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Abstract

The astrocytic lactate shuttle is a vital metabolic pathway connecting neurons and astrocytes via monocarboxylate trans-
porters MCT1, MCT2, and MCT4. Recent evidence indicates that its dysfunction may be a key factor in tau pathology
associated with neurodegenerative diseases. This review analyzes the impact of impaired astrocytic glucose uptake and
lactate production on energy-deficient neuronal microenvironments, leading to tau hyperphosphorylation, aggregation,
and trans-neuronal spreading. This review investigates the molecular mechanisms by which metabolic failure alters the
kinase-phosphatase balance, leading to pathogenic tau modifications, particularly in brain regions with high energy de-
mands that exhibit increased vulnerability. This review consolidates findings from cell culture studies, animal models, and
human neuroimaging, indicating that metabolic abnormalities occur prior to observable tau accumulation, thereby sug-
gesting that energy dysfunction is a driving factor of tau pathology rather than a result. This review investigates the role
of lactate dysregulation in activating inflammatory cascades via microglia and stress-response pathways, which further
intensify tau spreading. We assess therapeutic strategies aimed at the astrocytic lactate shuttle, such as metabolic en-
hancers, lactate supplementation, and transporter modulators, highlighting their preclinical promise and clinical potential.
This analysis offers a framework for understanding metabolic dysfunction as a pathogenic mechanism and therapeutic
target in Alzheimer’s disease and related tauopathies.
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relates with cognitive decline and clinical progression.*

The brain’s extraordinary energy demands have long
fascinated neuroscientists, as this three-pound organ con-
sumes approximately 20% of the body’s total glucose de-
spite representing only 2% of body weight.5 This remarkable

Introduction

Tau protein lies at the heart of a devastating group of neu-
rodegenerative disorders affecting millions of people world-
wide, including Alzheimer’s disease, frontotemporal demen-
tia, progressive supranuclear palsy, and chronic traumatic

encephalopathy, all of which share a common thread: tau
transforms from an essential neuronal protein into a destruc-
tive agent." Under normal circumstances, tau maintains neu-
ronal stability by preserving the integrity of microtubules that
form the cellular highway system for transporting vital ma-
terials?; however, when tau becomes hyperphosphorylated
and misfolds, it abandons its protective role and begins form-
ing neurofibrillary tangles that ultimately destroy neurons.?
Perhaps the most concerning aspect is tau’s ability to spread
from cell to cell, propagating disease throughout intercon-
nected brain networks in a prion-like manner that closely cor-

metabolic activity reflects the enormous energy require-
ments of neuronal function, from maintaining membrane
potentials to powering synaptic transmission and sustain-
ing the molecular machinery essential for cellular survival,
with meeting these demands relying on sophisticated meta-
bolic cooperation between astrocytes and neurons that has
evolved to optimize energy delivery precisely where and
when it is most needed.® Astrocytes, once considered mere-
ly structural support cells, are now recognized as intricate
metabolic coordinators capable of detecting neural activity
and responding by enhancing glucose uptake and lactate
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Fig. 1. The astrocytic lactate shuttle in brain energy metabolism. ATP, adenosine triphosphate; GLUT, glucose transporter type 1; LDH-B,

lactate dehydrogenase isoform B; MCT4, monocarboxylate transporter 4.

production,” ensuring that active neurons receive adequate
fuel during periods of peak demand while allowing different
brain regions and activity states to adapt to fluctuating en-
ergy requirements.8

The astrocytic lactate shuttle represents one of neurosci-
ence’s most elegant metabolic discoveries, challenging the
traditional view that neurons rely primarily on glucose for en-
ergy through a system in which astrocytes preferentially take
up glucose from the bloodstream and convert it to lactate
through glycolysis, even under oxygen-rich conditions.® This
lactate is then exported via monocarboxylate transporters
and taken up by neurons, where it can be rapidly converted
to pyruvate and utilized for adenosine triphosphate (ATP)
production through oxidative phosphorylation as shown in
Figure 1.1 This arrangement offers several advantages: as-
trocytes can rapidly mobilize glucose stores during periods
of intense neuronal activity, lactate serves as a more effi-
cient fuel source for neurons under certain conditions, and
the system provides metabolic flexibility that allows optimal
energy distribution throughout neural networks.'" 12 Beyond
its role in energy provision, the lactate shuttle functions as
a signaling mechanism, with lactate levels conveying infor-
mation about metabolic status and facilitating adaptive re-
sponses to changing energy demands.3

