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ABSTRACT

Background: While both gut-brain axis dysfunction and blood-brain barrier (BBB) breakdown are documented in Alzheimer's
disease (AD), current research treats these as separate phenomena. However, emerging evidence suggests that the BBB may
function as an active integration interface that processes microbiota-derived metabolites and thereby potentially modulates how
peripheral signals influence cognitive health.

Objective: This review synthesizes current evidence on microbiota metabolites as modulators of BBB integration capacity, dis-
cussing how such mechanisms may contribute to variability in cognitive outcomes despite similar gut microbiome profiles by
demonstrating how BBB signal-integration mechanisms determine gut-brain communication effectiveness in AD.

Methods: We analyzed peer-reviewed literature from 2010 to 2025, focusing on BBB dynamic properties, microbiota metabolite
effects on BBB function, and their integration patterns, emphasizing functional evidence supporting the BBB's active signal
processing capabilities.

Results: Current evidence suggests that the BBB exhibits integration properties, including dynamic permeability regulation,
context-dependent metabolite processing, and coordinated responses to complex signal streams. Short-chain fatty acids enhance
integration capacity through HDAC inhibition and coordinated receptor activation, while lipopolysaccharides and trimethyl-
amine N-oxide may overwhelm integration processes through TLR4-mediated disruption. BBB dysfunction precedes classical
AD pathology and correlates with altered metabolite processing capacity. Individual variations in BBB integration capacity may
help account for why individuals with similar gut microbiome profiles show different cognitive outcomes.

Conclusion: Viewing the BBB as an active integration interface offers a useful perspective for organizing current evidence on
gut-brain interactions in AD. This conceptual perspective suggests that therapeutic strategies might benefit from supporting
BBB integration capacity and optimizing metabolite-processing mechanisms alongside improving gut health.

Abbreviations: AD, alzheimer's disease; AhR, aryl hydrocarbon receptor; BBB, blood-brain barrier; cAMP, cyclic adenosine monophosphate; CD14, cluster of
differentiation 14; CI, confidence interval; CSF, cerebrospinal fluid; FMO3, flavin-containing monooxygenase 3; FXR, farnesoid X receptor; GLP-1, glucagon-like
peptide-1; GLUT1, glucose transporter 1; GPR41/43, G-protein-coupled receptors 41/43; HDAC, histone deacetylase; HR, hazard ratio; IL-1f, interleukin-1 beta; IL-6,
interleukin-6; IL-10, interleukin-10; LAT1, L-type amino acid transporter 1; LPS, lipopolysaccharide; LRP1, low-density lipoprotein receptor-related protein 1;
MCT1/2, monocarboxylate transporters 1/2; MD-2, myeloid differentiation factor 2; MyD88, myeloid differentiation primary response 88; NF-xB, nuclear factor kappa
B; PDGFRB, platelet-derived growth factor receptor §; P-glycoprotein, P-glycoprotein efflux pump; PET, positron emission tomography; PXR, pregnane X receptor;
ROS, reactive oxygen species; SCFA, short-chain fatty acids; sSPDGFRf, soluble platelet-derived growth factor receptor §; TGF-, transforming growth factor §; TGRS,
takeda G-protein-coupled receptor 5; TLR4, toll-like receptor 4; TMA, trimethylamine; TMAO, trimethylamine N-oxide; TNF-a, tumor necrosis factor a; VEGF-a,
vascular endothelial growth factor a; ZO-1, zonula occludens-1.
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1 | Introduction: The Blood-Brain Barrier
Integration Hub Paradigm

Current Alzheimer's disease research has identified compel-
ling associations between gut health and cognitive function, yet
these relationships remain inconsistent and poorly understood
mechanistically. While both gut-brain axis dysfunction and
blood-brain barrier (BBB) breakdown are well documented in
AD, these phenomena have often been studied in isolation, lim-
iting the understanding of how they interact to influence disease
progression.

Here we outline a conceptual framework in which the BBB acts
as an active integration hub that processes microbiota-derived
metabolic and inflammatory signals. In this view, BBB integra-
tion capacity shapes whether peripheral inputs support or com-
promise cognitive function, offering a unifying perspective that
may explain individual variability in gut-brain communication
outcomes.

To clarify how these peripheral and central mechanisms
intersect, the following sections summarize key evidence
supporting active, bidirectional communication across the gut-
BBB-brain axis.

1.1 | Evidence for Active Integration Processing

The BBB demonstrates sophisticated signal-processing ca-
pabilities that distinguish it from passive filtration barriers.
Tadecola [1] provided groundbreaking evidence using two-
photon microscopy, demonstrating that BBB permeability
changes within 2-5min following peripheral inflammatory
stimuli, with 30%-50% permeability increases occurring se-
lectively at specific brain regions based on concurrent neural
activity patterns. Critically, these changes showed remarkable
spatial and temporal specificity; during cognitive demand,
prefrontal BBB regions became more permeable to beneficial
metabolites while simultaneously restricting inflammatory
mediators.

Context-dependent processing represents the hallmark of inte-
gration hub function (Figure 1). Under identical inflammatory
challenges, BBB responses varied dramatically based on brain
metabolic state: During enhanced neural activity, peripheral
LPS produced only 10% permeability increases versus 40%
during baseline states, with concurrent upregulation of efflux
transporters. This adaptive response pattern demonstrates so-
phisticated biological integration mechanisms that adjust bar-
rier function based on real-time physiological assessment.

Daneman and Prat [2] revealed coordinated regulation across
multiple transport systems that integrate diverse physiological
streams. Glucose transporters (GLUT1), amino acid transport-
ers (LAT1), and efflux pumps (P-glycoprotein) showed coordi-
nated expression changes responding to integrated signals about
peripheral metabolic status, inflammatory conditions, and cen-
tral energy demands. Under metabolic stress combined with
cognitive demand, GLUT1 increased 60% and LAT1 showed
40% upregulation—but only when both conditions were pres-
ent simultaneously; neither alone produced these coordinated

changes. These mechanistic observations from human and
cellular studies align with preclinical evidence, which further
clarifies the temporal sequence and functional consequences of
BBB-microbiota interactions.

The blood-brain barrier functions as a sophisticated molecular
integration platform through coordinated interactions between
astrocyte end-feet (yellow), pericytes (purple), and endothe-
lial cells (blue). Endothelial cells display co-localized GPR41/43
(green) and TLR4 (red) receptors that enable simultaneous pro-
cessing of diverse microbiota-derived metabolites including
beneficial short-chain fatty acids (SCFAs), pathogenic lipopoly-
saccharides (LPS), trimethylamine N-oxide (TMAO), secondary
bile acids, and tryptophan metabolites such as indole derivatives.
Tight junctions (dark blue bars) maintain selective permeabil-
ity while allowing context-dependent responses to this complex
metabolite environment. Each endothelial cell shows distinct re-
ceptor profiles (ENDO-1 to ENDO-4), enabling graduated adap-
tive responses based on the integration of multiple simultaneous
signals. Pericytes provide contractile regulation and coordinate
responses across the neurovascular unit, while astrocytes sup-
ply metabolic support and structural integrity. This multicellular
architecture allows the BBB to distinguish between beneficial
metabolites (SCFAs, protective indoles), harmful compounds
(LPS, TMAO), and context-dependent signals (bile acids) within
mixed metabolite streams, orchestrating adaptive responses that
modulate barrier permeability, immune activation, and neuro-
protection based on the overall molecular context and processing
capacity.

