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PREVENTIVE SOFT TISSUE PLASTIC SURGERY IN THE AREA
OF THE UPCOMING RECONSTRUCTION OF THE ALVEOLAR BONE
OF THE JAWS

Nalchajyan A.M.', MuraevA.A.', Dolgalev A.A.2, Kucherov A.V.!, Avetisyan S.V.!

' Patrice Lumumba Peoples’ Friendship University of Russia, Moscow, Russia
2 Stavropol State Medical University of the Ministry of Health of the Russian Federation, Stavropol, Russia

SUMMARY

The article presents a comparative analysis of the results of guided bone regeneration operations using individual
fitanium skeleton membranes, where in one group, soft tissue plastic surgery was not performed before alveolar
bone reconstruction, and in the other group, it was performed accordingly. Soft tissue plastic surgery was per-
formed using the fechnique of an apically displaced flap with the fransfer of a free gingival graff fo the wound
surface. The individual titanium frame membrane was manufactured using the technology of direct laser sinfering
of metals on a 3D printer. In patients of the 1st group, 7 cases of complications were registered within a month after
the direct bone regeneration (GBR) such as sutfure divergence and membrane densification. In group 2, after two
months, all patients had a keratinized gum attachment with a width of 4-5 mm and a thickness of af least 1.5 mm;
then, all patients underwent reconstruction of the alveolar ridge using individually manufactured titanium mem-
branes. In the second group, 1 case of a complication in the form of membrane exposure was registered within
a month after the GBR. According to a comparative analysis of the number of complications between the 1st and
2nd groups, statistically significant results were obtained in reducing the number of complications, in the form of su-
fure divergence and membrane exposure, 28 and 4%, respectively, p = 0.049.

KEYWORDS: targeted bone regeneration, soft tissue plastic surgery, individual titanium membranes, bone plastic
surgery.
CONFLICT OF INTEREST. The authors declare no conflict of interest.

NMPEBEHTUBHOE NMPOBEAEHUE MSArKOTKAHHOW MJIACTUKU B OBJIACTU
MPELCTOSLLEN PEKOHCTPYKLINU AJIbBEOJIIPHOU KOCTU YEJ/TKOCTEU

HaavaaxsaH A.M.', Mypaes A.A.', AoaraseB A.A.2, Kydyeposa A.B.!, ABeTucsH C.B.!

' PrAQY BO «(POCCUMCKMM YHUBEPCUTET APYXXObl HAPOAOB MMeEHM lNaTpuca AymymOsbm, r. Mocksa, Poccus
2 PreQY BO CTaBPOMNOALCKMIA TOCYAQPRCTBEHHbIM MEAMUMHCKMIM YHUBEPCUTET MMHUCTEPCTBA 3APCABO-
oxXpaHeHma PP, r. CTaBponoab, Poccus

PE3IOME

B cTarbe npeACTaBAEH CPABHUTEAbHbIM QHOAM3 PE3YABTATOB MPOBEAEHHbIX ONEPALMI MO HAMPABAEHHOM KOCTHOM
pereHepaLmMm C MCOAb3OBAHUMEM MHAMBUAYQAAbHBIX TUTAHOBLIX KAPKACHbBIX MEMBPAH, TA€ B OAHOM rpyrnne ne-
peA PEKOHCTPYKLMM QABBEOAIPHOM KOCTH ONEPALIMS MATKO-TKAHHOM NAQCTHKM HE MOOBOAMAQCH, A B APYTOM rpyIM-
e COOTBETCTBEHHO MPOBOAMAACKL. OrepaLym MArko-TKAHHOM MAQCTUKM MPOBOAMAMCH MO METOAMKE QArMMKAALHO
CMeLLIEHHOIO AOCKYTA C MepeEHOCOM CBODOAHOIO A€CHEBOIO TPAHCMIAQHTATA HA PAHEBYIO MOBEPXHOCTb. MHAM-
BMAYQABHYIO TUTAHOBYKO KAPKACHYIO MEMBOPAHY BbiAK M3FOTOBAEHbI MO TEXHOAOMMM MPAMOrO AQ3EPHOrO CEKAHMS
METAAOB HA 3D nipuHTEPE. Y MAUMEHTOB -4 rpynnbl MOCAE MPOBEAEHMS HAMPABAEHHOM KOCTHOM pereHepaLmm
(HKP) B Te4EHMM MeCALQ 3aPEMMCTPHUPOBAAM 7 CAYHAEB OCAOXKHEHMM, TAKMX KAK: PACXOXKAEHMS LLIBOB M OFTOAEHMS
MeMBPQAHbI. Bo 2-4 rpynne yepes ABA MeCALA y BCEX NALUMEHTOB BbIAG COPOPMMPOBAHA KEPATUHU3NPOBAHHAS
MPUKPENAEHHAS AECHQ LLIMPUHOM 4—5 MM U TOALLUMHOM HE MeHee 165 MM, aAaree BCemM NMaLMeHTam BbIAQ Mpo-
BEAEHQ PEKOHCTPYKLIMA AABBEOAIPHOIO rPEBHS C MCMOAB3OBAHMEM MHAMBUAYAABHO M3FOTOBAEHHbLIX TMTAHOBbIX
memBpaH. Bo BTopoi rpyrine nocae nposeaeHms HKP B Te4eHMm mMecaLa 3apermcTpmMpOBaAM 1 CAYHQHM OCAOXKHE-
HWS, B BUAE OTOAEHMSI MeMBPAHBI. [10 MPOBEAEHHOMY CPABHUTEABHOMY QHAAM3Y MO KOAMYECTBY MOAYYEHHbIX OC-
AOXKHEHMU MEXAY -8 1 2-61 TRYMMNOM M MOAYYUAM CTATUCTUHECKM 3HAYMMBIE PE3YALTATbI MO CHMXKEHMIO KOAMYECTBA
OCAOXXHEHMM, B BUAE PACXOXKAEHMS LLIBOB M OTOAEHMM MEMOBPAHBI, 28 1 4% cooTBeTCTBEHHO p = 0,049.

KAIOYEBBIE CAOBA: HONPABAEHHAA KOCTHASA PEreHepaLmMs, MATKO-TKAOHHAA MAQCTUKA, MHAMBUAYOAbHbBIE TUTAHO-
BblIE MEMBPAHBI, KOCTHOMAQCTHMHECKME ONePaLMM

KOHPAUKT UHTEPECOB. ABTOPbI 3A8BASIOT OO OTCYTCTBMM KOHOQPAMKTA MHTEPECOB.
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Relevance

Primary wound healing is one of the key success fac-
tors in all bone-grafting operations in the area of the alveolar
bone of the jaws. When conducting guided bone regeneration
(GBR) in the area of the alveolar bone, the main complica-
tion in the postoperative period is the divergence of the su-
tures and the exposure of the bone grafting area, which sub-
sequently leads to infection of the bone regenerate [1, 2, 3].

In modern studies [5], the above complications are noted
quite often — from 15 to 40% of cases.

The results of the study show that with early mem-
brane exposure, the volume of newly formed bone tissue is
5-6 times less than with primary tension healing [4]. To ob-
tain the most predictable result, it is necessary to hermetically
suture the flap over the bone regeneration and ensure the sta-
bility of the sutures. In the area of bone defects of the alveo-
lar bone, especially in the lower jaw, in addition to bone de-
ficiency, there is also no keratinized gum attachment (KGA).
Therefore, mobilized and thinned muco-periosteal flaps of-
ten do not provide adequate matching of wound edges and
suture retention. As a result of postoperative edema, the su-
tures erupt and diverge, which leads to the consequences de-
scribed above. The conducted studies on complications of di-
rected bone regeneration demonstrate that the divergence
of the wound edges occurs 2 times more often if the width
of the efficiency zone is less than 3 mm [6].

The traditional approach involves soft tissue plastic sur-
gery after bone reconstruction [7].

The purpose of the study was to substantiate the impor-
tance of the formation of keratinized attached gums before
the upcoming reconstruction of the alveolar bone of the man-
dible in order to increase the effectiveness of the elimination
of defects in the alveolar bone and dental implantation.

Materials and methods

The study was conducted on the basis of the clinical di-
agnostic center of the Peoples’ Friendship University of Rus-
sia. The study involved 50 patients (age 36—56) with partial
loss of teeth in the lower jaw and atrophy of the alveolar part
of the lower jaw in the area of the chewing teeth. Patients
of group 1 (25 people) underwent reconstruction of the alve-
olar part of the lower jaw according to the following protocol:
bone grafting using individual titanium skeleton membranes,
dental implantation, soft tissue grafting around implants with
the formation of keratinized attached gums. In group 2, sur-
gical treatment was performed according to the proposed sur-
gical protocol, namely: before bone grafting, all patients in
group 2 underwent soft tissue grafting with the transfer of a
free gingival graft to the wound surface to create a keratinized
gum. After 2 months, targeted bone regeneration using indi-
vidual titanium scaffold membranes was performed, and after
6 months, dental implantation was performed. This approach
was chosen to reduce the risks of postoperative complications
such as suture divergence and infection of the regenerate.

During an intraoral examination of the patients’ oral
cavity, attention was paid to the color, moisture content
of the mucous membrane, and the width of the attached ke-
ratinized gum in the area of the intended surgical interven-

tion. The degree of atrophy of the alveolar ridge was assessed,
as well as the extent of the defect in the area of missing teeth.
At the site of the proposed surgical intervention, the severity
of the submucosal layer and the relief of the atrophied alve-
olar ridge were palpated. Based on the conducted objective
studies, the state of oral hygiene and the need for its rehabil-
itation were assessed.

All patients underwent tests such as a general blood
test (RW, HIV, Hbs, blood glucose, clotting). According
to the results of the tests, HIV infection, syphilis, markers
of hepatitis B, C, acute inflammatory processes in the body
were excluded, and special attention was also paid to blood
glucose levels. The blood test was also a “marker” for de-
termining the patient’s level of health. Based on the data ob-
tained on the patients’ health status and the results of blood
tests, the relative and absolute contraindications to soft
tissue plastic surgery and targeted bone regeneration were
determined.

Thus, the studies included patients of health groups I and
II, in whom the width of the keratinized attached gum was less
than 3 mm in the area of the intended surgical intervention.

In patients of group 1, the reconstruction of the alveolar
part of the lower jaw was performed according to a generally
accepted protocol, which involves soft tissue plastic surgery
after targeted bone regeneration.

At the first stage, patients of group 2 underwent soft tis-
sue plastic surgery in the form of an apically displaced flap
and suturing of a free gingival graft (at least 5-6 mm wide)
to the wound surface. and the length in accordance with the
length of the defect); after 2 months, GBR was performed
using an individually manufactured titanium membrane; after
6 months, removal of the individual titanium membrane and
dental implantation; After 6 months, gingival cuff shapers
were installed and temporary and permanent rational pros-
thetics on dental implants were performed for 2-3 months.

To demonstrate the need for preliminary soft tissue plastic
surgery (STPS) in the field of upcoming bone reconstruction,
we provide clinical examples. In the first case, where the
STPS was performed before the GBR, the wound was healed
by primary tension (Figure 1), and in the second case, where
the STPS was not performed after two weeks before the GBR,
the necks were exposed (Figure 2).

Fig. 1. Appearance in the oral cavity 2 months after the GBR
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Fig. 2. Appearance in the oral cavity 2 weeks after the GBR

Results and discussion

In patients of the 1st group, 7 cases of complications
were registered within a month after the NCR, such as su-
ture divergence and membrane densification. After remov-
al of the individual titanium membranes, the wounds were
healed by secondary tension. According to the results
of soft tissue plastic surgery in group 2, after two months,
keratinized gums with a width of 4-5 mm and a thick-
ness of at least 1.5 mm were formed in all patients; then,
all patients underwent reconstruction of the alveolar ridge
using an individually manufactured titanium membrane.
In the second group, 1 case of a complication in the form
of membrane stripping was registered within a month after
the NCR. The wound was treated with antiseptic bandages
for a month. After monitoring the stability of bone regen-
eration, the membrane was removed and the wound healed
by secondary tension. In other patients from groups 1 and 2,
the postoperative (post-NCR) period was the same. Edema in
the area of the performed intervention persisted for 3—4 days
in the area of the performed intervention. The stitches were
removed after two weeks. No complications were detected
in the early postoperative and long-term periods (follow-up
period up to 4 years). 6 months after the NCR operations,
the height and width of the formed bone regenerate were

INFORMATION ABOUT THE AUTHOR

evaluated in all patients according to the results of the CBCT
study. In group 1, membrane exposure was n=7 cases, which
is 28%. In group 2, membrane exposure was n=1 case, which
is 4%. A comparative analysis of the number of complica-
tions was performed between the 1st and 2nd groups and
statistically significant results were obtained in reducing
the number of complications, in the form of suture diver-
gence and membrane exposure, 28% and 4%, respectively,
p = 0.049. As a result of the comparison of wound healing
by primary tension depending on the MTP operation, signif-
icant differences were revealed (p = 0.049; the method used
is the exact Fischer criterion).

Conclusion

Conducting guided bone regeneration operations with
a titanium membrane has certain risks of complications of
membrane stripping. Thus, our proposed method with the
preventive creation of a keratinized gum zone reduces the
risks of complications associated with suture failure, expo-
sure and infection of the regenerate.
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NEUROINFLAMMATION AS A CENTRAL LINK IN THE PATHOGENESIS
OF NEURODEGENERATIVE DISEASES: MOLECULAR MECHANISMS,
CLINICAL CORRELATES, AND THERAPEUTIC PERSPECTIVES

Gasanova $.M., Sandzhigoryaeva A.D., Mikailova S.A., Uyutnova A.V., Safina R.F.

Pirogov Russian Nafional Research Medical University (Pirogov University), Moscow, Russia

SUMMARY

Neuroinflammation is regarded as a central mechanism driving the progression of neurodegenerative diseases,
integrating age-associated inflammation, glial dysfunction, blood-brain barrier disruption, mitochondrial stress, and
systemic factors. Activation of microglia and astrocytes, involvement of the NLRP3 inflammasome, dysregulation
of TREM2 signaling, disturbances in iron and lipid metabolism, as well as the influence of the microbiota and meta-
bolic comorbidities together form a self-sustaining pathological network that exacerbates neuronal loss in Alzheim-
er's disease, Parkinson'’s disease, amyofrophic lateral sclerosis, and multiple sclerosis. Emerging therapeutic strate-
gies include modulation of microglia, inhibition of inflammasome-related cascades, epigenetfic approaches, and
nanofechnology-based delivery systems for anfi-inlammatory compounds; however, their clinical efficacy remains
limited. A deeper understanding of the architecture of neuroinflammation opens avenues for the development
of targeted and personalized interventions.

KEYWORDS: neuroinflammation; microglia; NLRP3 inlammasome; TREM2; neurodegeneration; blood-brain barrier.
CONFLICT OF INTEREST. The authors declare no conflict of interest.

HEVIPOBOCTIAJIEHUE KAK LUEHTPAJIbHOE 3BEHO INMATOlMEHE3A
HEWPOLErEHEPATUBHbIX 3A5OJIEBAHUN: MOJIEKYJIPHbIE MEXAHU3MbI,
KITMHUYECKUE KOPPEJIATBI 1 TEPATNEBTUYECKWE NEPCIIEKTUBbI

Ffacanosa C.M., CaHnaxuropsesa A.A., Mukamnaosa C.A., YioTHoBa A.B., CacouHa P.b.

