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Research into the effects of physical exercise on brain metabolism has revealed
complex molecular mechanisms, with particular emphasis on lactate as a signaling
molecule capable of transiently enhancing brain functions. This metabolite, once
considered merely a byproduct of exercise, has been shown to enhance cognitive
function through complex interactions with neural cells. This review examines how
exercise-induced lactate formation acts as both an energy substrate and signaling
molecule to reshape brain function, focusing on its metabolic and molecular
mechanisms across different neural cell types. For that, we analyzed current
literature on physical exercise-induced lactate production and its effects on
brain metabolism, particularly examining lactate’s dual role in cellular energetics
and signaling pathways. The review synthesizes findings from both animal and
human studies investigating exercise-dependent lactate mechanisms in brain
function. We conducted a comprehensive analysis of peer-reviewed literature
using databases including PubMed, Web of Science, and Scopus. The search terms
included combinations of “physical exercise,” “lactate,” “brain metabolism,”
“cognitive function,” and “neural plasticity.” Both animal and human studies were
included to provide a broad perspective on exercise-dependent lactate
mechanisms in brain function. Understanding these lactate-mediated pathways
is relevant for developing targeted physical exercise interventions that optimize
brain health and cognitive function, potentially offering complementary
therapeutic strategies for unfavorable neurological conditions.
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1 Introduction

Physical exercise acts as a potent mediator of brain metabolism
through muscle-brain communication, fundamentally
transforming lactate metabolism (1). Previously, this molecule
was considered just a metabolic end product and emerged as an
important energy substrate and cellular signaling molecule (1-3).
Through lactate dehydrogenase (LDH)-catalyzed interconversion
with pyruvate, lactate establishes itself as an essential metabolic
intermediate, not only meeting neuronal energy demands but also
performing some regulatory functions. These functions include
enhancing oligodendrocyte myelination, modulating astrocytic
signaling, maintaining redox balance, and facilitating memory
formation processes (2). A cell with a redox milieu can produce
10-50 times more lactate than pyruvate to shunt energy between
glycolysis and mitochondria, mainly with high-intensity exercises,
forming a feedback mechanism using lactate as a central molecule
(3). The interest in lactate research began in the 1780s when lactate
was isolated from milk sources (4). It was thought that lactate could
be produced when oxygen level drops in conditions like intense
exercise in the muscle or pathological situations such as stroke and
cancer to show its toxic effects (5). However, in the late 1920s, this
idea began to change when lactate was administered into the body,
which led to an increase in glycogen deposition in the liver (6).
Years later, it was revealed that the lactate could support increased
respiration and metabolic responses in the brain (7). In the 1980s, it
was found that lactate could support the synaptic function in the
hippocampus (8). In 1994, Pellerin and Magistretti established how
glutamate-mediated lactate is released in the brain through
excitatory amino acid transporters 1 and 2 by proposing the
Astrocyte-Neuron Lactate Shuttle Hypothesis (ANLS) (9), which
explains the fundamental framework of how metabolic cooperation
between astrocytes and neurons orchestrates the energy supply for
neurons by explaining how glutamate uptake induces glycolysis
stimulation in the astrocytes, which shuttles lactate to neurons for
energy. The ANLS hypothesis suggested that lactate was a necessary
fuel for highly energy-demanding neurons. However, the cellular
source of lactate in the brain, the complexity of the brain’s energy
metabolism, and its evolutionary strategies challenge this
hypothesis. For instance, neurons exhibit metabolic duality by
regulating the expression of LDHA and LDHB, allowing them to
utilize either glucose or lactate as an energy source, which ensures a
continuous energy supply to the neurons under various
physiological conditions (10). Additionally, lactate requires one
step to produce pyruvate compared to glucose, which needs ten
enzymatic steps. This simplicity gives additional merits to neurons
to use lactate as a primary fuel, especially in high-energy-demand
conditions. However, this hypothesis failed to address the rate of
lactate release at rest, the stoichiometry of glycolytic rate, and the
metabolic significance during neuronal energy demands. For
example, glutamate uptake-induced glycolysis in astrocytes and
lactate oxidation in neurons are not metabolically significant
when compared to other metabolic pathways during brain
activation (11). Therefore, understanding this metabolic basis
during brain activations and functions could reassure the
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significance of this hypothesis in brain physiology. Several studies
have reported that lactate is a preferable energy source than glucose
for neurons (12-16). Beyond its role in brain energy metabolism,
lactate is a signaling molecule in the central nervous system (1).
Although results in preclinical studies are still controversial, studies
have shown that intense exercise-derived lactate crosses the blood-
brain barrier (BBB) via monocarboxylate transporters (MCTs) and
promotes different signaling pathways, such as Sirtl/PGCI- o/
FNDC5/BDNF pathways and cAMP/PKA/CREB pathways (14,
15). Recent evidence demonstrates that the lactate-sirtuinl-
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (Sirtl- PGC-1a) axis induces the brain-derived neurotrophic
factor (BDNF) expression, thereby enhancing synaptic plasticity
and memory formation (14). However, during exercise, how
exercise-induced lactate improves the metabolic functions of the
brain is not well established because exercise itself requires lactate
for energy compensation under high intensity. There are two
possible purposes that explain this scenario in high-intensity
interval training (HIIT). The first is to increase the adaptive
process that can maintain brain cell homeostasis by activating
lactate-mediated signaling (2). The second one is maintaining the
energy status in the brain and muscle by transferring oxidized
substrates from glycogenolysis (2, 9). Thus, lactate is not toxic to the
brain cells, failing the old lactate paradigm theory, which defines
lactate as a harmful product of anaerobic metabolism that is
primarily linked with fatigue, acidosis and tissue damage, whereas
it is an important competent source of glucose in the brain and
maintains energy status in the muscle for exercise performance.
While current literature extensively reviews the potential role of
lactate as a myokine in enhancing brain function, it often fails to
address the complete array of molecular signaling pathways that
may be activated by exercise. For example, Hashimoto et al. and
Huang et al. discussed the potential role of lactate as a myokine (1,
13); however, they did not discuss the complete array of molecular
signaling that may offer neuroprotection. For example, the interplay
between lactate and specific receptors, such as HCARI, has been
well reported; however, their downstream effects in brain cells
under diseased conditions remain an active area of research. To
address this gap, this review examines all potential molecular
signaling pathways that may be triggered by exercise-mediated
lactate to enhance brain health. Additionally, the positive effects
of exercise-induced lactate have been extensively studied, but the
ideal dose or target blood lactate concentration for optimal brain
health outcomes, as well as the factors responsible for this, are not
well reported. Moreover, the contribution of exercise to increasing
the bioavailability of exogenous lactate and improving brain
function has not been reported in the literature. This scenario
may be particularly relevant for individuals who are unable to
perform high-intensity training, such as the elderly and those with
compromised cardiovascular or respiratory systems. The long-term
effects and safety of lactate administration remain elusive, as most
studies involving lactate administration in brain disorders are acute.
The role of lactate as a primary fuel source for brain cells can be
influenced by manipulating various enzymes, redox molecules, and
transporters. However, the specific roles of these molecules in
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mediating the benefits of lactate, especially during exercise, are not
yet fully understood. Furthermore, there is limited reporting on
drugs that target lactate-mediated mechanisms to increase lactate
levels or enhance its transportation within cells in response to
exercise. Additionally, the perspective of lactate as an exerkine
extends beyond a muscle-centric view to a more systemic
understanding, which has not been sufficiently recognized.
Therefore, the purpose of this review was to address all these
factors in order to suggest exercise-induced lactate as a potential
modulator of brain health improvement.