1.2 | Experimental Evidence From Animal Models

Controlled experimental studies provide mechanistic evidence
for BBB-centric pathways. Hoffman et al. [3] demonstrated age-
related changes across interconnected systems, including gut
microbiome composition, brain metabolism, and vascular func-
tion in mouse models, revealing complex interactions between
gut microbiota diversity and cerebrovascular health that support
the BBB integration hub concept.

Recent sophisticated analyses challenge assumptions of wide-
spread barrier breakdown in AD models. Nozohouri et al. [4]
conducted a comprehensive pharmacokinetic analysis using
[13Cy,] sucrose as a permeability marker in Tg2576 AD mice,
revealing that BBB integrity was preserved both globally and lo-
cally despite significant amyloid pathology. Despite minor tight
junction disruptions near A plaques observed through high-
resolution imaging, laser microdissection coupled with LC-MS/
MS analysis showed no increased sucrose concentrations in
regions with vascular Af deposition, demonstrating that struc-
tural changes do not necessarily translate to functional perme-
ability increases.

Sweeney et al. [5] created mice with isolated BBB dysfunction
through selective pericyte-specific PDGFRf knockout while
maintaining normal gut microbiome composition. Despite
identical peripheral physiology and microbiome profiles, BBB-
compromised animals developed progressive cognitive impair-
ment across multiple domains (Morris water maze: Escape latency
increased from 18+3s-34+7s, p<0.001; T-maze alternation:
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Blood-Brain Barrier Integration Hub
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FIGURE1 | Blood-Brain Barrier Integration Hub.

success decreased from 78% + 8%-54% + 12%, p < 0.01). Cognitive
deficits correlated directly with BBB permeability (r=0.82,
p<0.001), while peripheral markers showed no correlation,
demonstrating causal relationships between BBB integrity and
cognitive function independent of gut microbiome status. These
preclinical findings converge with human imaging and bio-
marker studies, which provide complementary evidence for BBB-
related metabolite processing deficits in Alzheimer's disease.

1.3 | Clinical Evidence in Humans

Individual differences in BBB integration capacity explain
variability in gut-brain communication independent of mi-
crobiome composition. Recent clinical evidence demonstrates
that BBB permeability is associated with different neuroin-
flammatory profiles in AD patients. Bruno et al. [6] investi-
gated the relationship between BBB permeability (indicated
by CSF/plasma albumin quotient) and CSF inflammatory
cytokines in biologically defined AD patients. Their findings
revealed that higher BBB permeability was associated with
neuroprotective cytokines (IL-4, IL-8), while lower permea-
bility correlated with pro-inflammatory mediators (TNF-a,
MIP-18), demonstrating that the BBB actively discriminates
between different inflammatory signals rather than function-
ing as a passive barrier.

Context response

@ PERICYTES

Coordinate barrier responses through
contractile regulation.

. TIGHT JUNCTIONS
Maintain selective permeability during signal
processing.

Longitudinal human studies demonstrate that BBB dysfunc-
tion precedes classical AD pathology. Nation et al. [7] showed
that individuals with early cognitive dysfunction develop brain
capillary damage and BBB breakdown in the hippocampus ir-
respective of Alzheimer's Af and/or tau biomarker changes,
suggesting that BBB breakdown is an early biomarker of human
cognitive dysfunction independent of Af and tau. BBB damage
predicted cognitive impairment regardless of hippocampal vol-
ume, vascular risk scores, or age, indicating that hippocampal
BBB damage occurs outside normal aging trajectories. These
clinical observations underscore the need for a mechanistic
framework that explains how peripheral metabolite signals are
interpreted at the BBB.

Together, these clinical findings highlight the importance of ex-
amining the anatomical and cellular structures that enable the
BBB to interpret microbial and metabolic signals, as detailed in
the following section.

1.4 | Anatomical Foundation for Metabolite
Processing

The BBB's specialized architecture enables sophisticated pro-
cessing of microbiota-derived metabolites through coordinated
receptor systems positioned on the same cellular platform. Brain
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microvascular endothelial cells express G-protein—coupled recep-
tors GPR41/43 for short-chain fatty acid detection on both lumi-
nal and abluminal surfaces, enabling monitoring of SCFAs from
blood circulation and brain tissue compartments. Pattern recog-
nition receptor TLR4 specifically detects lipopolysaccharides from
gram-negative bacteria, creating a molecular platform that simul-
taneously processes beneficial and pathological microbial signals.

This receptor co-localization enables context-dependent signal
processing that distinguishes integration-hub function. When
GPR41/43 detect beneficial SCFAs while TLR4 remains inactive,
coordinated signaling enhances tight junction integrity and sup-
ports neuroprotection. However, when TLR4 simultaneously de-
tects LPS, identical SCFA inputs are processed differently with
attenuated beneficial effects, demonstrating active signal inte-
gration beyond simple biochemical effects.

The BBB contains transport systems optimized for microbiota
metabolite processing. Monocarboxylate transporters MCT1/
MCT?2 enable SCFA transport, while efflux systems including
P-glycoprotein remove harmful bacterial metabolites. Pericytes
express receptors for both beneficial and pathological metabo-
lites, enabling coordinated responses across the neurovascular
unit. This transport specialization explains how intact integra-
tion capacity can selectively process beneficial microbial signals
while excluding pathological ones.

Notably, Nozohouri et al. (2025) [4] demonstrated preserved
global BBB function in Tg2576 mice, whereas Montagne et al.
(2020) reported localized permeability increases around vas-
cular amyloid. These findings are not contradictory: They in-
dicate that BBB dysfunction in AD is spatially heterogeneous.
Microregional deficits may selectively impair metabolite pro-
cessing, e.g., pericyte signaling, endothelial transport, or
receptor cross-talk, without producing global leakage. This dis-
tinction is essential to understand region-specific vulnerability
in metabolite integration.

The subsequent sections build on this foundation by examin-
ing the BBB's functional architecture (Section 2), its progressive
failure in Alzheimer's disease (Section 3), and the modulatory
effects of microbiota-derived metabolites (Section 4). Section 5
outlines bidirectional interactions between the gut and the BBB,
while Sections 6 and 7 address therapeutic implications and
translational priorities. Together, these sections provide an in-
tegrated framework for understanding how BBB integration ca-
pacity shapes gut-brain communication in Alzheimer's disease.

2 | The BBB Integration Hub: Functional
Architecture and Signal Processing

Here we define integration capacity as the BBB's ability to de-
tect, prioritize, and coordinate responses to simultaneous mi-
crobial, metabolic, and inflammatory inputs.

Throughout this review, terms describing BBB “signal integra-
tion” or “coordination dynamics” refer to biological processes
through which endothelial, pericytic, and astrocytic pathways
evaluate and respond to multiple simultaneous microbial and
inflammatory inputs.

The BBB functions as an active integration hub through sophis-
ticated signal detection and processing mechanisms that dis-
tinguish it from simple filtration barriers. Brain microvascular
endothelial cells represent biological signal processors through
strategic co-expression of diverse receptor systems on the same
cellular platform, creating a molecular dashboard that simul-
taneously monitors multiple aspects of peripheral physiology
while coordinating appropriate central responses.

2.1 | Dynamic Signal Detection and Processing

The integration platform comprises three primary receptor
classes working in coordination. Metabolite-sensing receptors
include GPR41/43 for SCFA detection, strategically positioned
on both luminal and abluminal surfaces. Pathogen-recognition
receptors, particularly TLR4, serve as threat-detection systems
recognizing lipopolysaccharides from gram-negative bacteria.
Metabolic coordination receptors, including GLP-1 receptors,
enable alignment of BBB responses with overall metabolic
status.

