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ABSTRACT: Alzheimer’s disease (AD) is increasingly linked to metabolic and microbial dysregulations, with
butyrate and p-hydroxybutyrate (BHB) identified as key modulators. BHB is a ketone body primarily produced
by the liver during periods of low glucose availability, and BHB levels are reduced in the AD brain and
peripheral blood. Butyrate, a microbiota-derived short-chain fatty acid, is also reduced in the peripheral blood
in association with gut microbiota dysbiosis. The reduction of butyrate and BHB, together with gut microbiota
dysbiosis, is commonly observed in AD patients and correlates with cognitive decline and AD-related
pathologies. Reduced levels of butyrate and BHB may impair energy metabolism, exacerbating amyloid-beta
(AP) and tau pathologies. In contrast, preliminary evidence from interventional and ketogenic studies suggests
that increasing butyrate and BHB levels may attenuate AD-related pathologies, such as Ap and tau
abnormalities, while improving cognitive function. Emerging evidence suggests that both butyrate and BHB can
cross the blood-brain barrier (BBB), suppressing oxidative stress and pro-inflammatory cytokines and
potentially mitigating Ap aggregation and tau hyperphosphorylation. Accordingly, therapeutic strategies
targeting the microbiota—butyrate-BHB axis represent a promising and biologically plausible approach that
warrants further rigorous clinical investigation for the prevention and treatment of AD. This review
comprehensively examines the roles of butyrate and BHB in ameliorating key AD-related pathologies, including
AP aggregation, tau hyperphosphorylation, neuroinflammation, and neurodegeneration. Additionally, the
review explores the bidirectional association between butyrate/BHB and gut dysbiosis in AD, including how
dysbiosis reduces butyrate/BHB levels while elevating them may reverse dysbiosis and improve gut-brain axis
function. Collectively, these findings suggest that butyrate and BHB emerge as promising candidates for
potential novel adjunctive therapies for AD, although supporting human evidence remains preliminary and
heterogeneous.
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1. Introduction processes [1]. Diverse neuropathological hallmarks,

including amyloid-beta (AP) and tau pathology,
Alzheimer's disease (AD) is a  progressive neuroinflammation, mitochondrial dysfunction, and
neurodegenerative disorder characterized by memory loss  synaptic and neuronal loss, have been observed in the
and cognitive decline, driven by multiple pathological brains of AD patients [2, 3]. In addition to these central
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pathologies, recent research also implicates peripheral
factors—particularly systemic metabolic dysfunction and
gut microbiota dysbiosis—in the pathogenesis and
progression of AD [4-7]. Importantly, complex crosstalk
between the gut microbiome and systemic metabolic
pathways can induce cerebral metabolic impairment, such
as glucose hypometabolism in AD [8-10]. The disruption
of glucose utilization in AD highlights the potential
importance of alternative energy substrates to meet energy
requirements [11-13]. While peripheral tissues can
oxidize circulating fatty acids as an alternative fuel, the
inability of bulky fatty acid molecules to easily cross the
blood-brain barrier (BBB) limits their direct utility in the
brain. Thus, instead of fatty acid utilization, the energy-
deficient brain relies on alternative substrates that easily
pass through the BBB. These include short-chain fatty
acids (SCFAs) and ketone bodies, which can penetrate the
BBB via carrier-mediated transport [14-16].

SCFAs are primarily produced by bacterial
fermentation of dietary fibers in the colon [17]. The most
abundant of these metabolites are butyrate, acetate, and
propionate, of which butyrate mainly has beneficial
effects by interrupting the progression of AD [18].
Notably, gut-derived butyrate not only serves as a direct
energy substrate but can also contribute to hepatic
ketogenesis and the production of B-hydroxybutyrate
(BHB), particularly under low-carbohydrate conditions
[19, 20]. This relationship is primarily supported by
metabolic studies in healthy individuals, and its
quantitative importance in AD patients remains to be fully
clarified. Specifically, in the liver, butyrate is converted
to butyryl-coenzyme A (butyryl-CoA) by acyl-coenzyme
A (acyl-CoA) synthetase and undergoes B-oxidation to
form acetyl-coenzyme A (acetyl-CoA) [21, 22]. During
fasting or low-carbohydrate states, acetyl-CoA is
transformed into acetoacetyl-coenzyme A (acetoacetyl-
CoA) via thiolase, and then into 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) by HMG-CoA
synthase. Subsequently, HMG-CoA is cleaved by HMG-
CoA lyase to produce acetoacetate, which is sequentially
reduced into BHB by B-hydroxybutyrate dehydrogenase
[21, 22]. Indeed, among the various ketone bodies
generated via this hepatic ketogenesis, which also include
acetoacetate and acetone, BHB is the most abundant and
stable circulating metabolite in the blood [23, 24].
Importantly, BHB levels can also be elevated
independently through ketogenic diets, fasting, or
medium-chain triglycerides (MCT) supplementation,
which may not rely on gut-derived butyrate [25, 26]. Since
brain regions with abnormal glucose metabolism in AD
still efficiently uptake ketone bodies [27], these ketone
bodies can be used as an alternative energy source instead
of glucose [28]. However, the altered gut microbial
environment in AD, characterized by dysbiosis,

suppresses the production of gut-derived butyrate [29-31].
Similarly, the depletion of butyrate in AD is closely
associated with a decrease in gut microbial diversity,
forming a vicious feedback loop [32, 33]. Additionally, a
significant reduction in the levels of both butyrate and its
downstream metabolite, BHB, has been observed in AD
patients [34-36]. To address this detrimental depletion in
AD, supplementing these metabolites has emerged as a
potential therapeutic strategy. Interestingly, both butyrate
and BHB share structural similarities and exert
comparable pharmacological effects, improving glucose
uptake and mitigating metabolic dysfunction in AD-
affected brains [18, 37]. Moreover, exogenous
administration of butyrate or BHB has been shown to be
promising in preclinical studies to ameliorate AD-
associated cognitive impairment and mitigate gut
microbiota dysbiosis [38, 39]. In addition to these
independent benefits, the synergistic effects of butyrate
and BHB show therapeutic potential for AD and other
metabolic disorder-associated brain diseases [19, 34].
Therefore, targeting the microbiota—butyrate—-BHB axis
may represent a biologically plausible metabolic strategy
with the potential to restore cerebral energy homeostasis
and mitigate the pathogenesis and progression of AD,
pending validation in large-scale clinical trials.

Despite the growing body of evidence on gut
microbiota dysbiosis, SCFAs, particularly butyrate, and
ketone bodies such as BHB in AD, comprehensive
reviews that integrate their complex and bidirectional
interactions within a unified microbiota—butyrate—-BHB
axis remain limited. Several reviews have addressed
aspects of the gut-brain axis in AD, the role of SCFAs in
neuroinflammation and cognition, or the therapeutic
potential of ketogenic diets or BHB independently.
However, these works often treat butyrate and BHB as
separate entities without fully exploring their metabolic
linkage, particularly the potential contribution of butyrate
to hepatic ketogenesis, their shared signaling pathways,
such as G-protein-coupled receptor 109A (GPR109A)
activation, histone deacetylase (HDAC) inhibition, and
NLRP3 suppression, and their synergistic effects on
restoring cerebral energy homeostasis and reversing
dysbiosis.

