce
neuroinflammation by inhibiting synthesis of NF-kB
and proinflammatory cytokines IL-6 and IL-1B
through activation of the ERK/CREB pathway
via the TrkB receptor [155]. High concentrations
of irisin (50 nM, 100 nM) attenuate LPS-stimulated
macrophage inflammatory activation and reduce
the release of proinflammatory cytokines by inhibiting
the downstream TLR4/MyD88 pathway and
NF-kB phosphorylation, which is associated with
the effect of irisin on MAPK phosphorylation [156].
Irisin  also inhibit NF-xB  phosphorylation
by suppressing the TLR4/MyD88 pathway and
activate the BDNF/ERK/CREB pathway, thus also
reducing the proinflammatory cytokine production.

4.5. Oxidative Stress Suppression

The pathophysiology of depression is associated
with dysregulated redox homeostasis [157-159].
Oxidative stress can initiate or exacerbate a number
of pathogenetic processes associated with depression,
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including ferroptosis, neuroinflammation, impaired
autophagy, and mitochondrial dysfunction [158].
Meta-analyses have shown impaired antioxidant
capacity and increased levels of oxidative damage
products in patients with depression. Antioxidant
levels are increased by antidepressant use [160, 161].
Thus, suppression of oxidative stress may improve
depressive symptoms, as some antioxidants exhibit
potential antidepressant activity [162]. Oxidative
stress refers to an imbalance between ROS generation
and antioxidant defense. High levels of ROS
can damage proteins and DNA, promoting the release
of inflammatory mediators, which ultimately leads
to cell death and apoptosis [163]. Irisin reduces
ROS production by activating the BDNF/UCP2 and
AKT/ERK pathways and inhibiting the ROS-NLPR3
inflammatory signaling pathway. Uncoupling protein 2
(UCP2), expressed in the central nervous system,
has shown potent neuroprotective effects [164].
UCP2 reduces mitochondria-mediated ROS production,
increases ATP levels, mitigates free radical-induced
mitochondrial damage, and helps nerve cells to use
free radical energy. UCP2 deficiency has been
shown to exacerbate depressive-like behavior and
promote mitochondrial damage and ROS production
in astrocytes in a chronic mild stress model [165].
Irisin protects against oxidative stress-induced neuronal
damage in various models of neurological diseases.
In a cerebral ischemia model, irisin significantly reduced
the levels of nitrotyrosine, superoxide anion, and
4-hydroxynonenal in peri-infarct brain tissue through
the activation of AKT and ERK1/2 signaling pathways.
It also suppressed the secretion of proinflammatory
factors and mitigated ischemia-induced neuronal
injury [140]. In a mouse model of oxygen and
glucose deficiency, irisin mitigated neuronal injury
by blocking the ROS-NLRP3 inflammatory signaling
pathway and reducing ROS and malondialdehyde
production to inhibit oxidative stress [149].
In rat models of epilepsy, exogenous irisin
significantly increased expression of BDNF and UCP2,
and simultaneously reduced the levels of neuronal
damage and mitochondrial oxidative stress [166, 167].
In a mouse TBI model, exogenous irisin mitigated
inflammatory responses and oxidative stress
by inducing UCP2 expression in neuronal mitochondrial
membranes, resulting in reduced mitochondrial damage
and decreased ROS production and malondialdehyde
levels [168]. Consequently, irisin is a key regulator
of oxidative stress and, therefore, a potential therapeutic
agent for depression.