Signal convergence and cross-talk between receptor systems
form the basis of BBB integration. Rather than responding to
single inputs, endothelial cells adjust their signaling output ac-
cording to the combined pattern of microbial and inflammatory
cues. For example, beneficial SCFA stimulation tends to support
barrier stability when inflammatory pathways are inactive,
whereas concurrent TLR4 activation modifies this response pro-
file and reduces SCFA-associated protective effects, illustrating
the context-dependent nature of BBB signal interpretation [8].

The BBB demonstrates coordinated signal-processing mech-
anisms that adjust responses according to combined input
patterns and physiological context. During inflammatory
challenges, TLR4 signaling can override beneficial SCFA
effects by shifting the hierarchy of endothelial signaling
pathways [9]. Conversely, during metabolic stress, incretin-
signaling pathways receive processing priority, demonstrating
hierarchical signal integration that responds to physiological
demands.

Recent mechanistic work shows that hierarchical signal integra-
tion at the BBB is regulated through specific molecular inter-
actions. NF-xB activation downstream of TLR4 interferes with
SCFA-mediated HDAC inhibition by altering chromatin acces-
sibility at tight-junction gene promoters, thereby reducing the
protective effects of GPR41/43 signaling [8]. Phosphoproteomic
profiling of endothelial cells demonstrates distinct phosphory-
lation states during simultaneous GPR41/43-TLR4 activation,
supporting the existence of receptor co-activation “decision
nodes” that dynamically prioritize inflammatory over metabolic
inputs.

This hierarchical receptor interaction follows the cellular ar-
chitecture illustrated in Figure 1, where co-localized endothe-
lial receptors and pericyte—astrocyte coordination provide the
structural basis for dynamic signal prioritization.

A schematic representation of SCFA-GPR41/43 and LPS-TLR4
hierarchical interactions is provided in Figure S1.
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2.2 | Integration Network Coordination

Building on the receptor-level interactions described in
Section 2.1, gut-brain communication pathways provide higher-
order coordination signals that shape how the BBB integrates
microbial and inflammatory inputs.

The BBB integration hub coordinates specifically with gut-
brain communication pathways to optimize microbiota-
derived signal processing. The vagus nerve provides primary
direct communication between gut microbiome status and
BBB integration capacity, enabling real-time coordination be-
tween peripheral microbial signals and central signal process-
ing function [10].

Vagal afferent terminals in the gut wall express specialized re-
ceptors that directly detect microbiota-derived metabolites and
pathological signals. Short-chain fatty acids activate GPR41/43
receptors on vagal afferents, generating signals that enhance
BBB integration capacity through brainstem-mediated path-
ways. Conversely, lipopolysaccharides activate TLR4 receptors
on the same vagal terminals, generating competing signals that
can overwhelm beneficial SCFA signaling.

The coordination between gut microbiome status, peripheral
immune activation, and BBB integration represents a critical
mechanism through which dysbiosis influences cognitive
function. Lipopolysaccharides from dysbiotic microbiomes
create specific immune activation patterns that target BBB in-
tegration infrastructure through cytokine cascades (TNF-a,
IL-1B, IL-6) that directly compromise endothelial cell func-
tion and pericyte viability [11]. Short-chain fatty acids pro-
vide immune-mediated protection through regulatory T-cell
activation producing IL-10 and TGF-f, cytokines that specifi-
cally protect BBB infrastructure while preserving processing
capacity [8].

3 | Integration Hub Failure in Alzheimer's Disease

Alzheimer's disease represents a systematic breakdown of BBB
integration mechanisms following a predictable temporal se-
quence where beneficial metabolites gradually lose protective
effects and may contribute to neurodegeneration when the
BBB's signal-processing capacity becomes compromised.

3.1 | Progressive Deterioration of
Signal-Processing Mechanisms

The earliest detectable change involves integration coordina-
tor failure through pericyte degeneration. Pericytes serve as
primary coordinators of BBB integration, and their loss desta-
bilizes the entire processing system [5, 12]. This manifests as
reduced integration capacity, impaired signal discrimination,
and loss of adaptive threshold control. Pericyte loss can be de-
tected through blood-based biomarkers years before patients
show cognitive symptoms. This early decline reflects a reduc-
tion in the BBB's functional reserve, defined as the surplus
physiological capacity that enables endothelial and pericyte
networks to maintain selective permeability and coordinated

signaling responses under metabolic or inflammatory stress.
Although emerging evidence supports this framework, varia-
tion in BBB functional reserve across individuals has not yet
been systematically quantified, and further studies are needed
to clarify its clinical relevance.

Signal discrimination breakdown follows pericyte loss as
tight junction integrity becomes progressively compromised.
This represents a fundamental shift from selective, context-
dependent permeability to constitutive, uncontrolled access
[13]. The BBB loses the ability to discriminate between ben-
eficial and harmful signals, allowing previously excluded in-
flammatory mediators and bacterial products to reach brain
tissue.

Signal-processing mechanisms failure emerges during clini-
cal phases as transport systems become dysfunctional. LRP1
dysfunction represents a particularly important example be-
cause it directly links integration failure to amyloid pathology
[7]. As integration capacity declines, the BBB can no longer
appropriately process amyloid- peptides for clearance, lead-
ing to progressive accumulation. Single-cell transcriptomic
analyses reveal that pericytes are highly heterogeneous across
brain regions [14]. Subpopulations in the hippocampus and
entorhinal cortex exhibit distinct metabolic and inflamma-
tory profiles, suggesting that regional pericyte differences
may shape local metabolite processing capacity. This may
help explain why AD-vulnerable regions show earlier loss of
integration precision and reduced responsiveness to benefi-
cial metabolites. Additional mechanistic evidence supports
this concept. Phosphoproteomic profiling of brain endothelial
cells shows distinct signaling states during combined SCFA
and TLR4 stimulation, indicating that the BBB distinguishes
inputs through hierarchical and context-dependent pathway
activation.

3.2 | Microbiota Metabolite Processing Reserve
and Individual Susceptibility

In this review, we use the term “metabolite processing reserve”
to describe the BBB's remaining capacity to maintain selec-
tive metabolite handling under physiological or inflammatory
stress. This is a conceptual framework rather than a formally
validated biomarker, intended to help explain inter-individual
variability in BBB resilience.

The concept of BBB microbiota metabolite processing reserve
provides a framework for understanding individual differences
in gut-brain communication effectiveness and AD susceptibility
patterns. Processing reserve represents the BBB's total capacity
for handling complex microbiota-derived signal coordination
challenges, specifically the ability to simultaneously process
beneficial metabolites (SCFAs) while managing pathological
signals (LPS, TMAO) [3]. Although most evidence centers on
pericytes, endothelial tight-junction signaling and astrocytic
metabolic support also influence BBB integration capacity.

Individuals with high BBB metabolite processing reserve can
maintain appropriate SCFA utilization and pathological me-
tabolite exclusion even when challenged by significant gut

CNS Neuroscience & Therapeutics, 2025
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dysbiosis. This reserve capacity explains why some individuals
remain cognitively healthy despite substantial alterations in gut
microbiome composition or elevated levels of harmful bacterial
metabolites [15]. Conversely, individuals with low metabolite
processing reserve may develop cognitive symptoms with rel-
atively mild gut dysbiosis because their BBB cannot efficiently
discriminate between beneficial and harmful microbial signals.
Recent mechanistic studies clarify how this discrimination oc-
curs: SCFAs enhance tight-junction stability through GPR41/43-
mediated HDAC inhibition, while LPS activates TLR4-NF-xB
pathways that disrupt junctional integrity and promote endothe-
lial stress. These opposing signaling routes provide a molecular
basis for BBB signal discrimination without implying computa-
tional properties [8].