2 Sources of lactate during exercise in
the brain

Physical exercise with higher intensity increases muscle
glycolysis to generate ATP, pyruvate, and nicotinamide-adenine
dinucleotide (NADH). Then, pyruvate turns into lactate and is
released into the blood to regenerate NAD™ in the mice (16). This
interconversion is achieved by the LDH, which is composed of
LDH-A and LDH-B (16). These subunits are varied according to the
cell types of the brain. Mainly, astrocytes have LDH-A, which
produces lactate from the glycogen store or glucose by glucose
transporter 1 (Glutl) in the mice (17). Then, this can be released by
MCT1 and MCT4 over a broad region during synaptic
transmission. Oligodendrocytes can also release lactate from
glycolysis by LDH-A and MCT1 to supply energy to myelinated
axons (16). In addition, vigorous exercise in the mice produces
muscle lactate, which can be released into the blood through MCT1
and MCT4 (15). This blood-borne lactate crosses the BBB through
MCT1 to reach the brain parenchyma. Neurons have high-affinity
transporters like MCT2s to bring more lactate, which can be
converted into pyruvate for oxidative metabolism (17). This
scenario has particular relevance during HIIT for regulating
acidosis as lactate transport controls the H" in glycolytic
metabolism in the brain. In addition, exercise-induced lactate
production from pyruvate can release one NAD" molecule by
using two hydrogen molecules, possibly facilitating the increase of
NAD" in the human peripheral blood mononuclear cells (18, 19),
which could reverse the memory impairments in Alzheimer’s
disease (19). Moreover, lactate can be the precursor for
gluconeogenesis to restore brain glycogen after exercise (20). For
example, a study reported that astrocytes possess 6-phosphofructo-
2-kinase, a key enzyme for regulating gluconeogenesis (21) that can
replenish glycogen storage in the brain.

3 Distinct roles of L- and D-lactate

Although L and D-lactate are present under healthy
physiological conditions, the effects of both molecules on brain
function may differ, and the mechanism of their involvement is
complex to understand (22, 23). For example, L-lactate is the
preferred energy source for neurons and a signaling molecule to

influence several brain functions, such as learning, improving
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memory, synaptic plasticity, and neurogenesis. However, excess
accumulation of this molecule can cause L-lactic acidosis, which
disrupts normal brain functions, as evidenced by several
neuropsychiatric disorders such as schizophrenia and major
depressive disorder (22, 23). Meanwhile, the role of D-lactate is
less acknowledged, and it can be linked to metabolic dysfunction
and altering neuronal activity (24, 25). In addition, the excess
accumulation of L-lactate during exercise may be inhibited by the
production of D-lactate (24). For example, exercise improves the
methylglyoxal metabolism in the astrocytes to induce D-lactate and
GSH by the glyoxalase system (24, 25), and this scenario could
inhibit the L-lactate production, but D-lactate accumulation can
also interfere with the energy production by perturbing the state 3
and 4 complex of mitochondrial respiration (26). Nevertheless, D-
lactate infusion impaired the memory due to its inhibitor L-lactate
at MCTs, while D-lactate decreases the L-lactate uptake by the
neurons and slows the L-lactate metabolism in the neurons, and the
potential effects of both molecules are based on the metabolic urge
of neurons (27, 28). Therefore, understanding the relationship
between L-lactate and D-lactate involvement during exercise in
the brain function is more complex, and establishing the distinct
role of these lactate isomers could be a therapeutic target in
neurodegenerative disorders.

4 Lactate as an exerkine in modifying
brain function

Although the term “exerkine” was recently coined by Mark
Tarnopolsky and colleagues in 2016 (29), evidence of these
molecules’ secretion was identified several years earlier, with the
discovery of lactate secretion during exercise. Since then, several
exerkines have been proposed to drive exercise-mediated benefits.
Lactate is one of the crucial exerkines secreted and distributed
between organs or tissues by systemic circulation to improve
various physiological functions. For example, exercise-induced
lactate promotes the secretion of different cytokines such as
TGFbeta2, which regulates brain inflammatory process and induces
neuronal polarity during brain development (30). Exercise improves
glycolysis, which influences the high lactate influx, causes a major
redox shift in the cytoplasm of the brain cells to a reduced state, and
activates redox-sensitive signaling in the brain. For example, redox
changes activate the sirtuin 1, AMPK, and PGC-la to increase
mitochondrial biogenesis, improve neural development, synaptic
plasticity, and axonal elongation (31). In addition, flux in the
NAD" to NADH ratio due to impaired glycolytic rate during
exercise improves mitochondrial function and regulates
inflammation and apoptosis (31, 32). Exercise-induced lactate
inhibits lipolysis during exercise to regulate energy metabolism in
the brain and improve neural function and neuroinflammation (32,
33). Moreover, lactate inhibits carnitine palmitoyl transferase, which
dysregulates the energy homeostasis in the brain (34). However, this
scenario may contribute to decreasing oxidative stress and
inflammation in the brain, but it should be established whether
exercise-induced lactate may inhibit the carnitine palmitoyl
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transferase for decreasing oxidative stress and inflammation in the
brain. Exercise-induced lactate triggers the BDNF release in the brain
for neurogenesis and cognitive functions. However, many questions
that increase the passion of understanding exerkines, including acute
and chronic exercise response in improving lactate as exerkines and
viewing lactate as skeletal muscle-centric one to the systemic level,
will offer new therapeutic possibilities to prevent and treat several
neurological disorders.

5 The effects of exogenous lactate
administration on brain function

Exogenous lactate administration has recently attracted
attention due to its potential impact on brain function. Studies
indicate that lactate from external sources can enhance brain
physiology. For example, in a study by Bisri et al. (35), lactate
infusion during brain injury improved cognitive function.
Additionally, a study by Hwang et al. demonstrated that exercise
combined with lactate infusion increased the expression of FNDC5,
BDNF, and PGClo, which enhances neuronal plasticity in the
hippocampus of mice (36). Furthermore, lactate administration
during exercise regulated BDNF expression via a PGClo/
FNDC5-dependent mechanism in the hippocampus (36). In rats,
administration of L-lactate has been shown to improve long-term
memory formation and decision-making by increasing the levels of
SIRT3, KIF5B, OXR1, PYGM, and ATG7 in the hippocampus,
which promotes mitochondrial biogenesis (37). Sodium lactate,
when administered at high doses, may provide consistent benefits
to the brain by enhancing brain metabolism and reducing
intracranial pressure (38). However, individual variability, such as
age, sex, and fitness level, can affect responses to lactate. It is
essential to consider the optimal dosage and duration of lactate
administration and the metabolic effects, long-term safety, and
potential complications to understand its benefits for brain
function fully.