The present review fills this gap by providing a
focused synthesis of the microbiota—butyrate-BHB axis
as a cohesive metabolic therapeutic strategy. We delineate
(1) alterations in butyrate and BHB levels in AD patients
and models; (2) their reciprocal relationship with gut
dysbiosis, including how elevating these metabolites can
reshape the microbiome, enriching beneficial taxa like
Akkermansia  muciniphila while suppressing pro-
inflammatory ones; (3) overlapping and complementary
mechanisms by which butyrate and BHB mitigate AP
aggregation, tau  hyperphosphorylation,  neuro-
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inflammation,  oxidative  stress, and  synaptic/
neurodegenerative changes; and (4) translational evidence
from preclinical models of butyrate-targeted approaches
and clinical trials of BHB-elevating interventions. By
emphasizing the liver—gut-brain metabolic continuum
and potential synergies such as high-fiber diets combined
with ketogenic strategies, this review offers novel insights
into a promising and metabolically grounded avenue that
warrants further investigation. Taken together, we seek to
provide insights into the therapeutic potential of
modulating the microbiota—butyrate-BHB axis in AD.

2. The relevance of butyrate and BHB in AD
2.1 Alteration of butyrate level in AD

Although butyrate concentrations vary across studies,
typical physiological levels in healthy adults are
approximately 0.2—1.5 uM in peripheral blood, 0-2.8 uM
in cerebrospinal fluid (CSF), and 4.44—11.9 umol/g in the
gut lumen [17, 40-42]. Unfortunately, quantitative data
comparing absolute butyrate concentrations between
cognitively healthy controls and AD patients remain
limited, highlighting the need for future studies.
Nevertheless, existing evidence indicates that butyrate
levels are substantially reduced in patients with AD
compared with controls. Previous clinical observational
studies have shown significantly altered butyrate levels in
the feces and blood of AD patients compared to healthy
controls [35, 36, 43]. The fecal concentration of butyrate
was significantly decreased in mild cognitive impairment
(MCI)-stage patients with AD compared to healthy
controls. In particular, the mean fecal concentration of
butyric acid, which is the protonated form of butyrate, was
significantly decreased in MClI-stage AD patients at
825.28 + 544.49 ng/g compared with healthy controls at
1,156.32 + 583.59 pg/g [35]. Consistently, fecal levels of
n-butyric acid, the acidic form of butyrate, were
substantially reduced in AD patients compared to healthy
controls, with mean concentrations of approximately 200
pg/g in AD patients compared to 850 pg/g in healthy
controls [44]. In addition, serum n-butyric acid levels
were significantly lower in AD patients compared to
healthy controls, with mean concentrations of
approximately 0.05 pg/ml in AD patients compared with
0.2 pg/ml in healthy controls [44]. Furthermore, plasma
butyrate levels were measured in 67 participants: 10
cognitively unimpaired healthy controls (control group),
28 individuals with cognitive impairment due to AD (AD
group), and 29 with cognitive impairment not due to AD
(non-AD group). Plasma butyrate levels were
significantly lower in the AD group compared to both the
control group and the non-AD group [43]. These findings
indicate that butyrate levels are selectively reduced in the

AD patient group. Furthermore, age-related changes in
butyrate levels were examined in healthy control mice and
amyloid precursor protein/presenilin 1 (APP/PSI)
transgenic mice at multiple times up to 12 months of age
[45]. Butyrate levels remained relatively similar between
the two groups up to 4 months of age. However, starting
from 5 months of age, APP/PS1 mice showed
significantly lower butyrate levels in both feces and brain
tissue compared to healthy controls. For example, at 5-6
months, fecal butyrate levels were 364 = 47 pg/g in
APP/PS1 mice compared to 535 + 178 pg/g in control
mice, while brain butyrate levels were 31 + 2 nmol/g in
APP/PS1 mice compared to 38 + 4 nmol/g in control mice
[45]. Taken together, butyrate is an important metabolite
reflecting the relationship between gut microbiota and the
gut—brain axis in patients with AD. Alterations in butyrate
levels may play a critical role in the onset and progression
of AD and highlight the potential of butyrate as a
metabolic biomarker for AD.

2.2 Alteration of BHB level in AD

BHB levels are consistently lower in both animal models
and patients with AD compared to wild-type control mice
and healthy individuals, respectively, as observed in
peripheral blood and brain tissue [34, 46]. Specifically, an
investigation comparing brain metabolites between
healthy and AD patients reported significantly reduced
levels of BHB in the brain parenchyma of AD patients
[34]. Consistently, a recent metabolomics study reported
that BHB levels were markedly decreased more than
glucose-derived metabolites such as fructose-6-phosphate
and pyruvate in the prefrontal cortex of AD patients [47].
In AD, ketogenesis pathways are impaired or less
efficient, which contributes to the reduced supply of brain
energy [11, 48]. Although low-carbohydrate diets and
fasting are not direct models of AD, they hold therapeutic
relevance by stimulating ketogenesis. This approach is
particularly appropriate for AD, where brain glucose
hypometabolism is a well-established early feature [11].
The resulting impairment in brain energy metabolism can
potentially be bypassed by ketone bodies, which serve as
an alternative fuel source for the brain. Sprague—Dawley
rats subjected to a low-carbohydrate diet or fasting exhibit
markedly increased hepatic ketogenesis, thereby elevating
BHB levels in plasma and CSF and providing ketone
bodies as an alternative energy source to compensate for
reduced glucose metabolism [49, 50]. Moreover, fasting-
induced ketosis increased the levels of BHB in the
occipital lobe and plasma of healthy adults [26]. In
addition, BHB concentrations of blood reflect BHB levels
in the CSF [50], and BHB levels in blood and brain are
positively correlated [26]. In healthy individuals, the
blood concentration of ketone bodies, including BHB and
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acetoacetate, is approximately 0.1 mM and BHB
constitutes the largest proportion [51]. However, the
precise BHB concentrations in the brain, plasma, and CSF
between healthy individuals and AD patients have yet to
be established. Recent findings have shown that the level
of BHB in plasma was 0.03 + 0.04 mM, and the level of
BHB in voxel was 0.05 £ 0.05 mM in healthy adults [26].
Fasting blood levels of BHB in patients with AD or MCI
were 0.04 = 0.02 mM in people without the apolipoprotein
E €4 gene (APOE &4 non-carriers) and 0.08 £ 0.08 mM in
people with the APOE &4 gene (APOE &4 carriers) [52].
Such variation in BHB concentrations may result from
differences in measuring methods, experimental groups,
and inter-individual differences. However, interpreting
the causal role of reduced BHB levels in the brain, plasma,
and CSF requires caution. Decreased BHB levels may act
as pathogenic factors impairing cerebral bioenergetics,
but they could also reflect secondary consequences of AD
progression. Specifically, systemic depletion of these
metabolites can be independently driven by confounding
factors such as altered diet, frailty, comorbidities,
medication use, altered gut transit, and disease-related
reductions in food intake [53, 54]. Therefore, whether this
deficiency represents a primary pathogenic factor or a
secondary consequence of AD progression remains to be
fully elucidated. Furthermore, current clinical evidence
remains limited despite promising preclinical findings.
Therefore, a strict hierarchy of evidence—from in vitro
and in vivo models to human clinical trials—must be
considered when evaluating their translational therapeutic
potential. Collectively, the observed alterations in BHB
levels among AD patients often characterized by lower
circulating or brain concentrations may reflect
disturbances in brain energy metabolism and reduced
availability of ketone bodies as an alternative fuel. These
findings suggest that BHB levels have potential as a
metabolic biomarker for AD.

3. The association of butyrate and BHB with AD-
related pathologies in the brain

3.1 Butyrate on AD-related pathologies

Butyrate has shown promising effects in preclinical
models due to its multifaceted impact on AD. Butyrate
targets AP accumulation, tau hyperphosphorylation,
neuroinflammatory processes, and neurodegeneration,
thereby slowing AD progression. This section reviews
evidence on butyrate's effects in reducing AD-related
pathologies in AD models.

Accumulation of AP peptides generated through
sequential cleavage of APP by beta-site amyloid
precursor protein cleaving enzyme 1 (BACE1) and y-
secretase leads to neuronal dysfunction in AD [55].