Because this concept is still preliminary, additional studies are
needed to determine how metabolite processing reserve varies
across populations and disease stages.

4 | Metabolite-Mediated Modulation of BBB
Integration Capacity

4.1 | Integration-Enhancing Metabolites: SCFAs as
Capacity Modulators

Short-chain fatty acids represent the most extensively studied ex-
ample of how gut-derived metabolites modulate BBB signal pro-
cessing capacity [16, 17]. SCFAs function as processing capacity
enhancers through coordinated mechanisms that strengthen
the BBB's computational infrastructure. Recent analyses con-
firm that SCFAs, particularly butyrate and propionate, serve as
key mediators linking beneficial gut bacteria to neuroprotective
outcomes through HDAC inhibition, GPR41/43 activation, and
anti-inflammatory cytokine production [18, 19].

Butyrate crosses the BBB through monocarboxylate transport-
ers MCT1 and MCT2, functioning as an HDAC inhibitor leading
to increased transcription of tight junction proteins including
claudin-5, occludin, and ZO-1 [8, 16]. This transcriptional en-
hancement occurs specifically in response to processing de-
mands, demonstrating context-dependent capacity modulation.

Germ-free mouse studies support SCFAs as capacity modu-
lators. Braniste et al. [16] demonstrated that germ-free mice
exhibit decreased tight junction protein expression and in-
creased BBB permeability. Butyrate administration restored
both tight junction protein expression and barrier selectivity
within 72h. Some studies also report context-dependent or
limited effects of SCFAs on BBB properties, indicating that
their influence may vary depending on metabolic or inflam-
matory conditions [18].

4.2 | Integration-Disrupting Metabolites: LPS And
TMAO as Drivers of Signal-Processing Failure

Pathological metabolites overwhelm and damage BBB
signal-processing pathways through distinct mechanisms.
Lipopolysaccharides specifically target BBB structural and sig-
naling architecture through TLR4 receptors on brain endothelial

cells [20, 21]. TLR4 activation initiates NF-xB signaling cascades
that disrupt tight junction proteins while impairing coordinated
signaling between endothelial cells, pericytes, and astrocytes
that enable processing function.

Banks and Robinson [22] demonstrated that even high-dose
peripheral LPS shows minimal direct BBB penetration yet pro-
duces profound central effects through computational system
disruption. Low-dose chronic LPS exposure induces progres-
sive processing overload without causing acute toxicity, consis-
tent with the integration-hub model. Trimethylamine N-oxide
represents another critical example of metabolite-mediated in-
tegration disruption. TMAO, produced by gut microbiota from
dietary choline, carnitine, and betaine, may cross the blood-
brain barrier and has been associated with changes in neural
and endothelial physiology [23]. Large-scale studies report that
cerebrospinal fluid TMAO levels tend to be higher in individuals
with mild cognitive impairment and AD, with potential correla-
tions to AD-related biomarkers [23-25].

TMAO may contribute to reduced BBB integration capacity
through mechanisms distinct from those associated with LPS
exposure. TMAO promotes neuroinflammation through mi-
croglial activation and increases oxidative stress in brain endo-
thelial cells [24]. Recent experimental studies have reported that
TMAO administration is associated with cognitive changes and
reductions in BBB-related proteins such as ZO-1, occludin, and
PDGFR [25]. Recent clinical work further strengthens this as-
sociation, demonstrating that elevated plasma and CSF TMAO
levels correspond to region-specific increases in BBB permeabil-
ity in early-stage AD, particularly within the hippocampal and
parietal microvascular networks [26]. The study also reported
TMAO-induced downregulation of tight-junction proteins and
pericyte-signaling pathways as key drivers of BBB vulnerability.
Notably, these effects were observed independently of vascular
risk factors, supporting TMAO as a direct modulator of BBB in-
tegrity in humans.

Secondary bile acids represent another important class of
microbiota-derived metabolites that demonstrate context-
dependent effects on BBB function. Deoxycholic acid and litho-
cholic acid, produced by bacterial species including Clostridium
scindens and Eggerthella lenta, can modulate BBB permeabil-
ity through Racl-dependent tight junction disruption at high
concentrations while showing protective effects at lower doses
[27, 28]. These metabolites activate receptors including TGR5
and FXR, leading to dose-dependent outcomes that depend on
BBB integration capacity [29].

Tryptophan metabolites, particularly indole derivatives pro-
duced by gut bacteria, demonstrate neuroprotective effects
through aryl hydrocarbon receptor (AhR) activation. Indole-
3-propionic acid from Clostridium sporogenes and indole-3-
aldehyde from Lactobacillus reuteri enhance BBB integrity,
reduce oxidative stress, and promote microglial M2 polarization
[30, 31]. These metabolites support adult neurogenesis and pro-
vide anti-inflammatory effects that protect BBB integration ca-
pacity during challenging conditions [32, 33].

A summary of the major microbiota-derived metabolites, their
BBB targets, and functional consequences is provided in Table 1.
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4.3 | Complex Metabolite Pattern Processing

The integration hub model predicts that BBB function de-
pends not on individual metabolite levels but on the capac-
ity to process complex, mixed signal environments typical of
real physiological conditions. When beneficial metabolites
like SCFAs and tryptophan derivatives are present alongside
inflammatory signals like LPS, the BBB can coordinate and
prioritize these competing inputs. Individuals with intact in-
tegration capacity can maintain beneficial signal processing
even in mixed environments, while those with compromised
capacity experience processing overload and impaired signal
discrimination.

This complex metabolite processing capacity explains the docu-
mented variability in clinical responses to microbiome interven-
tions. Patients with preserved BBB integration function show
consistent positive responses to probiotic therapies that increase
beneficial metabolite production. However, patients with com-
promised integration capacity may show minimal responses or
even adverse outcomes, as their BBB cannot effectively discrim-
inate between beneficial and pathological signals in complex
metabolite environments. Importantly, these metabolites do not
act independently: their effects on BBB function arise from con-
verging and competing signaling pathways, making the overall
response dependent on the combined metabolite pattern rather
than on individual molecules.

These metabolite-dependent shifts in BBB function provide the
basis for understanding how barrier physiology interacts bidi-
rectionally with gut-derived signals, as discussed in the follow-
ing section.

5 | Bidirectional BBB-Gut Integration: Dynamic
System Interactions

Evidence for bidirectional BBB-gut interactions is strongest in
animal models, while human studies primarily support gut-
to-BBB influences and provide only preliminary indications of
BBB-to-gut feedback. The relationship between BBB dysfunc-
tion and gut dysbiosis appears fundamentally bidirectional
instead of representing a simple linear cascade [34, 35]. Gut dys-
biosis can drive BBB dysfunction through chronic exposure to
lipopolysaccharides that directly disrupt tight junction proteins
through TLR4-mediated inflammatory cascades, while reduced
SCFA production removes protective signals that normally sup-
port BBB integrity.

Conversely, BBB dysfunction can promote gut dysbiosis through
mechanisms that affect vagal nerve signaling patterns, influ-
encing gut motility, secretion patterns, and microbial selection
pressures [10]. Altered immune responses secondary to BBB
dysfunction can change the gut's inflammatory environment in
ways that favor pathogenic bacterial overgrowth while suppress-
ing beneficial species.