The emerging recognition that metabolic dysfunction
may drive rather than simply accompany tau pathology
represents a fundamental shift in our understanding of
neurodegeneration, as traditional approaches have largely
focused on tau aggregates as toxic end products while ac-
cumulating evidence suggests that energy failure may trig-
ger tau’s pathogenic transformation.'* When the astrocytic
lactate shuttle becomes compromised, neurons experience
energy deficits that promote cellular stress, disrupt homeo-
static balance, and facilitate tau hyperphosphorylation and
aggregation’®>—a metabolic vulnerability that may explain
why tau pathology preferentially affects brain regions with
high energy demands and why metabolic changes of-
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ten precede detectable tau accumulation in both animal
models and human studies. Understanding the metabolic
foundations of tau pathology opens new therapeutic pos-
sibilities that target the underlying energy crisis rather than
merely addressing its protein consequences, potentially
leading to more effective interventions for these devastat-
ing disorders.

This review aims to comprehensively examine the com-
plex relationship between astrocytic lactate shuttle dysfunc-
tion and tau pathology in neurodegenerative diseases. We
begin by exploring the astrocytic lactate shuttle in brain me-
tabolism, detailing its fundamental role in neuronal energy
supply and the consequences of its disruption. Next, we ex-
amine tau pathology and early propagation mechanisms, in-
vestigating how tau transforms from a stabilizing protein into
a pathogenic agent capable of cell-to-cell transmission. The
review then focuses on linking lactate dysfunction to tau prop-
agation, analyzing the molecular pathways through which
metabolic failure drives tau misfolding and aggregation. We
subsequently discuss experimental and clinical pathways of
tau pathology, reviewing evidence from both laboratory mod-
els and human studies that demonstrate the metabolic basis
of tauopathies. Finally, we address therapeutic implications
and future directions, evaluating how targeting the astrocytic
lactate shuttle and related metabolic pathways might offer
novel treatment strategies for Alzheimer’s disease and other
tau-mediated disorders. By synthesizing current research
across these domains, this review provides a framework for
understanding how metabolic dysfunction serves as both a
driver and potential therapeutic target in the complex land-
scape of neurodegeneration.

The astrocytic lactate shuttle in brain me-
tabolism

The astrocytic lactate shuttle has fundamentally transformed
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our understanding of brain energy metabolism, as the sim-
plistic view that neurons directly utilize glucose has given
way to a more sophisticated appreciation of glial-neuronal
metabolic cooperation. This system operates through a co-
ordinated sequence of events initiated by glutamate release
at synapses during heightened neuronal activity, which as-
trocytes detect through specialized receptors and transport-
ers to gauge local energy demands.'® In response, astro-
cytes rapidly increase glucose uptake from nearby blood
vessels, facilitated by glucose transporter 1, which maintains
high glucose affinity even at low concentrations.®

Once glucose enters astrocytes, it undergoes glycoly-
sis rather than oxidative metabolism, even under oxygen-
rich conditions, though this apparent metabolic inefficiency
serves important functional purposes.'” Glycolysis proceeds
much more rapidly than oxidative phosphorylation, ena-
bling astrocytes to generate lactate quickly when neurons
require immediate energy, while astrocytes simultaneously
utilize the pentose phosphate pathway to generate NADPH
for biosynthesis and antioxidant defense.'® Furthermore,
astrocytic glycolysis provides precursors for neurotransmit-
ter synthesis, particularly glutamine, which is subsequently
transferred to neurons for glutamate production.” The lac-
tate produced through astrocytic glycolysis does not remain
within these cells but is exported via specialized transport-
ers, representing a critical component of brain metabolism
by controlling neuronal lactate availability.'® Astrocytes ex-
press high levels of lactate dehydrogenase and maintain
conditions favoring lactate production, while neurons pos-
sess greater amounts of enzymes that convert lactate back
to pyruvate for oxidative metabolism, creating a division of
metabolic labor that enables efficient lactate transfer from
producer to consumer cells.”

