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Beyond the brain: How does
Alzheimer’s disease affect the body?
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Alzheimer’s disease (AD) is a progressive
neurodegenerative disorder characterized by the
pathological accumulation of extracellular amyloid-B
(AB) peptides and intracellular neurofibrillary tangles
composed of hyperphosphorylated Tau. Since AD is the
most common cause of dementia and is predominantly
considered a disorder of memory and cognition, current
research has largely focused on the brain. However,
the brain, the primary site of AD pathology, interacts
dynamically with peripheral organs to maintain systemic
homeostasis, implying that alterations in brain function
will extend their impact to the whole body.

Increasing evidence indicates that AD is associated not
only with the brain but also with multiple peripheral
systems, underscoring the need to view AD as a
systemic disease. Several recent reviews have provided
insightful overviews of recent advances in this area
(Yin et al., 2024; Sénmez et al., 2025). However, most
have focused on peripheral contributions to the brain,
including inflammatory cytokines, gut microbiota-derived
metabolites and toxins, adipose-derived adipokines,
impaired hepatic AB clearance, and bone-derived factors.
While such work has been invaluable in highlighting
systemic contributions, the directionality of these
interactions often remains unclear. Many peripheral
changes could either be causal factors or consequences
of AD brain pathology. Indeed, the reviews themselves
frequently acknowledge this ambiguity, yet with limited
attention to how AD brain pathology may influence
peripheral systems.

Moreover, most prior analyses have examined individual
organ- or tissue-specific axes, such as the gut—brain
or immune—brain axis. While these analyses have
gradually built our knowledge of specific interactions, a
comprehensive view of how AD brain pathology affects
multiple peripheral systems across the organism remains
limited, pointing to the need for integrative, whole-
organism approaches to study systemic effects (Figure
1). This perspective aims to address these gaps by first
reviewing evidence from mouse and human studies
on brain-to-periphery interactions in AD, and then by
introducing our recent work using Drosophila AD models
and whole-organism single-nucleus RNA sequencing to
provide a comprehensive view of systemic effects (Park et
al., 2025).

Brain to body studies in mouse and human: AD
pathology in the brain can propagate its effects to
peripheral systems (Yin et al., 2024). Mechanistic and
correlative evidence now indicates that neuronal AR and
Tau influence gastrointestinal, neuromuscular, metabolic,
immune, and physiological processes beyond the central
nervous system.

Among peripheral targets, the gastrointestinal system
provides the most consistent and mechanistically
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supported evidence for brain-to-body propagation. In
humans, elevated markers of intestinal inflammation have
been associated with greater cortical Amyloid burden and
cognitive decline, suggesting that gut inflammatory status
may mirror or even influence AD pathology (Heston et al.,
2023). Consistent with clinical observations, AD mouse
models display gut abnormalities characterized by enteric
Amyloid and Tau accumulation, neuronal loss, epithelial
barrier disruption, and inflammatory transcriptomic and
microbial signatures (Han et al., 2017; He et al., 2023).
More recently, direct mechanistic evidence from both
in vivo AD mouse models and an in vitro colon-on-a-
chip system has demonstrated that brain-derived Tau
pathology can propagate to the gut via the vagal efferent
pathway, resulting in enteric Tau accumulation and
intestinal dysfunction (Choi et al., 2025).