Irisin improved cognitive performance in mice
with cerebral ischemia by regulating Klotho expression.
The Klotho gene is a regulator of aging [169], and
the protein it encodes plays a crucial role in slowing
aging and improving cognitive function [170].
Mice with Klotho mutations have shortened lifespan,
impaired synaptic integrity, and compromised cognitive
function [171]. Some clinical studies have found
a significant decrease of CSF Klotho concentrations
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in elderly individuals compared to younger
individuals [172]. Moreover, these studies also found
a strong correlation between Klotho mutations and
the onset of cognitive dysfunction in the elderly [172].
Furthermore, a marked decrease in Klotho protein
concentrations was observed in CSF of patients with
Alzheimer's disease [173]. Another study [174] found
a significant positive association between irisin levels
and Klotho concentrations in CSF of stroke patients.
In a mouse model of stroke with cerebral ischemia,
both exercise and exogenous irisin demonstrated
comparable protective effects on cognitive impairment.
Compared with the cerebral ischemia group,
the ischemic irisin group showed a marked increase
in the expression of Klotho protein, as well as forkhead
transcription factor (FOXO3a) and Mn-dependent
superoxide dismutase (MnSOD). In addition, a decrease
in the ROS formation was demonstrated. Subsequent
studies showed that the protective effects of irisin
were abolished in Klotho knockout mice [174].
These results indicate that irisin mitigated oxidative
stress by regulating Klotho expression, thus improving
cognitive function and clinical outcomes in a mouse
cerebral ischemia model.

In summary, serum and CSF irisin are positively
correlated with cognitive function in patients with
vascular dementia. In various animal models of vascular
dementia, irisin reduces inflammation and oxidative
stress by regulating the Notch and AKT/ERK1/2
signaling pathways, while the Klotho protein protects
neurons from apoptosis, thereby attenuating cognitive
dysfunction in vascular dementia.

4.6. Reduction of Neuronal Apoptosis

Parkinson's disease (PD) is a neurodegenerative
disease characterized by the progressive death
of dopaminergic neurons in the substantia nigra
pars compacta (SNpc). The study of the effect of irisin
on this process was conducted using a PD rat model,
in which the death of dopaminergic neurons was
induced by intranasal administration of the toxin MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) [175].
Rats with the modeled PD were intravenously
injected with bone marrow stem cells (BMSCs),
irisin, or BMSCs in combination with irisin. Animals
of the MPTP-treated group had 77% apoptosis
of dopaminergic neurons compared with the control
group animals (without MPTP). Administration
of BMSCs, irisin, or irisintBMSCs significantly
reduced the number of dead cells [175]. However,
no statistically significant differences were observed
between the irisin group and the BMSC group,
suggesting that irisin could promote the migration
of stem cells to the SNpc and convert them into
dopaminergic neurons. The group treated with irisin
in combination with BMSCs showed the highest
degree of reduction [175]. Another study has shown
that after 12 weeks of regular exercises, the serum irisin
concentration in PD patients increased significantly,
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and their exercise capacity and balance function
improved. Furthermore, irisin administration enhanced
motor function in mice with MPTP-induced PD
and simultaneously reduced dopaminergic neuron
apoptosis [176]. Subsequent studies have shown
that irisin, through activation of the ERK1/2 signaling
pathway, effectively mitigated intracellular oxidative
stress, suppressed mitochondrial damage, and facilitated
mitochondrial respiration and biogenesis in PD models,
ultimately leading to the inhibition of apoptosis [176].
The considered results suggest that irisin exhibits
neuroprotective properties in PD by suppressing
dopaminergic neuron apoptosis and mitigating
pathological changes in mitochondria.