Sodium butyrate (NaB) is a stable and water-soluble form
of butyrate that is ideal for supplementation and research
in mitigating AD pathologies [56]. NaB has been shown
to significantly inhibit Af accumulation and BACEI
expression in high-cholesterol-induced AD models [55].
NaB reduced ROS levels by downregulating nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2) and
upregulating superoxide dismutase 1 (SOD1), thereby
mitigating oxidative stress, a key contributor to AP
toxicity [55]. In N2a neuroblastoma cells, NaB treatment
enhanced cell viability and reduced ROS-mediated
cellular injury caused by AP, demonstrating a protective
effect against AB-induced damage [55]. Furthermore,
NaB activated the GPR109A, which regulates the
expression of AD-related genes, including APP,
neuropeptidase, and brain-derived neurotrophic factor
(BDNF) [57]. This activation promotes the expression of
angiotensin-converting enzyme and BDNF, both of which
exert neuroprotective effects by enhancing AP clearance
and supporting neuronal survival [57]. Additionally, NaB
attenuated AP-induced mitochondrial dysfunction in
PC12 cells, preserving cellular energy metabolism and
reducing oxidative damage [58]. In APP/PS1 transgenic
mice, intragastric administration of Clostridium
butyricum (CB), a butyrate-producing bacterium, reduced
APa4o oligomerization, further supporting butyrate’s role in
decreasing AP burden [59]. Collectively, these findings
highlight the potential of butyrate to mitigate AP
pathology, including overproduction, aggregation, and
impaired clearance of A, in part through the alleviation
of oxidative stress and mitochondrial dysfunction.

Tau pathology is characterized by
hyperphosphorylated tau protein forming neurofibrillary
tangles (NFTs) and disrupts microtubule stability and
synaptic function, exacerbating AD progression. Butyrate
acts as a potent HDAC inhibitor, promoting histone
acetylation, which alters gene expression patterns
associated with memory and cognitive function [60, 61].
This epigenetic regulation has been shown to reduce tau
phosphorylation by modulating glycogen synthase kinase
3B (GSK3p) activity at lysine 15 in wild-type mice and
Caenorhabditis elegans model of AD [62]. In these
models, butyrate-mediated acetylation of GSK3p
decreased tau hyperphosphorylation, improving neuronal
morphology and signaling [62]. Additionally, butyrate
enhanced BDNF  expression through H3K18ac
acetylation at the BDNF promoter, which supports
neuronal integrity, potentially ameliorating tau-related
synaptic dysfunction [63]. In obese mouse models,
butyrate alleviated cognitive impairment induced by
quinolinic acid (QA) by restoring BDNF levels, which
may indirectly reduce tau pathology by enhancing
neuronal resilience [63]. NaB treatment in APP/PS1 mice
reduced tau hyperphosphorylation via HDAC inhibition
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and restored BDNF/tropomyosin receptor kinase B
(TrkB) signaling, leading to improved memory
performance [60]. Although direct evidence on tau
dephosphorylation is limited, the ability of butyrate to
modulate epigenetic pathways and support neuronal
homeostasis suggests a promising role in mitigating tau
pathology in AD.

Neuroinflammation, driven by over-activated
microglia and elevated pro-inflammatory cytokines,
amplifies neuronal damage and accelerates AD
progression. In SXFAD mice, NaB treatment suppressed
microglia activation and significantly reduced levels of
pro-inflammatory cytokines, including TNF-a, IL-6, and
IL-1B, while decreasing Ap accumulation [64]. Similarly,
CB administration in APP/PS1 mice lowered microglial

activation, as evidenced by reduced cluster of
differentiation molecule 11b levels, and inhibited
cyclooxygenase-2  (COX-2) and NF-xB p65

phosphorylation in AB-induced BV2 microglial cells [59].
These anti-inflammatory effects were associated with
reduced AP burden and improved cognitive function,
highlighting butyrate’s role in attenuating inflammation-
driven pathology [59]. Butyrate modulates the gut-brain
axis via free fatty acid receptor 3 signaling further
contributing to anti-inflammatory effects, as disruptions
in this pathway during aging  exacerbate
neuroinflammation and AD pathogenesis [65]. By
restoring butyrate levels through microbial modulation,
neuroinflammatory  processes can be mitigated,
supporting neuronal health and slowing disease
progression [59].

Neurodegeneration in AD, characterized by synaptic
loss and neuronal death, is associated with cognitive
decline. Butyrate enhances synaptic plasticity, as
demonstrated in SXFAD mice treated with NaB for two
weeks, which showed improved long-term potentiation
(LTP) and depotentiation (DEP), critical mechanisms for
learning and memory [64]. NaB increased dendritic spine
density and synapse-associated proteins such as
postsynaptic density protein 95 (PSD-95), synaptophysin
(SYP), and NMDA receptor subunit 2B (NR2B),
counteracting synaptic loss in AD mice [64]. In APPPS1-
21 mice, prolonged NaB treatment acted as an HDAC
inhibitor and increased associative memory by elevating
hippocampal histone acetylation and upregulating genes
related to learning [60]. Additionally, NaB treatment
reduces AP by 40% in the brain and improves fear
response by 25% in contextual and cued fear conditioning
tests, indicating enhanced cognitive function at early AD
stages [61]. Tributyrin, a butyrate prodrug that undergoes
hydrolysis to butyrate in the intestine and liver, has shown
potential in preventing cognitive decline in transgenic
3xTg-AD mice [66]. Butyrate also alleviated QA-induced
neuronal lesions by restoring BDNF levels through

epigenetic mechanisms, reducing neuroinflammation and
neurodegeneration in obese mice [61]. Additionally,
butyrate stabilizes the glutamate/gamma-aminobutyric
acid (GABA) system, reducing excitotoxicity and
supporting neuronal metabolism, as seen with gamma-
hydroxybutyrate in AD models [67, 68]. Butyrate
regulates astrocyte metabolism to enhance energy
homeostasis, supporting neuronal survival [69]. High-
acetate and butyrate diets delayed cognitive decline,
improved hippocampal neurogenesis, and influenced
microglial morphology in 5XFAD mice, with
transgenerational cognitive benefits observed in offspring
of mothers on high-fiber diets rich in SCFAs [70]. The
role of butyrate in ketone metabolism, overlapping with
alternate day fasting effects, provides an alternative
energy source for neurons, compensating for glucose
hypometabolism in 3xTg-AD mice [71]. Although
consistent preclinical evidence from 5SXFAD, APP/PSI,
and 3xTg-AD mouse models supports the therapeutic
potential of butyrate and BHB, these promising findings
require validation in human clinical studies. In addition,
we have summarized important findings from the
preclinical studies in Table 1. Future research should
explore synergies between butyrate, dietary interventions
like fasting, and other metabolic modulators to maximize
therapeutic outcomes, offering hope for a comprehensive
approach to managing AD.