Besides the gut, the links between central AD pathology
and peripheral tissue alterations have been reported.
In 5xFAD mice, a transgenic AD mouse model, early
neuromuscular deficits and neuromuscular junction
alterations have been observed, with neuron-derived
factors implicated in muscle atrophy and dysfunction
(Brisendine et al., 2023). Correspondingly, in humans,
reduced skeletal muscle mitochondrial function and
altered metabolic signatures correlate with cognitive
impairment and cortical AD biomarkers, suggesting that
peripheral bioenergetic measures may reflect central
disease burden (Tian et al., 2023). Notably, a recent
study found that individuals with a neuropathologic
diagnosis of AD exhibited downregulation of oxidative
phosphorylation pathways in skeletal muscle, with the
most pronounced effects observed in apolipoprotein E €4
carriers (Johnson et al., 2025). In AD patients, alterations
in hepatic lipid metabolism have been observed,
correlating with disrupted brain lipid homeostasis and
disease progression (Zhou et al., 2024), and changes in
liver enzyme levels, such as the aspartate transaminase/
alanine aminotransferase ratio, have been linked to
cognitive decline (Lu et al., 2024), highlighting systemic
metabolic dysregulation associated with AD. Supporting
these clinical observations, recent studies have
demonstrated that AD mouse models exhibit hepatic
metabolic alterations, suggesting that liver dysfunction
may contribute to or reflect the systemic manifestations
of AD pathology (Zheng et al., 2019). Systemic immune
alterations have also been reported. In humans with mild
cognitive impairment, large AP aggregates in plasma
associate with altered monocyte subsets and markers
of integrin activation, and ex vivo assays suggest these
aggregates engage monocytes and trigger phagocytic/
lysosomal responses (Juul-Madsen et al., 2024).
Consistent with this, a recent study has reported broader
adaptive immune alterations in AD, reflecting systemic
immune dysregulation linked to disease progression (van
Olst et al., 2024).
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Figure 1 | Alzheimer’s disease (AD) beyond the brain: toward a systemic understanding.

(A) AD research has largely focused on brain pathology, where Amyloid plaques and Tau tangles are key hallmarks.
However, increasing evidence indicates that AD also affects peripheral systems, underscoring the need for a
comprehensive investigation beyond the brain. (B) To explore organism-wide effects, Alzheimer’s Disease Fly Cell Atlas
profiles single-nucleus transcriptomes from whole flies expressing neuronal amyloid-B 42 or human Tau, providing a

framework to study systemic responses to neurodegeneration. Created with BioRender.com.
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Together, these studies provide converging evidence that
AD pathology in the brain can exert diverse effects across
peripheral systems. While these findings have been
invaluable in demonstrating the impacts of AD on the
periphery, most investigations have focused on individual
organ systems, leaving organism-wide consequences
largely unexplored. Next, we will focus the discussion
on our recent study where we surveyed the systematic
impact of AD-related toxic proteins on different cell types
across the whole organism (Park et al., 2025).

Alzheimer’s Disease Fly Cell Atlas — a systemic view
of brain to body: We used two fly models in which the
representative human AD pathological proteins, AB,,
or Tau, are expressed specifically in adult neurons, and
developed the Alzheimer’s Disease Fly Cell Atlas (AD-FCA)
using whole-organism single-nucleus RNA sequencing.
Comprising 219 distinct cell types, AD-FCA provides a
platform to comprehensively investigate the systemic
impact of neuronal pathology to the whole organism.

Distinct systemic effects of amyloid-B 42 and Tau
as revealed by Alzheimer’s Disease Fly Cell Atlas:
One key finding of the AD-FCA is that AB,, and Tau,
when expressed in neurons, drive distinct systemic
consequences throughout the organism, despite both
representing core features of AD pathology. Notably,
their mechanisms of action diverge at the organismal
level, highlighting the contrasting pathways through
which these proteins influence systemic function.
Neuronal AB,, primarily disrupts the nervous system,
with the sensory system being particularly vulnerable,
and induces a conserved lactate dehydrogenase (LDH)-
high neuronal state. In contrast, neuronal Tau promotes
accelerated aging phenotypes in peripheral tissues,
including alterations in fat metabolism, gut homeostasis,
and reproductive capacity, while also affecting brain-
body communication. In what follows, we highlight
several specific findings from the AD-FCA that illustrate
these contrasting mechanisms and discuss their
broader implications for how AD pathology should be
conceptualized and studied.