6 The role of endogenous and
exogenous lactate in animal models of
central nervous system disorders

Lactate plays a crucial role in both endogenous and exogenous
conditions within the animal models of central nervous system (CNS)
disorders. For example, endogenously produced lactate by exercise in
the glial cells supports the neuronal metabolism and maintains synaptic
function, particularly under hypoxia conditions or increased energy
demand conditions. Mainly, in ischemic events, lactate may serve as an
alternative energy source to support neuron survival (39), which is in
contrast to the study that reported the accumulation of lactate in the
rat's brain increased the intracerebral hemorrhages during ischemic
events (40). Moreover, large-scale animal models revealed that
endogenous lactate is associated with the altered brain pH to cause
cognitive impairment in neuropsychiatric disorders (39). Studies have
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also reported that exogenous lactate administration could prevent CNS
disorders. For example, as mentioned above, lactate infusion increases
neuroprotection, decreases neuronal damage, and improves cognitive
functions (36, 37). Exercise with lactate administration improved the
BDNF regulation for increasing neuronal survival in the mice (36).
Also, lactate infusion improved the long-term memory and decision-
making in the rat model by increasing mitochondrial biogenesis (37).
Lactate plays a vital role in the progression of AD and presents a
potential therapeutic target for its treatment. For example, Zhang et al.
reported that a deficit of lactate in the cerebral region impedes lactate
transport from glial cells to neurons in an AD mouse model (41).
Conversely, Yang et al. showed that increased glycolysis leads to
elevated lactate levels, which can impair spatial cognition and
accelerate the accumulation of amyloid-beta (Af) in the AD mouse
model (42). Additionally, lactate accumulation in Parkinson’s disease
(PD) may contribute to the degeneration of dopaminergic neurons
(43). Interestingly, lactate exhibits both depressant and antidepressant
effects in a dose-dependent manner by activating protein kinase C
(PKC) and the enzymes tyrosine hydroxylase and tryptophan
hydroxylase, which in turn promotes increased secretion of serotonin
and dopamine in the rat brain (44, 45). Furthermore, lactate levels can
aid in differentiating between epileptic and non-epileptic seizures
within a specific timeframe (46). An elevated lactate level is also
associated with the development and progression of spina bifida,
where the neural tube fails to close completely, potentially due to
lactate-induced disruption of metabolic processes in the central
nervous system (CNS) (47). Additionally, lactate levels are linked to
mitochondrial dysfunction and oxidative stress in conditions such as
Amyotrophic Lateral Sclerosis and Multiple Sclerosis (48, 49). Overall,
the dual role of lactate as both a metabolic substrate and a signaling
molecule highlights its significant therapeutic potential in causing,
preventing, or treating CNS disorders.

7 How exercise-induced lactate
controls the systemic energy demand
in favor of lactate

As mentioned, exercise with high intensity increases lactate
formation. However, once the lactate reaches its threshold level,
how it can manipulate energy demand in favor of its own way is
unknown. For example, a small change in the brain temperature
activates the lipid metabolism to maintain its ambient temperature.
Nevertheless, an increase in lactate is linked with the inhibition of
lipolysis, which might affect the brain's ambient temperature,
resulting in the functional alteration of the CNS (Figure 1).
Exercise can also increase the brain temperature as a result of
body core temperature alteration, causing fatigue induced by
passive heating (50). This scenario needs further research on
whether exercise-induced lactate could rewire the lipid
metabolism for further release of free fatty acids for oxidation and
maintain ambient temperature. In addition, initial adaptation to
exercise can increase the levels of catecholamines. This can
upregulate the lipolysis to maintain the lactate level within the
normal range in humans, mice, and rats (5 mmol/L) (51), because
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FIGURE 1

Physical exercise-induced lactate improves energy metabolism in the brain. (1) Physical exercise enhances glycogenolysis to activate Glu-6-P, which
prevents hexokinase from increasing lactate concentration in the blood. (2) Lactate rewires lipid metabolism to maintain ambient temperature in the
brain. (3) Physical exercise increases catecholamine levels to keep lactate within threshold levels by promoting lipid metabolism. (4) Exercise-
induced blood-borne factors like osteocalcin from the bone, FNDC5/irisin, and lactate from the muscle support additional metabolic miniature to

maintain energy balance during energy deprivation.

the lactate threshold must be achieved to inhibit lipolysis. This
feedback mechanism can be done via exercise as the lactate level can
be increased up to 20 to 30 mmol/L in high-intensity exercises. In
addition, the increase in lactate activates plasticity-related genes,
especially in the range of 2.5 mmol/L (18, 52). However, this effect
may be short-term or long-term, which needs to be explored.
Moreover, it is unknown whether lactate activates this scenario in
favor of its own metabolism in the brain.

8 Energy system disharmonizes the
neural cell: role of physical exercise
and lactate

When cells harmonize the metabolic functions for energy
demands, they should deal with byproducts like methylglyoxal, a
key toxic intermediate of glycolysis (53). Exercise intervention
modifies this byproduct by adjusting the redox balance (53, 54).
For example, chronic running for 4 months improves the
methylglyoxal metabolism and redox homeostasis in the cortex of
the mouse brain (24), indicating the role of exercise in clearing
methylglyoxal, and this effect may be time-dependent because 2
months of running exercise had no effect in improving
methylglyoxal metabolism (24). However, neurons have
difficulties in handling this byproduct as they do not have direct
access to use these byproducts because the BBB produces more
challenges when using this metabolite. Therefore, an additional
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metabolic miniature is required (Figure 2). Exercise-induced blood-
borne factors like osteocalcin from the bone (55), FNDC5/irisin,
lactate from the muscle, and beta-hydroxybutyrate from the liver
synchronize signaling like BDNF during energy deprivation for
regulating glucose balance (Table 1) (56). Nevertheless, before
transmitting these small molecules during the energy crisis, this
can cause hypoxia, as these factors need long-distance transmission
(55, 57). Physical exercise can reverse this scenario by causing
lactate-induced neuroprotective effects during hypoxia conditions
through hypoxia-inducible factor -1 (HIF-1) activation in the mice
(58). At the same time, the increase of blood lactate can be balanced
by the brain cells up to 11% during exercise in humans (59, 60). In
addition, other organs, such as the heart and kidneys, can either use
blood glucose or albumin-bound fatty acids (57), whereas the BBB
blocks the albumin in the brain. This can make brain cells rely more
on glucose for ATP production than fatty acids (57). However,
neurons do not possess direct access to glucose, and exercise plays a
crucial role in increasing GLUT1 for the glucose diffusion process
by astrocytes and endothelial cells in the rat brain (61). A single
session of exercise increased the expression of Glutl in the
astrocytes and endothelial cells for energy compensation in the
neurons (62, 63). Meanwhile, neurons preferentially utilize lactate
during exercise, as evidenced by a 33% increase in lactate oxidation
(60) and a 25% decrease in glucose uptake in humans (64). This
suggests the importance of lactate as a primary fuel. This preference
may be due to the absence of glucokinase, which catalyzes the first
step of glycolysis and acts as a glucose sensor in the millimolar range
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Physical exercise-induced lactate disharmonizes the energy system in the brain. (1) Physical exercise-induced lactate affects pH, redox balance, and
energy homeostasis by influencing the NAD+/NADH ratio. (2) Physical exercise-induced lactate enhances HCAR1, supporting the astrocyte-neuron
lactate shuttle. (3) Physical exercise-induced lactate regulates oligodendrocyte myelination. (4) Physical exercise-induced glutamate influences

glycogen accumulation in neurons through lactate synthesis.