4.7. Protection of the Blood-Brain Barrier Integrity

A key factor in the poor clinical prognosis
of TBI or stroke is the occurrence of cerebral edema
resulting from the BBB disruption. A potential
mechanism underlying this phenomenon may be related
to morphological and functional abnormalities
of neuronal mitochondria in the injured brain tissue,
decreased UCP2 activity, and increased inflammatory
response and oxidative stress. Irisin effectively
reduces the BBB permeability after TBI. A correlation
was found between the degree of brain tissue damage
during injury and the CSF concentration of irisin [168].
Both physical activity and irisin administration
reduced the BBB disruption in a mouse TBI model.
In a UCP2 knockout mouse model, irisin administration
ameliorated the impairment of mitochondrial structure
and function by upregulating UCP2 expression
on the neuronal mitochondrial membrane. This resulted
in reduced inflammatory responses and oxidative
stress, thus improving the BBB integrity and alleviating
injury-induced brain edema [168]. In a one-year
prospective cohort study including 656 individuals
over the age of 17 years with mild TBI it was noted
that 13.5% of participants demonstrated suboptimal
cognitive outcomes at the end of the follow-up period;
this percentage was significantly higher compared
to the control group, in which only 4.5% demonstrated
similar cognitive impairment [177]. A significant
proportion of adult trauma patients diagnosed
with intracranial hemorrhage demonstrated cognitive
impairment in the early stages [178]. Similar results
were obtained in a study of a pediatric group
of TBI patients [179]. During the acute phase of TBI,
brain cells require adequate ATP production to repair
damaged cells [180]. However, damaged mitochondria
lose the ability to meet this energy demand;
this triggers a series of deleterious cascade reactions,
including electron transport chain disruption,
ATP depletion, excessive ROS generation, oxidative
stress-induced damage, neuronal apoptosis, and
neuroinflammation [181]. Recent in vivo and in vitro
studies have demonstrated the important role of irisin
in maintaining mitochondrial function and promoting
mitochondrial  biogenesis.  Exogenous  irisin

administration alleviated mitochondrial dysfunction,
resulting in increased ATP utilization [182, 183].
Administration of irisin (1 pg/kg) maintained
mitochondrial potential and ATP levels via
the involvement of AMPK-dependent pathways [184].
Irisin can stimulate mitochondrial biogenesis and
inhibit mitochondrial fission, thus compensating
excessive ATP consumption [183]. Irisin and
its receptor integrin oVP5 reached peak levels
within 24 h of intracranial hemorrhage. Subsequent
administration of irisin resulted in a reduction of cerebral
edema, prevented the development of neurological
deficits, and promotes the recovery of neurological
functions. Notably, integrin V5 is predominantly
localized in microglia, and irisin administration
suppresses the proinflammatory  polarization
of microglia/macrophages and simultaneously promotes
their anti-inflammatory polarization. Moreover, irisin
administration prevents neutrophil infiltration after
intracerebral hemorrhage and inhibits neuronal cell
apoptosis. Intranasally administered irisin significantly
increased expression of integrin aVP5, p-AMPK
(phosphorylated AMPK), and Bcl-2 (B-cell lymphoma
protein-2) and simultaneously decreased expression
of IL-1B8, TNFa, MPO (myeloperoxidase), and
Bax (Bcl-2-associated protein X). Taken together, these
data indicate that irisin treatment improves neurological
deficits, reduces brain edema, and alleviates
neuroinflammation and neuronal apoptosis through
the integrin aVB5/AMPK signaling pathway [66].

4.8. Protection Against o-syn Pathological
Accumulation in the Brain

In PD patients, physical exercises improve
posture, stabilize gait, improve overall mobility,
and enhance cognitive abilities, including processing
speed and cognitive control [185, 186]. Results
of some studies indicate that this is at least partly
related to irisin expression, which may serve as a basis
for the development of innovative PD treatments [187].
Irisin prevents the formation of pathological
o-syn aggregates and protects neurons from their
neurotoxic effects. Cultivation of primary cortical
neurons in the presence of preformed a-syn fibrils,
was accompanied by misfolding of newly
synthesized a-syn, which was toxic to the cells [188].
Irisin at concentrations of 50 ng/ml and 500 ng/ml
prevented oa-syn formation and o-syn-induced
death of cortical neurons [189]. Injection of a-syn
into the corpus striatum of mice resulted in the death
of a portion of neurons. Two weeks later, administration
of an adenoviral vector expressing irisin into the tail
vein to induce irisin overexpression in the liver and
increase its blood concentration reduced neuronal loss.
In contrast to mice treated with blank vectors,
administration of the irisin-expressing vector effectively
inhibited the aggregation of insoluble o-syn and
significantly ameliorated oa-syn-induced behavioral
impairments [189].