Amyloid-B 42-induced lactate dehydrogenase-high
neuronal cluster as a conserved stress signature: A
notable finding was the identification of a neuronal
cluster enriched for LDH expression in AB,;, flies. Rather
than representing a single neuronal subtype, this LDH-
high cluster emerged from multiple types of neurons that
converged into a common transcriptional state under
AB,, toxicity. Importantly, similar LDH-high clusters were
observed in both 5xFAD mice and human AD cortical
samples, displaying upregulation of unfolded protein
response and endoplasmic reticulum stress-related
genes. The conservation of this cluster across species
underscores its significance as a molecular signature of
neuronal stress and vulnerability, reflecting a fundamental
response to amyloid pathology that bridges metabolic
stress and neurodegeneration. Notably, in human AD
cortical samples, many genes enriched in this cluster
overlapped with established plasma and cerebrospinal
fluid biomarkers, providing a framework for linking
neuronal state transitions in the brain to measurable
indicators in the periphery. These findings suggest that
transcriptional changes in vulnerable neurons may
ultimately guide biomarker discovery and enable earlier
diagnosis.

We want to point out that the biological meaning of
the LDH-high state remains unresolved, even with its
strong conservation across species. It could represent
neurons undergoing metabolic reprogramming as part
of an adaptive stress response to resist degeneration,
or a terminal trajectory preceding neuronal death.
Distinguishing between these possibilities will be critical,
as it will determine whether this state represents a
neuroprotective response or the terminal phase of
degeneration. Future studies will be essential to resolve
the mechanisms driving this state and to evaluate its
potential as both a therapeutic target and an early
biomarker.

Sensory neuron vulnerability of Alzheimer’s disease:
While AD research has historically focused on
hippocampal and cortical regions, sensory deficits remain
relatively less explored, despite sensory decline preceding
cognitive symptoms in patients. The AD-FCA revealed
that sensory systems, including olfactory, auditory, and
visual circuits, show pronounced susceptibility to AB,,
compared to other neuronal populations. The olfactory
receptor neurons showed greater vulnerability than their
downstream projection neurons, despite comparable
AB,, expression levels across all neurons. This finding
suggests that AD pathology is not restricted to higher-
order cognitive circuits but extends to, and may even
preferentially affect, peripheral sensory systems.
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Moreover, the atlas adds cellular resolution by identifying
specific olfactory receptor neuron subtypes that are
particularly vulnerable, which indicates that not all
neurons are equally affected by Amyloid pathology, even
within the same cell class. This raises the possibility that
analogous vulnerabilities may exist in human patients,
where selective loss of specific sensory modalities could
provide an opportunity for non-invasive sensory-based
assessments as predictive tools for AD, long before
cognitive symptoms emerge. Such insights could guide
future research to map these vulnerabilities and develop
functional assays of sensory decline, enabling early
biomarker discovery and therapeutic interventions in AD.

Neuronal Tau drives accelerated peripheral aging:
By contrast to AB,,, Tau expression in neurons drives
systemic alterations that mimic accelerated aging. At the
transcriptomic level, younger (20-day-old) Tau flies already
resembled older (30-day-old) controls, and this premature
molecular aging was mirrored in peripheral tissues,
with hallmarks such as gut dysplasia, disruption of lipid
metabolism in the fat body, and reduced reproductive
capacity. These organism-wide phenotypes indicate that
neuronal Tau is not merely a local neuronal stressor but
a driver of systemic aging-like changes. Conceptually, this
observation reframes AD as both a neurodegenerative
and an organismal aging disorder, positioning Tau as a
molecular bridge between neuronal dysfunction and
peripheral decline. From a broader perspective, this raises
several opportunities for future work: whether peripheral
“aging signatures” can be exploited as early, non-invasive
indicators of Tau pathology in the brain; whether Tau
accelerates canonical aging pathways or establishes a
distinct aging-like program; and whether interventions
that target aging-related pathways, for example, agents
such as metformin or rapamycin that modulate metabolic
and longevity pathways, or senolytics that eliminate
senescent cells, could mitigate both neural degeneration
and systemic manifestations in peripheral tissues.