(65, 66). In particular, this enzyme has a low binding affinity to
glucose and is inhibited by glucose-6-phosphate (G6P) through
feedback inhibition. The possible mechanism mediated by exercise
is the breakdown of glycogen during high-intensity exercises, which
could increase the accumulation of G6P to allosterically modulate
the hexokinase enzyme and increase the lactate concentration in the
blood (67). This can be transported across the BBB through MCTs;
mainly, glial cells deliver lactate to neurons for energy homeostasis
via MCT1 and MCT4 (57). Exercise affects this transportation
mechanism by increasing MCTs (68). For instance, after 2 hours
of acute treadmill exercise, the MCT1 increased in the cortex region,
and after 5 hours of exercise, the MCT1 increased in the
hippocampus and remained increased for 10 hours post-exercise
in the rat brain (69). In addition, the size and the distance between
the internal organelles of the neurons affect the metabolic support of
neurons (70). For example, ATP turnover occurs in seconds,
whereas the use of ATP between the internal structure of neurons
like soma and dendrites requires about one hour as these organelles
are located far from each other (57). During this scenario, lactate
from the extracellular space could serve as a main energy source,
which is taken up through MCT2 (57). Dendrites and axons of the
neurons have greater expression of MCT2, and exercise increases
the MCT2 expression. The size of the neurons can make them less
capable of fulfilling their energy demand as they are cylindrical in
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size, possessing a larger surface area in addition to depleting their
ATP pool quickly because their active state utilizes approximately
sevenfold ATP (71). However, exercise is linked with increasing the
size of neurons (72, 73), which might increase the ATP depletion in
the active neurons, and this scenario might use other energy
molecules like lactate. Nevertheless, this vicious cycle requires
further understanding.

9 Lactate compensates glycolysis-
role of physical exercise

Since neurons have limited energy reserves and require a
continuous supply of glucose, they must rely on larger and more
abundant cells, such as astrocytes, to utilize another energy
molecule, like lactate. For example, neurons failed to activate
glycolysis during energy demand, whereas astrocytes increased
the glycolytic stimulation in response to greater ATP demand in
the rats (74, 75). In this scenario, the lactate production and export
achieve this through shunting pyruvate dehydrogenase (PDH) (76).
Mainly, aerobic exercise in prolonged periods improves the lactate
shuttling for energy support between neurons and astrocytes (77).
This divergence occurs at the posttranslational level (74), which
results in channeling the PDH by neurons into the TCA cycle, while
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TABLE 1 Exercise-mediated signaling for lactate production and its neuroprotective role.

Signaling molecule induced

by exercise

Mechanism

Sirtl Induce lacte production Sirt1-PPGCl-alpha axis inducing the brain-derived neurotrophic factor and enhancing
synaptic plasticity and memory formation.
osteocalcin Induce lacte production Osteocalcin target BDNF for regulating glucose balance and improve energy homeostasis.

FNDC5/irisin Induce lacte production

beta-hydroxybutyrate Induce lacte production

FNDC5/irisin target BDNF for regulating glucose balance and improve energy homeostasis.

Beta-hydroxybutyrate target BDNF for regulating glucose balance and improve

energy homeostasis.

HIF-1 activation Induce lactate production

glucose-6-phosphate Induce lacte production

Transcribes the LDH-5 activity for lactate mediated neural protection.

Inhibit glucose via allosterically modulate the hexokinase to improve lactate mediated

energy homeostasis.

HCARI1 Induce lacte production

Maintain the astrocyte-neuron lactate shuttle.

AMPK and adrenaline mediated by PKA Induce lacte production

NBCel Lactate release

Glutamate signaling Lactate production

astrocytes can phosphorylate the PDH to shunt pyruvate to lactate
production (74). This can support the energy demand of the active
neurons. Exercise can also activate the lactate receptor HCARI to
maintain the astrocyte-neuron lactate shuttle (78). Another source
of lactate is glycogen, which can be stored in the astrocytes.
Exercising brain (exhausting treadmill exercise for 20 m/min)
keeps the endurance capacity from the lactate, which is derived
from the astrocytic glycogen for supporting the “selfish brain”
theory (79). However, astrocytes can also require ATP synthesis
in the exercising brain during brain activation; mainly,
glycogenolysis can compensate for the ATP demand in the
astrocytes of the rat brain (79). In another way, exercise-induced
glutamate increases the Glut3 in the neurons for enhancing glucose
uptake and glycogen synthesis in the astrocytes, suggesting the
involvement of glutamate in maintaining ATP synthesis during
exercise, mainly in the cortex area of the rat brain (79). Neurons in a
healthy state do not store glycogen. Nevertheless, they have
glycogen synthase in the inactive state, and mutation in the
glycogen synthase leads to aberrant accumulation of glycogen in
the neurons and causes Lafora disease, characterized by ataxia and
dementia (57). Moreover, exercise could possibly reverse this
condition by creating a temporary energy demand in the active
neurons. Exercise inhibits glycogen synthase activity by activating
AMPK and adrenaline mediated by PKA (80). Additional
complexity comes from the mismanagement of the lactate shuttle
in the oligodendrocytes, causing axonal damage because it can
utilize more lactate for lipid synthesis (81, 82). Aerobic exercise for
six months decreases the abnormal myelination and abnormal
differentiation of oligodendrocytes in the mice (83), possibly
through improving lactate metabolism by displacing glucose,
showing the adaptive value of exercise that allows the brain to
perform higher even with an individual with hypoglycemic
condition (79, 84). In addition, the volume of the astrocytes
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increasing lactate.

increase the firing rate of orexin neurons by lactate mediated mechanism.

surrounding the neurons has several advantages regarding lactate
concentration, which can be readily available to displace glucose as
fuel in hypoglycemia conditions. However, the lactate clearance
from the glycolysis is regulated by the ATP/ADP ratio, which is
determined by the physical exercise-induced mitochondrial activity
and further energy consumption that can decrease the pyruvate and
lactate levels.