3.2 BHB on AD-related pathologies

Previous preclinical studies have shown that BHB can
ameliorate multiple core pathologies in AD models,
including AP plaque deposition, tau toxicity, and
neuroinflammatory responses, thereby slowing disease
progression and preserving cognitive function. BHB has
been suggested as a modulator of AD pathology in
preclinical models, acting through multiple mechanisms.
BHB treatment significantly reduced AP plaque burden,
attenuated microglial overactivation, and improved
cognitive performance in 5SXFAD mice [72]. BHB also
improved mitochondrial respiratory function and reduced
AP toxicity in HT22 hippocampal neurons [72]. In
addition, BHB activates the GPR109A, which
downregulates APP and upregulates neprilysin (NEP)
expression, thereby enhancing AP clearance in SXFAD
mice [72]. Similarly, oral administration of BHB to
5XFAD mice attenuated the activation of the NLR family
pyrin domain-containing 3 (NLRP3) inflammasome,
resulting in reduced NLRP3-dependent AP plaque
formation and microgliosis [34]. BHB also protects
neurons against Af-induced toxicity by preserving
mitochondrial respiratory function, reducing oxidative
stress, and inhibiting apoptotic pathways [73]. BHB
mitigates AP neurotoxicity by upregulating tropomyosin
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receptor kinase A (TrkA) in SH-SY5Y neuroblastoma
cells, which suppresses HDACI/3 expression and
promotes histone acetylation, thereby ameliorating
epigenetic dysregulation associated with AD [74].
Similarly, administration of a ketogenic diet composed of
low carbohydrate and high saturated fat to transgenic APP
V7171 female mice showed approximately 25% reduction
of total AP levels in brain [75]. In juvenile APP/PSI
knock-in mice, one month of high-fat, low-carbohydrate

ketogenic diet feeding improved motor coordination but
produced no detectable changes in AP, B-C-terminal
fragment of APP, or nitrotyrosine, an oxidative stress
marker [76]. BHB-containing ketone treatment provided
neuroprotection by inhibiting APs4> internalization into
neurons [77]. This resulted in reduced intracellular AP,
accumulation, which restored mitochondrial complex I
activity, suppressed oxidative stress, and improved
synaptic plasticity [77].

Table 1. Preclinical evidence for the effects of butyrate and BHB on AD-related pathologies.

Mechanism/Pathology Compound Models Key Findings Reference(s)
NaB High-cholesterol AD AP accumulation |, BACEI |, [55]
models and N2a cells ROS via NOX2 | & SOD1 1
. Ap40 oligomerization |, GPR109A-mediated
NaB/CB APP/PS1 mice APP | & NEP 1 [57,59]
BHB 5XFAD mice and AB plaques |, Microgliosis |, [34,72]
APB HT22 neurons GPR109A-mediated APP | & NEP 1 ’
plaque/accumulation BHB SXFAD mice AP plaques |, NLRP3 inflammasome 34]
activation |
BHB SH-SYS5Y cells A neurotoxicity |, TrkA 1, HDAC1/3 | [147]
APP/VT1T7I,
BHB/Ketones | APP/PSI, and 3xTe- Total AB |, Intracellular AP |, [75-78]
. Restored mitochondrial complex-I
AD mice
Wild-type mice and Tau phosphorylation via HDAC inhibition &
Butyrate C. elegans AD model GSK3p acetylation | [62]
Tau pathology Butyrate APP/PS1 mice Tau hyperphosphorylation |, BDNF/TrkB [60]
signaling 1
ApoE~ mice and
BHB 3xTg-AD mice Tau tangles |, Hyperphosphorylated tau | [80, 81]
. Microglia activation |,
NaB Sﬁ/;gg;‘fgiggd TNF-o/IL-6/IL-1B |, 59, 64]
. . NF-xB p65 & COX-2 |
Neuroinflammation - - - —
5XFAD mice, Microglial activation |, (34,72, 87
BHB CCH rats and IL-1B/TNF-a/IL-6 |, NF-xB |, NF- '90] i
LPS-stimulated cells kBIA/MAP3KS8/TLRS 1
Mitochondrial NaB PC12 cells AB-induced mitochondrial dysfunction | [58]
function & oxidative BHB SH-SY5Y and Preserved mitochondrial respiration, (73, 78]
stress 3xTg-AD mice ROS/MDA |, TCA/glycolytic intermediates 1 i
. - SXFAD and LTP/DEP 1, Dendritic spines 1,
Sz:;‘fot:fepgﬁz‘tgf NaB APPPS1-21 mice PSD-95/SYP/NR2B 1, Histone acetylation 7 | 0% 61> 641
g BHB 3xTg-AD mice Synaptic plasticity 1, Oxidative damage | [78]
Associative memory 1,
5XFAD and . .
NaB APPPS1-21 mice Fear conditioning 1, Hlppocampal [60, 61, 64]
. . neurogenesis {
Cognitive function SXFAD. 3xTe-AD
BHB/Ketogenic i & : Spatial learning/memory 1, Motor coordination [72, 76, 81,
. CCH rats and D-gal
diet mice i 87, 89]

Abbreviation: AB, amyloid-f; APP, amyloid precursor protein; BACEI, beta-site APP-cleaving enzyme 1; BDNF, brain-derived neurotrophic factor;
BHB, B-hydroxybutyrate; C. elegans, Caenorhabditis elegans; CB, Clostridium butyricum; CCH, chronic cerebral hypoperfusion; COX-2,
cyclooxygenase-2; DEP, depotentiation; GPR109A, G-protein-coupled receptor 109A; GSK3p, glycogen synthase kinase 3f; HDAC, histone
deacetylase; IL-1p, interleukin-1p; IL-6, interleukin-6; LTP, long-term potentiation, MAP3K8, mitogen-activated protein kinase kinase kinase 8; MDA,
malondialdehyde; NaB, sodium butyrate; NEP, neprilysin; NF-kB, nuclear factor-kB; NF-kBIA, nuclear factor-«kB inhibitor alpha; NLRP3, NLR family
pyrin domain containing 3 (inflammasome); NOX2, NADPH oxidase 2; NR2B, NMDA receptor subunit 2B; PSD-95, postsynaptic density protein 95;
ROS, reactive oxygen species; SOD1, superoxide dismutase 1; SYP, synaptophysin; TCA, tricarboxylic acid (cycle); TLRS, toll-like receptor 5; TNF-
o, tumor necrosis factor-a; TrkA, tropomyosin receptor kinase A; TrkB, tropomyosin receptor kinase B.

tau pathologies, were fed a ketone ester containing BHB
for eight months, after which brain tissues were analyzed
[78]. The ketone ester diet significantly elevated levels of
tricarboxylic acid cycle (TCA) cycle intermediates,

Moreover, peripheral ketone injections reduce
amyloid accumulation and significantly enhance
cognitive function in the APP transgenic mice [77].
Furthermore, 3xTg-AD mice, which develop both AP and
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glycolytic intermediates, and the energy-linked biomarker
while decreasing the levels of oxidized proteins and lipids
and shifting mitochondrial redox potential toward a more
reduced state in the hippocampus [78].

APOE &4 gene is the most prevalent and strongest risk
factor associated with AD and atherosclerosis [79]. In
high-fat diet-fed APOE”~ mice, BHB administration
reduced amyloid plaque deposition in the substantia nigra
pars compacta and inhibited both lipid accumulation and
cluster of differentiation 68+ (CD68+) microglial
infiltration in the choroid plexus. Additionally, BHB
significantly reduced tau tangles in the hippocampal
region of APOE™~ mice [80]. The 3xTg-AD mice fed a
ketone ester-based diet containing BHB exhibited reduced
anxiety, improved performance on learning and memory
tests, and decreased both AP deposition and
hyperphosphorylated tau in the hippocampus, amygdala,
and cerebral cortex [81]. Ketone ester-based diet can
attenuate AD pathogenesis by reducing both AP and
hyperphosphorylated tau deposition in the brains of mice
[81]. Additionally, BHB supplementation in 5SXFAD mice
reduced AP plaque burden and improved synaptic
plasticity by activating the GPR109A receptor and
inhibiting NLRP3 inflammasome activation [34]. In
conclusion, these preclinical findings indicate that BHB
has the potential to regulate AD pathology and may serve
as a candidate therapeutic agent.

In AD, neuroinflammation is strongly associated with
AP and tau pathologies [82]. Soluble AP oligomers as well
as fibrillar deposits, together with tau species, trigger
microglia to shift from a homeostatic surveillant M2 state
toward reactive and pro-inflammatory M1 states [83].
Activated microglia release inflammatory cytokines and
elevate reactive oxygen species (ROS), which together
promote neuronal death and progression of AD [84, 85].
BHB treatment attenuated the overactivation of microglia,
as shown by decreased Iba-1 immunostaining, and
suppressed the elevated mRNA levels of the pro-
inflammatory cytokines interleukin-1p (IL-1B), tumor
necrosis factor-a (TNF-a), and interleukin-6 (IL-6) in the
cortex and hippocampus of SXFAD mice [72].