PrAQY BO «Poccumckmmi HAUMOHAAbHbIM MICCAEAOBATEABCKMIA MEAMLIMHCKUMI YHUBEPCUTET
MM. HN. TIMporosay MUHUCTEPCTBA 3APABOOXPAHEHUS Poccumckon Peaepaumm, Mockea, Poccusa

PE3IOME

HeripoBocraAreHue pacCMATPUMBAETCS KAK LLEHTPAABHbBIM MEXQHM3M MPOMPECCHPOBAHUS HEMPOAErEeHEPATHB-
HbIX 30060AEBAHMMI, MHTEMPUPYIOLLIMI BO3PACT-ACCOLMMPOBAHHOE BOCIAAEHUE, TAMAABHYIO AMCCDYHKLMIO, HOPY-
LLIeHWe TeMATO3HLEMAAMHECKOTO 6apbepa, MUTOXOHAPUAAbHBIM CTPECC M CUMCTEMHbIE gOAKTOPbLI. AKTUBALIMS
MUKPOTAMM M QCTPOUMTOB, BOBAEYEHME NLRP3-MHGOAOMMACOMBbI, AMCperyaiums TREM2-CUrHaAMHIQ, HapYyLLUEeHMs
XKEAE3HOIo U AMMMAHOIO OBMEHQ, A TAKXKE BAMIHME MUKDOBMOTEI M METABOAMYECKMX KOMOPBUAHOCTEN CPOP-
MUPYIOT YCTOMYMBYIO MATOAOTMHECKYIO CETh, YCUAMBAIOLLLYIO HEUPDOHAABHYIO YTOATY Mpn BOAE3HM AAbLIrermepa,
bore3Hm MNapKMHCOHA, BOKOBOM AMUMOTPOOUYECKOM CKAEPO3E M PACCEIHHOM CKAepO3e. lossAasioLLmecCs Te-
PANEBTUYECKME CTPATEMM BKAIOYQIOT MOAYAILMIO MUKPOTAMM, MOACQBAEHME MHCDAOMMACOMHbIX KOCKQAOB, 3MM-
reHeTM4eCcKme MoAXOAbl M HAHOTEXHOAOMMHYECKME CHMCTEMbI AOCTABKM MPOTUBOBOCTIAAMTEABHbIX COEAMHEHUH,
OAHOKO MX KAMHMYECKAS 3GpQPEKTUMBHOCTb OCTAETCS OrPAHMYEHHOM. YIAYOAEHHOE MOHMMAHME CTPYKTYPbl HEM-
[POBOCMAAEHMS OTKPbLIBAET BO3MOXXHOCTH AAS PA3PAOOTKM TAPrETHbIX M MEPCOHAAMIMPOBAHHbLIX BMELLQTEALCTB.

KAKOYEBBIE CAOBA: HeMpPOBOCTAAEHME; MUKPOTAMS; NLRP3-MHdbAammacoma; TREM2; HeMpoaereHepaums; re-
MATOIHLLEDOAMYECKMI Bapbep.

KOH®PAUKT MUHTEPECOB. ABTOPbI 3ABASIOT OO OTCYTCTBMM KOHCDAMKTA MHTEPECOB.

Introduction 57 million people, and by 2050 it is projected to increase more

Neurodegenerative diseases (NDDs) represent one
of the most significant groups of chronic disorders, charac-
terized by progressive neuronal loss, impairment of synaptic
transmission, and a gradual decline in cognitive and motor
functions [1]. According to the Global Burden of Disease
(2019) analysis, the prevalence of dementia already exceeds

than two-and-a-half-fold, reaching 152.8 million patients [1].
Another large epidemiological report — GBD 2021 —
indicates that disorders of the nervous system have entered
the group of leading global causes of disease burden, mea-
sured in disability-adjusted life years (DALYs) [2]. With-
in the spectrum of NDDs, the major contribution is made
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by Alzheimer’s disease (AD), Parkinson’s disease (PD), amy-
otrophic lateral sclerosis (ALS), and mixed forms of demen-
tia, making neurodegeneration a key challenge for global
healthcare [3].

Despite differences in clinical phenotypes, most NDDs
share a set of fundamental pathological processes: accumu-
lation of misfolded proteins, mitochondrial dysfunction, dis-
turbed intercellular communication, and progressive chronic
inflammation within the central nervous system. For a long
time, the pathogenesis of these disorders was considered pri-
marily through the lens of protein aggregates — -amyloid,
hyperphosphorylated tau, and a-synuclein. However, contem-
porary research convincingly demonstrates that it is sustained
neuroinflammation that largely determines the rate of neuro-
degeneration and influences disease trajectories more sub-
stantially than the mere presence of pathological proteins [4].

The core component of this inflammatory response is gli-
al activation. Microglia and astrocytes, responding to protein
aggregates as danger-associated molecular patterns (DAMPs),
trigger innate immune signaling pathways, including nuclear
factor NF-kB and the NLRP3 inflammasome. These process-
es lead to the release of pro-inflammatory cytokines, disrup-
tion of blood-brain barrier (BBB) function, and the formation
of a self-sustaining pathological cycle of inflammation and
neuronal death [5, 6].

In recent years, the concept of a “neuroimmune con-
nectome” has emerged, reflecting the tight intercon-
nectedness of the central and peripheral immune sys-
tems. Numerous studies published in Science and Nature
show that neuroinflammation is not confined to local
processes within the brain but is closely linked to sys-
temic immune, metabolic, and microbiome-related in-
fluences. This substantially broadens our understand-
ing of NDD pathogenesis and underscores the need for
an integrative, interdisciplinary approach to their stu-
dy [7, 8].

The aim of this review is to provide a structured analysis
of current data on the cellular and molecular mechanisms
of neuroinflammation, its role in the progression of major
neurodegenerative diseases, and the therapeutic potential of
modulating these processes. Particular attention is paid to the
interactions between glial cells, inflammatory signaling path-
ways, systemic risk factors, and potential therapeutic targets,
allowing neuroinflammation to be considered as a central link
in the pathogenesis of NDDs and a promising therapeutic
direction for the future [4, 7].

Cellular and Molecular Mechanisms
of Neuroinflammation

Microglia are the key effector cells of innate immunity
in the central nervous system and form the first line of re-
sponse to structural and metabolic signs of damage. Under
physiological conditions, microglial cells maintain homeo-
stasis, perform phagocytosis, monitor synaptic integrity, and
participate in trophic regulation. However, under the influ-
ence of pathological proteins, mitochondrial stress, metabol-
ic disturbances, or systemic inflammatory signals, microglia
transition into activated states characterized by pronounced
immune and metabolic changes [9].

Modern models distinguish several functional programs
of microglial activation; among them, the conventional
M1 and M2 phenotypes are not absolute but remain useful
to describe a spectrum of pro-inflammatory and reparative
responses. An M1-like state is associated with the produc-
tion of pro-inflammatory mediators (TNF-a, IL-1p, reac-
tive oxygen species), whereas an M2-like profile is linked
to phagocytosis, restoration of the extracellular milieu, and
secretion of neurotrophic factors. In chronic neurodegener-
ative diseases, a persistent shift toward M1-like reactivity
is observed, which maintains a long-lasting inflammatory
cycle and reduces the compensatory potential of microg-
lia [10].

A central signaling node sustaining this pro-inflammato-
ry response is the NLRP3 inflammasome. Its activation re-
quires two sequential steps: a priming signal that upregulates
the expression of inflammasome components, and a subse-
quent activation signal triggered by cellular stress (disrupt-
ed ion homeostasis, mitochondrial ROS, damaged proteins).
As a result, caspase-1 is activated and mature IL-1f and
IL-18 are released — two key mediators that exacerbate
neuroinflammation and neuronal injury. Hyperactivation
of the NLRP3 inflammasome has been demonstrated in
many neurodegenerative conditions, including Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral scle-
rosis [11].

Alongside microglia, astrocytes play an important role
in regulating inflammatory processes. These cells respond
to cytokines and damage signals by acquiring reactive pheno-
types accompanied by metabolic reprogramming, increased
secretion of pro-inflammatory mediators, and reduced neu-
rotrophic support. Reactive astrocytes can contribute to syn-
aptic dysfunction, alter neuronal inhibition, and exacerbate
brain tissue damage in chronic disease [12]. Under certain
conditions, they adopt toxic phenotypes associated with re-
duced plasticity, impaired glutamate clearance, and potentia-
tion of microglial activation [13].

Neuroinflammation is tightly linked to disruption
of the blood-brain barrier. Pro-inflammatory cytokines such
as [L-1B, TNF-a, and IL-6 can alter the expression of endo-
thelial tight junction proteins, increase vascular permeability,
and facilitate the infiltration of peripheral immune cells into
the brain. This creates a feedback loop: peripheral inflam-
mation exacerbates central inflammation, and central inflam-
mation amplifies systemic immune activation, forming a sta-
ble pathological circuit [14]. In addition, microglia directly
interact with BBB endothelial cells and pericytes, modulat-
ing barrier permeability and participating in the regulation
of blood-brain exchange [15].

Recent studies further refine classical concepts of neuroin-
flammation by incorporating epigenetic and metabolic regu-
lators. For example, m6A modifications of mRNA influence
the expression of immune-response genes in microglia and
astrocytes, controlling the intensity and duration of inflam-
matory cascades [16]. Another regulatory node is O-GlcNAc
glycosylation, which is sensitive to the energetic and meta-
bolic status of the cell. Alterations in O-GIlcNAc levels affect
the activity of transcription factors and signaling pathways
involved in immune responses and neuronal resilience [17].
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Together, these mechanisms form a multicomponent net-
work governing neuroinflammation, involving microglia,
astrocytes, BBB endothelium, cytokine signaling, and epi-
genetic modifications. Persistent dysregulation within this
network underlies the transition from a physiological pro-
tective response to a chronic inflammatory state that drives
the progression of neurodegenerative diseases.

Neuroinflammation in Specific Neurodegenerative
Diseases

In Alzheimer’s disease, neuroinflammation is considered
not a secondary consequence of neurodegeneration but one
of the key pathogenic components: f-amyloid and hyper-
phosphorylated tau trigger sustained microglial activation,
formation of specific “disease-associated” microglial pheno-
types around amyloid plaques, and maintenance of a chronic
pro-inflammatory milieu that promotes progressive synaptic
and neuronal loss [18].

Current data show that signaling through TREM2 (trig-
gering receptor expressed on myeloid cells 2) and the NLRP3
inflammasome in microglia constitutes critical nodes through
which amyloid aggregates and associated danger signals shift
microglia from a phagocytic, relatively neuroprotective state
into a chronically activated phenotype, leading to the release
of IL-1B, TNF-a, and other mediators that aggravate neuronal
damage and cognitive decline in AD [19].

In Parkinson’s disease, there is a tight interplay between
the accumulation of pathological a-synuclein, mitochondrial
dysfunction of dopaminergic neurons in the substantia nig-
ra, and microglial activation, which, via NF-kB and other
pro-inflammatory cascades, maintains chronic inflammation
and accelerates neuronal death [20].

In addition to protein aggregates, iron deposition in the
basal ganglia — especially the substantia nigra — plays
a major role in PD. Disrupted iron homeostasis, linked
to mitochondrial dysfunction and oxidative stress, promotes
the generation of highly reactive oxygen species, microglial
activation, and iron-dependent forms of cell death, which
correlate with more severe clinical course and motor com-
plications [21].

In amyotrophic lateral sclerosis, pathogenesis is clearly
non—cell-autonomous: reactive microglia and astrocytes form
complex “disease-associated” states that at early stages may
exert neuroprotective effects (trophic support and clearance
of damaged structures), but with chronicity shift into neuro-
toxic phenotypes characterized by dysregulation of glutamate
transport, enhanced oxidative stress, and activation of pro-in-
flammatory pathways that accelerate motor neuron death [22].

Comparative analyses of the pathogenesis of Alzhei-
mer’s disease, Parkinson’s disease, and multiple sclerosis
reveal that in all three disorders persistent involvement of
microglia and astrocytes, release of pro-inflammatory cyto-
kines (including IL-1p, IL-6, and TNF-a), and activation of
shared signaling pathways (NF-kB, MAPK) create a unified

“neuroinflammatory continuum” upon which disease-specific
mechanisms are superimposed [23].

In multiple sclerosis, traditionally considered a primar-
ily demyelinating disease, growing evidence indicates that
chronic inflammation with microglial activation in the cortex,

cortical demyelination, and progressive synaptic loss partial-
ly converge with mechanisms of neurodegeneration seen in
Alzheimer’s disease. This may explain clinical overlaps, cog-
nitive impairment, and the phenomenon of “mixed” dementia
forms in a subset of patients [24].

Interplay Between Systemic Inflammation
and Neuroinflammation

The gut-brain axis (microbiota—gut—brain axis, MGBA)
is considered a key channel linking peripheral inflammato-
ry signals and the immune response of the central nervous
system. Disruption of the intestinal microbiota (dysbiosis)
alters the production of short-chain fatty acids, microbi-
al metabolites, and endotoxins such as lipopolysaccharide
(LPS), leading to activation of innate immunity, shifts in
pro- and anti-inflammatory cytokine balance, and increased
blood—brain barrier permeability. In turn, this promotes mi-
croglial and astrocytic activation, exacerbates neuroinflam-
mation, and accelerates the progression of neurodegener-
ative diseases, including Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis. Clinical and experimental
data indicate that dysbiosis can arise long before the onset
of cognitive or motor symptoms, and changes in the mi-
crobiome are associated with distinct glial responses and
CNS cytokine profiles. In neurodegeneration models, trans-
plantation of “pathogenic” microbiota enhances microgli-
al activation, disrupts astrocyte maturation and function,
and increases the accumulation of pathological proteins,
whereas normalization of the microbiota partially corrects
the neuroinflammatory milieu and attenuates neurodege-
neration [25].

Metabolic comorbidities — obesity and type 2 diabetes —
generate chronic low-grade systemic inflammation via acti-
vation of adipocytes and adipose-tissue macrophages with
subsequent release of pro-inflammatory mediators (TNF-a,
IL-6, MCP-1, etc.). These signals, together with insulin re-
sistance and oxidative stress, promote glial dysfunction, im-
pair neuronal energy metabolism, drive vascular inflamma-
tion, and remodel cerebral microvessels, thereby creating
a substrate for cognitive decline and dementia. In experi-
mental models combining Alzheimer’s disease and diabe-
tes, astrocytic and microglial alterations have been shown
to precede amyloid pathology and exacerbate it, underscor-
ing the leading role of metabolically driven neuroinflamma-
tion [26, 27].

Systemic inflammation due to chronic infections, gas-
trointestinal disorders, and other inflammatory conditions
is also associated with more severe courses of neurodegen-
erative diseases. Meta-analyses and experimental studies
demonstrate that peripheral inflammatory stimuli, through
circulating cytokines, altered BBB permeability, and endo-
thelial activation, enhance microglial responses, acceler-
ate B-amyloid and pathological tau deposition, and worsen
cognitive outcomes. Moreover, several infectious agents
(e.g., Helicobacter pylori, herpes simplex virus) are con-
sidered modifiable risk factors that, via chronic systemic
inflammation and disruption of the gut-brain axis, may in-
tensify the neuroinflammatory component of Alzheimer’s
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These findings show that systemic inflammation —
whether metabolic, infectious, or driven by dysbiosis — is
not merely a background condition but is actively integrated
into the pathogenesis of neurodegeneration via the gut—brain
axis and glial-vascular mechanisms, making neuroinflamma-
tion a point of convergence for peripheral and central patho-
logical processes.

