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Abstract

Neurodegenerative diseases, once conceptualized primarily as disorders of protein
misfolding and neuronal loss, are increasingly recognized as systemic
immunometabolic syndromes. The traditional view of the brain as an immune-
privileged organ has been overturned by discoveries of glymphatic clearance,
meningeal lymphatics, and direct neuroimmune interfaces, all of which integrate
central and peripheral immunity. Within the brain, microglia emerge as both
guardians and drivers of pathology, with genetic risk factors such as APOE4 and
TREM2 linking innate immune dysfunction to Alzheimer’s and related dementias.
Beyond the CNS, the gut-associated lymphoid tissue (GALT) and microbiome play
pivotal roles in regulating immune tone through microbial metabolites, bile acid
transformations, and vagal neurocircuits. Aging further amplifies this vulnerability
by accelerating immunosenescence and “inflammaging,” compromising synaptic
resilience. Diet and nutrition serve as programmable levers within this brain-
immune-gut axis: dietary fiber, polyphenols, and omega-3 fatty acids promote
immune tolerance and neuroprotection, whereas obesogenic diets exacerbate
neuroinflammation. Emerging therapies—ranging from microbiome-targeted
interventions and GLP-1 receptor agonists to bioelectronic neuromodulation and
immune rejuvenation strategies—underscore the translational potential of this
paradigm. This review synthesizes evidence positioning the brain-immune—-gut axis
as a central determinant of neurodegenerative disease, highlighting how immune
regulation, microbial ecology, and dietary inputs can be harnessed for prevention and
treatment.
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1. From Immune Privilege to Immune Integration

For most of the twentieth century, the brain was
considered immunologically privileged, cordoned off
from peripheral immune surveillance by the blood-
brain barrier (BBB). Early transplantation studies and
clinical observations supported this view: grafts
survived longer in the brain than in peripheral tissues,
and encephalitis was thought to occur only when this
barrier was breached. The CNS was regarded as an
island of neural activity, protected from the volatility of
the immune system [1-6].

This perspective began to shift with the discovery
of immune cells and cytokines in cerebrospinal fluid,
followed by the identification of meningeal lymphatic

vessels and direct bone marrow channels linking skull
and dura. These findings demonstrated that the brain is
not immunologically insulated but instead continuously
interacts with the periphery. Immune cells patrol the
meninges, dendritic cells present antigens draining from
the parenchyma, and microglia act as sentinels within
the CNS itself. The BBB, once conceived as a rigid
fortress, is now recognized as a dynamic regulatory
interface, allowing selective exchange of cytokines,
chemokines, and metabolites that influence both brain
and immune homeostasis [7-17].

The consequence of this reconceptualization is
profound. Rather than being an immunologically

Kaz | Clin NeuSci. 2025, 78 (4)


https://orcid.org/0000-0003-3977-3636
mailto:ncn@academypm.org
https://doi.org/10.53498/30zqfj62

Kaz | Clin NeuSci. 2025, 78 (4)

exempt organ, the brain is embedded in a systemic
immune network. This shift reframes neurodegenerative

2. Microglia: Sentinels and Saboteurs

Microglia, the brain’s resident macrophages,
exemplify this dual role. In development, they sculpt
synaptic connections through pruning and trophic
support. In adulthood, they respond to pathogens,
injury, and aberrant protein aggregates. Yet with aging
and genetic susceptibility, microglia can transition into
pathogenic Lipid-droplet-accumulating
microglia secrete pro-inflammatory cytokines, generate
species, and
inappropriately, accelerating cognitive decline [18-24].

states.

reactive oxygen engulf synapses
Genetic evidence underscores their centrality.
Variants in TREM2, APOE, CD33, and other immune-

related genes consistently emerge in genome-wide

4. The Gut-Brain-Immune Axis

Parallel to advances in CNS immunology has been
the recognition of the gut as a central regulator of brain
health. The gut-associated lymphoid tissue (GALT) is
the largest immune organ in the body, containing
Peyer’s patches, mesenteric lymph nodes, and lamina
propria immune cells. It orchestrates systemic
inflammatory tone and shapes the pool of lymphocytes
capable of migrating to the brain. The permeability of the
intestinal barrier, often disrupted in dysbiosis or
systemic disease, influences the degree to which
microbial antigens and metabolites enter circulation and
reach the CNS [31-38].

