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ABSTRACT: Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder characterized by 

progressive cognitive impairment and memory decline. Current therapeutic strategies largely provide 

symptomatic relief and remain limited in their capacity to halt or reverse disease progression. Accordingly, 

increasing efforts seek to reexamine AD pathophysiology from a systemic perspective and to identify novel 

therapeutic targets. Although classical AD research has focused primarily on intrinsic brain pathology, 

accumulating evidence indicates that disease progression reflects complex interactions among multiple cellular 

and systemic mechanisms. The central nervous system (CNS) is now recognized as functionally interconnected 

with peripheral organs through immune-mediated and neural communication networks. Within this 

framework, the concept of the organ–brain axis has emerged, proposing that organ-specific immune 

microenvironments and inflammation-derived mediators originating from peripheral tissues may modulate 

immune homeostasis in the brain, neuronal survival, and neurodegenerative processes. In patients with AD, 

immunological alterations are observed not only within the CNS but also in peripheral organs including the gut, 

lung, liver, and bladder, and these changes are associated with disease progression. Peripheral immune 

dysregulation extends beyond localized inflammatory responses, potentially contributing to sustained 

neuroinflammation, disruption of blood–brain barrier integrity, and pathological activation of microglia and 

astrocytes. Rather than viewing AD as a disorder confined to the brain, this review adopts a systemic perspective 

in which peripheral immune environments dynamically interact with central neuroinflammatory pathways. We 

comprehensively summarize immune cell alterations across major peripheral organs under AD pathology, their 

interactions with neuronal cells, and the potential signaling mechanisms that mediate organ–brain immune 

crosstalk. 
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1. Introduction 

 

Alzheimer’s disease (AD) is the most prevalent form of 

neurodegenerative disorder, primarily affecting the 

elderly population [1, 2]. It is characterized by progressive 

memory loss, cognitive decline, and impairments in 

language and spatial perception [1-3]. Despite ongoing 

efforts, most current therapeutic strategies are limited to 

symptomatic relief, and no treatments have yet been 

developed that fundamentally halt or reverse disease 

progression [4, 5]. As a result, research continues to focus 

in elucidating the complex pathophysiology of AD from a 

multidimensional perspective and identifying novel 

therapeutic approaches [6-8]. 

While the hallmark pathological features of AD 

include β-amyloid (Aβ) plaque deposition and tau protein 
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hyperphosphorylation [9, 10], recent studies have 

revealed that additional factors, such as oxidative stress, 

mitochondrial dysfunction, metabolic abnormalities, 

vascular impairments, and neuroinflammation, interact 

synergistically to accelerate disease progression [11-13]. 

Among these, the gradual loss of neurons and synapses in 

the central nervous system (CNS) has long been 

considered central to both the clinical manifestations and 

neuropathological features of AD [1, 6, 14]. 

Accumulating evidence suggests that AD involves 

pathological alterations beyond the brain, reflecting 

systemic immune–neural interactions rather than isolated 

CNS pathology [15-17]. This has led to growing interest 

in the concept of the organ-brain axis, which proposes 

that various peripheral organs modulate CNS immune 

homeostasis and influence disease progression rather than 

serving as primary disease initiators [18, 19]. Immune 

cells and mediators originating from peripheral organs can 

influence neuroinflammatory responses, microglial 

activation, neuronal damage, and increasing evidence 

points to specific signaling mechanisms by which 

individual axes contribute to AD pathology [20, 21]. 

In parallel, accumulating studies have revised the 

traditional view of the CNS as an immune-isolated site, 

revealing the integral role of resident and infiltrating 

immune cells in regulating neuroinflammatory responses 

and maintaining neural integrity [22, 23]. Key peripheral 

organs such as the gut, lung, liver, and bladder each 

maintain distinct immune microenvironments, and 

disruptions in the function of immune cells within these 

organs have been shown to influence CNS function 

through both direct and indirect mechanisms [24, 25]. 

Among these, the bladder was included due to its strong 

dependence on autonomic and sensory neural regulation 

and the high prevalence of functional urinary disturbances 

in AD, which may reflect CNS dysregulation rather than 

primary bladder pathology. The gut exemplifies this 

connection: hyperactivation of T helper 17 (Th17) cells, a 

reduction in regulatory T cells (Tregs), and pro-

inflammatory activation of macrophages and dendritic 

cells collectively disrupt intestinal immune homeostasis. 

This dysregulation permits harmful immune stimuli to 

disseminate systemically, thereby triggering the 

activation of immune cells within the brain [19, 26, 27]. 