Mechanisms of Chronic Inflammation and Aging

Chronic low-grade inflammation accompanying aging
(inflammaging) is considered one of the key background
factors that render the brain vulnerable to neurodegenera-
tion. With age, a persistent dysregulation of innate immunity
develops, characterized by elevated levels of pro-inflamma-
tory cytokines, altered microglial and astrocytic phenotypes,
disturbed vascular homeostasis, and an increased risk of neu-
rodegenerative diseases. In this context, any additional trig-
gers — from protein aggregates to metabolic and vascular
insults — provoke a more pronounced and poorly controlled
neuroinflammatory response [4, 26, 27].

Aged microglia lose the capacity for rapid and revers-
ible activation and instead adopt a “primed” phenotype:
they maintain a heightened readiness for inflammatory re-
sponses, hyperreact to secondary stimuli, and remain in a
pro-inflammatory state for longer periods. Age-related mi-
croglial changes include accumulation of damaged mitochon-
dria, impaired autophagy, shifts in energy metabolism, and
enhanced production of reactive oxygen species (ROS), all
of which further reinforce pro-inflammatory programs and
lower the activation threshold of the NLRP3 inflammasome.
In the presence of amyloid, pathological tau, or a-synuclein,
this primed status makes neuroinflammation more persistent
and destructive [11, 18-20].

Disturbances in iron and lipid homeostasis become partic-
ularly important in the context of aging. In Parkinson’s dis-
ease, age-associated iron accumulation in the substantia nigra
and other basal ganglia structures correlates with increased
oxidative stress, microglial activation, and faster progression
of motor symptoms. Excess iron participates in Fenton reac-
tions, promoting ROS generation, iron-dependent cell death,
and heightened inflammatory responses in glial cells. Like-
wise, in metabolic comorbidities (obesity, type 2 diabetes),
chronic adipose-tissue inflammation and dyslipidemia create
a systemic background in which cerebral lipid disturbanc-
es (including alterations in neuronal and glial membranes)
further contribute to activation of neuroinflammatory casca-
des [26, 27].

Mitochondrial dysfunction and oxidative stress repre-
sent another shared link between aging, systemic inflam-
mation, and neurodegeneration. In neurons and glial cells,
age-related declines in mitochondrial efficiency, impaired
mitophagy, and increased ROS/RNS (reactive nitrogen spe-
cies) production lead to accumulation of damaged proteins,
lipids, and nucleic acids, which serve as DAMPs for mi-
croglia. This closes a vicious circle: mitochondrial stress
activates microglia and inflammasomes, while pro-inflam-
matory cytokines and oxidative stress further deteriorate mi-
tochondrial function, accelerating age-associated neuronal
loss [4, 9, 11, 27].

Thus, aging creates a background of chronic, diffi-
cult-to-resolve inflammation in which microglial priming,
glial dysfunction, iron and lipid dysmetabolism, and mito-
chondrial stress mutually reinforce one another. These pro-
cesses are not isolated from systemic metabolic and vascular
alterations, but form a unified field of chronic inflammation
within which disease-specific pathogenic mechanisms of in-
dividual neurodegenerative disorders unfold [4, 9-11, 21,
26-28].

Therapeutic Targets and Strategies

Growing recognition of the role of neuroinflammation
in NDD pathogenesis has shifted the focus from purely neu-
ron-centered concepts toward strategies targeting glia, im-
mune cascades, and their molecular regulators. Several class-
es of promising interventions are currently distinguished:
microglia- and inflammasome-targeting agents, antioxidant
and anti-inflammatory approaches (including nanotechnol-
ogy-based formulations and phytocompounds), epigene-
tic therapies, and biological agents, primarily anti-amyloid
monoclonal antibodies.

Microglial activity is considered one of the most straight-
forward points of intervention in neuroinflammation. Given
the established role of the NLRP3 inflammasome in chron-
ic microglial activation in Alzheimer’s disease, Parkinson’s
disease, and other NDDs, small-molecule NLRP3 inhibitors
are being explored as candidates to reduce IL-1f and IL-18
production and thereby mitigate neuronal damage in neu-
rodegeneration models. Parallel efforts focus on targeting
microglial receptors and “disease-associated” signaling
pathways — TREM2, CD33, progranulin (PGRN), TAM re-
ceptors, and others — which regulate phagocytosis, microg-
lial metabolism, and survival. The review by Noh et al. em-
phasizes that TREM2-agonist antibodies (e.g., AL002) and
other microglia-targeted interventions are already undergoing
clinical evaluation as potential disease-modifying therapies
for AD, PD, and ALS, although they remain at early stages of
development, with unresolved questions regarding long-term
safety and biomarker-based patient stratification [29].

Antioxidant and anti-inflammatory strategies aim to damp-
en oxidative and cytokine-mediated components of neuroin-
flammation, with drug delivery across the BBB being a major
challenge. In this regard, nanoparticles and nanocapsulated
formulations of antioxidants and phytochemicals (curcum-
in, resveratrol, quercetin, etc.) are being actively developed,
improving bioavailability, prolonging action, and potentially
enhancing effects on microglia and astrocytes. A systematic
review of nano-antioxidants shows that a variety of organic,
lipid, and inorganic nanocarriers reduce ROS production, de-
crease pro-inflammatory cytokine levels, and improve cogni-
tive and behavioral outcomes in preclinical models of Alzhei-
mer’s and Parkinson’s diseases. Yet almost all data are still
limited to in vitro and experimental in vivo studies, underscor-
ing that nanotechnology-based and phyto-neuroprotective ap-
proaches currently represent an extended preclinical pipeline
rather than ready-to-use clinical tools [30].

Epigenetic modulation of neuroinflammation is another
promising direction, particularly in light of the role of m6A
RNA modifications and O-GlcNAc glycosylation in regula-
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ting immune gene expression. Alterations in the m6A pro-
file in microglia and astrocytes affect the expression of cy-
tokines, innate immune receptors, and signaling molecules
involved in Alzheimer’s disease pathogenesis, while per-
turbations in the O-GIcNAc cycle can reshape transcrip-
tion factor activity and chromatin structure, shifting the
balance between pro- and anti-inflammatory programs.
Based on these findings, potential therapeutic approach-
es — inhibitors or activators of m6A-related enzymes
(METTL3/14, FTO, etc.) and modifiers of the O-GIcNAc
cycle — are being discussed as ways to “reprogram” gli-
al responses. However, as epigenetic reviews stress, any
interventions at this level carry a high risk of off-target
effects, and at present this field remains largely conceptual
and preclinical rather than a source of therapies ready for
clinical implementation [16, 17].

Biological agents, primarily anti-amyloid monoclo-
nal antibodies, constitute the first group of approved dis-
ease-modifying therapies for early Alzheimer’s disease,
demonstrating that interventions in pathological protein cas-
cades may indirectly influence neuroinflammation. As high-
lighted in the review by Koga-Batko et al., aducanumab
and donanemab reduce amyloid burden and in clinical tri-
als produce a statistically significant but modest slowing of
cognitive decline; their use is associated with amyloid-re-
lated imaging abnormalities (ARIA) and requires careful
monitoring. Given the close relationship between amyloid
pathology, microglial activation, and cytokine dysregula-
tion, these antibodies can be considered indirect modulators
of neuroinflammation; however, their effects remain limited,
and they do not address the fundamental mechanisms of
inflammaging, microglial senescence, and metabolic stress
described above [30].

Overall, the therapeutic landscape targeting neuroinflam-
mation currently represents a multilayered system: from di-
rect microglia-focused interventions and nanoparticle-based
delivery of antioxidants and phytochemicals to deeper epi-
genetic strategies and biological agents acting on the amy-
loid cascade [11, 16, 17, 19, 29, 30]. The key problem is that
most of these approaches show convincing benefits only in
preclinical models or yield relatively modest clinical effects
accompanied by significant risks, which emphasizes the need
for more precise patient stratification, rational combination
therapies, and integration of biomarkers to monitor neuroin-
flammation dynamics.

Conclusion

Neuroinflammation is a key integrative link in the patho-
genesis of neurodegenerative diseases, connecting genetic
predispositions, age-associated changes, immune dysregula-
tion, metabolic disturbances, and vascular factors. Chronic
activation of microglia and astrocytes, involvement of in-
flammasome cascades (primarily NLRP3), blood—brain bar-
rier dysfunction, and interactions with systemic inflammation
together form a self-sustaining pathological circuit that drives
progressive neuronal damage and synaptic dysfunction.

Despite substantial advances in our understanding of
cellular and molecular mechanisms, neuroinflammation
remains a complex, multilayered, and heterogeneous pro-

cess. Different neurodegenerative diseases utilize shared
signaling nodes (NF-xB, NLRP3, cytokine networks) but
embed them into specific pathogenic patterns — amyloid-
and tau-associated inflammation in Alzheimer’s disease,
a-synucleinopathy and iron-mediated mechanisms in Par-
kinson’s disease, non—cell-autonomous glial responses in
ALS, and chronic meningeal and cortical inflammation in
multiple sclerosis.

Current therapeutic developments — from microglia-tar-
geted strategies and inflammasome inhibitors to nanotechnol-
ogy-based platforms and epigenetic interventions — reflect
the growing emphasis on precise modulation of inflamma-
tory cascades. However, most of these approaches are still
at the preclinical or early clinical stage, demonstrating prom-
ising yet limited effects. Approved agents such as anti-amy-
loid antibodies influence neuroinflammation only indirectly
and do not eliminate the fundamental drivers of chronic in-
flammation.

Future progress will depend on integrating multi-omic
biomarkers, developing stratified treatment approaches, mod-
eling disease at the level of cellular networks and microglia—
astrocyte interactions, and accounting for systemic factors —
microbiota, metabolic disturbances, and chronic infections.
Constructing comprehensive models of neuroinflammation
will enable the design of more precise and personalized ther-
apeutic strategies capable of truly modifying the course of
neurodegenerative diseases.
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SUMMARY

Nootropics represent a heterogeneous group of substances that affect cognitive functions primarily through
modulation of neuroplasticity. Classic agents improve neuronal metabolism and, in experimental models, in-
crease neurotrophin levels, but their clinical efficacy in dementia and other cognitive disorders remains mod-
erate. Psychostimulants provide short-term improvement in attention and performance; however, they do not
strengthen long-term plasticity and may adversely affect the developing brain. Herbal and nufraceutical agents
exert mild and delayed effects, predominantly manifesting in individuals with mild cognitive complaints or defi-
cifs. Despite growing interest in pharmacological cognitive enhancement, convincing evidence of a clinically
meaningfulimprovement in cognitive functions in healthy individuals is lacking, whereas the sfrongest effects on
neuroplasticity continue to be demonstrated by non-pharmacological interventions.
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HOOTPOIIbI: BIIMAHUE HA INMJIACTUHHOCTb MO3TA
U KOTHUTUBHDbIE @YHKLNN

FfacaHoBa C.M., Canaxuropsesa A.A., Mukamnaosa C.A., YioTHoBa A.B., CacbuHa P.P.

PrAOY BO «Poccumckmi HAUMOHAAbHbBIM MMICCAEAOBATEABCKMIN MEAMLIMHCKUMIKA YHUBEPCUTET
M. HUN. Mnporosay MUHUCTEPCTBA 3APABOOXPAHEHUS Poccuimckon Peaepaumm, Mocksa, Poccus

PE3IOME

Hootponsl npeAcTasasioT cobov pa3HOOBPA3HbIE BELLLECTBA, BAUSIOLLIME HA KOTHUTMBHbIE QDYHKLIMMK MOEUMY-
LLIECTBEHHO Y€pPEe3 MOAYAILUMIO HEUMPOMNAQCTUYHOCTH. KAQCCHMYECKME MPENAPATHI YAYHLLAKT METABOAUIM HEM-
[POHOB M B IKCMEPUMEHTAALHbIX MOAEASX MOBbILLQAIOT YOOBEHb HEMPOTPOCOUHOB, HO MX KAMHMYECKAS 3¢bchek-
TMBHOCTb MPU AEMEHLIMU M APYTUX KOTHUTUBHbBIX HAPYLLIEHUIX OCTAETCS YMEPEHHOM. [TCUXOCTUMYASITOPBI AQKOT
KDOTKOBPEMEHHOE YAYHYLLEHME BHUMAHMS M PABOTOCIOCOBHOCTH, OAHOKO HE YCHMAMBAIOT AOATOBPEMEHHYIO
MAQCTUYHOCTb U MOTYT HEOAQrOMPUATHO BAMATE HQ PA3BUBAIOLLIMUCS MO3T. PAQCTUTEABHbIE M HYTPULIEBTMYECKUE
CPEeACTBQA OKQ3bIBAIOT MATKOE M OTCPOYEHHOE AEUCTBUE, MPEMMYLLIECTBEHHO MPOSBASIICH Y AMLL C AETKMMM KOT-
HUTUBHbBIMU XKAAOBAMU UAM AECOULIMTAMM. HECMOTPS HQ PACTYLLMM MHTEPEC K QODAPMAKOAOTMYECKOMY KOTHM-
TMBHOMY YCUAEHMIO, YOEAUTEALHBIX AGHHbIX O 3HAYMMOM YAYYLLIEHMM KOTHUTUBHbLIX COYHKLIMM Y 3A0POBbIX AOAEMN
HET, a HaMboAee BbIPAXKEHHbIM 20DQPEKT HQ HEMPOMAQCTUYHOCTb MPOAOAKAIOT AEMOHCTPHMPOBATh HEMEAMKQ-
MEHTO3HbIE BMELLIATEALCTBA.

KAKOYEBBIE CAOBA: HEMPOMAQCTUYHOCTb; KOTHUTMBHOE YCUAEHUE; HOOTPOMHbIE MPENAPATHI; MAMSITL; BHUMAHME;
HOOTPOMMbI.

KOHPAUKT UHTEPECOB. ABTOPbI 3QSBAAIOT OO OTCYTCTBMM KOHCPAMKTQ MHTEPECOB.

Introduction

The normal functioning of cognitive processes largely de-
pends on the brain’s capacity for neuroplasticity — structural
and functional changes in neural networks under the influ-
ence of experience and learning. Since the mid-20th centu-
ry, attempts have been made to pharmacologically improve
memory and other cognitive functions. The term “nootropic”
was introduced in 1972 by the Romanian chemist C. Giurgea
to describe substances that enhance higher brain functions
(thinking, learning, memory) without producing stimulation
or sedation. Classic nootropics are considered to be pyrroli-
done derivatives (piracetam), first synthesized in the 1960s;

Giurgea formulated the criteria for a nootropic as follows:
enhancement of learning and memory, increased resistance
of the brain to damaging influences, and minimal toxicity and
side effects. Initially, these drugs were developed forthe treat-
ment of cognitive disorders — dementia, consequences
of traumatic brain injury, stroke, and so on.

In recent years, however, there has been an emerging phe-
nomenon of nootropic and stimulant use by healthy individ-
uals (students, knowledge workers) for the purpose of phar-
macological cognitive enhancement. Different studies report
a wide range of prevalence — from a few to tens of per-
cent — depending on the population and definitions used.
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For example, surveys among students have found at least
a single use of prescription stimulants (modafinil, methyl-
phenidate, amphetamines) in 1-5% of respondents in Euro-
pean countries, whereas anonymous survey methods show
figures up to ~20%. At the same time, the majority — up to
80-90% — of young people do not express interest in such
interventions [1-3].