Monocarboxylate transporters serve as the molecular
gatekeepers controlling lactate flux in the brain, with the
three main family members each fulfilling distinct roles.®
MCT1 is predominantly expressed on astrocytic processes
contacting blood vessels, where it can import lactate from
circulation during periods of elevated blood lactate, such as
exercise or metabolic stress, though more importantly for
local brain metabolism, MCT1 facilitates astrocytic lactate
export into the extracellular space.?° This transporter’s high
capacity and low lactate affinity make it well-suited for han-
dling the substantial lactate fluxes occurring during intense
neuronal activity,2" while MCT2 represents the neuronal
component of the lactate shuttle, being primarily localized
to neuronal membranes where it imports lactate from the
extracellular environment.'3 This transporter exhibits higher
lactate affinity than MCT1, allowing neurons to efficiently
capture lactate even when extracellular concentrations are
relatively low,22 and the complementary kinetic properties of
MCT1 and MCT2 create a system enabling rapid astrocytic
lactate export and efficient neuronal uptake across varying
concentration ranges.23 MCT4 adds complexity to brain lac-
tate metabolism, though its role remains less well-defined
than the other transporters, as this isoform appears in as-
trocytes in specific brain regions and under particular condi-
tions, such as development or injury. MCT4 exhibits even
lower lactate affinity than MCT1 but can handle very high
lactate concentrations, suggesting it may become important
when lactate production exceeds the capacity of other trans-
port systems.24
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The physiological importance of the lactate shuttle be-
comes evident during periods of heightened neuronal ac-
tivity when vascular glucose delivery cannot meet energy
demands, particularly since neurons store minimal glycogen
compared to astrocytes and require continuous fuel supply.
The lactate shuttle not only provides this supply but offers
metabolic advantages unavailable through glucose metabo-
lism alone, as lactate can cross the blood-brain barrier more
efficiently than glucose under certain conditions, and when
neurons are already energy-depleted, lactate metabolism
yields more ATP per molecule consumed.2® Beyond energy
provision, lactate functions as a signaling molecule facilitat-
ing communication between brain regions, with lactate con-
centrations influencing gene expression in both neurons and
astrocytes, leading to protein synthesis supporting neuropro-
tection and synaptic plasticity.2® The molecule also promotes
vasodilation, helping match cerebral blood flow to metabolic
demands, while evidence suggests lactate may directly in-
fluence synaptic strength and neurotransmitter release,?”
though these signaling mechanisms require further investi-
gation.

The lactate shuttle also contributes to brain homeosta-
sis by providing metabolic flexibility across different physi-
ological states, as during sleep, when neuronal activity is re-
duced, astrocytes can accumulate glycogen stores that can
be mobilized for lactate production upon awakening.28 This
system helps the brain manage energy storage and utiliza-
tion during sleep-wake transitions and fluctuating cognitive
demands throughout the day.

Tau pathology and early propagation mecha-
nisms

The vital roles that tau protein plays in healthy neurons are
tragically compromised in diseased conditions. In healthy
circumstances, tau attaches itself to microtubules and aids
in the stabilization of these cytoskeletal structures, which
act as channels for intracellular movement.?° The protein
has several binding domains that interact with tubulin, with
phosphorylation at particular locations controlling how the
protein associates with microtubules, while normal tau
phosphorylation enables dynamic control of microtubule
stability, responding to cellular activity and following circa-
dian rhythms.3° The movement of organelles, vesicles, and
other cellular constituents along microtubules is facilitated
by tau’s involvement in axonal transport regulation.®! Fur-
thermore, tau may have more cellular functions than pre-
viously thought, as evidenced by recent studies identify-
ing roles for the protein in nuclear processes and synaptic
function.3?

Tau undergoes multiple significant molecular altera-
tions that usually start with hyperphosphorylation in order to
change from a cellular helper to a pathological agent. In dis-
ease states, tau loses its ability to bind microtubules efficient-
ly because it is phosphorylated at many normally unaltered
sites.33 Detaching from microtubules, this hyperphosphoryl-
ated tau starts to accumulate in the cytoplasm, where it can
interact with other tau molecules. Conformational changes in
the detached tau reveal areas that are typically hidden within
the protein structure, forming surfaces that facilitate interac-
tions between proteins.3* Subsequently, these misfolded tau
species begin to form small oligomers, which are among the