389



IRISIN IN THE TREATMENT OF DEPRESSION AND NEURODEGENERATIVE DISEASES

CONCLUSIONS

Myokines and irisin in particular, play an important
role in the pathophysiology of both sarcopenia
and cognitive impairment. Muscles and the brain,
which are the primary organs responsible
for locomotion in animals and humans, interact closely.
Their developmental processes are closely linked,
and in the adult organism, they cannot function
without each other. Problems that still require further
clarification include the precise mechanisms underlying
myokine release, the dose-response relationship
between exercise and muscle-induced myokine release,
and the precise mechanisms underlying myokine
regulation of muscle-brain interactions.

Studies have shown that irisin plays a key role
in muscle-brain interactions. In this review, we have
summarized the putative mechanisms underlying
the irisin neuroprotective effect in the brain of humans
with cognitive impairment and/or depression.
Developing drugs that mimic the therapeutic effects
of exercise is now a feasible goal. Irisin levels
increase during physical activity, but implementing
regular exercise regimens for people with cognitive
impairment can be challenging and potentially
dangerous, as in untrained individuals, physical
activity also triggers the release of other myokines
with proinflammatory effects, particularly IL-6.
Improvement of cognitive function by increasing irisin
levels after exercises may not be a practical approach
for these patients. Numerous studies have demonstrated
the ability of irisin to cross the BBB, suggesting
that exogenous irisin administration is a promising
therapeutic approach for addressing cognitive
impairments. Therefore, for patients with cognitive
impairments who cannot afford regular exercises,
exogenous irisin administration may be a viable option.

In the context of perspectives of further studies,
certain areas need more intensive research. Currently,
data from large-scale clinical trials on the safety
and efficacy of irisin, as well as the dosage range
and time window for clinical use, are still absent.
The use of irisin in clinical practice still represents
a serious problem due to its short half-life in vivo.
Several approaches exist to extend the half-life
of protein drugs in vivo, such as chemical or genetic
conjugation to albumin [190]. The emergence
of nanotechnological delivery strategies may offer
a solution to prolong the therapeutic effect
and reduce the frequency of administration [76].
Future research should aim to improve the stability
of irisin using these innovative technologies to optimize
therapeutic outcomes and expand its clinical potential.
Finally, the complex interplay between physical
activity, gut microbiota, and cognitive function
has attracted considerable attention in recent years.
However, studies exploring the possible role
of myokines, including irisin, in these interactions
have not yet been conducted.
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Gisina, Yarygin

MHWOKWH UPA3HWH: BO3JIENCTBUE HA TOJIOBHOM MO3I' U TEPATTIEBTUUYECKHWI MOTEHIIUAJI
B JIEUEHUM JEITPECCHUU U HEUPOJAETEHEPATUBHBIX 3ABOJIEBAHUM

A.M. Tucuna*, K.H. Apvizcun

HayuHo-uccrienoBarenbckuii MHCTUTYT OnomenuiuHcKol xumun umern B.H. OpexoBuda,
119121, Mockaa, yi. [Toromusckas, 10; *am1. moura: alisa.gisina@ibmc.msk.ru