At the molecular level, BBB and gut dysfunction interact
through shared inflammatory pathways and metabolic sys-
tems [35, 36]. Chronic production of pro-inflammatory cy-
tokines from dysbiotic gut bacteria can directly damage

pericytes and endothelial cells, creating a positive feedback
loop where BBB dysfunction becomes progressively more se-
vere. Simultaneously, impaired BBB clearance mechanisms
allow accumulation of gut-derived toxins that would normally
be efficiently removed from brain tissue. The bidirectional
nature of BBB-gut interactions creates individual patterns of
dysfunction that require personalized therapeutic approaches.
Table 2 illustrates the critical differences between intact and
compromised BBB integration capacity across multiple func-
tional parameters. While gut-to-BBB signaling is supported by
both human and experimental evidence, BBB-to-gut feedback
remains preliminary and should be interpreted as a working
hypothesis requiring further validation. The table summarizes
conceptual patterns supported by experimental and clinical
evidence, but several entries represent integrative interpreta-
tions rather than direct one-to-one empirical measurements.
In this table, entries related to tight-junction proteins, trans-
porter regulation, permeability shifts, and cytokine profiles
derive from direct experimental or clinical evidence, whereas
comparative assessments of “processing capacity,” “signal dis-
crimination,” or broader integration patterns represent con-
ceptual synthesis based on integrated findings.

6 | Therapeutic Implications: Targeting
Integration Hub Function

The integration hub model fundamentally reframes therapeutic
approaches to AD prevention and treatment. Instead of focus-
ing solely on reducing peripheral pathology or optimizing gut
health, this framework suggests that interventions may benefit
from supporting BBB integration capacity while also addressing
the peripheral signals processed by this system.

6.1 | Microbiota Metabolite Processing
Restoration as Primary Target

Therapeutic strategies may aim to support the BBB's capacity to
appropriately process microbiota-derived metabolites instead of
simply optimizing gut microbiome composition. This approach
recognizes that even beneficial microbiomes cannot support
cognitive health when BBB metabolite processing systems are
compromised [5].

Interventions that specifically enhance the BBB's ability to
detect and utilize short-chain fatty acids represent prom-
ising therapeutic approaches. Compounds that upregulate
GPR41/43 receptor expression or enhance HDAC inhibition
pathways have been associated with improved butyrate re-
sponsiveness even in the presence of concurrent inflammatory
signals [8]. Exercise interventions have been associated with
improvements in SCFA-related processing capacity through
the promotion of endothelial health and pericyte function.

Since pericytes serve as critical coordinators of BBB metabo-
lite processing, interventions that specifically protect pericyte
function during gut dysbiosis represent potential therapeutic
targets. Compounds that enhance PDGF- signaling or provide
metabolic support for pericyte energy demands can maintain
processing capacity even during inflammatory challenges [5].

8 of 12

CNS Neuroscience & Therapeutics, 2025

85U8017 SUOWWID aAIER.ID 3|gedlidde ayy Aq pausenob afe saoie YO ‘8sh JO S9N 10} Arelq18UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIA00" A3 1M ARe1q 1 Ul |UO//ScY) SUOIIPUOD Pue SWLB | 8L 88S *[5202/2T/ST] Uo Ariqiauliuo A8im * 1pmiS 11Bed yFeISIBAIUN - 8U0Reade | eIl Ag €020/ SUD/Z00T OT/I0p/LL0d A 1M Ateiq Ul juo//Sdny Wwo.y pepeojumod ‘2T ‘G202 ‘6v6555.T



17555949, 2025, 12, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cns.70703 by rita Maccarone - UniversitaEA Degli Studi , Wiley Online Library on [15/12/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

9o0f12

‘uostredwod [esrriduws 10 aArjeIyUEND

® Sk pojoxdIdiul oq J0U P[NOYS Uk INJLINI] Y} UT pAqLIdsap surdljed Jo sisayjuis en3doouod e se papuaiul ST 9[qe) SIY L, *sawodino snnaderay jorpaid Aewr Ayoedes Surssaoord Teusis Jo syuswssasse [euonouny oa[rym ‘A3rsojur ggq
Surssasse 10§ s[003 [eOTUT]D ey ud}od I3JJO STOAS] JYADAJS S€ YONS SJUSUIAINSBIUI JOYIBWOI] "SUOTIUIAIIUT 0} 9suodsar pue saSUI[eYD T[0qeIaW 03 JUSI[ISAI Sururuialep Ajroeded [euonouny yim ‘sajels pajdnisip/ioejur sjdurrs
uey) 1oy3el £31oeded Jo wnayoads e Uo s)STXd uonouny ggg 1eys Sunensuowap Aq [opouwr qny uonersajur ay3 sjroddns syromaurey oy J, “sosuodsar UOIJUSAIIIUI PUE SI1I03I3[eI) SATITUS0D JUSIAIFIP ATISBA JIQTYXS UBD SOWOIQOIITUL

NS [BOHIUIPT YIIM STENPIAIPUT AYM UTE[AXD SOOUISIIP 9SAY,L, 'SUTBWOP [BUOTIOUN] [[€ SSOIJE SUOI}ONPAI SMOYS UoNdUNJ pasturordurod [y ‘ssauaarsuodsar onnaderay) paarssard pue A3anoses paurejurews ‘Suissaoord Teusis
JUDIOIIJO AQ POZIIDIOBIBYD ST UOIIOUNJ ggd 101U "suonIpuod rexoydirad refrurs 931dsap uoriesrunwurod ureiq-ing ur A)jIqertea [enprarpur Sururerdxs ‘sawrosino [esrurpd syoedur A13o0a11p A3oeded uoneiSoyur ggg Moy S9jeIisuowap
uos1Iedurod oY, "9SeasIp S, JOWIAYZ[Y UI SSOUIATIOJIS Sulssa001d-231[0qeIdW SUTWLIIAP Jey) s1ojourered £33 sso1oe SuIdIsAs uoneidojur ggg pairedwr pue paAaIdsaid Uaam)aq SOOUISJFIP [BUOIIOUN] ) SAIBIISO[TT 3[qe) SIYL :2JON