Consistently, BHB treatment significantly reduced
microgliosis, as evidenced by a decrease in the total
number of Iba-1* activated microglia in the
cortex/hippocampus of 5XFAD mice [34]. Chronic
cerebral hypoperfusion (CCH), a long-term reduction in
blood flow to the brain, is increasingly recognized as an
important contributor to AD [86]. Animal models of CCH
demonstrate that reduced cerebral blood flow can trigger
AD-like pathologies, including AP accumulation, tau
hyperphosphorylation, synaptic loss, and cognitive
deficits, thus highlighting the important role of the CCH
model in investigating AD-related mechanisms [86]. The
intraperitoneal injection of BHB in rats with CCH

significantly decreased the levels of nuclear factor-xB
(NF-xB), TNF-o0, IL-1B, and receptor for advanced
glycation end products (RAGE) in the hippocampus,
indicating its mitigating effect on neuroinflammation
[87]. BHB treatment significantly inhibited microglial
activation and reduced the production of pro-
inflammatory mediators, including ROS, nitrite, IL-1B,
TNF-a, and IL-6 in BV2 microglial cells in vitro [88].
BHB alleviated learning and memory impairment by
activating the silent information regulator 1 (SIRT1)
pathway and decreasing the levels of IL-1B, TNF-a and
NLRP3 in the hippocampus of D-galactose-injured
C57BL/6 mice, which serve as a well-established
accelerated aging model [89]. Furthermore, BHB exerted
anti-inflammatory  and  antioxidant effects in
lipopolysaccharide (LPS)-stimulated macrophages [90].
BHB significantly suppressed the pro-inflammatory
markers tumor necrosis factor superfamily member 6,
TNF-a, phosphoinositide 3-kinase, NF-kB, and Toll-like
receptor 1, while upregulating the anti-inflammatory
markers nuclear factor-xB inhibitor alpha (NF-kBIA),
mitogen-activated protein kinase kinase kinase 8
(MAP3K®), and Toll-like receptor 5 (TLRS) in the BHB
pretreatment group [90]. These results suggest that BHB
may regulate multiple pathways to  suppress
neuroinflammation associated with AD.

Since cognitive impairment is a symptom of AD,
improved cognitive ability indicates the therapeutic
potential of the drug candidate. For instance, studies using
APP/PS1, 3xTg-AD, and APP J20 mouse models of AD
have shown that ketogenic diets or BHB supplementation
significantly improve cognitive function [76, 81, 91].
Intraperitoneal injection of BHB for eight weeks
significantly improved spatial learning and memory in
CCH rats [87]. Similarly, BHB improved learning,
memory, and cognitive abilities in D-gal-injured mice and
SXFAD mice [72, 89]. Additionally, BHB precursors
MCTs and ketone ester have been associated with
improvements in memory-based tasks and cognitive
functions in mouse models of AD [52, 92]. Additionally,
there is evidence from patients with mild-to-moderate AD
that MCT supplementation improves cognitive function.
Twenty patients with mild-to-moderate AD received an
MCT-based ketogenic diet [93]. Subsequently, the
cognitive test was conducted at 8 and 12 weeks,
respectively. At 8 weeks of MCTs-based ketogenic diet,
patients exhibited marked enhancement in both
immediate and delayed logical memory assessments
relative to their baseline scores. By 12 weeks, patients
showed significant improvements in digit-symbol coding
and immediate logical memory tests from baseline [93].
Consistently, MCTs show positive therapeutic effects on
cognitive ability in mild-to-moderate AD patients with
APOE €47 [94]. Although MCT does not contain BHB,
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the liver quickly absorbs MCT and converts them into
ketone bodies such as BHB [25]. Furthermore, BHB
administration has been reported to ameliorate cognitive
impairment in patients with type 2 diabetes, a major risk
factor for AD [95]. Together, these findings suggest that
BHB and BHB-elevating interventions may improve
brain function by preventing AP and tau accumulation,
reducing neuroinflammation, and oxidative stress that
leads to enhanced cognitive ability in AD mouse models
and patients. While preclinical findings are encouraging,
translation to clinical settings requires caution due to
differences between animal models and human AD
patients.

3.3 Clinical evidence in humans

The emerging clinical evidence suggests potential
benefits of butyrate and BHB in AD. While translation to
humans with mild cognitive impairment (MCI) has been
gradual, recent progress is supported by several
randomized controlled trials.

3.3.1 Dietary ketogenic interventions

The largest study, BENEFIC (Brain ENErgy, Functional
Imaging, and Cognition) trial randomized 83 patients with
mild-to-moderate AD to a 6-month modified
Mediterranean-ketogenic  diet (MMKD, <20 g
carbohydrate/day) or a low-fat control diet recommended
by the American Heart Association/Canadian nutritional
guidelines [96]. The MMKD group achieved sustained
mild nutritional ketosis with a mean plasma BHB of 0.6—
0.95 mM and showed a clinically meaningful
improvement of +4.1 points on the AD Assessment Scale-
Cognitive Subscale, 11-item (ADAS-Cogl1), compared
with the control group, along with improved cognitive
functions, preserved activities of daily living, and
stabilization of cerebral glucose uptake on FDG-PET [96-
98]. Cognitive benefits strongly correlated with adherence
and plasma BHB concentration and were observed
irrespective of APOE &4 status. Smaller trials, including a
12-week randomized crossover study of a modified
ketogenic diet in 26 mild AD patients and a feasibility trial
of the modified Atkins diet in MCI, reported improved
daily function, quality of life, and trends toward better
cognition with good adherence [99, 100]. However, long-
term adherence to strict carbohydrate restriction can be
challenging in older adults due to adherence burden,
nutritional concerns, and side effects such as
gastrointestinal discomfort, weight loss, and lipid profile
alterations.

3.3.2 MCT supplementation

MCTs are rapidly converted to ketone bodies such as
BHB in the liver. In a double-blind randomized controlled
trial, daily intake of 30 g MCT improved ADAS-Cog
scores in APOE €4 non-carrier patients with mild-to-
moderate AD, with changes correlating with increased
plasma concentrations of BHB [94]. Another study using
an MCT-based ketogenic formula in mild-to-moderate
AD patients showed marked enhancement in immediate
and delayed logical memory at 8 weeks and
improvements in digit-symbol coding at 12 weeks [93].
Meta-analyses indicate that MCT supplementation and
ketogenic diets may improve global cognition in MCI and
mild AD, with stronger effects often seen in APOE &4
non-carriers [101]. Results are heterogeneous; for
example, a 3-month randomized trial with 152 mild-to-
moderate AD patients using MCT supplementation did
not reach statistical significance for the primary ADAS-
Cog outcome, although secondary analyses showed
modest benefits in APOE €4 non-carriers [93],
highlighting the importance of patient selection, dose, and
achieved BHB levels.

3.3.3 Exogenous ketone esters

A 90-day ketone monoester trial (20 g/day) in 23 patients
with mild-to-moderate AD increased plasma BHB to 1-2
mM and improved working memory and processing speed
[101]. Other studies using ketone esters have reported
BHB celevation accompanied by cognitive trends.
However, some trials showed no significant improvement
in primary cognitive outcomes despite increased ketone
levels. For example, a 6-month ketone ester trial in MCI
patients found no significant cognitive benefit compared
with placebo, although plasma BHB levels were elevated
[102]. These approaches allow rapid and precise elevation
of BHB independent of diet.