Similarly, in the lung, inflammation arising from 

infections or environmental exposures leads to the 

redistribution of monocytes and hyperactivation of T 

cells. These immune alterations may impact the CNS via 

systemic circulation and contribute to neuroinflammatory 

processes [28, 29]. The liver, as a central regulator of 

systemic immune responses, may play an important 

modulatory role. Functional impairments in hepatic 

macrophages, monocytes, and dendritic cells may amplify 

systemic inflammation, potentially affecting immune 

homeostasis in the brain [30, 31]. In the bladder, recurrent 

infections promote robust inflammatory responses 

involving T cells and macrophages. Emerging evidence 

suggests that such peripheral immune activity may affect 

CNS function through autonomic neural pathways [32, 

33]. 

This review recontextualizes AD pathophysiology by 

examining how peripheral immune environments 

modulate CNS pathology through organ–brain 

communication pathways. Focusing on four peripheral 

organs including the gut, lung, liver, and bladder, we 

systematically examine the alterations in immune cell 

populations within each organ, the interactions between 

immune and neuronal cells, and the organ-specific 

mechanisms that mediate these effects. The ultimate goal 

is to provide an integrated understanding of how 

peripheral immune disturbances contribute to AD 

progression and to explore the therapeutic potential of 

targeting immune-neural interactions within each axis. 

Importantly, the organ–brain axes discussed in this review 

are not proposed as primary initiators of AD but rather as 

modulatory systems shaping disease persistence and 

progression. 

 

2. Gut-Brain Axis in Alzheimer’s Disease 

 

The gut-brain axis represnts a bidirectional 

communication network linking gut microbiota-driven 

immune regulation with CNS neuroinflammatory process 

[26, 34, 35]. In particular, alterations in the composition 

of the gut microbiota, known as dysbiosis, have a 

substantial effects on the function of peripheral and 

central immune cells, which may be associated with 

disrupted neuronal homeostasis, increased inflammation, 

and neurodegenerative changes [36-38]. 

The gut microbiota plays a central role in maintaining 

the balance of the intestinal mucosal immune system by 

regulating the differentiation and proportions of 

regulatory T cells (Tregs) and T helper 17 (Th17) cells 

[27, 39]. Under healthy gut-brain axis conditions, 

microbial metabolites such as short-chain fatty acids 

(SCFAs) promote the differentiation of Tregs, thereby 

suppressing inflammation [40, 41]. Under dysbiotic 

conditions, Th17-dominant immune responses promote 

systemic inflammatory signaling that can influence CNS 

immune activation [42, 43]. This imbalance in immune 

cell populations increases the permeability of the blood-

brain barrier (BBB), enabling peripheral inflammatory 

signals to penetrate the CNS and resulting in pathological 

activation of microglia [44-46]. Abnormally activated 

microglia secrete pro-inflammatory cytokines, including 

interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-

α), which contribute to synaptic elimination and neuronal 

death [47, 48]. 



 Kim Y., et al.                                                                                Organ-Brain Immune Axes in Alzheimer's Disease 

  

Aging and Disease • Volume 18, Number 2, April 2027                                                                         3 

 

Gut-derived immune cells can modulate neuronal 

function both directly and indirectly. IL-10 produced by 

Tregs induces an anti-inflammatory (M2) phenotype in 

microglia, promoting neuronal survival and repair [49, 

50]. Conversely, IL-17 released from Th17 cells 

stimulates astrocytes to increase the expression of 

neurotoxic markers such as glial fibrillary acidic protein 

(GFAP) and complement component C3, thereby 

contributing to neuronal damage [27, 51, 52]. These 

interactions suggest that immune dynamics within the gut 

may influence on neuronal viability and function via the 

gut-brain axis [34]. 

 
Figure 1. Gut-brain axis signaling mediated by SCFA-GPR41/43 and AhR pathways in normal and Alzheimer’s 

disease conditions. This schematic illustrates the regulatory role of gut microbiota–derived metabolites in modulating 

neuroinflammation through the gut–brain axis under physiological conditions and their dysregulation in Alzheimer’s disease 

(AD). Under normal conditions (blue arrows), short-chain fatty acids (SCFAs) and tryptophan-derived aryl hydrocarbon 

receptor (AhR) ligands, such as indole-3-propionic acid, produced by the gut microbiome activate GPR41/43 and AhR 

signaling, respectively, converging on HDAC-mediated epigenetic regulation that supports regulatory T cell (Treg) function 

and promotes anti-inflammatory cytokine production, including IL-10 and IL-22. These processes contribute to intestinal 

immune homeostasis and preservation of blood–brain barrier (BBB) integrity. In AD (red arrows), gut dysbiosis reduces the 
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availability of SCFAs and AhR ligands, leading to dysfunctional HDAC-centered regulatory signaling. In this context, AhR-

dependent HDAC recruitment is altered, favoring pro-inflammatory T cell polarization toward the Th17 phenotype and 

enhancing the release of pro-inflammatory cytokines, including IL-6, IL-1β, and TNF-α. These cytokines contribute to BBB 

disruption and facilitate a pro-inflammatory neuroglial environment characterized by M1 microglial activation and astrocytic 

overactivation. Solid arrows indicate activation, blunt-ended lines indicate inhibition, blue arrows represent physiological 

(normal) conditions, and red arrows represent pathological alterations associated with Alzheimer’s disease. 