ONUIEeMHUOJIOTHYEeCKUE HCCIIEA0BaHUS TT0Ka3bIBAIOT, YTO BO BCEM MHpe, B ToM uucie B PP, nabmromaercs
YCTOMUUBBIA POCT YUC/IA MAlUEHTOB C KOTHUTUBHBIMU HAapYIICHUSMM, CBSI3aHHBIMH C HEMpOAereHepaTUBHBIMHU
3a00JICBaHUSIMHU ¥ PA3THMIHBIMA aQ()EKTHBHBIMHU pacCTPOUCTBaMH. B CBS3M C 3THM CyIIECTBYET 3aIpoc Ha pa3paboTKy
Oonee NEMCTBEHHBIX TEPANEBTUYECKUX ITOAXOAOB K MX KOPPEKIHMH. YCTAHOBJIEHO, YTO pEryisipHas (u3ndecKas
Harpy3ka CIIOCOOCTBYET YIyHUIIEHHIO KOTHUTHBHBIX (DYHKIMH M MOAABISET CHUMITOMBI aenpeccuu. Paboraromme
MBIIIIBI CEKPETHUPYIOT OWOJIOTUYECKH aKTUBHBIE BEUIECTBA — MHOKHHBI, PETYIUPYIONIHE BOCCTAaHOBIICHUE
CaMUX MBI, a TaKXe peryaupymiue (YHKIMM BHYTPEHHUX OpPraHOB, JKeJ€3 BHYTPEHHEH CEKpeluw,
UMMYHHOH CHUCTEMBI U MO3ra. Pe3ynbsraToM sIBIII€TCSl CKOOPAMHUPOBAHHBIA OTBET OPraHOB M CHCTEM, HallpaBIEHHBII
Ha BOCCTaHOBJICHHE (YHKIMOHAIBHOM AaKTHBHOCTH OpraHM3Ma Iociie (HU3MYecKod Harpy3kw. B dacTHOCTH,
yAydIIaeTcs MamsITh U CHOCOOHOCTh K OOydeHHio. IlanmmeHTsl ¢ KOTHHTHBHBIMH HapyIICHWSMH HWIH Aenpeccueit
YacTO HE CHOCOOHBI BOBJIEUBCS B PETYISIPHYIO (DU3UUECKYIO aKTHBHOCTh M3-32 (DM3MUYECKUX OTIPAHUYEHHN WU
ocnabneHnsi MOTUBaLMKU. B cBs3n ¢ 3TuM (apmaneBTHUecKUe Mpenaparsl, UMUTUpYONHEe 3(QGEeKThl MBIIEYHO
AKTUBHOCTH, SIBJISIOTCS MEPCIEKTUBHON TepaneBTuyeckoi ommueid. OMHUM U3 HalpaBICHUH MOXET CTaTb CO3/laHUE
IpernapaToB Ha OCHOBE MHOKMHA MPH3HMHA, KOTOPBIH BhIpabaThiBacTcsl BO BpeMs (hM3MUYECKON HAarpy3Kd M OKa3bIBaeT
LETBIH psi O1aroTBOpHBIX 3()(EKTOB Ha KOTHUTHBHBIC (DYHKIMH M HACTpOEHHUE. B 3TOM 0030pe nmpeacTaBineHbl JaHHbIC
T0 BIMSIHUIO (pr3ndeckoil Harpy3Ku Ha KOTHUTHBHBIC (DYHKIIMH B HOPME M TIPH ATOJIOTHH, OIIMCAHO (PU3HOIOTHIECKOE
JeliCTBIe MPHU3UHA, IPEICTaBIeHbl NpernoaraéMble MEXaHH3Mbl NEHCTBUS MPU3MHA HA KOTHUTUBHBIC (QYHKLUH H
CHUMIITOMBI JICTIPECCHH.

Tonnwitl mexcm cmamovu HA PyccKom s3vlKe 0ocmynen Ha catme xcyprana (http://pbmc.ibmc.msk.ru).
KiitoueBble €J10Ba: MUOKKMHBI, HPU3UH; IENPECCHs; HEWPOJEreHepaTUBHbIE 3a00IEBaHUs

dunancupoBanue. Pabora BwimonHeHa B pamkax I[Iporpammbl (yHIaMEHTaNbHBIX HAyYHBIX HCCIIEOBAaHUIT
B Poccuiickoit @enepanuu Ha moiarocpounsiii mepuof (2021-2030 roxaer) (Ne 122022800499-5).
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