Conserved lipid metabolism defects in peripheral
adipose tissue: Tau-induced disruption of lipid
metabolism exemplifies how brain pathology can
impact peripheral tissues. In Tau fly fat body cells, lipid
droplets initially enlarge but later become fragmented,
reflecting dynamic fluctuations in lipid metabolism that
were conserved in the adipose tissue of PS19 tauopathy
mice. The mechanisms underlying these changes remain
unclear. One possibility is that the broad upregulation
of poly(ADP-ribose) polymerase in Tau-expressing
neurons (internal preliminary observation) leads to
NAD" depletion, which contributes to the disruption of
energy homeostasis [poly(ADP-ribose) polymerase is
one of the main enzymes in the cell to consume NAD'].
These findings highlight a bidirectional relationship:
while metabolic dysfunction has traditionally been
viewed as a risk factor for AD, Tau pathology in the brain
can itself reshape peripheral metabolism. The cross-
species conservation of these effects underscores their
translational relevance, suggesting that adipose-derived
transcriptomic or lipidomic signatures could serve as
accessible biomarkers of brain Tau pathology, and pointing
toward metabolic interventions as potential therapeutic
strategies. Moreover, given that apolipoprotein E is a
well-established genetic risk factor for AD and plays key
roles in lipid transport and metabolism, it is possible that
apolipoprotein E isoforms could modulate the systemic
lipid metabolism changes induced by neuronal Tau
pathology. Further studies are needed to unravel the
mechanisms driving these dynamic metabolic changes,
which could clarify how neuronal Tau contributes to
systemic energy alterations and guide the development of
early biomarkers and targeted interventions.

Tau rewires systemic brain-to-body networks: The AD-
FCA revealed that neuronal Tau alters brain-to-periphery
communication, potentially contributing to functional
changes in peripheral tissues. Cell-cell communication
analysis identified broad alterations in brain-to-
body communication in Tau compared with controls.
Peripheral cell types involved in fat metabolism, digestion,
and reproduction exhibited the most pronounced
communication changes. Complementing these molecular
insights, structural remodeling of neuronal circuits, such
as altered synaptic connectivity in the hindgut, may
further influence peripheral tissue function and metabolic
homeostasis. Taken together, these findings indicate that
neuronal Tau acts not only as a local neurotoxin but also
as a driver of systemic changes that reshape brain-body
communication at both molecular and structural levels.
These results further extend the perspective beyond
a single organ axis, such as the brain-gut connection,
highlighting the need to examine additional brain-
periphery connections within a whole-organism network
view.

Future outlook: Collectively, the AD-FCA provides a
comprehensive view of AD pathology, showing that
AB,, and Tau extend their influence beyond the brain
through distinct systemic pathways: AB,, predominantly
disrupts peripheral sensory circuits, whereas Tau induces
accelerated aging across multiple peripheral systems.
By profiling how neuronal pathology impacts the whole
organism, the AD-FCA establishes a foundation for
exploring systemic effects and identifying potential
biomarkers or therapeutic targets. It also highlights the
importance of viewing AD not merely as a brain disorder,
but as a condition with organism-wide consequences.
From this perspective, several important questions arise
for future research.

First, what are the precise molecular and cellular
mechanisms by which neurodegenerative stress
propagates from the brain to peripheral tissues?
Understanding these mechanisms may also inform the
discovery of compartment-specific biomarkers, such as
changes in peripheral sensory neurons, cerebrospinal
fluid, blood, or other peripheral signals. For example,
our AD-FCA data showed that specific types of olfactory
receptor neurons are particularly vulnerable to AD-related
toxicity. Is such specificity conserved in human AD? If so,
olfactory function-based biomarkers can be potentially
developed for clinical diagnosis.