The high demand for “brain improvement” has driven
rapid expansion of the market for dietary supplements and
products marketed as “smart drugs.” More than 100 products
are available on online markets, promising to improve memo-
ry, attention, creative thinking, and so forth. However, many
of them are either poorly studied or fail to demonstrate sig-
nificant effects under rigorous testing. Ethical issues and con-
cerns about fairness are actively discussed in the context of
cognitive enhancement in healthy people. In 2016, the Amer-
ican Medical Association officially opposed prescribing noo-
tropic drugs to healthy individuals because of the uncertain
benefit-risk balance.

An integral part of this discussion is the question of how
nootropics affect the brain itself — particularly plasticity
processes. On the one hand, many nootropics were designed
to support neuroplastic changes (restoration of neuronal con-
nections after injury and in dementia). On the other hand,
there are concerns that artificially boosting cognitive produc-
tivity may come at a “cost” to neuroplasticity — for exam-
ple, by reducing the natural capacity for adaptive learning or
redistributing brain resources. Some reviews have noted that
stimulant use at a young age may impair behavioral flexi-
bility and increase vulnerability to addictions by affecting
the development of the dopaminergic and glutamatergic sys-
tems [4].

The aim of this review is to summarize current scientif-
ic data on the effects of different types of nootropic agents
on (a) brain plasticity (synaptic and structural) and (b) cog-
nitive functions (memory, attention, executive functions)
in humans. The review includes both classic nootropics with
predominantly metabolic actions and stimulants and herb-
al preparations that are frequently referred to as nootropics.
We separately consider the proposed mechanisms of action
of these agents in the context of neuroplasticity and their ac-
tual efficacy according to controlled trials.

Neurobiological mechanisms of nootropics and their effects
on brain plasticity

Classic nootropics

The first nootropic, piracetam, was synthesized in 1964
and is still used in a number of countries for the treatment
of cognitive impairment. Despite its long history, its exact
mechanism of action remains incompletely understood. It is
known that piracetam is neither a stimulant nor a sedative
and does not exert a direct effect on classical neurotransmit-
ter receptors. Its main actions consist in improving cerebral
energy and neurotransmitter metabolism: piracetam and re-
lated compounds (aniracetam, oxiracetam, phenylpiracetam,
etc.) enhance the utilization of glucose and oxygen by brain
tissue, have antihypoxic properties, reduce platelet aggre-
gation, and improve blood rheology in microvessels. Ex-

perimental studies have demonstrated increased synthesis
of membrane phospholipids and proteins important for syn-
aptic plasticity.

Piracetam has been shown to restore age-related declines
in the fluidity of brain cell membrane lipids, which may facil-
itate receptor function and improve signal transmission. This
property is linked to improved neuroplasticity — the ability
of neurons to form new connections and maintain long-term
potentiation (LTP). In addition, piracetam has demonstrated
neuroprotective effects in vitro — it reduces neuronal dam-
age induced by B-amyloid, stimulates mitochondrial function,
and attenuates oxidative stress [5].

In animal studies, nootropics frequently enhance mo-
lecular markers of plasticity. For example, a combination
of Ginkgo biloba and ginseng extracts increased hippocampal
levels of synaptophysin and the NR2B subunit of the NMDA
receptor — proteins associated with synapse formation. Noo-
pept (a peptide nootropic developed in Russia) acutely in-
creased expression of neurotrophin genes BDNF and NGF
in the rat hippocampus. With course administration (28 days),
the effect persisted and even intensified, without develop-
ment of tolerance. This was accompanied by improvements
in learning performance and served as a rationale for consid-
ering noopept as a promising agent for early-stage Alzhei-
mer’s disease prevention. Thus, some classic nootropics can
activate intracellular pathways leading to neurotrophic effects
and enhanced neuronal plasticity [6].

It should be emphasized that clinical evidence for the ef-
ficacy of traditional nootropics is limited. Early small-scale
trials often reported improvements in subjective or behav-
ioral measures in patients with cognitive impairment treated
with piracetam and other agents. For instance, a meta-anal-
ysis of 19 RCTs with piracetam reported a statistically sig-
nificant global improvement in older adults with dementia
or mild cognitive impairment, with a number needed to treat
(NNT) of about 7 [7]. However, in those same studies it was
not possible to demonstrate consistent benefits on specific
neuropsychological tests. Review authors pointed out that
the methodological quality of many trials was suboptimal
(small samples, missing data from the first phase of cross-
overs, etc.). A Cochrane Review (2001, updated 2004) con-
cluded that available data do not support the use of piracetam
in dementia and that more rigorous trials of >6 months are
required [8].

Overall, classic nootropics appear to create a favorable
metabolic milieu for neuroplastic processes (protecting neu-
rons from hypoxia and damage, improving trophic support
and neurotransmitter balance). This may not be sufficient
to produce a noticeable cognitive benefit in the absence
of concurrent training or rehabilitation, but such agents may
potentiate the effects of non-pharmacological interventions,
such as cognitive training.

Neuromodulators and stimulants

Another major group of substances used as cognitive
enhancers consists of drugs that modulate neurotransmitter
levels (primarily monoamines) in the brain. These include
psychostimulants: amphetamines (mixed amphetamine salts),
methylphenidate, and modafinil. In medical practice, they are
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used to treat attention-deficit/hyperactivity disorder (ADHD),
narcolepsy, and several other conditions. In healthy individu-
als, these drugs can indeed produce feelings of wakefulness,
enhance concentration, and increase endurance during mo-
notonous tasks.

Their effects on neuroplasticity, however, are ambigu-
ous. On the one hand, transient activation of dopaminergic
and noradrenergic pathways improves functional connectiv-
ity in attention and executive control networks, translating
into better performance in some tasks. For example, a 2010
meta-analysis showed that methylphenidate significantly im-
proves memory (particularly verbal memory) in healthy sub-
jects [9]. Modafinil, in turn, maintains performance, vigilance,
and working memory in sleep-deprived volunteers better than
placebo. In well-rested individuals, the effect of modafinil is
more selective: simple cognitive tests often show no benefit,
whereas in complex and novel tasks there may be improve-
ments in attention and executive functions.

At the same time, in most studies stimulants do not en-
hance creative thinking or cognitive flexibility in healthy in-
dividuals; indeed, some reports describe a reduction in di-
vergent thinking under modafinil. A likely explanation is

“overloading” of the dopamine—noradrenaline system: exces-
sive focus and hyper-concentration may impair spontaneous
associations and strategic flexibility [10].

Long-term psychostimulant use may induce adaptive
changes in neural circuits. Animal studies show that chron-
ic methylphenidate administration during the juvenile peri-
od disrupts normal maturation of the prefrontal cortex, with
reduced behavioral flexibility and a tendency toward more
stereotyped learning strategies. Urban and Gao (2014) hy-
pothesized that artificially maintaining high levels of dopa-
mine and glutamate for cognitive enhancement may interfere
with normal plastic re-learning processes and increase the
risk of addictive behavior [4]. Their review emphasizes that
stimulants improve performance on familiar tasks but do not
enhance the acquisition of new complex skills and, at high
doses or in childhood, may even impair it. In other words,
acute cognitive “doping” via stimulation is not equivalent to
genuine development of cognitive potential.

From the standpoint of synaptic plasticity, ampakines —
experimental nootropics that potentiate AMPA receptor ac-
tivity — are of particular interest. They directly increase
synaptic transmission and, as shown in animal models,
can enhance BDNF production in the brain. In a Hun-
tington’s disease model, a short course of the ampakine
CX929 normalized BDNF levels in the hippocampus, re-
stored actin-dependent structural synaptic changes, and
rescued impaired LTP, accompanied by memory improve-
ment in mice [11]. Importantly, these effects were achieved
within a few days without major adverse events. Ampakines
are considered a promising avenue for activating intrinsic
plasticity and memory resources without systemic stimulant
effects. None has yet been approved for clinical use, but
safety studies are ongoing.

In summary, psychostimulants and neuromodulators exert
pronounced short-term effects on neurochemistry that can
enhance certain cognitive functions (attention, reaction speed,
working memory) in healthy individuals. These effects are

confined to an optimal dose range; beyond this, performance
worsens according to an inverted U-shaped dose—response
relationship. Their contribution to long-term neuroplasticity
is doubtful: rather than promoting the formation of new neu-
ral connections, they transiently mobilize existing resources.
Moreover, concerns remain about potential adverse conse-
quences for plasticity with misuse, particularly at a young
age. Clinicians therefore recommend caution with the use
of prescription stimulants in healthy individuals, and in chil-
dren they should be prescribed strictly for ADHD, taking into
account the high plasticity of the developing brain and the
possibility of long-term consequences.

Herbal nootropics and natural compounds

A substantial share of agents marketed as nootropics con-
sists of natural products (for example, plant extracts). His-
torically, many medical traditions have used herbs to “calm
the nerves” and improve memory. Modern studies of some
of these products have shown modest cognitive effects, al-
though the quality of evidence is often limited. The most
well-known examples include:

* Ginkgo biloba. Standardized Ginkgo biloba leaf
extract (EGb 761) is one of the most popular phyto-
therapeutic agents for memory. Meta-analyses have
shown that in patients with dementia, 22-24 weeks
of Ginkgo biloba treatment (120-240 mg/day) pro-
duce small improvements in cognitive scores and ev-
eryday functioning compared with placebo. A 2017
overview noted that Ginkgo may be more effective
with long-term use (>5 months) and at doses >200 mg.
Mechanisms include antioxidant effects, improved ce-
rebral blood flow, and neurotrophic activity — in ani-
mal studies, chronic Ginkgo administration increased
BDNEF levels. Data in healthy individuals are incon-
sistent: some studies reported slight improvements in
processing speed and attention in young volunteers,
whereas others found no effect. The effect is probably
more pronounced in those with age-related changes.
Ginkgo is generally safe but may increase bleeding
risk (due to antiplatelet action), so concomitant use
with aspirin is undesirable [12].

e Bacopa monnieri. An Ayurvedic “brain tonic” tra-
ditionally used for fatigue and forgetfulness. Its ex-
tracts contain bacosides with antioxidant and neu-
roprotective properties. Modern RCTs have mostly
been conducted in older adults with mild cognitive
complaints. A meta-analysis of 9 trials (518 partic-
ipants) showed that >12 weeks of bacopa treatment
significantly accelerated information processing (e.g.,
reduced Trail Making Test-B completion time and
choice reaction time). Memory improvements were
less consistent, likely due to variability of methods.
Some RCTs showed better verbal recall and reduced
anxiety with bacopa, but gastrointestinal side effects
(nausea, dyspepsia) were more common than with
placebo. Overall, bacopa is considered a relatively
safe herbal agent with modest nootropic effects upon
prolonged use (from 2—3 months), primarily enhanc-
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* Ginseng (Panax ginseng). In traditional Chinese
medicine, ginseng is used to “strengthen vital ener-
gy,” including mental functions. Some studies have
shown that a course of Asian ginseng (e.g., 400 mg
of G115 extract) can improve working memory and
subjective well-being in healthy volunteers. Com-
bined use with Ginkgo (e.g., fixed combinations) im-
proved some cognitive test scores after stroke and in
dementia, presumably via synergistic effects on the
cholinergic system and neurotrophins. However,
large independent studies are lacking, and ginseng’s
impact on cognitive plasticity remains hypothetical.
Ginseng may have a tonic effect (activating the HPA
axis and neurotransmitter systems), but specific neu-
roplastic effects (such as neurogenesis) require con-
firmation [14].

* Ashwagandha (Withania somnifera). An Indi-
an adaptogen known for its anxiolytic and corti-
sol-lowering properties. In the cognitive domain,
small RCTs have shown that ashwagandha (300-600
mg/day of root extract) improves memory and at-
tention in patients with mild cognitive impairment
and in healthy individuals with memory complaints.
It is assumed that by reducing anxiety and oxidative
stress, ashwagandha creates a more favorable mi-
lieu for learning. Experimental studies indicate that
it stimulates neurite outgrowth and increases anti-
oxidant enzyme levels in the brain. Ashwagandha is
viewed as a promising natural agent, but larger trials
are needed [14].

e Caffeine and other naturally occurring CNS sti-
mulants. Caffeine is the most widely used psycho-
stimulant and can be considered a situational “noot-
ropic™: it acutely increases alertness, reaction speed,
and short-term concentration. In combination with
L-theanine (an amino acid from tea), caffeine more
effectively enhances attention and reduces dis-
tractibility than either substance alone. However,
these effects are transient, tolerance develops, and
high doses cause anxiety and tremor. Theobromine
(from cocoa) and nicotine can also transiently im-
prove attention and mood, but because of health
risks they are not regarded as acceptable cognitive
enhancers. Microdosing of psychedelics (LSD, psi-
locybin) is currently being discussed as a potential
way to enhance creativity and emotional plasticity,
as these compounds have been shown to increase
neurotrophin levels (BDNF) and synaptogenesis
in neuronal cultures. Nonetheless, clinical evidence
for cognitive benefits of microdosing is extreme-
ly limited, and this approach remains experimen-
tal [15].

In general, natural nootropics are characterized by mild
effects and a slower onset of action. For instance, a single
dose of Ginkgo or bacopa will not immediately improve
memory; accumulation and potential neurometabolic shifts
over weeks are needed. This contrasts with pharmacologic
stimulants (caffeine, amphetamines), whose effects appear
within hours. From the perspective of plasticity, it can be

assumed that indirect antioxidant and vasotropic actions
of herbal nootropics create conditions that support plas-
tic processes — such as protecting neurons from chronic
stress and inflammation. Course administration of ome-
ga-3 fatty acids and antioxidants, for example, has been
associated with higher neurotrophin levels and improved
synaptic plasticity in several models of neurodegeneration.
In healthy individuals, however, the contribution of nutra-
ceuticals to supranormal cognitive enhancement is minimal.
Non-pharmacological factors — such as physical exercise,
which robustly increases BDNF and improves memory via
hippocampal neurogenesis — have far stronger “nootropic”
effects in a healthy brain [16].

Efficacy of nootropics: clinical outcomes and limitations
of the evidence

In patients with cognitive impairment

Despite decades of research, no nootropic drug has be-
come a “breakthrough” treatment for dementia or other cog-
nitive disorders. The most effective pharmacotherapeutic
strategies in dementia are not classic nootropics but cholin-
ergic agents (cholinesterase inhibitors — donepezil, galan-
tamine) and the partial NMDA antagonist memantine. They
provide moderate symptomatic improvement in Alzheimer’s
disease but their effect diminishes as neurodegeneration pro-
gresses.

In the search for adjunctive agents to support cognitive
function, classic nootropics have been investigated. Some
studies report that combining cholinesterase inhibitors with
cholinergic nootropics (e.g., citicoline or alpha-GPC) may
yield better cognitive outcomes than cholinesterase inhibitor
monotherapy, though data are inconsistent. A 2017 system-
atic review concluded that in patients with dementia, Ginkgo
biloba extract (EGb 761) at 240 mg/day provides cognitive
and behavioral improvements comparable to those of cholin-
esterase inhibitors, and combination therapy may offer addi-
tional benefits [17].

In vascular cognitive impairment, piracetam and cere-
brolysin (a mixture of neuropeptides) demonstrated small
positive effects in some trials, but methodological issues pre-
clude firm recommendations. In post-stroke cognitive dys-
function, cerebrolysin has been assigned level II evidence
(probable efficacy) based on several RCTs and a meta-analy-
sis, whereas piracetam did not significantly influence cogni-
tive recovery after stroke [18].

Overall, in clinically overt cognitive impairment, noot-
ropics may provide modest support but do not replace dis-
ease-specific therapies. Their effects are most noticeable in
mild and early-stage disorders, while they are ineffective in
advanced dementia.