Beyond immune cell-mediated regulation, the gut-

brain axis also involves specific cellular signaling 

mechanisms, particularly the SCFA-GPR41/43 and 

microbial-AhR mechanisms, which are increasingly 

recognized for their roles in AD-related neuroimmune 

modulation. SCFAs are fatty acids produced by gut 

microbial fermentation of dietary fibers and play key roles 

in maintaining gut health, modulating energy metabolism, 

regulating immune responses, and controlling 

inflammation [41, 53, 54]. SCFAs activate G-protein-

coupled receptors GPR41 and GPR43, thereby 

modulating immune function and inflammatory pathways 

[55, 56]. Butyrate, in particular, is known to suppress 

histone deacetylase (HDAC) activity, leading to increased 

expression of anti-inflammatory genes and enhanced 

FOXP3 expression in Tregs [57, 58]. In the brain, SCFAs 

are essential for microglial development and functional 

maintenance; in germ-free mice, SCFA supplementation 

has been shown to restore microglial homeostasis [59]. 

Moreover, SCFAs contribute to strengthening the BBB 

and suppressing neuroinflammation, suggesting their 

potential to attenuate AD pathology [60]. 

The aryl hydrocarbon receptor (AhR) is a ligand-

activated transcription factor responsive to tryptophan-

derived microbial metabolites such as indole-3-propionic 

acid [61]. AhR plays a central role in gut–brain immune 

regulation [62, 63]. In the gut, AhR activation enhances 

interleukin-22 (IL-22) secretion by type 3 innate 

lymphoid cells (ILC3s), supporting the maintenance of 

the intestinal epithelial barrier and suppressing excessive 

Th17 responses [61, 64, 65]. Within the CNS, AhR 

suppresses the pro-inflammatory activation of astrocytes 

and microglia, thereby contributing to immune 

homeostasis [66]. This dual regulatory mechanism 

highlights AhR as a gut–brain axis-specific mechanism 

and a promising therapeutic target for modulating gut-

derived neuroinflammatory responses in AD (Fig. 1) [67, 

68]. 

 

3. Lung-Brain Axis in Alzheimer’s Disease 

 

The lung-brain axis is recognized as a bidirectional 

communication pathway involving the nervous, immune, 

and humoral systems, in which may act as modulatory 

factors associated with enhanced  neuroinflammatory 

states during AD progression [69, 70]. 

In both AD animal models and patients, inflammatory 

monocytes and macrophages have been found to 

accumulate within lung tissues [71]. These immune cells 

often exhibit a shift toward a pro-inflammatory M1-like 

phenotype, characterized by increased expression of 

cytokines such as interleukin-6 (IL-6), tumor necrosis 

factor-alpha (TNF-α), and interleukin-1β (IL-1β) [72]. 

Activation of lung immune cells may contribute to 

systemic inflammation that secondarily affects BBB 

integrity and microglial activation [20, 73, 74]. 

Furthermore, dendritic cells in the lung undergo changes 

in antigen-presenting capacity and migratory behavior, 

which can alter the distribution and functionality of 

peripheral T cell subsets [75, 76]. Specifically, a reduction 

in regulatory T cell (Treg) suppressive activity and an 

increase in T helper 17 (Th17) cells contribute to systemic 

pro-inflammatory immune responses [77]. These 

immunological imbalances have also been detected in 

cerebrospinal fluid and brain tissue, suggesting that 

immune signaling originating in the lung can amplify 

CNS immune dysregulation [70, 78]. 

Sensory neurons activated by pulmonary 

inflammatory mediators relay signals to the brainstem 

nuclei via the vagus nerve [79]. In the context of AD, 

impairments in vagal tone and dysfunction of the 

cholinergic anti-inflammatory pathway (CAP) have been 

observed, indicating a diminished capacity of the CNS to 

modulate peripheral immune signals derived from the 

lung [80, 81]. In addition, cytokines and extracellular 

vesicles (EVs) secreted by pulmonary immune cells can 

cross the BBB and act on resident glial cells, including 

microglia and astrocytes [82]. These interactions increase 

the expression of inflammation-related genes, including 

activation of the NLRP3 inflammasome, thereby 

promoting a self-sustaining neuroinflammatory loop [83, 

84]. Collectively, these mechanisms highlight plays a 

particularly critical role [71, 84]. 

Within the lung-brain axis, several physiological and 

pathological signaling mechanisms have been identified, 

with the α7 nicotinic acetylcholine receptor (α7nAChR) 

and substance P-neurokinin-1 receptor (SP-NK1R) 

pathways being among the most prominent [29]. 