3.3.4 Butyrate-targeted approaches

Human clinical evidence for butyrate itself remains
limited in AD. Nevertheless, butyrate-targeted
strategies—including probiotics that enhance butyrate-
producing bacteria, prebiotics, and butyrate prodrugs such
as tributyrin—have yielded encouraging preliminary
results [103, 104]. A small trial of butyrate-producing
probiotics, such as multi-strain formulations containing
Lactobacillus and Bifidobacterium species, has shown
preliminary improvements in gut microbiota composition
and cognitive markers in MCI/AD cohorts [102]. In
addition, an ongoing clinical trial is evaluating the safety
and  efficacy of  tributyrin = (NCT06797817)
supplementation in patients with mild AD, with
preliminary results showing promising potential.
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Collectively, the existing evidence base remains
preliminary, characterized by small sample sizes,
heterogeneous protocols, and limited direct measurement
of butyrate levels or AD-specific biomarkers. Therefore,
larger, longer-term randomized controlled trials are
warranted to establish clinical efficacy, optimal
formulations and dosing regimens, and potential
synergies with butyrate-elevating approaches such as
ketogenic diets or MCT supplementation. Patient
stratification according to baseline gut microbiota
composition, disease stage, and APOE genotype may
further enhance therapeutic outcomes. The clinical phase
status and NCT identifiers for butyrate- and BHB-
enhancing agents are summarized in Table 2. Current
human evidence remains limited and insufficient to
establish definitive clinical efficacy.

3.4 Shared and divergent mechanisms of butyrate and
BHB

Butyrate and BHB share several overlapping
neuroprotective pathways in AD-related pathologies, as
observed in preclinical AD models. These include
inhibition of histone deacetylases, activation of the
GPR109A receptor, and suppression of the NLRP3
inflammasome [34, 60, 72]. Collectively, these actions
reduce neuroinflammation, oxidative stress, AP
accumulation, and tau pathology. Nevertheless, the two
metabolites also exert distinct effects. Butyrate primarily
promotes gut microbial homeostasis and strengthens
intestinal ~ barrier integrity = through peroxisome
proliferator-activated receptor gamma (PPARy)-mediated
regulation of oxygen levels and metabolic cross-feeding
between bacterial species [105-108]. In contrast, BHB not
only functions as an efficient alternative energy substrate
for the brain but also exerts selective antimicrobial
activity, including inhibition of Bifidobacterium
adolescentis [109]. The efficacy observed in preclinical
studies further differs according to the specific AD model
employed. For example, stronger effects on tau pathology
are often reported in 3xTg-AD mice compared with
S5XFAD or APP/PS1 models [60, 78, 81]. The findings
also vary by dose, route of administration, disease stage,
and potentially sex. These differences highlight the need
for more detailed mechanistic investigations and carefully
designed translational studies.

4. The association of butyrate and BHB with gut
microbiota dysbiosis in AD

Gut microbiota dysbiosis is a key pathogenic factor to AD
and is characterized by reduced microbial diversity,
depletion of butyrate-producing bacteria, and increased
pro-inflammatory taxa. This imbalance contributes to

intestinal barrier dysfunction, systemic inflammation, and
neuroinflammation via the gut-brain axis. Both butyrate
and BHB, through direct microbial modulation and host
signaling, may offer therapeutic potential to restore
microbial homeostasis and mitigate AD progression.

4.1 Effects of butyrate on microbiota dysbiosis in AD

Butyrate, a microbiota-derived SCFA produced primarily
by Faecalibacterium, Roseburia, and other Clostridial
taxa through dietary fiber fermentation, is crucial for
maintaining gut microbial homeostasis and gut-brain axis
integrity [110, 111]. Longitudinal studies in 3xTg-AD
mice have demonstrated that age-related loss of butyrate-
producing bacteria coincides with increased dysbiosis and
inflammation-associated genera, suggesting that reduced
butyrate levels exacerbate microbial imbalance and
establish a pro-inflammatory environment [31, 65].
Multiple studies in AD have reported a significant
decrease in butyrate-producing bacteria such as
Faecalibacterium and Roseburia, paralleled by lower
fecal butyrate levels, often with an increase in pro-
inflammatory taxa [29-31]. Accumulating evidence
suggests a critical link between butyrate concentrations
and the maintenance of a favorable gut microbiome
composition, mediated by host-microbe metabolic
interactions. In a healthy intestinal environment, butyrate
functions as a signaling molecule that activates PPARy in
human intestinal epithelial cells [106]. PPARy activation
facilitates mitochondrial B-oxidation of fatty acids in
surface colonocytes, a process that requires substantial
oxygen consumption [108]. Consequently, this high
oxygen utilization by colonocytes maintains luminal
hypoxia, preserving a favorable niche for beneficial
obligate anaerobes such as Clostridia (Firmicutes) and
Bacteroidia (Bacteroidetes) [107]. These bacteria ferment
dietary fiber into SCFAs, while microbial cross-feeding
networks—rather than the metabolic capacity of
individual species alone—further reinforce this anaerobic
environment. Research utilizing co-culture models has
shown that bacteria such as Bifidobacterium adolescentis
degrade complex carbohydrates into intermediate such as
lactate and acetate. These intermediates then serve as
substrates for butyrate-producing anaerobes, including
Eubacterium hallii and Anaerostipes caccae, which are
unable to directly metabolize the original carbohydrate
sources [105].

However, inflammatory signals disrupt this
homeostatic balance by reprogramming colonocyte
metabolism toward anaerobic glycolysis [112]. This
metabolic shift markedly reduces epithelial oxygen
consumption, allowing oxygen to leak from the
microvasculature into the intestinal lumen [113, 114]. The
resulting increase in luminal oxygen bioavailability
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promotes the expansion of facultative anaerobic bacteria
associated with colonic dysbiosis, particularly members
of the phylum Proteobacteria, such as Escherichia coli
and Salmonella enterica [113, 114]. This decline in
beneficial bacteria increases intestinal permeability,
enabling pro-inflammatory molecules to enter the
systemic circulation and trigger neuroinflammation [115].
Specifically, reduced butyrate production impairs
epithelial tight junctions integrity, thereby increasing
permeability and facilitating the translocation of
microbial products, such as LPS. This process destabilizes
the microbial ecology and amplifies neuroinflammatory
signaling [18, 116]. In human AD and MCI cohorts,
butyrate depletion correlates with structural and
functional gut microbiome changes, including reduced
diversity and diminished SCFA synthesis capacity [32,
33]. Direct supplementation with NaB, butyrate-
producing Clostridium butyricum, high-fiber diets, and
prebiotic supplements has been shown in APP/PS1 mice
to restore butyrate levels, rebalance microbiota, reduce
AP burden, and improve cognitive performance [38, 59,
117]. Together, these findings establish butyrate depletion
as a potential central feature of AD-associated gut
dysbiosis. Microbiota-targeted interventions that enhance
butyrate production therefore represent a promising
strategy to stabilize gut microbial communities and
mitigate downstream neuroinflammatory effects. In
summary, BHB and butyrate converge on shared
pathways including GPRI109A activation, HDAC
inhibition, and NLRP3 suppression to counteract AD-
associated dysbiosis. While BHB primarily acts via
ketogenic interventions to reshape microbiota and reduce
inflammation, butyrate sustains the microbial niche
through oxygen regulation and cross-feeding. Targeting
this bidirectional gut-brain axis may broaden therapeutic
efficacy in AD.