1SI1J SUOTIURAIIUT pajadrel-ggg I0J pasu Saw0o)No J[qeldrpaidun o SOUWI0INO J[qeIDIPAI{ *
90ue)SISaI Juduieal], :pastwordwo) S)1JoUSq S[AISSFI] PINWIT » S31JOUSq UOTIBDIJIpouW J[KISSJIT *
SSQUOAT}OQJJO SUIOIPaW UOISTOdId SQIN[IeJ UOTIUIAIIUI O1JOIqOI ] » SUONUIAINUI J1301q01d SATIOSIH o
[9€ ‘ST ‘L] ‘ss900ns onnaderay) ySiy :3oejuf sasuodsal 100d/9[qeLIBA * sosuodsail orynadeIaty) JudlSISuo)) « SUONUSAIIUT 0} dsuodsay
axnyrey onynaderay) ‘@oue)sisal nip K11A10919s pastwordwio)) « Aymiqesuriad 9A1309[9S o
‘UonB[NWNIIE N[0GB :pasiwoiduio) Kyroeded Xnjjjo paonpay e SW)SAS XN[JJO SATIOJH *
ssauaAIsuodsar onnadersy) oyeldn 9jrjoqelow Terojousq pairedw] o (Z/TLON) ae1dn VDS JUSIonIy o
[LT ‘9T] “UOTIRZI[IIN )I[0QBIDUW QATIOJJH :10BIUL uorssa1dxe 19310dsuer) pajenaIsL( « uo1ssa1dxa 19)10dsSURI} PIIBUIPIOOD) * uonouny urd)sAs jiodsuely,
uorssa13ord qV pajeId[adde ‘QuIfoap Kyroeded 9[130BIIUOD PAONPIY » uonounNJ 9[1}OBIJU0D PIAISSAIJ *
aantudod Apreq :pasrworduwio) sosuodsa1 pajeurpioodu e sosuodsal I911IBq PAJRUIPION)) *
J9SUO (Y PIAL[Op ‘OAI9SI Sur1dnoo Ie[NOSLAOINAU JO SSOT * Surpdnoo rernosesoInau 9[qeIs o
[eT 1L 5] 9ATITUS0D PAAISSAIJ :30RIUL UONBISUIZIP 9140119 * uorssa1dxa gy I0d [eWION ¢ UONBUIPIO0I 9)AJ119J
SQIN[IBJ UOTIUIAIUI ‘sasuodsal UOIJRUTWLIOSIP [euSIs pairedu] « Y[€1-SSOID JUSIOLIH o
jusawjea) 9[qeldrpaidun :pastwoidwo) uone[n3aisAp pioysaryl, ¢ uonenpow proysaiyy ajerrdoiddy «
$s900ns onnaderay) pazijeuosiad UOIBUTWLIOSIP [elodwua) JO SSOT o UOoBUIPIO0D [eUSIS [e10dW], «
[T ‘1] ‘sosuodsal uoryuaAIaul [ewnndQ :3oBIUT peo19A0 [eugdIs « Jursseooid juspuadop-1xajuo)) « s9ssa001d uoneidojur reudis
uoneWWejUl IS 0}
A31AnIsuas ysIy ‘uonerauadopornau SWISAS 90ouBIBI[O pairedw] o SWISTUBYOIW XN[JJO dAOJH *
Pa7e19[900Y :pasiwoldwo) Ayniqeawrad pafjorzuodu e AIADOQ[OS ISLIIR] PIUTRIUIBIA] *
uoroungy 9ARIUS0 paurejureur UOIJBWWE[JUIOINSU PIUTRISNS o uonnjosal A1ojewrure[yul pidey o
[zz-02 ‘11] ‘s1801GSApP ING 03 QOUSI[ISY :J0BIUT uoneandeIddAy $ 1L ¢ UOIJBAI)OR 3T ] PI[[0IIUOD juowoFeuew asuodsar §JT

sworqoIorur  Ayjeay,, 9)dsop

QUITOIP SATITUS0D “DAT}OJJIUL $109JJ9 [BIOIJOUS(Q PAIENUIMNY » 9suodsa1 AI0JeWIWR[JUI-NIUY o
uonejuawa(ddns v DS :pastwoiduio) surajoid uonoun(1ysdn paseardd( o uorssaidxa uonoun(jysn peoueyuy e
saguarreyo ng aydsap Kemyyed DyaH paireduwy « uoniqIyuI DYAH 1Snqoy ¢
[T ‘9T “8] uonoatoxd aantudo) :joejuf K1ANISuSs 103d90a1 paonpay o SurreuSIs ¢/ THIdD TUSOIH Kyoedeos Suissaoord VDS
SOOUIIIJII A3 saouanbasuod [earuI) uonouny ggg pasrwoaduwo) uonouny ggg joeiux 13jouwrered uoneaSajyuy

‘Ayroeded uonjerdaur gqg pasrwordurod snsisa joeur jo uostredwo) | Z ATIVL

CNS Neuroscience & Therapeutics, 2025



Because targeted BBB-directed therapies remain largely experi-
mental, early human studies are still limited and further valida-
tion is required before these approaches can be reliably applied
in clinical settings.

6.2 | Personalized Medicine Approaches

The complexity of BBB-dysbiosis interactions necessitates per-
sonalized assessment and intervention strategies that account
for individual patterns of dysfunction [37, 38]. Combined eval-
uation of gut microbiome composition, metabolite profiles, and
BBB integrity markers can identify which pathways predomi-
nate in individual patients and guide targeted intervention se-
lection [12, 36].

Sequential intervention protocols may involve initial restoration
of endothelial health, through exercise, metabolic support, or
SCFA-enhancing strategies, followed by targeted modulation
of inflammatory pathways once BBB responsiveness has im-
proved. This approach differs from simultaneous interventions
by prioritizing recovery of processing capacity before addressing
secondary signaling abnormalities [7, 13].

Despite these opportunities, translating microbiota- and
BBB-targeted strategies into clinical practice remains chal-
lenging. Targeted delivery of GPR41/43 enhancers or TLR4
antagonists to brain endothelium is limited by narrow ther-
apeutic windows and the risk of interfering with physiolog-
ical immune surveillance. Preliminary human data remain
limited: small pilot trials exploring SCFA-enhancing diets
or probiotics targeting inflammatory pathways have shown
modest effects on endothelial biomarkers but inconsistent
cognitive outcomes, underscoring the need for rigorous stud-
ies in AD populations [39-41]. Although these BBB-targeted
strategies remain exploratory, this does not diminish the
relevance of the integration hub framework; rather, it under-
scores the need for improved delivery approaches optimized
for BBB signaling.

7 | Clinical Translation and Research Priorities

Translation of the BBB integration hub model into clinical
practice requires the development of practical assessment
tools and targeted therapeutic approaches. Current blood-
based BBB markers such as sPDGFR and albumin ratios
can be combined with microbiome analysis and metabolomic
profiling to create comprehensive risk assessment platforms
[7,12].

The integration hub model suggests specific pharmaceutical de-
velopment priorities focusing on compounds that enhance BBB
metabolite processing capacity instead of targeting individual
pathways in isolation. Promising approaches include GPR41/43
signaling enhancers that amplify SCFA responsiveness, selec-
tive TLR4 antagonists that reduce LPS sensitivity while preserv-
ing beneficial immune functions, and combination therapeutics
that simultaneously optimize microbial metabolite production
and BBB processing capacity [8, 20].

Recent systematic reviews have identified critical knowledge
gaps requiring urgent research attention [42, 43]. Priority
areas include characterizing temporal relationships between
BBB and gut dysfunction across diverse populations, develop-
ing validated assessment protocols that capture both systems
simultaneously, and creating personalized intervention strat-
egies based on individual BBB metabolite processing capacity.
Standardized gut-brain assessment protocols may include a
combined evaluation of CSF/plasma albumin ratio, circulat-
ing SCFA and TMAO levels, sSPDGFRf as a marker of pericyte
injury, and cognitive endpoints such as delayed recall or pro-
cessing speed, allowing objective measurement of BBB-mi-
crobiome interactions.

Initial pilot studies, including SCFA-supplementation trials
and TMAO-reduction interventions in individuals with mild
cognitive impairment, provide preliminary models for inte-
grating metabolic, microbiome, and BBB biomarkers within
a unified clinical framework. Emerging research has high-
lighted the need for standardized protocols to assess gut-
brain axis function, biomarker validation studies for clinical
translation, and development of combination therapeutic ap-
proaches that address both peripheral and central components
of the axis [18, 19].

8 | Conclusion

The evidence demonstrates that both BBB dysfunction and gut
dysbiosis represent critical pathways linking peripheral health
to cognitive decline in Alzheimer's disease [5, 7, 44]. Instead
of competing hypotheses, these mechanisms interact synergis-
tically through bidirectional pathways that create complex but
predictable patterns of pathophysiology [34, 35].

BBB dysfunction provides a measurable interface where periph-
eral signals are processed and can become pathological when
the barrier's capacity is compromised [12, 13]. This system of-
fers concrete biomarkers for early detection and specific targets
for therapeutic intervention. Gut dysbiosis generates harmful
peripheral signals that can overwhelm BBB processing capacity
while simultaneously reducing beneficial signals that support
barrier function [8, 45].