α7nAChR is a calcium-permeable ion channel widely 

expressed in both the brain and immune system, playing 

important roles in neurotransmission and anti-

inflammatory regulation [85-87]. Binding of 

acetylcholine to α7nAChR suppresses the production of 

inflammatory cytokines by inhibiting the nuclear factor 

kappa B (NF-κB) pathway [78, 85, 88]. In AD, reduced 

expression of α7nAChR has been associated with 
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heightened microglial activation and enhanced 

inflammatory responses [89]. Another important 

pathway, the SP–NK1R pathway, involves substance P, a 

neuropeptide secreted by sensory neurons in the lung [90, 

91]. Substance P binds to neurokinin-1 receptors (NK1R), 

inducing vasodilation, immune cell recruitment, and 

cytokine production [92-94]. This signaling cascade can 

propagate through systemic circulation and cross the 

BBB, contributing to central neuroinflammation. In AD, 

overactivation of this pathway has been linked to 

increased BBB permeability and further activation of 

microglia, thereby accelerating disease progression (Fig. 

2) [94-96]. 

 
Figure 2. Lung-brain axis signaling mediated by α7nAChR and SP–NK1R pathways in normal and Alzheimer’s 

disease conditions. This figure presents a simplified conceptual schematic of the lung–brain axis, highlighting key 

neuroimmune signaling pathways under physiological conditions and their dysregulation in Alzheimer’s disease (AD). 

Under normal conditions (blue arrows), cholinergic signaling mediated by acetylcholine (ACh) through the α7 nicotinic 

acetylcholine receptor (α7nAChR), together with balanced neuropeptide signaling via substance P (SP) and its receptor 

NK1R, maintains controlled NF-κB activity in lung immune cells. This regulatory environment supports regulatory T cell 

(Treg) responses, promotes M2 macrophage polarization, and favors anti-inflammatory cytokine production, including IL-

10, thereby contributing to blood–brain barrier (BBB) integrity and neuroimmune homeostasis. In AD (red arrows), 

reduced cholinergic signaling and enhanced SP–NK1R signaling shift NF-κB activity toward a pro-inflammatory state. 

This alteration favors Th17 responses and M1 macrophage polarization, accompanied by increased production of pro-

inflammatory cytokines such as IL-6, IL-1β, and TNF-α. These cytokines contribute to BBB disruption and facilitate a pro-

inflammatory neuroglial environment characterized by M1 microglial activation and astrocytic overactivation in the brain. 

NF-κB is depicted as a downstream signaling integrator rather than a dominant hub, emphasizing receptor-mediated 

neuroimmune regulation. This schematic highlights predominant signaling trends rather than exhaustive molecular 

complexity.  Solid arrows indicate activation, blunt-ended lines indicate inhibition, blue arrows represent physiological 

(normal) conditions, and red arrows represent pathological alterations associated with Alzheimer’s disease 
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4. Liver-Brain Axis in Alzheimer’s Disease 

 

The liver-brain axis refers to a metabolic and 

immunological communication pathway between the 

liver and the CNS, and it has emerged as a modulatory 

linking systemic metabolic and immune disturbances to 

CNS pathology in AD [97, 98]. The liver plays a central 

role in maintaining systemic immune and metabolic 

homeostasis, and chronic hepatic inflammation or 

metabolic dysfunction can create a pro-inflammatory 

systemic environment that ultimately exacerbates 

neuroinflammation [99, 100]. In particular, conditions 

such as non-alcoholic fatty liver disease (NAFLD) and 

hepatic fibrosis have been reported to be associated with 

AD pathology through mechanisms involving altered 

immune cell function, increased cytokine release, and 

changes in the blood–brain barrier (BBB) [97, 101-103]. 

Immune alterations in the liver-brain axis are closely 

associated with the liver’s immunological micro-

environment. Kupffer cells, the resident macrophages of 

the liver, become activated in response to hepatic injury 

or lipid accumulation and secrete pro-inflammatory 

cytokines such as tumor necrosis factor-alpha (TNF-α), 

interleukin-6 (IL-6), and interleukin-1β (IL-1β) [104-

106]. These cytokines can enter systemic circulation, 

promote systemic inflammation, increase BBB 

permeability, and drive the pathological activation of 

microglia in the CNS [107, 108]. Additionally, liver 

damage associated with enhanced activation of T cells, 

particularly T helper 1 (Th1) and T helper 17 (Th17) 

subsets, as well as monocytes [109, 110]. These immune 

cells can infiltrate the brain via the cerebrovascular 

system and directly convey inflammatory signals to 

neuronal tissue [111]. Hepatic inflammation-derived 

signaling has been suggested to be associated with core 

pathological features of AD, including synaptic loss, 

amyloid-beta accumulation, and increased tau 

phosphorylation [112, 113]. 