In healthy individuals

The question of efficacy in healthy people is particular-
ly controversial. On one hand, widespread self-experimen-
tation with pharmacological enhancers suggests that many
individuals subjectively perceive benefits. On the other hand,
placebo-controlled trials often show either no effect or very
small improvements that do not always reach robust statisti-
cal or clinical significance.
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For example, a randomized placebo-controlled exper-
iment by Repantis et al. (2021) involving 48 healthy men
compared single doses of methylphenidate, modafinil, caf-
feine, and placebo using a battery of cognitive tests. Only
a few improvements were detected: methylphenidate im-
proved delayed recall after 24 hours and reduced subjec-
tive fatigue; caffeine enhanced performance in a sustained
attention task. Modafinil did not produce significant benefits
on any outcome in this sample [19]. At the same time, par-
ticipants frequently overestimated the degree of improve-
ment under stimulants. This “illusory productivity” effect
has been documented for modafinil: subjects reported feel-
ing more productive, although objective measures (except
for preventing sleepiness) did not support such impres-
sions. This overestimation may be risky, as individuals may
make errors under nootropics due to excessive self-confi-
dence.

Summarizing these data, the most consistent effects
in healthy individuals are:

* Stimulants: improve performance under fatigue or
sleep deprivation. Modafinil is recognized as an
effective countermeasure against cognitive con-
sequences of prolonged wakefulness (e.g., in shift
workers or military personnel on extended missions).
In well-rested individuals, its benefits are mostly
seen in complex tasks requiring integration of mul-
tiple cognitive functions. Methylphenidate substan-
tially improves concentration and processing speed,
particularly in individuals with lower baseline atten-
tion. Caffeine reliably increases alertness and reduc-
es reaction time but does not improve higher-order
reasoning or memory for complex structured mate-
rial.

* Nootropic nutraceuticals: act in the long term. For
example, several months of DHA (omega-3) supple-
mentation can enhance attention in young individu-
als with low baseline omega-3 intake by optimizing
membrane processes in neurons. B-vitamins can im-
prove memory performance in the context of defi-
ciency. Nonetheless, in well-nourished healthy peo-
ple, such supplements do not show effects beyond
normalization. Bacopa, after 2-3 months, improves
some memory parameters in adults, as demonstrat-
ed in several small RCTs (~300 participants in to-
tal). Lion’s mane mushroom (Hericium erinaceus),
which stimulates NGF synthesis, improved cog-
nitive functions in older adults with MCI in a pi-
lot study at 4 g/day for 4 months [20]. All these
findings, however, require confirmation in larger
trials.

Conclusion

Neuroplasticity — the basis of learning and memo-
ry — remains a complex target for pharmacological mod-
ulation by nootropics. To date, evidence has accumulated
that some nootropic drugs can modulate brain plasticity:
classic nootropics (piracetam and analogues) improve cel-
lular metabolism and may increase expression of neuro-
nal growth factors, while experimental agents (ampakines,

noopept) can more directly enhance synaptic plasticity via
regulation of BDNF and NGF [5, 6, 11, 16]. This sup-
ports the possibility of pharmacologic support of cognitive
functions in brain injury and neurodegenerative processes.
In clinical practice, nootropics have found limited use as
part of combination therapy for mild to moderate cogni-
tive impairment, but their effects are generally modest
compared with core treatments such as cholinesterase in-
hibitors [17, 18].

In healthy individuals, nootropic substances do not pro-
duce dramatic increases in intelligence. Objective improve-
ments are usually limited to acceleration of simple cogni-
tive operations or increased alertness under specific stress
conditions (sleep deprivation, fatigue) [9, 10, 19]. More
complex functions — creative thinking, acquisition of new
complex skills — are weakly or not at all enhanced phar-
macologically; for these, intrinsic plasticity, which cannot
be substituted by a “pill,” appears to be more important.
There is also evidence of potential harm: inappropriate use
of stimulants may decrease intrinsic motivation to learn
without pharmacologic support, foster psychological depen-
dence, and shift emphasis from long-term skill development
to short-term performance. Side effects (insomnia, anxiety,
cardiovascular strain) can further negate benefits. Herbal
nootropics and nutritional supplements are generally safer,
but their efficacy often approximates placebo; exceptions
include deficiency states (e.g., vitamins, omega-3), where
supplementation restores normal function rather than en-
hancing it beyond baseline.

At present, there is no “magic pill” that reliably and
safely boosts cognitive abilities above baseline in healthy
individuals. The most effective strategies for improving
memory and brain plasticity remain non-pharmacological
interventions — cognitive training, education, physical ex-
ercise, and adequate sleep. These factors have strong ev-
idence for increasing neurotrophins (such as BDNF with
exercise) and enhancing neural connectivity, providing the
foundation for sustained cognitive growth [16]. Pharmaco-
logic nootropics may serve as adjuncts in clinical contexts
(post-stroke, after TBI, in early dementia) or in specific
short-term situations (night shifts, high-stakes operations),
but their use should be carefully evaluated in terms of ben-
efit-risk ratio.

The medical community emphasizes the need for fur-
ther research: first, on the long-term effects of nootropics
on the healthy brain (including developmental processes
in youth); and second, on the discovery of new agents that
more selectively enhance neuroplasticity without resource
depletion. Advances in molecular neurobiology — such as
gene therapy and neurotrophic factor — based interven-
tions — may open new horizons for cognitive enhancement
in the future. For now, claims about “miraculous” nootropics
should be treated with caution: cognitive improvement is a
complex, multifactorial process, and pharmacology rep-
resents only one of many influences.
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SUMMARY

Nasal congestion is a common condition in which reduced nasal patency alters respiratory aerodynamics, in-
creases upper airway resistance, and promotes a shift to mouth breathing, particularly during sleep. These chang-
es impair ventilation—-perfusion matching, decrease gas-exchange efficiency, and may lead to systemic or local
hypoxia, especially in sleep-disordered breathing and in children who are obligate nasal breathers. Clinical evi-
dence demonstrates that both chronic and acute nasal obstruction are associated with reduced SpO,, increased
intermittent hypoxemia, sleep disruption, and cognifive and behavioral consequences. Medical and surgical relief
of obsfruction improves nasal airflow, decreases the severity of hypoxic episodes, and enhances the effectiveness
of sleep-disordered breathing freatment. Thus, maintaining nasal patency is a key component in the prevention
and correction of hypoxia across diverse patient populations.
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3AJIOXXEHHOCTb HOCA U EE CBSI3b C T'MIMOKCUEN:
NMATO®OU3NOJIOMNMYECKUE MEXAHWU3MbI, KITMHUYECKUE KOPPEJIAITbI
U TEPATIEBTUYECKUWE MNEPCIIEKTUBbI

CoaHomoB A.b., TumpsasaHckuun A.C., Omaposa I A., Axabpauaosa Y.A.,
Hypay6aesa IO.A.

PrAQY BO «Poccumckmit HaUWMOHOAbHbBIM MICCAEAOBATEABCKMM MEAMULMHCKMIA YHUBEPCUTET
nm. H.M. Tnporosay MMHUCTEPCTBA 3APABOOXPAHEHMS Poccumckom Peaepaumm, Mocksa, Poccus

PE3HOME

3AA0KEHHOCTb HOCA — PACAPOCTPAHEHHOE COCTOSHME, MPKY KOTOPOM CHUMXEHME HOCOBOM MPOXOAMMOCTH HQO-
PyLLAET A3POAMHAMMKY ABIXAHMS, YBEAMYMBAET COMPOTUBAEHME BEPXHMX ABIXATEAbHbIX MYyTEM M CMOCOBCTBYET
MEPEXOAY HO POTOBOE AbIXQHME, OCOBEHHO BO CHE. DT U3IMEHEHMS BEAYT K YXYALLIEHWIO BEHTUAILIMOHHO-NEPDY-
3UMOHHOIO COOTBETCTBMS, CHMXKEHMIO 200QDEKTMBHOCTH FA300OMEHA U MOTYT BbI3bIBATb CUCTEMHYIO MAU AOKQABHYIO
MMMOKCUIO, BbIPAXKEHHYIO OCOBEHHO Mpu OOCTPYKTUBHBIX HAPRYLLEHUSIX AbIXOHMS BO CHE U Y AETEU, SBASIOLLIMXCS
OBAUIATHBIMM HOCOBBIMM AbIXATEAIMU. KAMHUYECKME AQHHbIE MOATBEPXKAQIOT, YTO KAK XPOHMYECKQSs, TAK M OCTPAS
HOCOBQ OBCTPYKLMI QCCOUMUPOBAHBI CO CHKEHMEM SPO,, YCUAEHUEM MHTEPMUTTMPYIOLLIEN TMIOKCEMMM, HO-
PYLLUEHMEM CHQA, KOTHUTUBHBIMM M MOBEAEHYECKMMM DGPPEKTAMM. MEAMKAMEHTO3IHOE U XMPYPIMYecKoe yCTpa-
HeHue OOCTPYKLMU YAYHLLIQET HOCOBOE AbIXQHME, CHUXXAET BbIPAXXEHHOCTb MMMOKCHMYECKMX DMM30AOB M MOBBILLIAET
3QPPEKTUBHOCTb A€YEHMSI PACCTPOMCTB AbIXQHMS BO CHE. TAKMM OBPA30OM, MOAAEDPXKAHME HOCOBOM MPOXOAMMO-
CTH ABAFETCS BAXKHbIM KOMMNOHEHTOM MPOCOUACKTMKM M KOPPEKLMMU TMITOKCHM Y PA3AMYHBIX KATETOPMI MNALMEHTOB.

KAKOYEBBIE CAOBA: HOCOBQS OOCTPYKLMS, 3AAOXKEHHOCTb HOCQ, TMMOKCUS, POTOBOE AbIXAHWE, OOCTPYKTMBHOE A~
HO3 CHA.

KOHPAUKT UHTEPECOB. ABTOPDbI 3QSBASIOT OO OTCYTCTBMM KOHCPAMKTQ MHTEPECOB.

Introduction to chronic allergic rhinitis and chronic rhinosinusitis with

Nasal congestion — a subjective sensation of “blocked” nasal polyps. Allergic rhinitis alone affects approximately
nasal passages with reduced airflow — is among the most ~ 25% of the global population, and nasal congestion is of-
frequent complaints that lead patients to seek care from oto-  ten its most burdensome symptom. In addition to discomfort
rhinolaryngologists and primary care physicians. It accom- and reduced quality of life (e.g., impaired sleep and daytime
panies a wide range of conditions, from acute viral rhinitis  performance), there is increasing awareness of the potential
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systemic physiological consequences of nasal obstruction.
In particular, there is justified concern that pronounced nasal
congestion may reduce oxygen intake and cause tissue hy-
poxia in several clinical scenarios [1].

Hypoxia, defined as insufficient oxygen delivery to tis-
sues, is a key pathophysiological factor in many diseases and
may arise as a consequence of impaired breathing. Obstruc-
tive sleep apnea (OSA) illustrates how elevated upper airway
resistance and airway collapse produce intermittent noctur-
nal hypoxemia, contributing to cardiovascular and cognitive
comorbidities. Nasal obstruction is a modifiable factor that
can exacerbate OSA severity in many patients. Epidemio-
logical data show that habitual nighttime nasal congestion is
associated with higher rates of snoring and OSA. In a popu-
lation-based cohort study, individuals with persistent severe
nighttime congestion had approximately a threefold higher
likelihood of habitual snoring compared with those without
congestion. OSA itself is highly prevalent (approximately
1 billion people worldwide), and its hallmark — recurrent hy-
poxemia — underlies many of its systemic consequences [2].

The purpose of this review is to analyze the relation-
ship between nasal congestion and hypoxia. We examine
the mechanisms through which nasal obstruction can reduce
oxygenation — both systemically (hypoxemia) and locally
(mucosal hypoxia) — along with clinical contexts in which
this association is most significant. Particular attention is paid
to the impact of nasal versus oral breathing on gas exchange,
the role of nasal congestion in sleep-disordered breathing and
intermittent hypoxia, the vulnerability of infants and chil-
dren who rely on nasal respiration, and the potential benefits
of relieving nasal obstruction for hypoxia-related outcomes.
Synthesizing current evidence may help clinicians view nasal
congestion not only as a local symptom but also as a factor
with broader physiological implications.

Physiology of Nasal Breathing and Oxygenation

Under normal circumstances, humans predominant-
ly breathe through the nose, and nasal airflow serves sev-
eral essential physiological functions. The nasal passages
warm, humidify, and filter inspired air, and they are a major
source of nitric oxide (NO) produced in the paranasal sinuses.
NO enters the lower airways during nasal inhalation and acts as
an “aerocrine” mediator that enhances pulmonary oxygen up-
take and reduces pulmonary vascular resistance. Experimental
studies demonstrate that nasal breathing improves arterial oxy-
genation compared with oral breathing. Lundberg et al. showed
that in healthy adults, transcutaneous oxygen tension (tcPO,)
was approximately 10% higher during nasal breathing, likely
due to inhalation of endogenous NO and more favorable air-
flow distribution. In mechanically ventilated patients deprived
of nasal airflow, reintroduction of NO-rich nasal air increased
arterial oxygen tension (PaO,) by 18% and reduced pulmonary
vascular resistance by 11%, underscoring the direct contribution
of nasal-derived NO to gas-exchange efficiency [3].

A second important aspect is airway resistance. While
the nasal airway creates resistance, it supports physiologi-
cally optimal airflow patterns. During wakefulness, the dif-
ference in resistance between nasal and oral breathing may be
modest, but the difference becomes pronounced during sleep.

In the classical study by Fitzpatrick et al., healthy volunteers
were evaluated during sleep under forced oral versus nasal
breathing. Oral breathing produced substantially higher upper
airway resistance (median ~12.4 cm H,O-L's™") compared
with nasal breathing (~5.2 cm H,O-L™"s™") during stage 2
sleep. The greater collapsibility of the oropharynx with
an open mouth accounted for most of this difference. The ap-
nea—hypopnea index (AHI) was almost negligible during na-
sal breathing (~1.5 events/h) but reached pathological val-
ues during forced oral breathing (~43 events/h). This clearly
demonstrated the mechanical advantage of nasal breathing
in maintaining upper airway stability during sleep. Nasal
breathing promotes physiologic jaw and tongue positioning
(tongue against the palate), whereas mouth breathing causes
posterior displacement of the tongue and airway narrowing.
Thus, adequate nasal patency is crucial for stable nocturnal
respiration without episodes of apnea and hypopnea [4].

In summary, the nasal passages play a central role in re-
spiratory physiology by improving oxygenation (via NO-me-
diated effects on pulmonary hemodynamics) and stabilizing
the upper airway. When nasal breathing is impaired, these
advantages are lost. The next sections discuss how nasal con-
gestion — by inducing mouth breathing or increasing resis-
tance — can lead to measurable reductions in oxygenation.

Effects of Nasal Obstruction on Oxygenation and Breathing

Severe nasal obstruction (pronounced congestion or com-
plete blockage) disrupts normal breathing mechanics. A fre-
quent and immediate consequence is a shift to mouth breath-
ing, which, as noted above, reduces ventilation efficiency and
upper airway stability during sleep. Additionally, nasal ob-
struction may alter breathing parameters during wakefulness.
Increased total airway resistance elevates the work of breath-
ing, promoting hypoventilation: breathing becomes more shal-
low and less effective. As a result, blood oxygen levels (hy-
poxemia) may decrease, and PaCO, may rise (hypercapnia)
if minute ventilation cannot be adequately maintained [5].