10 Exercise regulates the lactate
transients as an intracellular
messenger

Exercise has been linked with supporting lactate-mediated
signaling by balancing lactate clearance via triggering various
molecular events in the brain. The transient activity of lactate is
around 1-5 mins, and within this time, lactate should carry out all
its molecular signaling activities (57). High-intensity exercise can
increase the lactate transient activity, in particular, acute resistance
exercise increases the lactate transients in the postprandial period in
humans (85), possibly inducing neural stimulation during exercise
parsimoniously extending this lactate transient using lactate,
glucose, and oxygen (84, 86). Nevertheless, the lactate transient
speed and its diffusion range in the neuron and around the neurons
may be due to the increase of lactate production by exercise
intensities (86, 87). Importantly, the increase of lactate must be
cleared either via BBB or oxidative metabolism (88), and exercise
could increase oxygen consumption for successful clearance. As
mentioned, exercise stimulates glutamate release, which can
increase glucose use and lactate generation through Na®/
glutamate co-transporter (89). As soon as the stimulation of the
glutamate occurs, Glutl is activated through Na*/glutamate co-
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transporter with the help of intracellular Ca*>" and Na* (90-92).
However, a higher level of glutamate buildup is toxic to the brain,
and exercise could reduce the buildup of glutamate, showing the
double-faceted role of exercise (93). Moreover, exercise-induced
extracellular K+ improves the glycolytic rate by altering
electrochemical forces by increasing NBCel (94, 95). This can
increase the intracellular pH by facilitating carbonic anhydrase
and MCTs to increase glycolysis and lactate release in humans
and animal models (96, 97), suggesting that exercise-induced
activation of these molecules increases lactate transient activity.
However, the persistence of this lactate transient ascending phase
after exercise may be reversed immediately, requiring
further research.

11 The specific role of lactate in brain
functions: effect of exercise

Lactate affects the brain in every possible way by modifying
redox balance, influencing local metabolism, and maintaining
intracellular pH. This has started from the cellular level
phenomena to the organ levels, including regulating the
oligodendrocyte myelination by lactate (98), lactate-mediated Ca2
+ signaling of astrocytes (90), and lactate-mediated organ-level
process to memory formation (99). However, the link between
the molecular signals and their effect on the organ level is
undetermined. Physical exercise is one of the ways to organize
these molecular signaling events via elevating lactate to produce
organ-level effects (5). This can improve the lactate uptake through
MCTs (68), and this scenario carries more protons into the cell,
causing acidification within the cell (100), and potentially
influencing the ion channels and receptors (5, 57). In addition,
physical exercise-induced lactate increases the ratio of NADH/
NAD" when it is converted into pyruvate by LDH (101), and this
scenario virtually affects the pH, redox status, and energy
homeostasis of the cell (57). For example, regular physical
exercise activates the KATP channel upregulation in the rats
(102), which can possibly coordinate the coupling of astrocyte-
orexin neurons for offering neuroprotection (103), suggesting the
exercise-induced lactate may be a paracrine factor for signaling
activity of the brain (104). Mainly, exercise-induced fuels like lactate
can compensate for the energy substrate supply in the mouse brain
(36) by stimulating astrocytic glucose metabolism and glutamate
signaling to increase the firing rate of orexin neurons in the mice
(105, 106), while the activity of orexin is necessary to maintain the
exercise performance (106). This can increase the hepatic glucose
uptake through the sympathetic nervous system (103), and this can
match up the energy requirement during exercise in a positive
feedback mechanism. However, brain lactate has been obtained
from several cellular wastes to use as fuel that has come from a
longer way to the brain via manipulating many enzymes, redox
molecules, and transporters, and addressing these molecules will
reveal more benefits of lactate and how physical exercise
coordinates this.
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12 Is exercise-mediated lactate a
therapeutic target for brain diseases?

Exercise-mediated lactate accumulation for regulating
metabolic processes could establish a framework for suggesting
exercise as a main intervention therapy in brain research. For
example, Ischemic injury interrupts oxygen delivery and causes
hypoxia, which can induce lactate-mediated neuroprotection. To
induce lactate accumulation, triggering LDH-A activity and
disrupting LDH-B can improve the LDH-5 stimulation, which
can convert pyruvate to lactate reversibly (107). This can be
mainly mediated by physical exercise-induced HIF-1 that
transcribes the LDH-5 activity. So, targeting exercise-mediated
HIF-1 could offer lactate-mediated neuroprotection by improving
LDH-A activity (107). Next, blocking NAD™ could slow down the
glycolysis that can increase neurodegenerative diseases, such as
ataxia telangiectasia and Cockayne syndrome. Designing a strategy
to augment NAD" could prevent these conditions via a lactate-
mediated mechanism. Exercise-triggered NAD" precursors such as
sirtl could increase NAD" augmentation that offers lactate-
mediated neuronal survival and improves cognitive function (108,
109). In addition, drugs that can induce lactate production and
transportation within the cells could effectively prevent brain-
related diseases. However, no studies were found in the literature
about using these drugs with exercise on lactate production.
Therefore, addressing the careful use of these drugs along with
exercise could provide lactate-mediated neuroprotection.

13 Conclusion

Physical exercise-induced lactate may improve brain cells in
several ways, including maintaining redox balance via improving
LDH activities, enhancing local metabolism, and regulating
acidosis. This can provide lactate-mediated neuroprotection. In
addition, lactate itself becomes an energy source for improving
exercise performance, mainly in higher-intensity conditions.
However, these functions are mainly achieved via lactate as a
signaling molecule or as a metabolic substrate to compensate for
energy demand in the muscle and brain requires further research.
Moreover, lactate has been reported as a therapeutic target in many
clinical conditions and triggers a specific drug response similar to
glucose. Therefore, exploring lactate as a signal transducer could
facilitate this molecule as a valuable target for treating or being a
prognosis marker for several brain diseases, including many
neurodegenerative conditions.

Author contributions

XZ: Conceptualization, Writing - original draft, Writing -
review & editing, Funding acquisition. WC: Writing — review &
editing, Writing - original draft. RP: Writing — review & editing.
AT: Conceptualization, Writing - review & editing.

frontiersin.org


https://doi.org/10.3389/fendo.2025.1598419
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research is supported by
General Project of Shandong Provincial Social Science Fund, Research
on the Production, Dissemination and Governance of Sports
Knowledge in the Digital-Intelligent Era (24CTYJ15).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Hashimoto T, Tsukamoto H, Ando S, Ogoh S. Effect of exercise on brain health:
the potential role of lactate as a myokine. Metabolites. (2021) 11:813. doi: 10.3390/
metabo11120813

2. Magistretti P, Allaman I. Lactate in the brain: from metabolic end-product to
signalling molecule. Nat Rev Neurosci. (2018) 19:235-49. doi: 10.1038/nrn.2018.19