The interaction between liver-derived immune cells 

and CNS-resident cells is also a crucial component of the 

liver–brain axis [46, 97]. Upon entering the CNS, hepatic 

T cells can stimulate astrocytes to increase the expression 

of glial fibrillary acidic protein (GFAP) and complement 

component 3 (C3), while enhancing the pro-inflammatory 

M1 phenotype of microglia, thereby promoting neuronal 

injury [114, 115]. In contrast, regulatory T cells (Tregs) 

can suppress neuroinflammation through the secretion of 

interleukin-10 (IL-10) and induce a shift in microglial 

activation toward the anti-inflammatory M2 phenotype, 

supporting neuronal survival [116, 117]. Thus, the 

balance of the hepatic immune environment has a 

substantial impact on neuroinflammatory responses and 

neuronal function within the CNS [118]. 

Among pathways discussed within the liver–brain 

axis, fibroblast growth factor 21 (FGF21) signaling 

warrants cautious interpretation with respect to axis 

specificity. Although FGF21 is predominantly secreted by 

the liver under metabolic stress [119], it also functions as 

a systemic metabolic hormone acting on multiple 

peripheral tissues, making it difficult to distinguish liver-

specific FGF21–brain effects from broader systemic 

metabolic influences [120]. Another important 

mechanism is the HMGB1-RAGE axis [121]. High-

mobility group box 1 (HMGB1) is a damage-associated 

molecular pattern (DAMP) molecule released by injured 

cells [122, 123]. It binds to the receptor for advanced 

glycation end products (RAGE), leading to the induction 

of inflammatory gene expression and the production of 

reactive oxygen species [124, 125]. This axis is associated 

not only with hepatic inflammation but also with amyloid-

beta accumulation, tau hyperphosphorylation, and 

neuronal cell death in the brain [126, 127]. In AD, both 

HMGB1 and RAGE expression levels are elevated, and 

inhibition of this signaling cascade has been shown to 

attenuate inflammation and preserve cognitive function 

(Fig. 3) [126, 128]. However, current evidence suggests 

that these axes may not be strictly specific to the liver–

brain axis but are rather modulated in secondary response 

to hepatic dysfunction or systemic metabolic 

disturbances. At present, no fully liver-specific and 

independent signaling mechanisms within the liver–brain 

axis have been clearly defined. Ongoing research is 

actively exploring the molecular links between liver-

derived immune signaling and CNS pathology. These 

efforts may lay the foundation for the development of 

novel therapeutic strategies aimed at modulating the 

liver–CNS immune interface in AD. These signaling 

pathways are not strictly liver-specific and may reflect 

secondary systemic effects associated with hepatic 

dysfunction. 

 

 

5. Bladder-Brain Axis in Alzheimer’s Disease 

 

The bladder-brain axis represents a bidirectional 

communication pathway between the bladder and the 

CNS, integrating both immune and neural mechanisms. 

The bladder-brain axis represents an emerging and 

hypothesis-driven framework linking peripheral immune 

activity and neural signaling to CNS dysregulation in AD. 

Alterations in bladder immune cell activity may 

contribute to systemic inflammatory signaling associated 

with CNS immune dysregulation [33, 129]. 

A variety of immune cells, including macrophages, 

dendritic cells, and T lymphocytes, are present in the 

bladder mucosa and surrounding tissues [130, 131]. 

Under AD-related pathological conditions, these immune 
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cells become activated and release pro-inflammatory 

cytokines such as interleukin-6 (IL-6) and tumor necrosis 

factor-alpha (TNF-α) [132, 133]. Concurrently, the 

suppressive function of regulatory T cells (Tregs) is 

diminished, leading to an imbalance in immune regulation 

[134, 135]. This dysregulated immune environment may 

increase the permeability of the blood–brain barrier 

(BBB), allowing peripheral immune signals to infiltrate 

the CNS [136]. The result may be associated with 

pathological microglial activation, which accelerates 

neuroinflammation and neuronal damage [74, 137]. 

 
Figure 3. Liver-brain axis signaling mediated by FGF21-Nrf2 and HMGB1-RAGE pathways in normal and 

Alzheimer’s disease conditions. This schematic illustrates distinct liver–brain immune signaling pathways that 

differentially regulate neuroinflammatory states under normal conditions and Alzheimer’s disease (AD. Under 

physiological conditions, liver-derived fibroblast growth factor 21 (FGF21), primarily produced by M2-polarized 