www.cellnatsci.com 3



Nat Cell Sci 2025;3(4):¢00018
https://doi.org/10.61474/ncs.2025.00018

most harmful protein forms. As tau oligomers accumulate,
they may act as seeds for additional tau aggregation, recruit-
ing more tau molecules into expanding fibrils.3> Over time,
these fibrils develop into neurofibrillary tangles, which are
the defining pathological characteristic found in post-mortem
brain tissue, though the formation of tangles may actually
represent a protective cellular response, as neurons appear
to sequester toxic tau species into these comparatively inert
deposits.3® The most harmful tau forms likely occur in the
transitional stages between normal protein and mature tan-
gles, when tau retains some mobility but develops pathologi-
cal characteristics.*

Understanding how tau spreads between neurons has
become a major focus of research because this process
appears essential to disease development. Multiple path-
ways are available for tau to exit neurons, including packag-
ing into extracellular vesicles, release during cell death, or
direct translocation across membranes. Once tau has en-
tered the extracellular space, it can be absorbed by nearby
neurons via endocytosis or other internalization processes.
Significantly, even minute amounts of pathological tau in-
troduced into healthy neurons can induce endogenous tau
misfolding, resulting in a prion-like propagation process.%’
Tau transmission appears to be facilitated by synaptic con-
nections, as pathological tau preferentially spreads along
anatomically connected brain regions, and this trans-syn-
aptic spread can explain the predictable patterns of tau pa-
thology, which resemble functional brain networks.3® The
process exhibits some selectivity, as some synaptic con-
nections appear more susceptible to tau transmission than
others, while factors that affect synaptic activity, such as
cellular stress and metabolic state, can alter tau propaga-
tion efficiency.

At synaptic terminals, where tau typically aids in regu-
lating synaptic vesicle dynamics, the first noticeable al-
terations in tau aggregation frequently occur. Under stress
conditions, tau may mislocalize from axons to cell bodies
and dendrites, ending up in cellular compartments where
it should not be present. This mislocalization may encour-
age aggregation and facilitate pathological interactions with
other cellular proteins. Compromised protein clearance
processes, such as autophagy and proteasomal degra-
dation, also facilitate tau accumulation by prolonging the
half-life of damaged proteins.3° The vulnerability of various
brain regions to tau pathology varies, following patterns
that reflect both metabolic demands and anatomical con-
nectivity, with the entorhinal cortex and hippocampus being
among the first regions affected in Alzheimer’s disease due
to their high levels of connectivity and metabolic activity.
Moreover, these areas exhibit strong synaptic activity and
high tau expression, which may increase their susceptibility
to tau-related dysfunction. Tau pathology can also begin in
the brainstem and basal forebrain, which contain neurons
with widespread projections throughout the brain, before
spreading to other areas.*0

Additionally, regional vulnerability correlates with lo-
cal factors such as baseline levels of cellular stress, the
expression of protective proteins, and the presence of
particular neuronal subtypes. Regions with high iron con-
tent, increased oxidative stress, or decreased antioxidant
capacity may be more prone to tau aggregation.*! The
metabolic profiles of different brain regions, including their

4 Nature Cell and Science

dependence on particular energy substrates and capacity
for metabolic adaptation, likely influence their susceptibility
to tau pathology, which helps explain how metabolic dys-
function may accelerate tau spreading in vulnerable neural
networks.

Linking lactate dysfunction to tau propagation

Studies have demonstrated that energy deficits can directly
cause tau hyperphosphorylation through various cellular
pathways, establishing a critical link between metabolic
stress and tau pathology.*2 When neurons experience ATP
depletion, the balance between kinases and phosphatases
shifts drastically in favor of phosphorylation, primarily be-
cause many phosphatases require substantial energy to
remain active, particularly protein phosphatase 2A, which
typically dephosphorylates tau.*3 Concurrently, under low-
energy conditions, stress-activated kinases such as glyco-
gen synthase kinase-33 (GSK-38) become hyperactive, and
as one of the main kinases responsible for pathological tau
phosphorylation, GSK-3 activation during metabolic stress
promotes tau hyperphosphorylation at disease-relevant
sites.*4 Additional kinases involved in this metabolic stress
response include AMP-activated protein kinase and cyclin-
dependent kinase 5 (CDK5). CDK5 becomes dysregulated
when its regulatory protein p35 is cleaved to p25 under
stress conditions, resulting in prolonged kinase activation
and excessive tau phosphorylation, while chronic activation
of AMP-activated protein kinase, though typically protective
during energy stress, can also phosphorylate tau at specific
sites.*® The convergence of these multiple kinase pathways
during metabolic stress creates tau hyperphosphorylation,
suggesting that maintaining adequate energy supply may
prevent this pathological cascade.