Second, it is critical to clarify the role of brain-body
communication: do peripheral changes arise solely as
downstream consequences of neuronal dysfunction, act
as intermediaries that transmit neuronal effects, or form
bidirectional feedback loops that amplify systemic decline?
Addressing these challenges will require integrative
approaches that combine omics, systems biology, and
computational modeling to map and manipulate brain-
body networks.

Third, it is also essential to assess the reversibility of
peripheral alterations and to test whether interventions at
the level of peripheral tissues can attenuate not only local
dysfunction but also neuronal pathology and organism-
wide decline.

Finally, while the AD-FCA highlights that AB,, and Tau
exert distinct systemic effects, AD in patients involves
both pathologies. Determining how AB,,- and Tau-
driven changes intersect or synergize across tissues will
be critical for clarifying the temporal progression from
early Amyloid pathology to later Tau-driven decline, and
for understanding how their combined effects shape the
systemic manifestations of disease.

Addressing these questions will clarify the mechanisms by
which neuronal pathology drives systemic dysfunction and
will guide the development of biomarkers and therapeutic
strategies aimed at preserving brain-body homeostasis
and mitigating the broader impact of AD.

This work was supported by NIH DP2AT013275, the
Longevity Impetus Grant, the Ted Nash Long Life
Foundation, the Welch Foundation, and the Hevolution/
AFAR Foundation (all to HL). HL is a CPRIT Scholar in
Cancer Research (RR200063).

Ye-Jin Park, Hongjie Li"

Huffington Center on Aging, Baylor College of Medicine,
Houston, TX, USA (Park YJ, Li H)

Department of Molecular and Human Genetics, Baylor
College of Medicine, Houston, TX, USA (Park YJ, Li H)
Program in Development, Disease Models & Therapeutics,
Baylor College of Medicine, Houston, TX, USA (Park YJ)
*Correspondence to: Hongjie Li, PhD,
hongjie.li@bcm.edu.
https://orcid.org/0000-0002-8066-4194

(Ye-Jin Park)

https://orcid.org/0000-0002-7332-7122

(Hongjie Li)

Date of submission: October 14, 2025

Date of decision: December 31, 2025

Date of acceptance: February 4, 2026

Date of web publication: March 14, 2026

https://doi.org/10.4103/NRR.NRR-D-25-01545

How to cite this article: Park YJ, Li H (2026) Beyond the
brain: How does Alzheimer’s disease affect the body?
Neural Regen Res 21(0):000-000.

Open access statement: This is an open access article
distributed under the Creative Commons Attribution
License 4.0 (CCBY), which permits unrestricted

use, distribution, and reproduction in any medium,
provided the original work is properly cited. http://
creativecommons.org/licenses/by/4.0.

2 | NEURAL REGENERATION RESEARCH | Vol 21 | No.xx | xx 2026

Open peer reviewer: Kevin Decker, University of
Delaware, USA.
Additional file: Open peer review report 1.

References

Brisendine MH, Nichenko AS, Bandara AB, Willoughby OS,
Amiri N, Weingrad Z, Specht KS, Bond JM, Addington A,
Jones RG, Ill, Murach KA, Poelzing S, Craige SM, Grange
RW, Drake JC (2023) Neuromuscular dysfunction precedes
cognitive impairment in a mouse model of Alzheimer’s
disease. Function 5:zqad066.

Choi H, Hong SB, Liu HW, Song H, Jeong JH, Ahn K, Kim S, Song J,
Han JW, Lee D, Ahn J, Kim MS, Chung S, Mook-Jung | (2025)
Pathological tau propagation from the brain to the colon
via the vagal efferent pathway in Alzheimer’s disease. Gut
75:302-315.

Han X, Tang S, Dong L, Song L, Dong Y, Wang Y, Du Y (2017)
Loss of nitrergic and cholinergic neurons in the enteric
nervous system of APP/PS1 transgenic mouse model.
Neurosci Lett 642:59-65.