Kupffer cells, enters the circulation and crosses the blood–brain barrier (BBB) to activate FGF21 receptor signaling 

in the brain. This activation induces Nrf2-dependent antioxidant and cytoprotective responses, supporting anti-

inflammatory microglial polarization and regulatory mediator production, thereby contributing to immune 

homeostasis. In AD, reduced hepatic FGF21 availability and impaired Nrf2 signaling weaken this protective axis. In 

parallel, low-level high-mobility group box 1 (HMGB1) signaling through the receptor for advanced glycation end 

products (RAGE) under physiological conditions associated with controlled and transient activation of downstream 

inflammatory signaling required for immune surveillance. In AD, excessive HMGB1 release from M1-polarized 
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Kupffer cells and increased RAGE expression drive sustained signaling, resulting in chronic NF-κB activation, 

microglial M1 polarization, astrocytic overactivation, and persistent neuroinflammation. Together, the figure 

highlights how disruption of the balance between protective and pathological liver–brain immune pathways 

contributes to neuroinflammatory progression in Alzheimer’s disease. Solid arrows indicate activation, blunt-ended 

lines indicate inhibition, blue arrows represent predominant signaling trends under physiological conditions, and red 

arrows represent predominant pathological alterations associated with Alzheimer’s disease. This figure emphasizes 

relative shifts in signaling balance between coexisting liver–brain pathways, rather than absolute or exclusive 

pathway activity. 

Immune-neural interactions along bladder-associated 

sensory pathways have been proposed as potential 

contributors to CNS immune activation [138]. In 

particular, sensory signals transmitted from the bladder 

via afferent neural pathways are thought to contribute to 

CNS immune activation and the regulation of 

neuroinflammation [139, 140]. 

Although research on bladder-specific mechanisms 

involved in the bladder-brain axis remains limited, certain 

candidate mechanisms have been proposed [141]. One 

such example is purinergic signaling through the ATP-

P2X3 receptor axis. This axis is initiated when bladder 

epithelial cells and immune cells release ATP, which in 

turn activates P2X3 receptors [142-144]. P2X3 receptor 

has been reported to promote the release of pro-

inflammatory cytokines [145, 146] and can influence 

microglial activation and the regulation of 

neuroinflammatory responses within the CNS (Fig. 4) 

[147]. Given the early stage of research, current evidence 

supporting bladder-specific mechanisms remains limited 

and largely indirect. Because research on the bladder-

brain axis is still in its early stages, there is a lack of 

comprehensive studies, and no bladder-specific signaling 

mechanism has yet been definitively identified. However, 

ongoing investigations continue to explore this axis, and 

it is likely that novel molecular targets and regulatory 

pathways relevant to neurodegeneration will be 

uncovered in the near future. Compared with other organ–

brain axes, mechanistic diversity within the bladder–brain 

axis remains limited, reflecting both the relative novelty 

of this research field and the complexity of distinguishing 

bladder-specific immune–neural signaling from systemic 

inflammatory effects. Consequently, purinergic signaling 

pathways, such as the ATP–P2X3 axis, currently 

represent the most experimentally accessible framework 

rather than a definitive or exclusive mechanism. 

 

6. Conclusion and Future Perspectives 

 

Alzheimer’s disease (AD) is not a disorder caused by a 

single etiology but rather a complex neurodegenerative 

condition arising from the interplay of diverse 

pathophysiological factors [2, 3]. This review focuses on 

the concept of the "organ–brain axis" and provides a 

multifaceted overview of how immune-mediated 

interactions between peripheral organs, including the gut, 

lung, liver, bladder, and the central nervous system 

(CNS), influence the initiation and progression of AD 

pathology. 

Each organ-brain axis discussed highlights how 

organ-specific immune environments modulate CNS 

pathology through complementary mechanisms. Within 

the gut–brain axis, interactions between the gut 

microbiota and immune cells modulate the balance 

between regulatory T cells and Th17 cells, which in turn 

affect neuroinflammatory responses and neuronal 

function [27, 39, 49, 50]. The lung–brain axis involves 

pro-inflammatory macrophages and cytokines originating 

in the lungs, which disrupt the blood–brain barrier (BBB) 

and activate microglia, exacerbating neuroinflammation 

[20, 73, 74, 77]. In the liver–brain axis, hepatic 

macrophages (Kupffer cells), cytokine networks, and 

liver-derived acute-phase proteins contribute to systemic 

inflammation and shape the neuroimmune environment of 

the brain [104-106]. Hepatic dysfunction can promote 

pathological activation of microglia and is also linked to 

tau pathology [112, 113]. Lastly, the bladder–brain axis 

has been shown to involve the activation of immune cells 

within bladder tissue, which promotes systemic 

inflammation [139, 140]. This, in turn, leads to BBB 

impairment and increased diffusion of inflammatory 

cytokines into the CNS, thereby aggravating AD 

pathology [74, 136, 137]. These interactions extend 

beyond correlative observations and suggest coordinated 

immune–neural modulation across organ systems. Much 

of the mechanistic evidence discussed is derived from 

preclinical models, and direct causal relationships in 

human AD remain incompletely defined. In particular, 

most axis-specific mechanisms have been characterized 

primarily in rodent models, and their translatability to 

human Alzheimer’s disease remains uncertain. 

Differences in immune system organization, lifespan, and 

disease progression between experimental models and 

human patients complicate direct extrapolation of these 

findings. Moreover, several reported associations reflect 

correlative relationships rather than direct causal links, 

underscoring the need for cautious interpretation when 

integrating peripheral immune alterations into AD 

pathophysiology. 