Clinical studies demonstrate the effect of acute and
chronic nasal obstruction on gas exchange. In patients with
long-standing nasal obstruction (septal deviation, polyposis,
turbinate hypertrophy), baseline PaO, may be moderately
reduced (“latent” hypoxemia) even in the absence of pul-
monary disease. Sobh et al. evaluated 59 adults undergoing
surgery for nasal obstruction (mostly septoplasty or polyp-
ectomy) and assessed arterial blood gases before and after
surgery. Preoperatively, some patients exhibited low-normal
Pa0, and SpO,. When postoperative nasal packing complete-
ly blocked nasal airflow, PaO, and SpO, decreased further,
accompanied by a mild drop in pH (suggesting slight hyper-
capnia). After removal of the nasal packing (restored nasal
breathing), oxygenation improved and exceeded preoperative
levels. This reversible experiment directly demonstrates that
nasal obstruction can induce hypoxemia, likely through hy-
poventilation and ventilation—perfusion mismatch.

Earlier studies reported similar findings. Ogretmenoglu
et al. showed that bilateral nasal packing in postoperative
patients significantly reduced nocturnal oxygen saturation,
whereas nasal airway tubes mitigated desaturation. Cassisi
et al. (1971) showed that posterior nasal packing for epistaxis
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significantly decreased PaO, in adults, with minimal chang-
es in PaCO,; hypoxemia resolved after removal of packing.
Proposed mechanisms include reflex pathways (e.g., the “na-
sopulmonary reflex,” reducing respiratory drive) and me-
chanical factors (mouth breathing with increased pharyngeal
collapsibility). The resulting cascade is: nasal blockage —
mouth breathing + reflex hypoventilation — ventilation—per-
fusion mismatch — hypoxemia [6, 7].

Local mucosal hypoxia of the nasal and sinus tissues
is also significant. When sinus ventilation is impaired
(as in chronic rhinosinusitis with polyps), oxygen tension in
the sinus cavities decreases. Such hypoxia promotes inflam-
mation by stabilizing hypoxia-inducible factor-1o (HIF-1a)
and upregulating pro-inflammatory gene expression. The
review by Zhong et al. (2022) highlights that hypoxic con-
ditions in chronically inflamed sinonasal mucosa worsen
epithelial dysfunction and polyp growth, creating a vicious
cycle: obstruction — hypoxia — inflammation — further ob-
struction [8].

Individual variability should be noted. In a small study
by Taasan et al., healthy volunteers underwent complete na-
sal occlusion during sleep assessment. Despite severe dis-
comfort and forced oral breathing, some subjects did not
exhibit significant desaturations. The authors suggested that
young healthy adults can compensate effectively over short
periods via oral breathing, and the small sample size (N=7)
limits generalizability. Thus, short-term nasal obstruction in
healthy subjects may be well tolerated, whereas patients with
comorbidities or prolonged sleep are more prone to develop-
ing hypoxemia. Overall, the available evidence indicates that
pronounced bilateral nasal obstruction adversely affects ox-
ygenation, particularly during sleep or sedation, when com-
pensatory mechanisms are diminished [9].

Nasal Congestion in Sleep-Disordered Breathing
and Intermittent Hypoxia

The strongest link between nasal congestion and hypox-
ia is observed in sleep-disordered breathing — snoring and
OSA. During sleep, muscle relaxation and the supine position
predispose the airway to collapse; increased nasal resistance
due to congestion further exacerbates this risk by promoting
mouth breathing and upper airway instability.

Epidemiological and clinical studies confirm the associ-
ation between reduced nasal patency and OSA. In the Wis-
consin Sleep Cohort, individuals with chronic nighttime nasal
congestion (“often” or “always”) had a significantly high-
er risk of habitual snoring and probable undiagnosed OSA.
A longitudinal analysis showed that subjects with severe
nighttime congestion were nearly three times more likely
to develop habitual snoring over five years. Allergic rhini-
tis — a common cause of chronic congestion — is associ-
ated with at least a twofold increase in OSA risk, primarily
due to increased nasal resistance and mouth breathing during
sleep. Chirakalwasan et al. showed that effective treatment
of allergic rhinitis can moderately reduce OSA severity, un-
derscoring the contributory role of nasal obstruction [10-12].

The mechanistic link is clear: nasal obstruction increases
airway resistance and forces mouth breathing, which — as
shown earlier — substantially increases the risk of obstruc-

tive events. Additionally, nasal obstruction reduces afferent
stimulation from nasal airflow receptors that help maintain
respiratory drive, potentially lowering ventilation during
sleep transitions. Experiments with artificial nasal occlusion
provide compelling evidence. Metes et al. demonstrated that
nasal occlusion in healthy individuals induced snoring and
apnea that were not present during normal nasal breathing.
In patients with OSA, Lan et al. (2021) found that those with
narrower or more resistant nasal passages spent more time
in nocturnal hypoxemia, concluding that nasal obstruction is
an “important factor” contributing to hypoxemia in moder-
ate-to-severe OSA [11].

Intermittent hypoxia drives sympathetic activation, oxi-
dative stress, inflammation, hypertension, cardiovascular dis-
ease, and cognitive decline. A newer metric — the hypoxic
burden (area under the curve of oxygen desaturations during
sleep) — has been shown to be a stronger predictor of cogni-
tive impairment and cardiovascular outcomes than AHI alone.
Huang et al. demonstrated that in OSA patients, higher hy-
poxic burden was associated with a significantly greater risk
of mild cognitive impairment at comparable AHI values. This
suggests that any factor worsening desaturation (including
nasal congestion) may accelerate cognitive decline [13-16].

Improving nasal airflow can reduce OSA severity or im-
prove disease control. Randomized trials show that intranasal
corticosteroids in allergic rhinitis patients with OSA reduce
AHI by 30-40% and improve subjective sleep quality and
daytime alertness. Nasal surgery (septoplasty, turbinate re-
duction, polypectomy) often improves CPAP tolerance and
may decrease apnea frequency in selected patients. Although
nasal surgery rarely cures OSA, it provides clinically mean-
ingful benefits, especially by improving CPAP adherence.
McNicholas emphasized that variable obstruction (such as
nighttime congestion or positional effects) may play a more
important role in OSA physiology than fixed anatomical nar-
rowing [13-16].

Oxidative stress is also relevant. Passali et al. (2025) re-
ported elevated oxidative stress biomarkers in patients with
isolated nasal obstruction (AHI <5) at levels comparable
to those in OSA patients. This indicates that impaired nasal
airflow alone may initiate systemic oxidative—inflammatory
responses, supporting a continuum: isolated obstruction —
snoring — OSA, united by hypoxia-reoxygenation cycles [15].

Thus, nasal congestion is both a risk factor for sleep-relat-
ed hypoxemia and an exacerbating component in established
OSA. Patients with chronic congestion and sleep symptoms
should be evaluated for sleep-disordered breathing, and nasal
pathology should be considered a treatment target to improve
oxygenation, cognitive function, daytime alertness, and car-
diovascular outcomes.

Special Populations: Pediatric Patients and the Impact
of Nasal Obstruction

Infants and young children

Infants are particularly vulnerable to the consequenc-
es of nasal congestion. Newborns are predominantly nasal
breathers in the first months of life. Due to anatomical and
reflex factors, they have limited ability to switch effectively
to oral breathing, especially during feeding. Even moderate
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nasal obstruction can lead to respiratory distress, feeding dif-
ficulties, and hypoxic episodes. Trabalon and Schaal showed
that forced oral breathing due to nasal obstruction signifi-
cantly affects neonatal systemic adaptation and behavior.
The clinical relevance is evident in bilateral choanal atre-
sia — a congenital blockage of the posterior nasal airway.
Affected infants are cyanotic and hypoxic at rest but improve
during crying (temporary oral airflow), highlighting the criti-
cal role of nasal breathing for oxygenation in early life. Even
less severe congestion (e.g., neonatal rhinitis or residual milk
in the nasopharynx) may cause desaturation or apnea. There-
fore, nasal hygiene (saline irrigation and secretion removal)
is routinely recommended to prevent respiratory and hypoxic
episodes in infants. Maintaining nasal patency during this
period is essential to prevent hypoxemia and its consequenc-
es, including inadequate weight gain, impaired growth, and
a theoretical contribution to sudden infant death risk in ex-
treme cases [17].

Older children and adolescents

In preschool and school-aged children, chronic nasal
obstruction is most commonly due to adenoid hypertrophy
and/or allergic rhinitis. Such children often become chronic
mouth breathers. Mouth breathing in childhood is associat-
ed with craniofacial abnormalities (long face, high-arched
palate), sleep disturbances, and cognitive and behavioral im-
pairments. Pediatric sleep-disordered breathing (often due
to adenotonsillar hypertrophy) leads to intermittent hypox-
ia that adversely affects neurocognitive development and
growth hormone secretion. Untreated pediatric OSA is as-
sociated with deficits in memory, attention, academic perfor-
mance, and behavioral issues resembling ADHD. Even mild-
er forms — primary snoring with mouth breathing — can
negatively affect daytime function. In a cross-sectional study
by Kuroishi et al., children with “mouth breathing syndrome’
performed significantly worse on tests of working memory,
reading comprehension, and arithmetic skills compared with
nasal breathers [18].

Nocturnal hypoxemia is common in mouth-breathing
children, even without full OSA. Allergic inflammation fur-
ther disrupts sleep architecture. Parents frequently report
snoring, noisy breathing, daytime sleepiness, and inattention.
Many symptoms improve after adenotonsillectomy or effec-
tive allergy treatment [19].

Growth is another important aspect. Chronic hypoxemia
from sleep-disordered breathing may suppress nocturnal
growth hormone secretion. “Catch-up” growth is frequently
observed after adenotonsillectomy. Similarly, restoring nasal
patency may support adequate oxygenation required for op-
timal growth. Some observational studies show that treating
allergic rhinitis improves not only sleep but also weight gain
and growth metrics in children, likely by reducing breathing
effort and hypoxic stress during sleep.

In adolescents, mouth breathing may persist and con-
tribute to reduced tongue strength, impaired oral function,
and lower cognitive performance. Masutomi et al. (2024)
showed that adolescents who mouth breathe have reduced
oral musculature performance and poorer cognitive scores
compared with nasal breathers. Residual snoring or mild

>

OSA is often present. Restoring nasal airflow — medical-
ly or orthodontically — remains important even at this
age [19].

Thus, pediatric populations vividly demonstrate that nasal
congestion can lead to hypoxia-associated problems, from
acute respiratory compromise in infants to cognitive and
growth impairments in older children. Early identification
and treatment of nasal obstruction (medical, surgical, ortho-
dontic) are essential to prevent these adverse outcomes.

Therapeutic Perspectives: Reducing Hypoxia
by Relieving Nasal Obstruction

Given the evidence that nasal congestion contributes
to hypoxemia and reduces ventilation efficiency, it is reason-
able to assume that correcting obstruction may provide ben-
efits beyond symptom relief — improving oxygenation and
clinical outcomes. Therapeutic approaches include medical
and surgical treatments, often combined.

Medical therapy targets reversible causes of congestion.
In allergic rhinitis, intranasal corticosteroids are first-line
agents; they reduce mucosal inflammation and edema. Im-
proved nasal airway patency decreases mouth breathing and
snoring. As noted above, randomized trials in children and
adults with combined allergic rhinitis and OSA have shown
that intranasal steroids produce moderate reductions in AHI
and significant improvements in sleep quality and daytime
alertness. Adjunctive therapies include antihistamines (for
allergy), anticholinergic nasal sprays (for vasomotor rhini-
tis), and isotonic saline irrigations. Short-acting topical de-
congestants (oxymetazoline and others) provide rapid relief
in acute rhinitis or during CPAP titration in congested pa-
tients but are limited by the risk of rhinitis medicamentosa.
In OSA patients with pronounced nasal congestion, combin-
ing intranasal steroids with a decongestant improves CPAP
tolerance and adherence — an important practical consid-
eration, as optimizing nasal airflow helps disrupt the cycle
of “nasal obstruction — CPAP intolerance — persistent hy-
poxia” [20].

Surgical interventions are indicated in structural abnor-
malities and chronic rhinosinusitis unresponsive to med-
ical therapy. Septoplasty (often with turbinate reduction)
significantly improves nasal airflow. Several studies report
improvements in pulmonary function and oxygenation
in patients with preexisting nasal obstruction following sep-
toplasty. In one observational study, patients with septal devi-
ation and snoring experienced improved minimum nocturnal
oxygen saturation and reduced apnea frequency one month
postoperatively. Endoscopic sinus surgery and polypectomy
also relieve congestion and reduce local hypoxic inflamma-
tory stimuli. Although nasal surgery alone rarely cures OSA,
some patients — particularly those with mild disease where
nasal obstruction is the major contributor — achieve clinical-
ly significant improvements. Most patients benefit indirectly
through improved CPAP adherence.

New devices and technologies reflect the importance
of nasal airflow. Nasal expiratory positive airway pressure
(EPAP) devices are used for snoring and mild OSA and rely
on nasal patency to generate positive pressure on exhalation.
Their efficacy depends directly on unobstructed nasal passag-
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es. High-flow nasal oxygen therapy, widely used in hospitals,
also requires preserved nasal flow and can prevent hypox-
emia in partial upper airway obstruction [20].

From a preventive standpoint, especially in pediatrics,
early treatment of allergic rhinitis and timely adenoidectomy
(when indicated) prevent long-term consequences of chron-
ic hypoxia. Orthodontic interventions (e.g., rapid maxillary
expansion) are used in children with high-arched palates and
nasal narrowing to increase nasal cavity volume, which may
improve nocturnal breathing and oxygenation.

Thus, targeted correction of nasal congestion should be
considered part of the therapeutic strategy for patients with
hypoxemia or sleep-disordered breathing secondary to nasal
obstruction. In OSA, clinicians should maintain a low thresh-
old for active nasal treatment: simple measures (daily intrana-
sal steroids, allergen control) can reduce apnea frequency and
increase minimum saturation levels. For structural obstruc-
tion, timely surgical correction is indicated — not only for
subjective comfort, but also to reduce the contribution to sys-
temic hypoxia. Relieving nasal congestion may improve cog-
nitive function, daytime alertness, and blood pressure control
by reducing intermittent hypoxia and sympathetic activation.

Conclusion

Nasal congestion and hypoxia are closely interconnected:
reduced nasal patency increases airway resistance, promotes
mouth breathing, and raises the likelihood of upper airway
collapse during sleep, leading to intermittent hypoxia, sym-
pathetic activation, and oxidative stress. Infants and children
are especially vulnerable, as even moderate obstruction may
cause desaturation, sleep disruption, cognitive impairment,
and growth disturbances. Clinical evidence shows that med-
ical and surgical correction of nasal obstruction improves ox-
ygenation, reduces apnea frequency, and enhances sleep qual-
ity, although the effect depends on the severity of obstruction,
anatomical factors, and comorbid conditions. Gaps remain
in defining threshold levels of nasal resistance that produce
clinically significant hypoxia and in evaluating the long-term
impact of treating chronic nasal congestion on OSA risk and
cardiovascular outcomes.
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NATODUN3NONOIrNA ObCTPYKTUBHOIO AMNMHOS CHA
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SUMMARY

Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder characterized by recurrent epi-
sodes of upper airway obstruction leading fo apnea and hypopnea. A combination of anatomical and func-
tional factors contributes to the development of OSA: narrowing of the upper airway (e.g., due to obesity
or craniofacial features), reduced tone of pharyngeal dilator muscles during sleep, increased ventilatory drive
(ventilatory control instability, high loop gain), and a low arousal threshold. These factors promote pharyngeal
collapse during sleep with episodes of hypoxia and arousals. Recurrent intermittent hypoxia and sleep frag-
mentation trigger a cascade of reactions — sympathetic activation, oxidative stress, systemic inflammation,
endothelial dysfunction — which underlie cardiovascular complications (hypertension, atherosclerosis, arrhyth-
mias), metabolic disturbances (insulin resistance, appetite-related hormonal imbalance), and neurocognitive
consequences (dayfime sleepiness, cognitive dysfunction).