He J, Liu Y, LiJ, Zhao Y, Jiang H, Luo S, He G (2023) Intestinal
changes in permeability, tight junction and mucin synthesis
in a mouse model of Alzheimer’s disease. Int J Mol Med
52:113.

Heston MB, et al. (2023) Gut inflammation associated with age
and Alzheimer’s disease pathology: a human cohort study.
Sci Rep 13:18924.

Johnson CN, Evans MR, Blankenship AE, John CS, Rekowski MJ,
Washburn MP, Phan A, Gouvion CM, Haeri M, Swerdlow
RH, Geiger PC, Morris JK (2025) Human skeletal muscle
mitochondrial pathways are impacted by a neuropathologic
diagnosis of Alzheimer’s disease. Neurobiol Dis
210:106916.

Juul-Madsen K, et al. (2024) Amyloid-B aggregates activate
peripheral monocytes in mild cognitive impairment. Nat
Commun 15:1224.

Lu 'Y, Pike JR, Hoogeveen RC, Walker KA, Raffield LM, Selvin E,
Avery CL, Engel SM, Mielke MM, Garcia T, Palta P (2024)
Liver integrity and the risk of Alzheimer’s disease and
related dementias. Alzheimers Dement 20:1913-1922.

Park YJ, Lu TC, Jackson T, Goodman LD, Ran L, Chen J, Liang CY,
Harrison E, Ko C, Chen X, Wang B, Hsu AL, Ochoa E, Bieniek
KF, Yamamoto S, Zhu Y, Zheng H, Qi Y, Bellen HJ, Li H (2025)
Distinct systemic impacts of A&#x3b2;42 and Tau revealed
by whole-organism snRNA-seq. Neuron 113:2065-2082.

Sénmez G, Yazarkan Y, Aki OF, Bodur E (2025) Unraveling the
enigma: exploring the periphery’s influence in Alzheimer’s
pathophysiology-cause or consequence? Eurasian J Med
57:1-8.

Tian Q, Bilgel M, Walker KA, Moghekar AR, Fishbein KW,
Spencer RG, Resnick SM, Ferrucci L (2023) Skeletal muscle
mitochondrial function predicts cognitive impairment and
is associated with biomarkers of Alzheimer’s disease and
neurodegeneration. Alzheimers Dement 19:4436-4445.

van Olst L, Kamermans A, Halters S, van der Pol SMA,
Rodriguez E, Verberk IMW, Verberk SGS, Wessels DWR,
Rodriguez-Mogeda C, Verhoeff J, Wouters D, Van den
Bossche J, Garcia-Vallejo JJ, Lemstra AW, Witte ME, van
der Flier WM, Teunissen CE, de Vries HE (2024) Adaptive
immune changes associate with clinical progression of
Alzheimer’s disease. Mol Neurodegener 19:38.

Yin J, Peng W, Lu L, Hong Z, Zhou D, LiJ (2024) Mechanistic
insights and emerging therapeutic targets of Alzheimer’s
disease: from the perspective of inter-organ crosstalk.
Aging Dis 16:3466-3482.

Zheng H, Cai A, Shu Q, Niu Y, Xu P, Li C, Lin L, Gao H (2019)
Tissue-specific metabolomics analysis identifies the
liver as a major organ of metabolic disorders in amyloid
precursor protein/presenilin 1 mice of Alzheimer’s disease.
J Proteome Res 18:1218-1227.

Zhou S, Borkowski K, Liang N, Beach TG, Serrano GE, Kim K,
Hammock BD, Newman JW, Jin LW,
Maezawa | (2024) Altered hepatic
and cerebral lipid mediator
pathways in Alzheimer’s disease.
Alzheimers Dement 20:e086467.

Editors: QY, LCH, SLP, ZM, ZLJ, LW/