Energy depletion affects tau aggregation through mech-
anisms beyond simple hyperphosphorylation, as ATP de-
pletion compromises the function of molecular chaperones
that normally support proper protein folding and prevent
aggregation.*® Heat shock proteins and other chaperone
systems require considerable energy to refold misfolded
proteins or target them for degradation, and when ATP
levels decline, these protective mechanisms become less
effective, allowing hyperphosphorylated tau to persist and
accumulate.*” Energy depletion also affects cellular qual-
ity control mechanisms that normally eliminate damaged
proteins, including the ubiquitin-proteasome system and
autophagy pathways.*® The cellular stress response to
energy depletion further promotes tau aggregation, as en-
doplasmic reticulum stress, which frequently accompanies
metabolic dysfunction, can induce tau misfolding and ag-
gregation through multiple mechanisms.*® Stressed cells
often exhibit altered calcium homeostasis, and increased
intracellular calcium can activate calpains and other pro-
teases that damage tau and promote its aggregation. The
oxidative stress that typically follows energy depletion can
directly modify tau by oxidizing cysteine residues, produc-
ing cross-linked tau species that resist natural clearance
mechanisms.50

Studies analyzing brain tissue from patients with tau-relat-
ed disorders consistently demonstrate evidence of impaired
astrocytic function prior to extensive neuronal loss. In affect-
ed brain regions, astrocytes exhibit decreased expression
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of key glucose transporters and glycolytic enzymes, limiting
their capacity to uptake glucose and produce lactate.5" Dis-
ease-associated astrocytes show morphological changes,
including reduced process complexity and altered position-
ing relative to blood vessels, which likely impairs their ability
to detect and respond to neuronal energy demands.>2 These
structural alterations may result from direct tau toxicity, since
astrocytes can uptake pathological tau from neurons and de-
velop their own aggregation pathology.

Impaired astrocytic lactate production creates a vicious
cycle, where reduced energy supply promotes further tau
pathology. Because neurons become increasingly depend-
ent on astrocytic lactate during periods of high activity, any
reduction in lactate availability forces neurons to rely more
heavily on their limited glucose uptake capacity (Fig. 2).53
This metabolic stress may trigger the tau phosphorylation
cascades described above, generating more pathological
tau that can subsequently spread to neighboring cells, in-
cluding astrocytes. The result is progressive deterioration
of local energy metabolism that accelerates tau spreading
throughout interconnected brain networks.5 Monocarboxy-
late transporter dysfunction compounds these problems by
disrupting lactate transfer even when astrocytes retain some
lactate production capacity.?> Research has demonstrated
that neurons from tau-affected brain regions show reduced
MCT2 expression, limiting their ability to uptake lactate,
while astrocytic MCT1 function may also deteriorate, reduc-
ing lactate export efficiency. These transporter defects cre-
ate metabolic bottlenecks that prevent neurons from access-
ing adequate energy substrates, perpetuating the energy
crisis underlying tau pathology.5®

The neuronal energy crisis resulting from lactate shuttle
dysfunction manifests in numerous ways that directly con-
tribute to tau pathology progression. Neurons experiencing
chronic energy deficits show altered calcium handling that
can activate calcium-dependent kinases responsible for tau
phosphorylation.56 Energy-depleted neurons also exhibit im-
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paired axonal transport, which may cause tau to mislocalize
from axons to cell bodies and dendrites, where it can inter-
act with other cellular proteins and promote aggregation. Re-
duced ATP availability limits the function of ATP-dependent
ion pumps, causing membrane depolarization that may trig-
ger excitotoxic cascades.®” Synaptic dysfunction represents
another consequence of the neuronal energy crisis that
could accelerate tau spreading. Energy-depleted synapses
show reduced synaptic vesicle recycling efficiency and al-
tered neurotransmitter release patterns, modifications that
may facilitate trans-synaptic tau transmission and promote
tau mislocalization to synaptic terminals. Additionally, meta-
bolic stress at synapses may trigger local tau aggregation,
creating seeds that can spread to neighboring neurons and
cellular compartments.32