KEYWORDS: obstructive sleep apnea, pathophysiology, intermittent hypoxia, cardiovascular complications, met-
abolic disorders.
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NMATO®PU3NOJIOINNA OBCTPYKTUBHOIO AITHOS CHA

CoaHomoB A.b., TumpsasaHckuin A.C., Omaposa " A., Axabpauaosa Y.A.,
HypAy6aesa 1O.A.

PrAQY BO «PoccUMCKMM HALMOHAAbHBIM MCCAEAOBATEABCKMK MEANLMHCKMIN YHUBEDCUTET
um. H.U. Tinporosay MMHUCTEPCTBA 3APABOOXPAHEHMS Poccumnckom Peaepanmmn, Mocksa, Poccusg

PE3IOME

O6crpykTrBHoe anHoa cHa (OAC) — pacrpoCTPaHEHHOE PACCTPOMCTBO AbIXAHMWS BO CHE, XAPAKTEPM3YIOLLIE-
€C$ MOBTOPSIOLLMMMCS IMM30AAMM OOCTPYKLIMM BEPXHUX AbIXATEAbHBIX MyTEH, MPUBOAILLIMMM K QMHOD M MMOr-
HO3. B pazsutim OAC yyacTByeT COYETaHNE AHATOMMYECKMX U CDYHKLIMOHAABHBIX DAKTOPOB: CY>XKEHME BEPXHMX
ABIXQTEABHbIX MyTEHM (HAMPUMEP, M3-30 OXMPEHMS, KPAHMOGOALMAAbHBIX OCOBEHHOCTEN), CHMXEHME TOHYCa
MBILLILI-TAOTOYHBIX AMAQTATOPOB BO CHE, MOBbILLEHHAS BO3OYAMMOCTb ABIXATEABHOIO LIEHTPA (HECTABUABHOCTb BEH-
TUASLIMOHHOIO KOHTPOAS, BbICOKMM |00 gain) v HU3KME NOpor Npoby>XAeHMs. DT goaKTOPbI CTIOCOOCTBYIOT KOA-
AQICY FAOTKM BO CHE C 3MM30AAMM TMIOKCHM U MPOBYKAEHMIMM. [TOBTOPSIOLLLASCST MHTEPMUTTUPYIOLLLAS TMITOKCHS
U COPArMeHTaLMS CHA 3AryCKAOT KACKAA PEAKLMHA — CUMIATUYECKYIO AKTUBALMIO, OKCUMAQTUBHBIM CTPECC, CHh-
CTEMHOE BOCMAAEHME, DHAOTEAMAABHYIO AMCCDYHKLMIO — 4TO AEXKUT B OCHOBE CEPAEYHO-COCYAMCTBIX OCAOXKHE-
HUM (TMNepPTOHMS, ATEPOCKAEPO3, APUTMMM), METABOAMYECKUX HAPYLUEHMH (MHCYAMHOPE3UCTEHTHOCTL, AMCOQ-
AQHC FOPMOHOB QNNeTUTA) M HEMPOKOTHUTUBHBIX MOCAEACTBMI (AHEBHAS COHAMBOCTb, KOTHMUTMBHBIE HOPYLLIEHMS).

KAKO4YEBBIE CAOBA: 0BCTPYKTHMBHOE AMHO3 CHA; NATOOU3IMOAOTUS; MHTEPMUTTUPYIOLLLOS TMMNOKCKS; CEPAEYHO-CO-
CYAUCTbIE OCAOXKHEHUS; METABOANYECKME HOPYLLIEHMS.

KOH®PAUKT UHTEPECOB. ABTOPbI 3ASBASIOT OO OTCYTCTBMM KOHCDAMKTA MHTEPECOB.

Introduction moderate to severe disease. The prevalence of OSA increases

Obstructive sleep apnea (OSA) is a syndrome in which ~ with age and is more frequent in men than in women (ratio

recurrent partial or complete closure of the upper airway oc-  approximately 2:1). The main risk factor is obesity: exces-
curs during sleep, leading to cessation or reduction of pul-  sive fat deposition in the neck and pharyngeal region leads to
monary ventilation (apneas and hypopneas). These episodes  airway narrowing, so the rise in body mass index correlates
cause a drop in blood oxygen saturation and activate stress  strongly with OSA risk. Other predisposing factors include
responses, often culminating in brief awakenings (arous- neck circumference (>43 cm in men and >38 cm in women),
als). Epidemiological studies indicate that OSA is extreme- craniofacial structural anomalies (micrognathia, retrognathia,
ly common: globally, approximately 1 billion people aged  narrow maxilla), tonsillar hypertrophy (especially important
30-69 years are affected, with around 425 million having  in childhood), chronic nasal obstruction, smoking, and meno-
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pause in women. Family history and certain neurological dis-
orders (neuropathies) may contribute to OSA by impairing
the function of pharyngeal dilator muscles. Thus, OSA is a
multifactorial condition arising at the intersection of anatom-
ical predisposition and functional disturbances of respiratory
regulation during sleep [1, 2].

The clinical manifestations of OSA — snoring, choking
episodes during sleep, daytime sleepiness, fatigue, impaired
concentration — are nonspecific; therefore, diagnosis re-
quires instrumental verification (overnight polysomnogra-
phy or respiratory monitoring. The importance of timely
detection of OSA is dictated not only by its impact on qual-
ity of life but also by its long-term consequences. Repeat-
ed episodes of hypoxemia and arousals initiate a cascade
of pathophysiological reactions leading to target-organ
damage. OSA is considered an independent risk factor for
a wide range of conditions — arterial hypertension, coro-
nary artery disease, stroke, cardiac arrhythmias, heart fail-
ure, type 2 diabetes, nonalcoholic fatty liver disease, cog-
nitive and behavioral disorders. Although epidemiological
data convincingly demonstrate an increased risk of these
disorders in OSA, whether treatment of OSA (e.g., CPAP
therapy) reduces the incidence of cardiovascular events
remains a matter of debate. This review presents current
concepts of OSA pathogenesis and the systemic alterations
caused by this condition, taking into account the strength of
the available evidence. Particular attention is given to fac-
tors determining airway collapse during sleep and to the
pathophysiological mechanisms underlying cardiovascular
and metabolic complications in OSA [3].

Pathophysiological Mechanisms of OSA Development
Current concepts of OSA pathogenesis identify four
major interrelated mechanisms: anatomical susceptibility
to upper airway collapse, insufficient activity of pharyngeal
dilator muscles, instability of ventilatory control, and abnor-
mally low arousal threshold. Each of these factors contributes
to sleep-related apnea in different patients to varying degrees.

Anatomical factors

Anatomical narrowing and increased compliance
of the pharyngeal walls form the substrate for airway ob-
struction during sleep. While awake, pharyngeal muscle
tone maintains airway patency; however, during sleep mus-
cle tone falls, and in individuals with a narrow airway this
leads to pharyngeal collapse — especially during inspiration
due to negative intraluminal pressure. Patients with OSA fre-
quently exhibit excessive fat deposition in the neck and pha-
ryngeal regions associated with obesity, which mechanically
narrows the airway and increases its collapsibility. In addi-
tion to obesity, anatomical contributors include craniofacial
features — low hyoid position, retrognathia and micrognath-
ia, narrow maxilla — as well as hypertrophy of the palatine
tonsils and adenoids (particularly in children). These factors
reduce the upper airway lumen and increase the likelihood
of'its closure during sleep.

Pharyngeal collapsibility is quantitatively described by
the critical closing pressure (Pcrit): in healthy individuals,
Pcrit is usually negative (< -5 cm H,0), whereas in OSA

it is often elevated to around 0 cm H,O or even positive.
In one study, average Pcrit in patients with severe OSA was —
0.3 cm H,O compared with — 6.2 cm H,O in healthy sub-
jects. Notably, about 20% of patients with severe OSA had
relatively non-collapsible airways (Pcrit — 2 to — 5 cm H,0,
i.e., near normal), and other pathophysiological abnormalities
compensated for their limited anatomical impairment. Thus,
anatomical predisposition is important but not the sole com-
ponent of OSA pathogenesis [5, 6].

Neuromuscular factors

Maintenance of pharyngeal patency relies heavily on re-
flex activation of its dilator muscles. Normally, a decrease
in airway pressure during inspiration elicits rapid reflex con-
traction of pharyngeal muscles (e.g., the genioglossus), coun-
teracting collapse. In OSA, this compensatory response is
often insufficient: dilator muscle activity during sleep fails to
increase adequately in response to dropping pressure. Studies
reveal that approximately 30—40% of OSA patients demon-
strate markedly weakened or delayed genioglossus respons-
es to negative pressure. One possible cause is neuropathy
of pharyngeal mechanoreceptors from repeated traumatic
collapses, reducing sensitivity and impairing the reflex arc.
Additionally, chronic neuromuscular alterations (e.g., my-
opathy in obesity or age-related sarcopenia of pharyngeal
muscles) may reduce airway functional performance. Con-
sequently, some patients fail to generate sufficient increases
in pharyngeal muscle tone during inspiration, promoting re-
current obstruction [7].

Ventilatory control instability

In some patients, OSA is significantly influenced by dys-
regulated central respiratory control — enhanced chemo-
sensitivity leading to ventilatory instability. Normally, CO,
accumulation after a hypopnea/apnea stimulates the respira-
tory center, restoring ventilation. However, when loop gain
is high — reflecting an amplified ventilatory response — re-
covery becomes excessive: hyperventilation ensues, lower-
ing CO, below baseline, which reduces respiratory drive and
precipitates another apnea. This vicious cycle of hyperventi-
lation—hypoventilation underlies periodic breathing. Elevated
loop gain is observed in roughly one-third of OSA patients.
In the aforementioned group of individuals with relative-
ly non-collapsible airways, severe apnea was attributable
to high loop gain: their respiratory center sensitivity to CO,
was nearly twice that of patients with more pronounced ana-
tomical defects. Ventilatory instability prolongs and increases
the frequency of apneas, especially when combined with a
low arousal threshold (see below). Therapeutically reducing
loop gain (e.g., via oxygen therapy or acetazolamide) has
lowered apnea severity in experimental settings, confirming
this mechanism’s relevance [7].

Low arousal threshold

Abnormalities in arousal processes also contribute to OSA
pathogenesis. Some patients exhibit an excessively low
arousal threshold: even minimal increases in breathing ef-
fort or slight hypoxia trigger awakening. On one hand, early
arousal may limit apnea duration and the depth of desatura-
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tion. On the other hand, frequent sleep interruptions exac-
erbate sleep fragmentation and sympathetic activation, sus-
taining a vicious cycle. Physiological studies indicate that
roughly 30-40% of OSA patients have a pathologically low
arousal threshold, contributing to chronic instability of sleep
and breathing. The opposite scenario — an excessively high
arousal threshold — occurs less commonly but may cause
prolonged apneas with severe hypoxemia because the pa-
tient fails to awaken in time. Achieving an optimal balance
of arousal reactivity is important for stabilizing sleep-related
breathing. Pharmacological modulation of the arousal thresh-
old (e.g., with non-benzodiazepine hypnotics to moderately
increase it) has shown initial promise in reducing the apnea—
hypopnea index in pilot studies [8].

Systemic Consequences and Complications of OSA

Recurrent hypoxic episodes and arousals in OSA initi-
ate a complex array of pathological changes across multiple
organs and systems. Below are the most significant conse-
quences from a pathophysiological perspective and based on
the available evidence.

Cardiovascular abnormalities

OSA is recognized as an independent risk factor for car-
diovascular disease. Intermittent nocturnal hypoxia, fluctua-
tions in intrathoracic pressure, and arousals activate the sym-
pathetic nervous system and systemic inflammation, resulting
over time in endothelial dysfunction, hypercoagulability, and
atherogenesis. Chronic OSA is associated with the develop-
ment of arterial hypertension, coronary artery disease, heart
failure, stroke, and cardiac arrhythmias (particularly atrial
fibrillation). In a major 10-year prospective study, untreat-
ed severe OSA significantly increased the risk of stroke and
heart failure, independent of other risk factors. Meta-anal-
yses of population studies also confirm that OSA is asso-
ciated with a 20-30% increase in relative risk of fatal and
nonfatal cardiovascular events. Chronic nocturnal hypoxemia
is believed to play a central role by inducing inflammatory
cytokine release, endothelial dysfunction, and accelerated
atherosclerosis. Moreover, abrupt sympathetic surges during
arousals lead to transient blood pressure spikes, fostering
myocardial hypertrophy and vascular remodeling. Thus,
OSA-related pathophysiological effects create strong pre-
conditions for cardiovascular damage [9].

A substantial body of clinical data supports the asso-
ciation of OSA with cardiovascular disease. Observation-
al studies show that patients with severe OSA exhibit in-
creased prevalence and incidence of hypertension and other
cardiac disorders compared with individuals without sleep
apnea. Furthermore, treatment of OSA can improve certain
surrogate markers: for example, CPAP typically reduces
elevated blood pressure by 2-3 mmHg on average. How-
ever, results of large randomized controlled trials with hard
endpoints have been less definitive. The SAVE trial (nearly
2700 patients) found no reduction in cardiovascular events
(myocardial infarction, stroke) when CPAP was added to
standard therapy in patients with cardiovascular disease
and comorbid OSA. Limited adherence to CPAP and pre-
existing subclinical yet irreversible cardiovascular injury

may have reduced intervention efficacy. Nonetheless, a me-
ta-analysis using individual patient data demonstrated that
patients with good CPAP adherence experience reduced risk
of stroke and other complications compared with untreated
individuals. Mandibular advancement devices and hypo-
glossal nerve stimulation used to treat OSA have also been
linked to improvements in certain cardiovascular risk mark-
ers (e.g., heart rate variability, nocturnal blood pressure).
Thus, while OSA is clearly associated with cardiovascular
abnormalities, whether active treatment prevents major car-
diovascular events remains an active area of research and
expert discussion [8].

Metabolic effects

Obstructive sleep apnea is closely linked to obesity and
components of the metabolic syndrome. More than 70% of
OSA patients are overweight or obese, and apnea episodes
themselves contribute to further weight gain through hor-
monal and metabolic shifts. Nocturnal hypoxia and sleep
fragmentation activate stress pathways, promote insulin
resistance, and impair glucose tolerance. Population-based
studies show that moderate to severe OSA is associated with
a 30-40% increased risk of developing type 2 diabetes over
approximately 10 years of follow-up. This relationship per-
sists even after adjusting for BMI, indicating an independent
contribution of OSA to glucose dysregulation. Pathophysio-
logically, intermittent hypoxemia in OSA induces pro-oxidant
and pro-inflammatory pathways (e.g., increasing expression
of HIF-1a and NF-«xB), driving systemic inflammation and
dysfunction of white adipose tissue. As a result, insulin re-
sistance develops, fasting insulin and glucose levels rise, and
metabolic homeostasis is disrupted.