4.2 Effects of BHB on microbiota dysbiosis in AD

Emerging evidence indicates that the gut-brain axis is an
important regulator of brain function and may contribute
to neurological pathology. Specifically, the gut
microbiota establishes and maintains the blood-CSF
barrier, primarily by regulating the localization of tight
junction proteins [118]. Metabolites of microbiota such as
SCFAs can independently enhance gut barrier rigidity
[119]. Evidence suggests that the administration of
SCFAs strengthens the function of the blood-CSF barrier
and attenuates the accumulation of AP in animal models
of AD [120]. Conversely, disturbances in the gut-brain
axis and alterations in microbial composition are
increasingly recognized as factors that exacerbate
neurodegenerative processes in AD. The gut microbiome
in patients with AD and AD animal models is often

characterized by reduced microbial diversity and distinct
compositional shifts [121, 122]. These microbial
perturbations have been shown to correlate not only with
CSF biomarkers [123] but also with peripheral
inflammatory markers, such as elevated IL-1B and
NLRP3, alongside a reduction in the anti-inflammatory
cytokine interleukin-10 [124]. In this context, BHB, a
principal ketone body elevated during ketogenic states,
has emerged as a crucial metabolic modulator capable of
ameliorating neurodegenerative processes linked to gut-
brain axis disruption [125, 126]. Beyond simply reshaping
microbial composition, BHB exerts direct protective
effects on intestinal integrity through specific signaling
pathways. Mechanistically, BHB functions as an
endogenous ligand for the GPRI109A, also known as
hydroxycarboxylic acid receptor 2, which is expressed on
the surface of colonic epithelial cells and immune cells
[127-129]. The activation of GPR109A by BHB induces
potent anti-inflammatory signaling and promotes the
assembly of tight junction proteins. This cascade
reinforces the intestinal barrier, thereby mitigating leaky
gut, which is commonly observed in AD pathology is
often characterized by elevated permeability markers such
as diamine oxidase [130-132].

In addition, BHB exerts epigenetic regulation by
acting as an endogenous inhibitor of class I and Ila
HDACs. By suppressing the activity of HDAC, BHB
promotes histone acetylation at the promoters of key
oxidative stress resistance genes, including forkhead box
O3a and metallothionein 2 [133]. This epigenetic
regulation augments the antioxidant capacity of the
intestinal epithelium, thereby protecting the integrity of
the gut barrier against oxidative damage associated with
dysbiosis [133]. Furthermore, BHB serves as a key
regulator of innate immunity within the gut
microenvironment. BHB specifically inhibits the
assembly and activation of the NLRP3 inflammasome in
colonic macrophages, which in turn suppresses the release
of pro-inflammatory cytokines, including IL-1p and
interleukin-18  [134]. BHB mitigates intestinal
inflammation, thereby creating an environment that
inhibits the proliferation of pro-inflammatory pathogenic
bacteria, particularly those belonging to the
Proteobacteria phylum [135]. Recent evidence further
elucidates the selective antimicrobial properties of BHB.
In vitro assays indicate that elevated concentrations of
BHB inhibit the growth of Bifidobacterium adolescentis
in a dose-dependent manner [ 109]. This specific microbial
suppression is clinically relevant, as B. adolescentis is
known to drive the accumulation of pro-inflammatory T-
helper 17 (Th17) cells in the gut. Consequently, the BHB-
mediated reduction of this bacterial strain leads to a
decrease in intestinal Th17 cell populations, thereby
dampening autoimmune-like responses [109].
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Figure 1. The microbiota—butyrate-BHB axis may ameliorate AD pathology by restoring impaired glucose
metabolism and enhancing ketone metabolic activity. (1) AD involves AP} accumulation, tau hyperphosphorylation,
neurodegeneration, and neuroinflammation, and is accompanied by pathological features such as impaired glucose
metabolism; these AD-related pathological features contribute to cognitive impairment. (2) In addition, gut microbiota
dysbiosis occurs, and particularly, as butyrate-producing bacteria are reduced, gut butyrate levels decrease in AD. (3)
However, restoration of gut microbiota balance through increased levels of SCFAs, particularly butyrate, offsets the
dysbiosis observed in AD. (4) Subsequently, butyrate may support activated ketogenic pathways leading to the production
of BHB in the liver. (5) Consequently, the increase in BHB may enhance brain ketone metabolism, alleviate AD-related
pathological features such as AP and tau pathology, support neuroprotective functions and anti-inflammatory responses, and
ultimately improve cognitive outcomes. Abbreviations: AD, Alzheimer's disease; AP, amyloid beta; ATP, adenosine
triphosphate; BBB, blood-brain barrier; BHB, B-hydroxybutyrate; CoA, coenzyme A; GLUT-1, glucose transporter-1;
HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; MCT, monocarboxylate transporter; SCFAs, short-chain fatty acids;

TCA cycle, tricarboxylic acid cycle.

Additionally, ketogenic diets have been shown to
shift the gut microbial profile toward a greater relative
abundance of beneficial taxa such as Akkermansia

muciniphila and Lactobacillus, while reducing pro-
inflammatory  genera, including  Desulfovibrio,
Turicibacter, and Lachnobacterium, in young healthy
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mice [136]. Consistently, recent studies in transgenic AD
mice have shown that ketogenic diets or MCT-enriched
diets partially prevent or restore AD-induced microbial
dysbiosis, preserving diversity and normalizing altered
taxa effects that align with reduced AP pathology and
improved cognition observed in 3xTg-AD and 5XFAD
models [39]. Furthermore, in vitro assays further indicate
that higher BHB concentrations slow the growth of
Bifidobacterium adolescentis in a dose- and pH-
dependent fashion, reducing intestinal Th17 cell
populations, implying a selective antimicrobial action
[109]. Such compositional shifts are hypothesized to
attenuate systemic and neuroinflammatory cascades,
consistent with findings from AD animal models and
preliminary human studies [137-139]. The MMKD, in
MCI cohorts, altered the gut microbiome and increased

SCFA production, correlating with favorable changes in
AD biomarkers [140]. MMKD in MCI cohorts also
decreased GABA-producing microbes Alistipes sp.
CAG:514 and GABA, and increased GABA-regulating
microbes Akkermansia muciniphila, indicating that MCI
modulates GABA levels [141]. Moreover, A. muciniphila
plays a critical role in controlling host mucus turnover,
enhancing intestinal wall integrity, thereby reducing
metabolic endotoxemia [142]. A stronger barrier would
limit the translocation of inflammatory bacterial
components, such as LPS, into circulation, thereby
reducing a key peripheral trigger for central AP and tau
accumulation. These findings suggest that BHB-mediated
modulation of the gut microbiota may serve as a key
mechanistic link between ketogenic diets and improved
neurocognitive outcomes in AD.

Table 2. Summary of human studies evaluating butyrate- and BHB-enhancing agents as therapeutics for AD.

Agent Therapeutic Mechal'usm of Subjec.t . Clinical Status Reference
purpose action characteristics
Tributyrin Disease-targeted livlio eetsgféft?ésa&da Mild AD Phase 3; recruiting )
(butyrate prodrug) small molecule gut-brain axis (NCT06797817)
. . . Disease-targeted Mlcroplota Mild-to-moderate . Phase 2;
Multi-strain probiotics supplement modulation and AD/MCI recruitment completed [102]
PP butyrate production (IRCT201511305623N60)
Intranasal insulin Disease-targeted Metabolism and Preclinical and Phase 2; completed [148]
biologic bioenergetics Prodromal (NCT05081219)
Tricaprilin Disease-targeted Metabolism and Mild-to-moderate Phase 2/3; completed [149]
(AC-1204) small molecule bioenergetics dementia (NCT01741194)
L Sy Disease-targeted Metabolism and Not Applicable; completed
Nicotinamide riboside small molecule bioenergetics Prodromal (NCT04078178) [150]
L S Disease-targeted Metabolism and Mild-to-moderate Early phase 1’ active not
Nicotinamide riboside small molecule bioenergetics AD/MCI recruiting [151]
g (NCT04430517)
Nicofinic acid Disease-targeted Inflammation Mild-to-moderate Phase 1/2; recruiting )
small molecule /Immunity dementia (NCT06582706)
Ketone monoester ) Metabolism and Healthy Not Applicable; completed [152]
(KME) bioenergetics volunteers (NCT04421014)
O];Zaé:;:giic(%?()) _%I;d ) Metabolism and Healthy Not Applicable; completed [153]
acids ’ bioenergetics volunteers (NCT03830268)
Modified Disease-targeted
Mediterranean- dicta & Metabolism and Mild-to-moderate Not Applicable; completed [154]
Ketogenic Diet int rz N bioenergetics AD/MCI (NCT02984540)
(MMKD) erventio:
Medium-Chain Disease-targeted Metabolism and Mild-to-moderate | Other; not recruiting (ChiCTR- [94]
Triglycerides (MCT) supplement bioenergetics AD IOR-16009737)

"Not Applicable" indicates that this trial has not yet been assigned a traditional clinical phase.