3. Baumberger JP, Jirgensen JJ, Bardwell K. The coupled redox potential of the
lactate-enzyme-pyruvate system. J Gen Physiol. (1933) 16:961-76. doi: 10.1085/
jgp.16.6.961

4. Carl Wilhelm S, Leonard D. The collected papers of carl wilhelm scheele. Nature.
(1931) 128:1023-4.

5. Lee S, Choi Y, Jeong E, Park J, Kim J, Tanaka M, et al. Physiological significance of
elevated levels of lactate by exercise training in the brain and body. J Biosci Bioeng.
(2023) 135:167-75. doi: 10.1016/j.jbiosc.2022.12.001

6. Cori CF, Cori GT. Glycogen formation in the liver from d- and l-lactic acid. J Biol
Chem. (1929) 81:389-403. doi: 10.1016/S0021-9258(18)83822-4

7. Mcllwain H. Substances which support respiration and metabolic response to
electrical impulses in human cerebral tissues. ] Neurol Neurosurg Psychiatry. (1953)
16:257-66. doi: 10.1136/jnnp.16.4.257

8. Schurr A, West CA, Rigor BM. Lactate-supported synaptic function in the rat
hippocampal slice preparation. Science. (1988) 240:1326-8. doi: 10.1126/science.3375817

9. Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic
glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc Natl
Acad Sci U.S.A. (1994) 91:10625-9. doi: 10.1073/pnas.91.22.10625

10. Frame AK, Sinka JL, Courchesne M, Muhammad RA, Grahovac-Nemeth S,
Bernards MA, et al. Altered neuronal lactate dehydrogenase A expression affects
cognition in a sex- and age-dependent manner. iScience. (2024) 27:110342.
doi: 10.1016/j.isci.2024.110342

11. Dienel GA. Lack of appropriate stoichiometry: Strong evidence against an
energetically important astrocyte-neuron lactate shuttle in brain. J Neurosci Res.
(2017) 95:2103-25. doi: 10.1002/jnr.v95.11

12. Bouzier-Sore AK, Voisin P, Canioni P, Magistretti PJ, Pellerin L. Lactate is a
preferential oxidative energy substrate over glucose for neurons in culture. ] Cereb
Blood Flow Metab. (2003) 23:1298-306. doi: 10.1097/01.WCB.0000091761.61714.25

13. Huang Z, Zhang Y, Zhou R, Yang L, Pan H. Lactate as potential mediators for
exercise-induced positive effects on neuroplasticity and cerebrovascular plasticity.
Front Physiol. (2021) 12:656455. doi: 10.3389/fphys.2021.656455

14. El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N, et al.
Lactate mediates the effects of exercise on learning and memory through SIRT1-
dependent activation of hippocampal brain-derived neurotrophic factor (BDNF). |
Neurosci. (2019) 39:2369-82. doi: 10.1523/JNEUROSCI.1661-18.2019

15. Park J, Kim J, Mikami T. Exercise-induced lactate release mediates
mitochondrial biogenesis in the hippocampus of mice via monocarboxylate
transporters. Front Physiol. (2021) 12:736905. doi: 10.3389/fphys.2021.736905

16. Aveseh M, Nikooie R, Aminaie M. Exercise-induced changes in tumour LDH-B
and MCT1 expression are modulated by oestrogen-related receptor alpha in breast
cancer-bearing BALB/c mice. J Physiol. (2015) 593:2635-48. doi: 10.1113/
jphysiol.2015.593.issue-12

17. Yao S, Xu MD, Wang Y, Zhao ST, Wang J, Chen GF, et al. Astrocytic lactate
dehydrogenase A regulates neuronal excitability and depressive-like behaviors through

Frontiers in Endocrinology

10.3389/fendo.2025.1598419

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

lactate homeostasis in mice. Nat Commun. (2023) 14:729. doi: 10.1038/s41467-023-
36209-5

18. Nalbandian M, Takeda M. Lactate as a signaling molecule that regulates exercise-
induced adaptations. Biol (Basel). (2016) 5:38. doi: 10.3390/biology5040038

19. Wang X, He HJ, Xiong X, Zhou S, Wang WW, Feng L, et al. NAD" in alzheimer's
disease: molecular mechanisms and systematic therapeutic evidence obtained. vivo
Front Cell Dev Biol. (2021) 9:668491. doi: 10.3389/fcell.2021.668491

20. Rich LR, Harris W, Brown AM. The role of brain glycogen in supporting
physiological function. Front Neurosci. (2019) 13:1176. doi: 10.3389/fnins.2019.01176

21. Yip J, Geng X, Shen J, Ding Y. Cerebral gluconeogenesis and diseases. Front
Pharmacol. (2017) 7:521. doi: 10.3389/fphar.2016.00521

22. Chen X, Zhang Y, Wang H, Liu L, Li W, Xie P. The regulatory effects of lactic
acid on neuropsychiatric disorders. Discov Ment Health. (2022) 2:8. doi: 10.1007/
s44192-022-00011-4

23. Nohesara S, Abdolmaleky HM, Thiagalingam S. Potential for new therapeutic
approaches by targeting lactate and pH mediated epigenetic dysregulation in major
mental diseases. Biomedicines. (2024) 12:457. doi: 10.3390/biomedicines12020457

24. Falone S, D'Alessandro A, Mirabilio A, Cacchio M, Di Ilio C, Di Loreto S, et al.
Late-onset running biphasically improves redox balance, energy- and methylglyoxal-
related status, as well as SIRT1 expression in mouse hippocampus. PloS One. (2012) 7:
€48334. doi: 10.1371/journal.pone.0048334

25. Hansen F, Galland F, Lirio F, de Souza DF, Da Ré C, Pacheco RF, et al.
Methylglyoxal induces changes in the glyoxalase system and impairs glutamate uptake
activity in primary astrocytes. Oxid Med Cell Longev. (2017) 2017:9574201.
doi: 10.1155/2017/9574201

26. Takahashi K, Tamura Y, Kitaoka Y, Matsunaga Y, Hatta H. Effects of lactate
administration on mitochondrial respiratory function in mouse skeletal muscle. Front
Physiol. (2022) 13:920034. doi: 10.3389/fphys.2022.920034

27. Scavuzzo CJ, Rakotovao I, Dickson CT. Differential effects of L- and D-lactate on
memory encoding and consolidation: Potential role of HCARI1 signaling. Neurobiol
Learn Mem. (2020) 168:107151. doi: 10.1016/j.nlm.2019.107151

28. Cai M, Wang H, Song H, Yang R, Wang L, Xue X, et al. Lactate is answerable for
brain function and treating brain diseases: energy substrates and signal molecule. Front
Nutr. (2022) 9:800901. doi: 10.3389/fnut.2022.800901

29. Safdar A, Saleem A, Tarnopolsky MA. The potential of endurance exercise-
derived exosomes to treat metabolic diseases. Nat Rev Endocrinol. (2016) 12:504-17.
doi: 10.1038/nrendo.2016.76