Inflammatory responses provide another crucial link be-
tween metabolic dysfunction and tau pathology. Energy-
depleted neurons release damage-associated molecular
patterns that activate microglia and initiate inflammatory
cascades. Activated microglia produce pro-inflammatory cy-
tokines such as interleukin-13 and tumor necrosis factor-a,
which can directly promote tau hyperphosphorylation by
activating stress kinases.5® These cytokines also worsen
the metabolic crisis by impairing astrocytic function, reduc-
ing their glucose uptake and lactate production capacity.>°
The inflammatory response to metabolic stress includes
reactive oxygen species production and complement acti-
vation, which can cause direct damage to tau protein and
other cellular components. Chronic neuroinflammation cre-
ates a positive feedback loop, where metabolic dysfunction
promotes inflammation, which in turn accelerates tau pa-
thology and further impairs metabolic function. This inflam-
matory amplification may explain why tau pathology tends
to spread rapidly once established in vulnerable brain
regions.®0 Astrocyte activation in response to tau pathol-
ogy further disrupts normal metabolic function, as reactive
astrocytes show altered gene expression patterns that re-
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duce their capacity for normal metabolic support functions
and increase inflammatory molecule production.?' These
changes may persist long after the initial insult, even with-
out ongoing acute stress, creating lasting metabolic deficits
that sustain tau pathology.

Experimental and clinical pathways of tau
pathology

Numerous important discoveries in cell culture research
have demonstrated the causal links between energy defi-
ciency and tau aggregation, providing compelling support for
the metabolic foundation of tau pathology. Primary neuronal
cells subjected to mitochondrial inhibitors or glucose restric-
tion routinely exhibit rapid tau hyperphosphorylation within
hours of treatment, with these studies showing that meta-
bolic stress activates specific kinase cascades, particularly
GSK-3B and CDK5, which phosphorylate tau at the same
sites observed in human disease.?? Critically, providing al-
ternative energy substrates such as lactate or pyruvate can
prevent or reverse tau hyperphosphorylation in these mod-
els, directly supporting the protective role of astrocytic lac-
tate supply.®3

Co-culture experiments with neurons and astrocytes have
demonstrated the impact of metabolic coupling on tau pa-
thology. When astrocytes are specifically damaged or their
glucose metabolism is compromised, tau pathology devel-
ops in co-cultured neurons even when adequate glucose is
present in the culture medium.%4 These findings demonstrate
that neurons cannot fully compensate for reduced astrocytic
metabolic support, emphasizing the critical importance of
the lactate shuttle. Conversely, enhancing astrocytic lactate
production through genetic or pharmacological approaches
protects neurons from tau pathology induced by various
stressors.%® Animal model experiments have extended these
findings to more complex systems that better recapitulate
human disease, as transgenic mice expressing human tau
show early metabolic changes, including reduced glucose
utilization and altered lactate metabolism in vulnerable brain
regions, before overt tau pathology appears. When these
animals are subjected to metabolic stress through pharma-
cological inhibition of glycolysis or dietary restriction, tau
pathology is significantly accelerated. Studies using micro-
dialysis for real-time brain lactate measurement have re-
vealed that tau transgenic mice exhibit diminished lactate
responses to neuronal activity, indicating dysfunction in the
astrocytic lactate shuttle.6

Animal studies manipulating monocarboxylate transport-
ers provide particularly compelling evidence, as mice with
reduced MCT2 expression show increased vulnerability to
tau pathology, while MCT2 overexpression provides pro-
tection.8” Similarly, pharmacological inhibition of MCT1 in
astrocytes accelerates tau aggregation in vulnerable brain
regions. These studies directly link lactate transport dysfunc-
tion to tau pathology development while suggesting poten-
tial therapeutic targets. Human neuroimaging studies have
also revealed that metabolic changes frequently precede
detectable tau accumulation by years.68 Positron emission
tomography studies using fluorodeoxyglucose consistently
show reduced glucose metabolism in brain regions that sub-
sequently develop tau pathology. These hypometabolic pat-
terns appear early in the disease course and correlate with
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subsequent cognitive decline. More sophisticated imaging
approaches using magnetic resonance spectroscopy have
provided direct evidence of lactate shuttle dysfunction in hu-
man disease by detecting altered lactate levels in the brains
of patients with early-stage tau disorders.%°