The microbiome adds another dimension. Microbes
generate short-chain fatty acids (SCFAs), bile acid

diseases: not as isolated neuronal catastrophes, but as
disorders shaped by maladaptive immune responses.

association studies of Alzheimer’s disease. The APOE4
allele in particular rewires microglial metabolism,
amplifying inflammatory responses to amyloid and tau,
and impairing phagocytic clearance. These immune
pathways appear not merely correlative but causal,
suggesting that modulating microglial activation could
alter disease trajectory [25-30].

The broader implication is that microglia are not
passive bystanders to proteinopathy but
participants in the progression of neurodegeneration.

active

Understanding the molecular switches that tip them
from protective to pathogenic states is now a major
frontier in neuroimmunology.

derivatives, tryptophan metabolites, and
lipopolysaccharides, all of which have
immunomodulatory effects. SCFAs like butyrate

enhance regulatory T cell activity and dampen
microglial activation. Conversely, bacterial amyloids
and endotoxins can prime microglia toward pro-
inflammatory states. Preclinical models show that
depletion of gut bacteria alters amyloid deposition,
synaptic plasticity, and even motor behaviors. The gut
thus functions as both a training ground and amplifier
of immune signals that ultimately impact brain
physiology [39-47].

5. Neural Circuits and the Inflammatory Reflex

The gut-brain dialogue is not confined to
metabolites. Neural circuits, particularly through the
vagus nerve, provide a bi-directional channel linking
intestinal ~ signals to brainstem nuclei. This
“inflammatory reflex” regulates systemic cytokine
production, acting as a neural brake on immune
overactivation. Stimulation of vagal pathways can
suppress tumor necrosis factor release, improve
outcomes in inflammatory bowel disease, and
modulate microglial activity in the CNS [48-54].

The enteric nervous system (ENS), sometimes
called the “second brain,” also mediates local
integration of dietary and microbial inputs.

6. Diet as a Programmable Input

Diet represents one of the most powerful and
modifiable levers influencing the gut-immune-brain
axis. Population studies consistently demonstrate that
adherence to Mediterranean and MIND diets correlates

Enteroendocrine cells detect microbial metabolites and
relay information to both ENS neurons and vagal
afferents. Recent studies demonstrate that microbial
metabolites can even influence motivation to exercise
by activating gut-to-brain sensory circuits. This
highlights the surprising breadth of influence the gut-
brain-immune axis exerts, extending from immune
tone to behavior [55-58].

Together, these findings depict a complex multi-
layered network: immune signals, microbial
metabolites, and neural reflexes collectively shape the
brain’s inflammatory environment and resilience
against degeneration.

with reduced risk of cognitive decline and Alzheimer’s
disease. These patterns emphasize plant-based foods,
fiber, polyphenols, and omega-3 fatty acids, while
minimizing processed sugars and saturated fats [59-68].
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Mechanistic studies provide explanatory pathways.
Dietary fiber fuels microbial fermentation into SCFAs,
which in turn regulate T cell differentiation and maintain
BBB integrity. Polyphenols from berries, tea, and cocoa
modulate NF-kB signaling and enrich microbial taxa
associated with anti-inflammatory profiles. Omega-3
fatty acids enhance synaptic function, resolve
inflammation through specialized lipid mediators, and
counteract microglial overactivation. Caloric restriction
and intermittent fasting further reprogram immune

7. Therapeutic Frontiers

The convergence of neuroimmunology and
microbiome science has inspired new therapeutic
strategies. Microbiome-directed
probiotics, prebiotics, synbiotics, and postbiotics—are
being tested for their ability to reshape microbial ecology
and modulate neuroinflammation. Early-phase trials
show modest cognitive benefits, though mechanistic
clarity is still developing [80-86].

Pharmacologic approaches are advancing rapidly.
GLP-1 receptor agonists, initially developed for diabetes,
have shown neuroprotective effects in Alzheimer’s and
Parkinson’s trials, likely via anti-inflammatory and
metabolic pathways. Biologics targeting specific

interventions —

8. Conclusion

The accumulated evidence dismantles the notion of
the brain as an immunologically isolated organ. Instead,
the CNS exists within a dynamic network of immune
surveillance, microbial signaling, and metabolic
regulation. Neurodegeneration emerges not as a linear
cascade of protein misfolding, but as a systems-level
failure of immune regulation, influenced by aging,
genetics, and environment.