30. Yi]JJ, Barnes AP, Hand R, Polleux F, Ehlers MD. TGF-beta signaling specifies axons
during brain development. Cell. (2010) 142:144-57. doi: 10.1016/j.cell.2010.06.010

31. Satoh A, Imai SI, Guarente L. The brain, sirtuins, and ageing. Nat Rev Neurosci.
(2017) 18:362-74. doi: 10.1038/nrn.2017.42

32. Brooks GA. The science and translation of lactate shuttle theory. Cell Metab.
(2018) 27:757-85. doi: 10.1016/j.cmet.2018.03.008

33. Yehuda S, Rabinovitz S, Mostofsky DI. Essential fatty acids and the brain: from
infancy to aging. Neurobiol Aging. (2005) 1:98-102. doi: 10.1016/
j.neurobiolaging.2005.09.013

34. Muscella A, Stefano E, Lunetti P, Capobianco L, Marsigliante S. The regulation
of fat metabolism during aerobic exercise. Biomolecules. (2020) 10:1699. doi: 10.3390/
biom10121699

frontiersin.org


https://doi.org/10.3390/metabo11120813
https://doi.org/10.3390/metabo11120813
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1085/jgp.16.6.961
https://doi.org/10.1085/jgp.16.6.961
https://doi.org/10.1016/j.jbiosc.2022.12.001
https://doi.org/10.1016/S0021-9258(18)83822-4
https://doi.org/10.1136/jnnp.16.4.257
https://doi.org/10.1126/science.3375817
https://doi.org/10.1073/pnas.91.22.10625
https://doi.org/10.1016/j.isci.2024.110342
https://doi.org/10.1002/jnr.v95.11
https://doi.org/10.1097/01.WCB.0000091761.61714.25
https://doi.org/10.3389/fphys.2021.656455
https://doi.org/10.1523/JNEUROSCI.1661-18.2019
https://doi.org/10.3389/fphys.2021.736905
https://doi.org/10.1113/jphysiol.2015.593.issue-12
https://doi.org/10.1113/jphysiol.2015.593.issue-12
https://doi.org/10.1038/s41467-023-36209-5
https://doi.org/10.1038/s41467-023-36209-5
https://doi.org/10.3390/biology5040038
https://doi.org/10.3389/fcell.2021.668491
https://doi.org/10.3389/fnins.2019.01176
https://doi.org/10.3389/fphar.2016.00521
https://doi.org/10.1007/s44192-022-00011-4
https://doi.org/10.1007/s44192-022-00011-4
https://doi.org/10.3390/biomedicines12020457
https://doi.org/10.1371/journal.pone.0048334
https://doi.org/10.1155/2017/9574201
https://doi.org/10.3389/fphys.2022.920034
https://doi.org/10.1016/j.nlm.2019.107151
https://doi.org/10.3389/fnut.2022.800901
https://doi.org/10.1038/nrendo.2016.76
https://doi.org/10.1016/j.cell.2010.06.010
https://doi.org/10.1038/nrn.2017.42
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1016/j.neurobiolaging.2005.09.013
https://doi.org/10.1016/j.neurobiolaging.2005.09.013
https://doi.org/10.3390/biom10121699
https://doi.org/10.3390/biom10121699
https://doi.org/10.3389/fendo.2025.1598419
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

35. Bisri T, Utomo BA, Fuadi I. Exogenous lactate infusion improved neurocognitive
function of patients with mild traumatic brain injury. Asian ] Neurosurg. (2016)
11:151-9. doi: 10.4103/1793-5482.145375

36. Hwang D, Kim ], Kyun S, Jang I, Kim T, Park HY, et al. Exogenous lactate
augments exercise-induced improvement in memory but not in hippocampal
neurogenesis. Sci Rep. (2023) 13:5838. doi: 10.1038/s41598-023-33017-1

37. Akter M, Ma H, Hasan M, Karim A, Zhu X, Zhang L, et al. Exogenous L-lactate
administration in rat hippocampus increases expression of key regulators of
mitochondrial biogenesis and antioxidant defense. Front Mol Neurosci. (2023)
16:1117146. doi: 10.3389/fnmol.2023.1117146

38. Vespa P, Wolahan S, Buitrago-Blanco M, Real C, Ruiz-Tejeda ], McArthur DL,
et al. Exogenous lactate infusion (ELI) in traumatic brain injury: higher dose is better?
Crit Care. (2025) 29:153. doi: 10.1186/s13054-025-05374-y

39. Hagihara H, Shoji H, Hattori S, Sala G, Takamiya Y, Tanaka M, et al. Large-scale
animal model study uncovers altered brain pH and lactate levels as a transdiagnostic
endophenotype of neuropsychiatric disorders involving cognitive impairment. Elife.
(2024) 12:RP89376. doi: 10.7554/eLife.89376.3.sa3

40. LiuY, Yang S, Cai E, Lin L, Zeng P, Nie B, et al. Functions of lactate in the brain
of rat with intracerebral hemorrhage evaluated with MRI/MRS and in vitro approaches.
CNS Neurosci Ther. (2020) 26:1031-44. doi: 10.1111/cns.v26.10

41. Zhang M, Cheng X, Dang R, Zhang W, Zhang J, Yao Z. Lactate deficit in an
alzheimer disease mouse model: the relationship with neuronal damage. ] Neuropathol
Exp Neurol. (2018) 77:1163-76. doi: 10.1093/jnen/nly102

42. Yang X, Chen YH, Liu L, Gu Z, You Y, Hao JR, et al. Regulation of glycolysis-
derived L-lactate production in astrocytes rescues the memory deficits and A burden
in early Alzheimer's disease models. Pharmacol Res. (2024) 208:107357. doi: 10.1016/
j.phrs.2024.107357

43. LiJ, Chen L, Qin Q, Wang D, Zhao J, Gao H, et al. Upregulated hexokinase 2
expression induces the apoptosis of dopaminergic neurons by promoting lactate
production in Parkinson's disease. Neurobiol Dis. (2022) 163:105605. doi: 10.1016/
j.nbd.2021.105605

44. 1iY, Zou X, Ma Y, Cheng J, Yu X, Shao W, et al. Lactic acid contributes to the
emergence of depression-like behaviors triggered by blue light exposure during sleep.
Ecotoxicol Environ Saf. (2025) 289:117643. doi: 10.1016/j.ecoenv.2024.117643

45. Shaif NA, Chang DH, Cho D, Kim S, Seo DB, Shim I. The antidepressant-like
effect of lactate in an animal model of menopausal depression. Biomedicines. (2018)
6:108. doi: 10.3390/biomedicines6040108

46. Matz O, Zdebik C, Zechbauer S, Biindgens L, Litmathe J, Willmes K, et al.
Lactate as a diagnostic marker in transient loss of consciousness. Seizure. (2016) 40:71-
5. doi: 10.1016/j.seizure.2016.06.014

47. Pal K, Sharma U, Gupta DK, Pratap A, Jagannathan NR. Metabolite profile of
cerebrospinal fluid in patients with spina bifida: a proton magnetic resonance
spectroscopy study. Spine (Phila Pa 1976). (2005) 30:E68-72. doi: 10.1097/
01.brs.0000152161.08313.04