Chronic sleep loss and sympathetic activation also dis-
turb leptin and ghrelin signaling — key appetite-related
hormones — promoting overeating and further weight gain.
Thus, a vicious cycle forms: OSA worsens metabolic distur-
bances, which in turn exacerbate apnea severity. Treatment
can partially improve metabolic markers. In several studies,
CPAP use reduced HbA Ic levels in patients with diabetes,
although findings across trials are inconsistent. Weight reduc-
tion remains the most effective intervention for breaking the
OSA-metabolic syndrome connection. Intensive weight-loss
programs or bariatric surgery have been shown to substantial-
ly reduce OSA severity (>50% reduction in apnea—hypopnea
index) while simultaneously improving insulin sensitivity
and lipid profiles. This underscores the pivotal role of obesi-
ty as the shared pathophysiological mechanism linking OSA
and metabolic disorders [10—12].

Neurocognitive and other consequences

OSA adversely affects central nervous system function.
Chronic sleep fragmentation reduces slow-wave and REM
sleep, manifesting as daytime sleepiness, impaired attention,
memory deficits, and increased fatigue. Intermittent hypoxia
damages neurons via oxidative stress and activation of pro-
grammed cell death. Patients with severe OSA demonstrate
reduced gray matter volume in the hippocampus and prefron-
tal cortex, correlating with cognitive impairment. Clinically,
this appears as deficits in executive function and increased
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depressive and anxiety symptoms. OSA also significantly in-
creases the risk of motor vehicle accidents due to daytime
sleepiness — by 2-2.5 times according to meta-analyses.
Treatment that improves sleep quality typically enhances
cognitive performance and reduces daytime sleepiness, al-
though some individuals retain residual deficits despite ade-
quate CPAP therapy.

Another critical aspect is the relationship between OSA
and stroke. In addition to raising stroke risk, OSA also wors-
ens post-stroke recovery. Hypoxemic episodes aggravate
ischemic brain injury and slow neuroplasticity. Therefore,
screening and treatment for OSA are considered essential el-
ements of stroke rehabilitation [13—15].

OSA also affects other organs and systems. Chronic in-
termittent hypoxia may impair kidney function, contributing
to the progression of chronic kidney disease and refractory
hypertension. Patients with severe OSA more frequently ex-
hibit erectile dysfunction and decreased testosterone levels,
attributed to hypoxemia and sleep fragmentation. A possible
association between OSA and cancer risk has been proposed:
some observational studies report higher cancer-related mor-
tality in individuals with pronounced nocturnal hypoxemia.
Intermittent hypoxia may stimulate angiogenesis and tumor
progression, but current evidence remains inconsistent and
insufficient for definitive conclusions. Additionally, OSA
worsens the course of chronic diseases — e.g., type 2 dia-
betes, chronic obstructive pulmonary disease (the “overlap
syndrome”), and obesity hypoventilation syndrome (Pick-
wick syndrome). The coexistence of OSA and COPD leads
to higher rates of pulmonary hypertension and respiratory
failure, making recognition and treatment of OSA crucial in
such patients [14].

Prospects for Personalized Therapy

Modern understanding of OSA pathophysiology creates
opportunities for personalized treatment approaches. CPAP
remains the standard therapy, effectively reducing apnea se-
verity in most patients. However, tolerance to CPAP is often
limited, and some patients have residual symptoms despite
treatment. Since OSA is a heterogeneous disorder, identify-
ing the predominant pathophysiological mechanism in each
individual enables targeted alternative interventions. Distin-
guishing phenotypic “endotypes” of OSA (predominantly
anatomical, neuromuscular, ventilatory control instability, or
low arousal threshold) is important for therapy selection.

For patients in whom anatomical abnormalities predom-
inate (e.g., craniofacial anomalies or tonsillar hypertrophy),
surgical interventions can significantly improve outcomes. In
adults, uvulopalatopharyngoplasty and its modern variants,
as well as airway-expansion surgeries (e.g., mandibular ex-
pansion), are widely used. In children, adenotonsillectomy
is often the first-line treatment, relieving nasopharyngeal ob-
struction. For positional OSA, positional therapy devices that
prevent supine sleep are effective [16].

When low pharyngeal muscle activity is the primary is-
sue, hypoglossal nerve stimulation emerges as a promising
therapy. Implantable stimulators periodically activate the ge-
nioglossus during sleep to prevent airway collapse. Clinical
trials (e.g., the STAR trial) demonstrated >50% reduction in

apnea—hypopnea index in patients intolerant to CPAP. My-
ofunctional therapy — specialized exercises for the tongue
and pharyngeal muscles — can also improve muscle tone and
moderately reduce OSA severity [17].

For patients with high loop gain (ventilatory control in-
stability), approaches targeting respiratory center sensitivity
are being studied. Supplemental nocturnal oxygen can reduce
ventilatory oscillations and decrease apnea frequency in such
patients. Respiratory stimulants (e.g., acetazolamide), effec-
tive in high-altitude periodic breathing, are currently under
investigation for OSA.

Finally, in patients with excessively low arousal thresh-
olds, cautious pharmacological elevation of this threshold is
of interest. Low doses of certain hypnotics (zopiclone, eszo-
piclone) have increased sleep stability without worsening
breathing in clinical studies, allowing apnea to persist long
enough for airway patency to be restored without arousal,
thereby improving ventilation. In a pilot randomized trial,
adding eszopiclone to CPAP in patients with low arousal
threshold yielded an additional 30% reduction in apnea—hy-
popnea index compared with CPAP alone [18].

The approaches described above reflect a shift toward
personalized OSA therapy based on pathophysiological
profiling. Combinations of methods (e.g., mild sedative +
oxygen to raise arousal threshold and reduce loop gain) have
shown synergistic effects in small studies. Development
of precision-medicine algorithms is expected to enhance
treatment efficacy and overcome limitations of CPAP. Simpli-
fied diagnostic tests for OSA phenotyping (such as determin-
ing critical pressure via CPAP dial-down or testing oxygen
sensitivity) are already being proposed for clinical practice.
These tools may allow clinicians to prescribe targeted alter-
native or adjunctive therapies based on the dominant mecha-
nism of obstruction [19, 20].

Conclusion

Obstructive sleep apnea is a complex, multifactorial con-
dition affecting multiple levels of respiratory regulation —
from upper airway anatomy to neuroreflex mechanisms.
Understanding of OSA pathophysiology has advanced con-
siderably in recent years, enabling identification of pheno-
typic variants and the development of personalized treatment
strategies. OSA is associated with increased risk of cardio-
vascular, metabolic, and neurocognitive complications, al-
though the extent of these effects and their reversibility vary
according to patient characteristics and comorbidities. Mod-
ern management of OSA requires a multidisciplinary ap-
proach integrating lifestyle modification, device-based and
surgical interventions, and when necessary, pharmacological
agents targeting specific pathophysiological pathways. Large
prospective studies remain essential to clarify long-term ef-
fects of OSA treatment on the prevention of myocardial in-
farction, stroke, and other outcomes, as well as to optimize
therapeutic combinations. Nevertheless, existing evidence
underscores that recognition and treatment of OSA are cru-
cial for improving long-term prognosis and quality of life.
Ongoing research in OSA pathophysiology promises further
refinement of treatment strategies and improved patient out-

International Journal of Innovative Medicine No. 3 / 2025

comes.



References

1.

Benjafield AV, Ayas NT, Eastwood PR, et al. Estimation of the glob-
al prevalence and burden of obstructive sleep apnoea: A litera-
ture-based analysis. Lancet Respir Med. 2019;7(8):687-698. https://
doi.org/10.1016/52213-2600(19)30198-5.

Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM. In-
creased prevalence of sleep-disordered breathing in adults. Am J
Epidemiol. 2013;177(9):1006-1014. https://doi.org/10.1093/aje /kws342.
Lv Q, Liv Y, Zhang J, et al. Pathophysiological mechanisms and
therapeutic approaches in obstructive sleep apnea syndrome.
Signal Transduct Target Ther. 2023;8(1):145. https://doi.org/10.1038/
541392-023-01496-3.

Tolbert L, Ayappa I, Rapoport DM. Obstructive sleep apnea: Patho-
physiology, comorbidities, and freatment. Aust Dent J. 2024;Epub
ahead of print. https://doi.org/10.1111/ad].13060.

Pham LV, Schwartz AR. The pathogenesis of obstructive sleep ap-
nea. J Thorac Dis. 2015;7(8):1358-1372. https://doi.org/10.3978/j.
issn.2072-1439.2015.07.28.

Messineo L, Bakker JP, Cronin J, et al. Obstructive sleep apnea
and obesity: Epidemiology, pathophysiology, and effects of
weight-loss freatments. Sleep Med Rev. 2024;72:101996. https://doi.
org/10.1016/j.smrv.2023.101996.

Eckert DJ, White DP, Jordan AS, Malhotra A, Wellman A. Defining
phenotypic causes of obstructive sleep apnea: Identification of nov-
el therapeutic targets. Am J Respir Crit Care Med. 2013;188(8):996—
1004. https://doi.org/10.1164/rccm.201303-04480C.

Salman LA, Shulman R, Cohen JB. Obstructive sleep apnea, hy-
pertension, and cardiovascular risk: Epidemiology, pathophysiolo-
gy, and management. Curr Cardiol Rep. 2020;22(2):16. https://doi.
org/10.1007/s11886-020-1257-y.

Marin JM, Carrizo SJ, Vicente E, Agusti AGN. Long-term cardiovas-
cular outcomes in men with obstructive sleep apnoea-hypopnoea
with or without freatment with continuous positive airway pressure:
An observational study. Lancet. 2005;365(9464):1046-1053. https://
doi.org/10.1016/50140-6736(05)74229-X.

Cohen JB, Parthasarathy S, Javaheri S, et al. The great confrover-
sy of obstructive sleep apnea treatment for cardiovascular risk
reduction: Advancing the science through an American Thoracic

INFORMATION ABOUT THE AUTHOR

Sodnomov Dashinima Barasovich — ORCID: https://orcid.org/0009-0008-6514-7982
Timryazansky Aleksey Stanislavovich — ORCID: https://orcid.org/0009-0007-5647-9902
Omarova Gidayat Dzhabrailovna — ORCID: https://orcid.org/0009-0007-6500-8512
Dzhabrailova Umuraziyat Abdullaevna — ORCID: https://orcid.org/0009-0005-7481-2436
Nurlubaeva Yulduz Alibulatovna — ORCID: https://orcid.org/0009-0003-8461-7226

20.

Society workshop. Ann Am Thorac Soc. 2025;22(1):1-12. https://doi.
org/10.1513/AnnalsATS.202409-981ST.

McEvoy RD, Antic NA, Heeley E, et al. CPAP for prevention of
cardiovascular events in obstructive sleep apnea. N Engl J Med.
2016;375(10):919-931. https://doi.org/10.1056/NEJMoa 1606599.
Wang X, Bi Y, Zhang Q, Pan F. Obstructive sleep apnoea and the
risk of type 2 diabetes: A meta-analysis of prospective cohort stud-
ies. Respirology. 2013;18(1):140-146. https://doi.org/10.1111/.1440-
1843.2012.02267 .x.

Abbasi A, Gupta SS, Sabharwal N, Meghrajani V, Sharma S, Kam-
holz S, et al. A comprehensive review of obstructive sleep ap-
nea. Sleep Sci. 2021;14(2):142-154. https://doi.org/10.5935/1984-
0063.20200056.

Campos-Rodriguez F, Martinez-Garcia MA, Martinez M, et al.
Long-term continuous positive airway pressure treatment and
incidence of cancer in men with obstructive sleep apnea. Am J
Respir Crit Care Med. 2013;187(8):740-745. https://doi.org/10.1164/
rccm.201208-13400C.

Kendzerska T, Gershon AS, Hawker G, Leung RS, Tomlinson G. Ob-
structive sleep apnea and risk of cardiovascular events and all-
cause mortality: A decade-long historical cohort study. PLoS Med.
2014;11(2):e1001599. https://doi.org/10.1371/journal.omed.1001599.
Eckert DJ. Phenotypic approaches to obstructive sleep apnoea —
New pathways for targeted therapy. Sleep Med Rev. 2018;37:45-59.
https://doi.org/10.1016/j.smrv.2016.12.003.

McNicholas WT, Korkalainen H. Translating obstructive sleep ap-
noea pathophysiology and phenotypes to personalised treat-
ment. Front Neurol. 2023;14:1239016. https://doi.org/10.3389/fneur.
2023.1239016.

Wellman A, Malhotra A, Jordan AS, et al. Effect of oxygen in ob-
structive sleep apnea: Role of loop gain. Respir Physiol Neurobiol.
2008;162(2):144-151. https://doi.org/10.1016/j.resp.2008.05.019.
Edwards BA, Wellman A, Sands SA, et al. Obstructive sleep ap-
nea in older adults is a distinctly different phenotype. Sleep.
2014;37(7):1227-1236. https://doi.org/10.5665/sleep.3844.
Sutherland K, Cistulli PA. Recent advances in obstructive sleep
apnea pathophysiology and treatment. Sleep Biol Rhythms. 2015;
13(1):26-40. https://doi.org/10.1111/sbr.12098.

International Journal of Innovative Medicine No. 3 / 2025



buomaTepuansi gna
ynpasnaeMou pereHepauunm

N3penua ceprm bioOST, bioPLATE 1 FibroMATRIX paspaboTaHbl nHXeHepamMm B COOTBETCTBUN C
TpebOBaHMAMM BeAyLIMX OTEYECTBEHHbIX KIAMHULMCTOB. DTO MaTepuasbl 018 MATKOTKAHOM W
KOCTHOW NMAacTVKM C YNpaBnseMbiM NoBeaeHUEM N HaAEeXKHbIM MPOrHO3MPYEMbIM PE3Y/IbTaTOM.
Cpeau Hawemn nruHenkn Bbl cMoxeTe HaTK NpoayKT, HEO6XOAMMbIM A5 pelleHns

NHOMBUAYANbHOM KIMHUYECKOW 3a4a4n M060M CNONKHOCTU.

OST

KocTHble rpaHysibl ¢ konnareHoM
XENOGRAFT Collagen

XCol-1-1 10.25-1.0 MM 1.0 cm?
XCol-1-3 10.25-1.0 MM | 3.0 cm?
XCol-2-1 11.0-20 mm 110 cm®
XCol-2-3 11.0-20 mm13.0cm®

KocTHble rpaHynbl 6e3 konnareHa
XENOGRAFT Mineral

XMn-1-0510.25-1.0 mm | 0.5 cm?
XMn-1-1 10.25-1.0 MM [ 1.0 cm®
XMn-1-3 10.25-1.0 MM | 3.0 cm®
XMn-2-1 11.0-20 mm 110 cm?
XMn-2-3 11.0-20 mm13.0cm®
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KopTukanbHble rpaHysbi
XENOGRAFT Cortical
XCr-1-05 10.5-1.0 MM | 0.5 cm?
XCr-1-1 10.5-1.0 MM [ 1.0 cm?

[y6uaTtein 6nok CUBE Collagen
Cb-10 1 20x10x10 MM

KopTukanbHas naactmHa
CORTICAL Lamina
CL-25 1 25x25x1 Mm

KopTukansHas membpaHa
CORTICAL Membrane
CM-20 | 25x20x0.2 MM

bioPLATE

MembpaHa bioPLATE Barrier
MB-15 115x20 mm
MB-25 | 25x25 mm
MB-30 | 30x40 mm

MembpaHa bioPLATE Contur

MBC-15 115x20 mm
MBC-25 | 25x25 mm
MBC-30 | 30x40 mm

KonnareHosbin 3D-maTpukc
FibroMATRIX

FB-15 115x20 MM

FB-30 | 30x40 mm

FB-8 18 mMm
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