Recent evidence suggests that biological sex may 

function as an additional modulatory factor influencing 

organ–brain immune crosstalk in Alzheimer’s disease 
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(AD) [148, 149]. Sex-dependent differences in immune 

regulation, hormonal signaling, and peripheral organ 

physiology have been reported to shape systemic 

inflammatory tone and neuroimmune communication 

[149, 150]. In the gut–brain axis, interactions between sex 

hormones and the intestinal microbiota may influence 

microbial composition and metabolite profiles, thereby 

indirectly modulating immune signaling toward the 

central nervous system [151, 152]. Beyond the 

gastrointestinal system, sex-biased susceptibility to 

bladder inflammation and sexually dimorphic hepatic 

metabolism may further affect peripheral immune 

activation and the release of organ-derived mediators 

involved in CNS inflammation [148, 151]. Although 

direct mechanistic evidence linking sex-specific pathways 

to organ–brain axes in AD remains limited, these 

observations highlight sex as an important contextual 

variable that should be considered in future studies aimed 

at refining mechanistic understanding and advancing 

precision-based therapeutic strategies [150]. 

 
Figure 4. Bladder–brain axis signaling involving ATP–P2X3–dependent pathways under normal and 

Alzheimer’s disease conditions. This schematic illustrates how alterations in purinergic signaling in the bladder 

modulate immune and neuroinflammatory responses in the brain under physiological conditions and in 

Alzheimer’s disease (AD). Under normal conditions (blue arrows), efficient extracellular ATP degradation by the 

ectonucleotidases CD39 and CD73 converts ATP to AMP and subsequently to adenosine, thereby limiting ATP-

driven inflammatory signaling. This purinergic balance suppresses NF-κB activation, promotes regulatory immune 

phenotypes including regulatory T cells (Tregs) and M2 macrophages, and favors anti-inflammatory cytokine 
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production such as IL-10 and TGF-β. These signals contribute to the maintenance of blood–brain barrier (BBB) 

integrity and support anti-inflammatory microglial states and physiological astrocytic function in the brain. In AD 

(red arrows), insufficient ATP degradation may results in extracellular ATP accumulation, leading to enhanced 

P2X3 receptor activation and sustained NF-κB signaling. This shift promotes pro-inflammatory immune 

polarization characterized by M1 macrophages and Th17 cells, accompanied by increased production of IL-6, IL-

17, and TNF-α. Consequently, BBB disruption, M1 microglial activation, and astrocyte overactivation are 

exacerbated, collectively amplifying neuroinflammatory responses. Solid arrows indicate activation, blunt-ended 

lines indicate inhibition, blue arrows represent predominant signaling trends under physiological (normal) 

conditions, and red arrows represent predominant pathological alterations associated with Alzheimer’s disease. 

This framework of immune-neural communication 

across the organ–brain axes expands our understanding of 

AD pathogenesis beyond a CNS-centric view and offers 

new paradigms for therapeutic development [15, 153]. 

Modulating the activation of organ-specific immune cells, 

targeting signaling pathways that are selectively 

expressed along particular axes, and regulating 

intercellular communication via microbial metabolites or 

extracellular vesicles may provide novel opportunities for 

pharmacological intervention and immunomodulatory 

therapy [154]. 

 

Table 1. Key immune mechanisms and mediators across organ-brain axes in Alzheimer’s disease. 

 
Organ-brain 

axis 

Key mechanisms Shared mediators Axis-specific 

mediators 

Biomarkers Therapeutic 

strategies 

Ref. 

Gut-brain axis Microbiota 

dysbiosis 

IL-6 SCFAs Circulating SCFAs Microbiota 

modulation 

[55, 

56, 

61] SCFA-GPR41/43 

signaling 

TNF-α GPR41/43 Plasma IL-6, TNF-α SCFA 

supplementation 

AhR-IL-22 axis IL-1β AhR ligands Microbial 

metabolites 

AhR targeting 

HDAC epigenetic 

regulation 

Th17 expansion IL-22   

Treg/Th17 

imbalance 

Microglial activation    

BBB disruption    

Lung-brain 

axis 

Pulmonary 

immune activation 

IL-6 Acetylcholine Circulating cytokines α7nAChR 

agonists 

[69, 

85, 

94] α7nAChR 

signaling 

TNF-α α7nAChR Lung-derived EVs Cholinergic 

modulation 

SP-NK1R pathway IL-1β Substance P  Vagal 

neuromodulation 

Afferent 

neuroimmune 

signaling 

NF-κB activation NK1R   

 Th17 responses    

 BBB disruption    

Liver-brain 

axis 

Kupffer cell 

activation 

IL-6 FGF21 Plasma FGF21 Metabolic 

correction 

[97, 

119, 

121] Cytokine 

amplification 

TNF-α HMGB1 Circulating HMGB1 FGF21 therapy 

FGF21-Nrf2 

signaling 

IL-1β RAGE Hepatic 

inflammatory 

markers 

HMGB1-RAGE 

inhibition 

HMGB1-RAGE 

axis 

Oxidative stress    

Microglial M1 

polarization 

   