The gut microbiome and diet stand out as key
modulators within this network. They not only provide
mechanistic insight but also represent actionable
therapeutic levers. Interventions that harmonize brain—
immune communication—whether through dietary
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Tyiingeme

HeripoaerenepatusTi aypyaap OypbIHBIpaKTa aKybI3ABIH VIOBIHAAFBI OY3BIABICTapBl >KoHe HelpoHAapAbIH
SKOMBIAYBI peTiHAe KapacThIpbLAFaHMeH, OyTiHAe >KyleAik MMMYHABIK-3aT aAMacyAblK CHHAPOM peTiHAe >Kui
TaHbIAYAd. MUABIH MMMYHABIK apTHIKIIBIABIKKA M€ OpraH peTiHAeri Ad9cTypAai TyciHiri ramgaTThIK KAMPEHCTIH,
MeHIHreaAbAsl AuM@a XXYIieciHiH, coHAall-aK, OpPTaABIK >KoHe NepudepusaAblK UMMYHUTETTI GipikTipeTiH Tikeaeit
HEeVIPOMMMYHABIK, MHTep(elCcTepAiH alllblAybIHaH KelliH TepicKe MIBIFapbLAABL. MMga MUKPOTAMS I1aTOAOTVISIHBIH
KOpFayIIBICE poAiHJe Ae, KO3FayIIIbI K1l peTiHae apekeT eTeai. Aa APOE4 sxone TREM2 cusAKTBI reHeTUKAABIK Kayill
akTOopaapsl UMMYHABIK >XYylie KbI3MeTiHiH Tya O6iTkeH Oy3bLABICEIH AABLITEIMEpP aypyhl KoHe OHbIMEH Oali1aHbICTHI
AeMeHIusAMeH Oariaansicteipaabl. OJKOK-Hen Gacka, imexrieH OaifaaHBICTBI AMMQOUATHL TiH >K9HE MUKPOOMOM
MMKPOOTBIK METaOOANTTEP, OT KBIIIKBLABIHBIH TpaHCPOPMaIIMIChI )K9HE Baryc XYIike Tis0eKTepi apKblAbl IMMYHABIK
TOHYCTHI peTTey/e MaHbI3AbI Pea aTkapaabl. KapTao MMMYHABIK XKoHe «KaObIHyaH 00AFaH KapTalogbl» KeAeAAeTy
apKbIABl aTaAMBIII OCaAABIKTBI OJaH 9pi KYIIeWTiIl, CMHaNTUKaAbIK TO3iMAiZiKTi TemeHJeTeai. Jmera >KoHe
TaMaKTaHy «MM-UMMYHABIK >Kylie-illlek» eci immiHge OackapblaaThIH phluartap peTiHAe oapekeT eTeai. TaramMAbIK
TaAIIBIKTap, rnoaudenoasap >xoHe Omera-3 Mail KbIIIKbIAAaPBl MMMYHABIK TO3IMAiAiK IIeH HepPOIPOTEKIVISHBI
KylIeiTeai, aa ceMi3AikKe aAbIll KeAeTiH TaMaKTaHy ypdici HelipokaObIHyABI Ky1IeliTedi. MukpoOmnomMFa GaFpITTaAFaH
apaaacyaap mMeH GLP-1 pelennTtopaapblHBIH aroHucrepiHeH Oacram, OMO®A€KTPOHABI HEPOMOAYASILINSFa >KoHe
MMMYHABIK >KacapTy cTpaTerusdapblHa JeiiHri >kaHa eM >K0AJ4apbl OChl IapajuUrMaHBl ToXipnOeaik KoaAdaHY
aaeyeTiH kepcerei. bya moay «Mu-uMMYHABIK-illIeK» ©CiH HellpoJereHepaTUBTi aypyaapAblH OpTaAbIK, KO3FayIIIbl
KYyLIi peTiHAe KepceTeTiH Ad1eAjepAi KOPHITHIHABLAAABL, COHBIMEH KaTap, MMMYHABIK peTTeyai, MUKPOOTHIK
DKOJOIVISIHBI KoHe AueTaAbIK paKTopAapAbl aAAbIH a1y MeH eMAey YILiH Kalail MaiijalaHyra 00AaTHIHBIH TalAaiAbl.