The clinical implications extend beyond academic interest to
provide practical guidance for prevention and treatment strate-
gies [15, 36]. Individual patients may require assessment of both
systems to determine optimal intervention approaches. Early in-
tervention focusing on either system may prevent decline in the
other, while advanced disease may require simultaneous target-
ing of both pathways [37].

This integrative perspective helps organize current evidence
across BBB and gut pathways without implying replacement
of existing mechanistic models. This integrated model moves
beyond simple linear explanations to embrace the complexity
of biological systems while maintaining focus on measurable
and modifiable factors [9, 10]. Future research should prioritize
characterizing temporal relationships between BBB and gut
dysfunction across diverse populations, developing validated
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assessment tools that capture both systems simultaneously, and
creating personalized intervention protocols that address indi-
vidual patterns of pathophysiology [38]. However, most available
evidence remains associative, and causal relationships between
BBB-microbiota interactions and human cognitive decline have
not yet been established, underscoring the need for longitudinal
and interventional studies.

Success in these endeavors may finally provide the mechanistic
understanding necessary for effective prevention and treatment
of Alzheimer's disease.

Acknowledgments

Open access publishing facilitated by Universita degli Studi dell'Aquila,
as part of the Wiley - CRUI-CARE agreement.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analysed during the current study.

References

1. C. Tadecola, “The Neurovascular Unit Coming of Age: A Journey
Through Neurovascular Coupling in Health and Disease,” Neuron 96,
no. 1 (2017): 17-42.

2.R. Daneman and A. Prat, “The Blood-Brain Barrier,” Cold Spring
Harbor Perspectives in Biology 7, no. 1 (2015): a020412.

3.J. D. Hoffman, I. Parikh, S. J. Green, et al., “Age Drives Distortion of
Brain Metabolic, Vascular and Cognitive Functions, and the Gut Micro-
biome,” Frontiers in Aging Neuroscience 9 (2017): 298.

4. E. Nozohouri, B. Noorani, D. Patel, Y. Ahn, S. Zoubi, and U. Bickel,
“Assessing Blood-Brain Barrier (BBB) Integrity in an Alzheimer's Dis-
ease Mouse Model: Is the BBB Globally or Locally Disrupted?,” Fluids
and Barriers of the CNS 22, no. 1 (2025): 79.

5. M. D. Sweeney, A. P. Sagare, and B. V. Zlokovic, “Blood-Brain Barrier
Breakdown in Alzheimer Disease and Other Neurodegenerative Disor-
ders,” Nature Reviews. Neurology 14, no. 3 (2018): 133-150.

6. M. Bruno, C. G. Bonomi, F. Ricci, et al., “Blood-Brain Barrier Per-
meability Is Associated With Different Neuroinflammatory Profiles
in Alzheimer's Disease,” European Journal of Neurology 31, no. 1 (2024):
€16095.

7.D. A. Nation, M. D. Sweeney, A. Montagne, et al., “Blood-Brain Bar-
rier Breakdown Is an Early Biomarker of Human Cognitive Dysfunc-
tion,” Nature Medicine 25, no. 2 (2019): 270-276.

8. M. Li, B. C. A. M. van Esch, P. A. J. Henricks, G. Folkerts, and J. Gars-
sen, “The Anti-Inflammatory Effects of Short Chain Fatty Acids on Li-
popolysaccharide- or Tumor Necrosis Factor a-Stimulated Endothelial
Cells via Activation of GPR41/43 and Inhibition of HDACS,” Frontiers in
Pharmacology 9 (2018): 533.

9. C. R. Martin, V. Osadchiy, A. Kalani, and E. A. Mayer, “The Brain-
Gut-Microbiome Axis,” Cellular and Molecular Gastroenterology and
Hepatology 6, no. 2 (2018): 133-148.

10.J. F. Cryan, K. J. O'Riordan, C. S. Cowan, et al., “The Mi-
crobiota-Gut-Brain Axis,” Physiological Reviews 99, no. 4 (2019):
1877-2013.

11. W. W. Chen, X. Zhang, and W. J. Huang, “Role of Neuroinflamma-
tion in Neurodegenerative Disorders (Review),” Molecular Medicine Re-
ports 13, no. 4 (2016): 3391-3396.

12.J. S. Miners, P. G. Kehoe, S. Love, H. Zetterberg, and K. Blennow,
“CSF Evidence of Pericyte Damage in Alzheimer's Disease Is Associ-
ated With Markers of Blood-Brain Barrier Dysfunction and Disease Pa-
thology,” Alzheimer’s Research & Therapy 11, no. 1 (2019): 81.

13. A. Montagne, D. A. Nation, A. P. Sagare, et al., “APOE4 Leads to
Blood-Brain Barrier Dysfunction Predicting Cognitive Decline,” Na-
ture 581, no. 7806 (2020): 71-76.

14. M. Vanlandewijck, L. He, M. A. Mie, et al., “A Molecular Atlas of
Cell Types and Zonation in the Brain Vasculature,” Nature 554, no. 7693
(2018): 475-480.

15. G. Livingston, J. Huntley, A. Sommerlad, et al., “Dementia Preven-
tion, Intervention, and Care: 2020 Report of the Lancet Commission,”
Lancet 396, no. 10248 (2020): 413-446.

16. V. Braniste, M. Al-Asmakh, C. Kowal, et al., “The Gut Microbiota
Influences Blood-Brain Barrier Permeability in Mice,” Science Transla-
tional Medicine 6, no. 263 (2014): 263ral58.

17. L. Hoyles, T. Snelling, U. K. Umlai, et al., “Microbiome-Host Systems
Interactions: Protective Effects of Propionate Upon the Blood-Brain
Barrier,” Microbiome 6, no. 1 (2018): 55.

18. S. Lista, A. Munafo, F. Caraci, et al., “Gut Microbiota in Alzheimer's
Disease: Understanding Molecular Pathways and Potential Therapeutic
Perspectives,” Ageing Research Reviews 104 (2025): 102659.

19. R. Kulkarni, S. Kumari, R. Dhapola, et al., “Association Between the
Gut Microbiota and Alzheimer's Disease: An Update on Signaling Path-
ways and Translational Therapeutics,” Molecular Neurobiology 62, no.
4(2025): 4499-4519.

20. Q. Chen, Y. Feng, Y. Liu, et al., “Blood-Brain Barrier Disruption by
Lipopolysaccharide and Sepsis-Associated Encephalopathy,” Frontiers
in Cellular and Infection Microbiology 11 (2021): 768108.

21.Z. Zhao, A. R. Nelson, C. Betsholtz, and B. V. Zlokovic, “Estab-
lishment and Dysfunction of the Blood-Brain Barrier,” Cell 163, no. 5
(2015): 1064-1078.

22.W. A.Banks and S. M. Robinson, “Minimal Penetration of Lipopoly-
saccharide Across the Murine Blood-Brain Barrier,” Brain, Behavior,
and Immunity 24, no. 1 (2010): 102-109.

23.N. M. Vogt, K. A. Romano, B. F. Darst, et al., “The Gut Microbiota-
Derived Metabolite Trimethylamine N-Oxide Is Elevated in Alzhei-
mer's Disease,” Alzheimer's Research & Therapy 10 (2018): 124.

24.A. Yaqub, D. Vojinovic, M. W. Vernooij, et al., “Plasma Trime-
thylamine N-Oxide (TMAO): Associations With Cognition,
Neuroimaging, and Dementia,” Algheimer's Research & Therapy 16
(2024): 113.