Bladder-brain 

axis 

Bladder immune 

activation 

IL-6 Extracellular 

ATP 

Urinary cytokines Purinergic 

modulation 

[33, 

132, 

142] ATP-P2X3 

signaling 

TNF-α P2X3 ATP metabolites Afferent 

neuromodulation 

Impaired ATP 

degradation 

Th17 activation CD39/CD73   

Sensory afferent 

pathways 

NF-κB signaling    

 BBB disruption    
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Table 2. Shared cytokines across representative organ–brain axes under physiological and Alzheimer’s disease 

conditions. 

 
Cytokine State Axis-defining organ(s) Reference 

IL-10 Physiological (Normal) Gut-Brain [49, 50] 

Lung-Brain [82] 

Liver-Brain [116, 117] 

Bladder-Brain [139, 140] 

IL-22 Physiological (Normal) Gut-Brain [61, 64, 65] 

TGF-β Physiological (Normal) Lung-Brain [82] 

Bladder-Brain [131] 

IL-6 Alzheimer’s disease (AD) Gut-Brain [47, 48] 

Lung-Brain [72] 

Bladder-Brain [132, 133] 

IL-1β Alzheimer’s disease (AD) Gut-Brain [47, 48] 

Lung-Brain [72] 

Bladder-Brain [132, 133] 

TNF-α Alzheimer’s disease (AD) Gut-Brain [47, 48] 

Lung-Brain [72] 

Bladder-Brain [132, 133] 
 

From a therapeutic perspective, each organ–brain axis 

offers distinct but complementary intervention 

opportunities, although the level of supporting evidence 

and translational maturity varies across axes. In the gut–

brain axis, strategies targeting microbiota composition, 

short-chain fatty acid supplementation, and aryl 

hydrocarbon receptor modulation have shown preclinical 

efficacy. Lung–brain axis–oriented approaches primarily 

focus on restoring vagal tone and cholinergic anti-

inflammatory signaling, including α7nAChR-targeted 

interventions. In the liver–brain axis, metabolic 

correction, FGF21-based therapies, and inhibition of 

HMGB1–RAGE signaling have been proposed to 

attenuate neuroinflammation. By contrast, therapeutic 

strategies targeting the bladder–brain axis remain 

exploratory and are largely centered on neuromodulation 

and purinergic signaling regulation (Table 1). 

However, several unresolved scientific challenges 

must be addressed before immune–neural interactions 

within the organ–brain axes can be therapeutically 

leveraged. These include elucidating the spatiotemporal 

specificity of immune cell activation and signaling 

pathways within each axis, characterizing the higher-

order regulatory networks governing organ-to-brain 

communication, and conducting quantitative and 

functional analyses of how these peripheral signals are 

ultimately transmitted to the CNS. It is also essential to 

investigate how immune microenvironments within each 

organ operate differently depending on the disease stage 

of AD or the patient’s systemic metabolic status. 

Furthermore, developing multiorgan biomarkers based on 

human data, as well as optimizing the delivery routes for 

drugs or bioactive molecules that target the organ–brain 

axis, represent key future directions for therapeutic 

innovation. Ultimately, this review underscores that AD 

is not solely a brain-centered disease but one in which 

systemic alterations in immune homeostasis are 

intimately linked with CNS pathology [15]. Research 

grounded in the organ–brain axis not only offers new 

insights into AD pathophysiology but also enhances the 

feasibility of developing integrated, multiorgan 

therapeutic strategies [74, 154]. Such an approach may 

serve as a central component of future precision medicine 

efforts aimed at delaying onset or halting progression of 

the disease. Although similar cytokines recur across 

multiple organ–brain axes, their heterogeneous cellular 

and regulatory distribution (Table 2) underscores the 

difficulty of translating shared inflammatory signals into 

reliable, organ-specific clinical biomarkers. Despite this 

conceptual promise, reliable organ-specific biomarkers 

reflecting organ–brain axis activity in clinical 

Alzheimer’s disease cohorts remain limited, representing 

a major translational challenge. For example, gut-derived 

metabolites such as circulating short-chain fatty acids 

exhibit substantial inter-individual variability and lack 

sufficient specificity to reflect central neuroimmune 

status. Similarly, liver-associated markers, including 

aminotransferases or metabolic hormones, often mirror 

systemic metabolic states rather than liver–brain immune 

coupling. In the case of the bladder–brain axis, urinary 

cytokines or inflammatory mediators may primarily 

reflect local urological inflammation, making it 

challenging to distinguish CNS-relevant signals in clinical 

cohorts. 
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