Recent advances in tau positron emission tomography
imaging have enabled researchers to directly correlate met-
abolic changes with tau deposition patterns. These studies
show that metabolic dysfunction often precedes tau accu-
mulation in specific brain regions, supporting the hypothesis
that energy failure drives rather than simply results from tau
pathology.5° The regional patterns of metabolic dysfunction
also predict subsequent sites of tau pathology, providing cru-
cial insights into disease progression mechanisms. Biomark-
er studies have identified numerous metabolic indicators that
correlate with tau disease progression, as patients with tau-
related disorders show elevated cerebrospinal fluid lactate
levels, which may reflect either compensatory increases in
astrocytic lactate production or impaired neuronal lactate
utilization.?® Plasma metabolomics studies have revealed
signatures of disrupted glucose and lactate metabolism that
can distinguish tau disease patients from healthy controls.
These metabolic biomarkers often show stronger correla-
tions with cognitive symptoms than traditional tau protein
measurements, suggesting they may provide more function-
ally relevant disease indicators.”®

Post-mortem brain tissue studies have validated many
findings from animal models and imaging studies, showing
that patients with tau disorders exhibit reduced astrocytic
expression of key glycolytic enzymes and decreased levels
of monocarboxylate transporters. These molecular chang-
es are most pronounced in brain regions with the highest
tau burden, supporting the connection between metabolic
dysfunction and tau pathology.”! Therapeutic research tar-
geting metabolic pathways has shown promising results in
animal models and early human studies. Ketogenic diets,
which provide alternative fuel sources that bypass glucose
metabolism, have demonstrated protection in tau transgenic
mice, while direct lactate supplementation or treatments
that enhance astrocytic lactate production have also shown
neuroprotective effects.”? Several studies have investigated
compounds that enhance monocarboxylate transporter func-
tion, with encouraging results in slowing tau pathology pro-
gression (Fig. 3).

Therapeutic implications and future directions

The metabolic origins of tau pathology have sparked innova-
tive therapeutic approaches that target energy deficits rather
than protein aggregation alone. Lactate supplementation of-
fers direct neuroprotection by readily crossing the blood-brain
barrier, with clinical trials currently investigating intravenous
lactate infusions for cognitive decline. Complementary strate-
gies include enhancing astrocytic lactate production through
glycolytic enzyme activators and optimizing monocarboxy-
late transporter function to improve lactate shuttling effi-
ciency. While combined metabolic interventions may prove
superior to single treatments, significant challenges remain,
including blood-brain barrier penetration, disease hetero-
geneity, and determining optimal timing before irreversible
neuronal loss occurs.”® Table 1 below highlights the prom-
ising therapeutic strategies targeting the astrocyte-neuron
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metabolic axis in tauopathies_8,20—22,25,26,33,42,45,49,58,60—72,74,75

Future research should prioritize developing biomarkers
for patient selection and personalized therapeutic approach-
es based on individual metabolic genetics.

Conclusions

The emerging paradigm connecting astrocytic lactate shuttle
dysfunction to tau propagation fundamentally transforms our
therapeutic approach to neurodegenerative diseases. Rather
than viewing metabolic changes as secondary consequenc-
es of protein pathology, the evidence presented here identi-
fies energy failure as a primary driver of tau aggregation and
spreading. This metabolic foundation of neurodegeneration
offers unprecedented therapeutic opportunities that address
root causes rather than downstream manifestations of dis-
ease. The convergence of findings from molecular studies,
animal models, and human imaging data substantiates the
critical importance of prioritizing metabolic interventions in
clinical development. The early appearance of metabolic
dysfunction relative to tau accumulation provides a crucial
therapeutic window for interventions that could prevent dis-
ease progression rather than merely slow its advance. As we
move toward precision medicine approaches, understand-
ing individual metabolic vulnerabilities may enable targeted
interventions that correct the specific energy deficits driving

Nature Cell and Science

tau pathology in different patients, potentially transforming
the treatment landscape for millions affected by tau-related
neurodegenerative disorders.
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