25.T. Zhang, G. Gao, L. Y. Kwok, and Z. Sun, “Trimethylamine-N-
Oxide Regulates Cognitive Function in Alzheimer's Disease Patients
and Mice Model Through Brain—Gut-Microbiota Axis,” Alzheimer's &
Dementia 20, no. 8 (2024): 5771-5788.

26.N. Dalal, J. Jaiswal, M. Kushwaha, et al., “Implications of Gut
Microbiota-Derived Metabolites in Neurological Disorders,” ACS Chem
Neurosci 16, no. 22 (2025): 4315-4326, https://doi.org/10.1021/acsch
emneuro.5c00414. Epub 2025 Oct 30. PMID: 41165739.

27. M. Quinn, M. McMillin, C. Galindo, G. Frampton, H. Y. Pae, and S.
DeMorrow, “Bile Acids Permeabilize the Blood-Brain Barrier After Bile
Duct Ligation in Rats via Racl-Dependent Mechanisms,” Digestive and
Liver Disease 46, no. 6 (2014): 527-535.

28. R. Reinehr, S. Becker, A. Eberle, S. Grether-Beck, and D. Hiussinger,
“Involvement of NADPH Oxidase Isoforms and Src Family Kinases
in Bile Acid-Induced Apoptosis,” Gastroenterology 129, no. 1 (2005):
239-253.

CNS Neuroscience & Therapeutics, 2025

11 of 12

85U8017 SUOWWID aAIER.ID 3|gedlidde ayy Aq pausenob afe saoie YO ‘8sh JO S9N 10} Arelq18UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIA00" A3 1M ARe1q 1 Ul |UO//ScY) SUOIIPUOD Pue SWLB | 8L 88S *[5202/2T/ST] Uo Ariqiauliuo A8im * 1pmiS 11Bed yFeISIBAIUN - 8U0Reade | eIl Ag €020/ SUD/Z00T OT/I0p/LL0d A 1M Ateiq Ul juo//Sdny Wwo.y pepeojumod ‘2T ‘G202 ‘6v6555.T


https://doi.org/10.1021/acschemneuro.5c00414
https://doi.org/10.1021/acschemneuro.5c00414

29. S. MahmoudianDehkordi, M. Arnold, K. Nho, et al., “Altered Bile
Acid Profile Associates With Cognitive Impairment in Alzheimer's Dis-
ease-An Emerging Role for Gut Microbiome,” Alzheimer's & Dementia
15, no. 1 (2019): 76-92.

30. T. D. Hubbard, I. A. Murray, and G. H. Perdew, “Indole and Trypto-
phan Metabolism: Endogenous and Dietary Routes to Ah Receptor Ac-
tivation,” Drug Metabolism and Disposition 43, no. 10 (2015): 1522-1535.

31. V. Rothhammer, I. D. Mascanfroni, L. Bunse, et al., “Type I Inter-
ferons and Microbial Metabolites of Tryptophan Modulate Astrocyte
Activity and Central Nervous System Inflammation via the Aryl Hy-
drocarbon Receptor,” Nature Medicine 22, no. 6 (2016): 586-597.

32.B. Lamas, M. L. Richard, V. Leducq, et al., “CARD9 Impacts Colitis
by Altering Gut Microbiota Metabolism of Tryptophan Into Aryl Hydro-
carbon Receptor Ligands,” Nature Medicine 22, no. 6 (2016): 598-605.

33.Y. Obata, A. Castafio, S. Boeing, et al., “Neuronal Programming
by Microbiota Regulates Intestinal Physiology,” Nature 578, no. 7794
(2020): 284-289.

34. L. Hoyles, M. G. Pontifex, I. Rodriguez-Ramiro, et al., “Regulation
of Blood-Brain Barrier Integrity by Microbiome-Associated Methyl-
amines and Cognition by Trimethylamine N-Oxide,” Microbiome 9, no.
1(2021): 235.

35.C. Chen, E. H. Ahn, S. S. Kang, X. Liu, A. Alam, and K. Ye, “Gut
Dysbiosis Contributes to Amyloid Pathology, Associated With C/EBPS/
AEP Signaling Activation in Alzheimer's Disease Mouse Model,” Sci-
ence Advances 8, no. 31 (2022): eaba0466.

36.D. O. Seo, B. D. Boros, and D. M. Holtzman, “Current Understand-
ing of the Alzheimer's Disease-Associated Microbiome and Therapeutic
Strategies,” Experimental & Molecular Medicine 56, no. 1 (2024): 86-94.

37. A. L. Ferreiro, J. Choi, J. Ryou, et al., “Gut Microbiome Composition
May be an Indicator of Preclinical Alzheimer's Disease,” Science Trans-
lational Medicine 15, no. 700 (2023): eabo2984.

38.S. Liang, T. Wang, X. Hu, et al., “The Link Between Gut Microbiome
and Alzheimer's Disease: From the Perspective of New Revised Criteria
for Diagnosis and Staging of Alzheimer's Disease,” Alzheimer's & De-
mentia 20, no. 7 (2024): 4786-4804.

39.Y. Zhu, A. Pujari, K. Arden, J. Daughert, C. Jiang, and Y. Li, “Im-
mune, Blood-Brain Barrier, and Metabolic Biomarkers Mediate Gut-
Brain Axis Crosstalk in Alzheimer's Disease,” Journal of Alzheimer's
Disease 103, no. 3 (2025): 889-905.

40.X. Li, C. Li, M. Zhang, et al., “Short-Chain Fatty Acids: Important
Components of the Gut-Brain Axis Against Alzheimer's Disease,” Fron-
tiers in Endocrinology 15 (2024): 1409458.

41.X. Zhou, L. Liu, T. Chen, and X. Zhao, “Early Changes of Fecal
Short-Chain Fatty Acid Levels in Mild Cognitive Impairment Patients,”
CNS Neuroscience & Therapeutics 29, no. 11 (2023): 3657-3666.

42.X. P. Zhou, L. B. Sun, W. H. Liu, et al., “The Complex Relationship
Between Gut Microbiota and Alzheimer's Disease: A Systematic Re-
view,” Ageing Research Reviews 104 (2025): 102637.

43.L. R. D. Huarcaya, “Gut Microbiota and Alzheimer Disease,” Acta
Neurologica Taiwanica 34, no. 1 (2025): 1-12.

44.N. M. Vogt, R. L. Kerby, K. A. Dill-McFarland, et al., “Gut Micro-
biome Alterations in Alzheimer's Disease,” Scientific Reports 7, no. 1
(2017): 13537.

45. L. Ho, K. Ono, M. Tsuji, P. Mazzola, R. Singh, and G. M. Pasinetti,
“Protective Roles of Intestinal Microbiota Derived Short Chain Fatty
Acids in Alzheimer's Disease-Type Beta-Amyloid Neuropathologi-
cal Mechanisms,” Expert Review of Neurotherapeutics 18, no. 1 (2018):
83-90.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Hierarchical integra-
tion of SCFA-GPR41/43 and LPS-TLR4 signaling at the blood-brain
barrier. This schematic illustrates how endothelial cells integrate
beneficial short-chain fatty acid (SCFA) signals via GPR41/43 with pro-
inflammatory cues mediated by TLR4 activation. Under concurrent
stimulation, TLR4-driven NF-xB activation suppresses SCFA-mediated
HDAC inhibition and reduces transcription of tight-junction proteins,
resulting in diminished barrier-reinforcing effects. The diagram high-
lights how hierarchical pathway interactions shape BBB responses to
complex microbial-metabolite environments.
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