TyiiiH cesaep: HeliposereHepaTUBTI aypyaap, MU, illleK, UMMYHHUTET, MUKPOOMOM, TaMaKTaHYy.
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Pe3ome

HeripoaerenepatusHble 3a0o0/eBaHMsI, paHee paccMaTpuBaBIIMecs HPEUMYIeCTBeHHO KaK HapyIIeHMs
CcBOpauMBaHUsA OeAKOB 1 IMOeAb HEMPOHOB, BCe 4Yallle IPU3HAIOTCI CUCTEMHBIMU VMMMYHOMETaO0OAMIeCKIMU
cuHApoMamu. TpasuIoOHHOe IIpejcTaBAeHIEe O TOAOBHOM MO3re Kak o0 OpraHe C MMMYHOIIPUBIAETMPOBAHHBIM
CTaTycoM OBIA0 OMPOBEPTHYTO OTKPHITUAMY IAMPATUIECKOTO KAVPEHCa, MEHIHTeaAbHON ANM(PATIIeCKON CIICTEMBI
U IPSIMBIX HEMPOVMMYHHBIX MHTep]elicoB, KOTOPbIe MHTETPUPYIOT IIeHTPAAbHBINA U ITepudepudIecKii UMMYHUTET.
B roaoBHOM MO3re MUKpOIAMs BBICTyIIaeT KakK B pOAM 3alIUTHMUKOB, TaK U B POAU ABVIKYIIMUX CUA MaTOAOTMM. A
reHeTdeckye gpakropsl pucka, Takue Kak APOE4 1 TREM?2, cBs3biBaioT AMICPYHKINIO BPOKAEHHOTO MMMYHITETA C
0oae3HpI0 AapureiiMepa U CBA3aHHBIMU C Heil JeMeHuuamu. 3a npededamu [IHC aummdonanas TkaHs,
accoIMMpoOBaHHasl C KUIIEYHNKOM ¥ MUKPOOMOMOM, UTPalOT KAIOYEBYIO POAb B PeryAsiiyy MMMYHHOTO TOHYycCa
IIOCPeACTBOM MUKPOOHBIX MeTab0AUTOB, TpaHcPOpMaImMil >KeAUHBIX KICAOT M BaryCHBIX HEMPOHHBIX IIeIell.
Crapenne eme 004bIlle YCUAMBAET BTy VA3BUMOCTH, YCKOPSSI UMMYHOCTapeHIe 1 «BOCIIaANTeAbHOE CTapeHIe», 9TO
CHIKaeT CMHAIITUYeCcKyIO YCTOMYMBOCTD. JueTa U IMuTaHMue BHICTYHAIOT B KauyecTBe IIpOrpaMMUPYEMBIX PhIJaroB B
paMKax ocu «MO3r-MMMYHUTET-KUIIIEUHNK»: IIMIIEBble BOJAOKHa, IoAndeHoasl M Omera-3 >KMpHBIE KUCAOTHI
CITOCOOCTBYIOT MMMYHHOJ TO/AE€PaHTHOCTU M HeMPONPOTEKIINY, TOTAa KaK AMeThbl, CIIOCOOCTBYIOIIME OXXMPEHUIO,
yCyTyOAsI0T HelipoBocnadeHne. HoBble MeTOABI AedeHNMsI — OT BMeIlaTeAbCTB, HaIlpaBA€HHBIX Ha MMKpPOOVIOM,
aroHncros perentopos GLP-1 40 O01109AeKTPOHHON HEeMPOMOAYASIIIUN ¥ CTpaTeTnil OMOAOXKEeHNST IMMYyHHUTeTa —
IIOAYepKUBAIOT IIOTeHI[MaA MPUMEHEHNs STOM MTapaAUTMBI Ha IpakTuke. B »ToM 0630pe 00OOMIAIOTCA AaHHEIE,
MO3UIIMOHUpPYIOImNe Och «MO3I-UMMYHUTET-KUIIIEYHNK» KaK I[eHTpaAbHOro pakropa HelpoJereHepaTHBHbBIX
3a00/€eBaHNIt, U TOAYEPKUBAETCA, KaK MIMMYHHAsI peryAAnus, MUKpOOHas DKOAOTY U ueTndecKue GpakTOPBl MOTYT
OBITH UCII0Ab30BAHbI AA51 TPOPUAAKTUKY Y A€UEHIS.

KaloueBble caoBa: HelipojereHepaTubHble 3a0oJeBaHMs, MO3I, KUIIEYHNMK, MMMYHNTET, MUKpPOOMOM,
OuTaHue.

https://doi.org/10.53498/30zqfj62


https://doi.org/10.53498/30zqfj62