5. Limitations and future directions

Promising preclinical and emerging clinical evidence
supports the microbiota—butyrate—BHB axis as a potential
metabolic therapeutic target for AD; however, several
limitations warrant further consideration. At present, the
majority of mechanistic evidence is derived from cellular
and transgenic mouse models (Table 1). These models

only partially recapitulate the complexity of human
sporadic AD, which is both age-dependent and associated
with multiple risk factors. Similarly, differences between
rodents and humans in gut microbiome composition,
metabolic regulation, BBB function, and immune
responses further constrain direct translatability [33]. In
addition, quantitative data on absolute butyrate and BHB
concentrations in the AD brain, CSF, and periphery
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remain limited and inconsistent due to methodological
variability, highlighting the need for standardized
analytical methods. Direct human evidence for butyrate
supplementation or  butyrate-producing  probiotics
remains limited [43, 143]. The precise contribution of gut-
derived butyrate to hepatic BHB production in AD is
incompletely quantified, and potential synergies between
high-fiber and ketogenic approaches are largely
unexplored [19]. Establishing definitive causality in the
bidirectional microbiota—butyrate—-BHB—AD relationship
is challenging, as dysbiosis and metabolite depletion may
represent consequences rather than primary causes [144,
145]. Confounding factors such as diet, comorbidities,
medications, and lifestyle further = complicate
interpretation. Clinical evidence for BHB-elevating
interventions such as ketogenic diets, MCTs, and ketone
esters is encouraging but remains heterogeneous,
collectively characterized by small sample sizes, short
durations, variable adherence, and differential effects
according to APOE genotype, AD stage, and baseline
metabolic status (Table 2). Furthermore, the cognitive and
energetic benefits of these BHB-elevating interventions
are often modest or confined to secondary outcomes,
while their long-term safety, sustainability, and effects on
key AD biomarkers—including AP, phospho-tau, and

PET imaging—require further validation [140].
Additionally, long-term Kketogenic interventions are
associated with several side effects, including

gastrointestinal discomfort, nutrient deficiencies, and
muscle loss, all of which require careful monitoring [146].

Future studies should focus on well-powered, long-term
randomized controlled trials in diverse populations with
MCI and mild AD. These trials should use personalized
approaches based on APOE genotype, baseline gut
microbiome composition, metabolomic profiles, and the
severity of reduced brain glucose metabolism. Integrating
multi-omics approaches such as gut metagenomics,
metabolomics, neuroimaging, and inflammatory markers
may help clarify underlying mechanisms and identify
which patients are most likely to respond to treatment. In
addition, combining high-fiber diets or butyrate-
producing probiotics with ketogenic strategies, such as
MCTs or exogenous ketone esters, may create synergistic
benefits. These approaches warrant rigorous evaluation in
future studies. Longitudinal studies that track the
microbiota—butyrate—BHB axis from the preclinical AD
stage onward could help clarify the temporal relationships
and identify reliable biomarkers. In addition, preclinical
research should use more human-relevant models, such as
animals with humanized microbiota or age-related
comorbidities, and should pay greater attention to sex
differences. Finally, the development of targeted butyrate
delivery systems or selective modulators of the HDAC-,
GPR109A-, or NLRP3-mediated signaling pathways

could overcome key limitations of current dietary
approaches, such as poor bioavailability, variable patient
response, gastrointestinal side effects, and difficulty
maintaining long-term adherence. Addressing these gaps
may clarify whether modulation of the microbiota—
butyrate-BHB axis can progress from a promising
strategy to a clinically validated adjunctive therapy for the
prevention and treatment of AD.

6. Conclusion

AD is a multifaceted neurodegenerative disorder driven
by AP and tau pathologies, neuroinflammation, synaptic
loss, and profound metabolic dysregulation, particularly
cerebral glucose hypometabolism. This review
synthesizes emerging evidence on the microbiota—
butyrate—BHB axis as a potential integrative pathway
linking gut dysbiosis, peripheral metabolism, and brain
pathology. Gut microbiota dysbiosis in AD is
characterized by reduced microbial diversity and
depletion of butyrate-producing microbial taxa such as
Faecalibacterium prausnitzii, Roseburia, and
Eubacterium, which contributes to reduced butyrate
levels. Butyrate depletion correlates with increased
intestinal permeability, elevated peripheral inflammation,
and neuroinflammatory signaling in the brain. Butyrate
supports gut homeostasis through HDAC inhibition,
GPR109A activation, tight junction reinforcement, and
metabolic  cross-feeding that supports beneficial
anaerobes. BHB, elevated during ketosis, modulates the
gut microbiota through selective antimicrobial effects—
primarily inhibiting Bifidobacterium adolescentis and
certain pro-inflammatory taxa—while promoting relative
enrichment of beneficial microbes such as Akkermansia
muciniphila. Concurrently, BHB reinforces intestinal
barrier integrity via GPR109A signaling, HDAC
inhibition, and NLRP3 inflammasome suppression, which
collectively attenuate systemic inflammation that
promotes AD progression.

Preclinical studies in cellular and animal models of
AD consistently show that both butyrate and BHB can
ameliorate key pathologies, including AB plaque burden,
tau  hyperphosphorylation, microglial  activation,
oxidative stress, and cognitive deficits. Ketogenic
interventions and butyrate-producing probiotics have
been shown to improve AD-related biomarkers in AD
models. In humans, clinical evidence—primarily from
randomized trials of ketogenic diets, MCT
supplementation, and ketone esters—indicates that
interventions elevating BHB to mild ketosis levels may
improve cognition, stabilize brain glucose uptake, and
enhance daily function in individuals with MCI or mild-
to-moderate AD. These effects often correlate with
achieved plasma BHB concentrations, although their
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dependence on APOE &4 status varies across studies. The
synergistic interplay within the microbiota—butyrate—
BHB axis, which may include microbiota-derived
butyrate contributing to hepatic ketogenesis and BHB
production in specific metabolic contexts, while BHB
supports microbial homeostasis (Fig. 1), may represent a
biologically plausible and metabolically grounded
approach. However, ketogenic interventions can raise
circulating BHB largely independently of gut-derived
butyrate, although this distinction is primarily supported
by general metabolic studies rather than direct evidence
from AD models or patients. Targeting the microbiota—
butyrate—-BHB  axis  through  high-fiber/prebiotic
interventions, ketogenic diets, MCTs, exogenous ketone
esters, or  butyrate-producing  probiotics = may
simultaneously address gut dysbiosis and cerebral energy
deficits while mitigating core AD pathologies. Overall,
although preclinical data are encouraging, human
evidence remains preliminary and insufficient to establish
ketogenic strategies as clinically effective therapies for
AD. The results are heterogeneous, with benefits varying
substantially by disease stage, APOE genotype,
adherence, intervention duration, and achieved plasma
BHB levels. Some trials have also shown no significant
cognitive improvement on primary outcomes. Future
research should prioritize well-powered longitudinal
human trials, personalized approaches based on baseline
microbiota and metabolic profiles, and the evaluations of
synergistic combinations to better define their potential
role in AD.
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