48. Vadakkadath Meethal S, Atwood CS. Lactate dyscrasia: a novel explanation for
amyotrophic lateral sclerosis. Neurobiol Aging. (2012) 33:569-81. doi: 10.1016/
j.neurobiolaging.2010.04.012

49. Amorini AM, Nociti V, Petzold A, Gasperini C, Quartuccio E, Lazzarino G, et al.
Serum lactate as a novel potential biomarker in multiple sclerosis. Biochim Biophys
Acta. (2014) 1842:1137-43. doi: 10.1016/j.bbadis.2014.04.005

50. Nybo L. Brain temperature and exercise performance. Exp Physiol. (2012)
97:333-9. doi: 10.1113/expphysiol.2011.062273

51. Liu C, Wu J, Zhu J, Kuei C, Yu J, Shelton J, et al. Lactate inhibits lipolysis in fat
cells through activation of an orphan G-protein-coupled receptor, GPR81. ] Biol Chem.
(2009) 284:2811-22. doi: 10.1074/jbc.M806409200

52. Zilberter Y, Zilberter T, Bregestovski P. Neuronal activity in vitro and the in vivo
reality: The role of energy homeostasis. Trends Pharmacol Sci. (2010) 31:394-401.
doi: 10.1016/j.tips.2010.06.005

53. Bélanger M, Yang J, Petit JM, Laroche T, Magistretti PJ, Allaman 1. Role of the
glyoxalase system in astrocyte-mediated neuroprotection. ] Neurosci. (2011) 31:18338-
52. doi: 10.1523/JNEUROSCI.1249-11.2011

54. Egawa T, Ogawa T, Yokokawa T, Kido K, Goto K, Hayashi T. Methylglyoxal
reduces molecular responsiveness to 4 weeks of endurance exercise in mouse plantaris
muscle. J Appl Physiol (1985). (2022) 132:477-88. doi: 10.1152/japplphysiol.00539.2021

55. Stephan JS, Sleiman SF. Exercise factors released by the liver, muscle, and bones
have promising therapeutic potential for stroke. Front Neurol. (2021) 12:600365.
doi: 10.3389/fneur.2021.600365

56. BiX, Fang]J, Jin X, Thirupathi A. The interplay between BDNF and PGC-1 alpha
in maintaining brain health: role of exercise. Front Endocrinol (Lausanne). (2024)
15:1433750. doi: 10.3389/fendo.2024.1433750

57. Barros LF, Martinez C. An enquiry into metabolite domains. Biophys J. (2007)
92:3878-84. doi: 10.1529/biophysj.106.100925

58. Smeyne M, Sladen P, Jiao Y, Dragatsis I, Smeyne R]. HIFlol is necessary for
exercise-induced neuroprotection while HIF2a. is needed for dopaminergic neuron

survival in the substantia nigra pars compacta. Neuroscience. (2015) 295:23-38.
doi: 10.1016/j.neuroscience.2015.03.015

Frontiers in Endocrinology

10.3389/fendo.2025.1598419

59. van Hall G. Lactate kinetics in human tissues at rest and during exercise. Acta
Physiol. (2010) 199:499-508. doi: 10.1111/j.1748-1716.2010.02122.x

60. Overgaard M, Rasmussen P, Bohm AM, Seifert T, Brassard P, Zaar M, et al.
Hypoxia and exercise provoke both lactate release and lactate oxidation by the human
brain. FASEB J. (2012) 26:3012-20. doi: 10.1096/j.11-191999

61. Kacem K, Lacombe P, Seylaz J, Bonvento G. Structural organization of the
perivascular astrocyte endfeet and their relationship with the endothelial glucose
transporter: a confocal microscopy study. Glia. (1998) 23:1-10. doi: 10.1002/(SICI)
1098-1136(199805)23:1<1::AID-GLIA1>3.0.CO;2-B

62. LiF, Geng X, Yun HJ, Haddad Y, Chen Y, Ding Y. Neuroplastic effect of exercise
through astrocytes activation and cellular crosstalk. Aging Dis. (2021) 12:1644-57.
doi: 10.14336/AD.2021.0325

63. Trigiani L], Hamel E. An endothelial link between the benefits of physical
exercise in dementia. | Cereb Blood Flow Metab. (2017) 37:2649-64. doi: 10.1177/
0271678X17714655

64. Rasmussen P, Wyss MT, Lundby C. Cerebral glucose and lactate consumption
during cerebral activation by physical activity in humans. FASEB J. (2011) 25:2865-73.
doi: 10.1096/1j.11-183822

65. German MS. Glucose sensing in pancreatic islet beta cells: the key role of
glucokinase and the glycolytic intermediates. PNAS. (1993) 90:1781-5. doi: 10.1073/
pnas.90.5.1781

66. Yang XJ, Kow LM, Funabashi T, Mobbs CV. Hypothalamic glucose sensor:
similarities to and differences from pancreatic beta-cell mechanisms. Diabetes. (1999)
48:1763-72. doi: 10.2337/diabetes.48.9.1763

67. Medbo JI. Glycogen breakdown and lactate accumulation during high-intensity
cycling. Acta Physiol Scand. (1993) 149:85-9. doi: 10.1111/j.1748-1716.1993.tb09595.x

68. Portela LV, Brochier AW, Haas CB, de Carvalho AK, Gnoato JA, Zimmer ER,
et al. Hyperpalatable diet and physical exercise modulate the expression of the glial
monocarboxylate transporters MCT1 and 4. Mol Neurobiol. (2017) 54:5807-14.
doi: 10.1007/s12035-016-0119-5

69. Takimoto M, Hamada T. Acute exercise increases brain region-specific
expression of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins. ] Appl Physiol
(1985). (2014) 116:1238-50. doi: 10.1152/japplphysiol.01288.2013

70. Fonseca-Azevedo K, Herculano-Houzel S. Metabolic constraint imposes tradeoft
between body size and number of brain neurons in human evolution. Proc Natl Acad
Sci U S A. (2012) 109:18571-6. doi: 10.1073/pnas.1206390109

71. Attwell D, Laughlin SB. An energy budget for signaling in the grey matter of the
brain. J Cereb Blood Flow Metab. (2001) 10:1133-45. doi: 10.1097/00004647-
200110000-00001

72. Liu PZ, Nusslock R. Exercise-mediated neurogenesis in the hippocampus via
BDNF. Front Neurosci. (2018) 12:52. doi: 10.3389/fnins.2018.00052

73. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al.
Exercise training increases size of hippocampus and improves memory. Proc Natl Acad
Sci US A. (2011) 108:3017-22. doi: 10.1073/pnas.1015950108

74. Herrero-Mendez A, Almeida A, Fernandez E, Maestre C, Moncada S, Bolafios
JP. The bioenergetic and antioxidant status of neurons is controlled by continuous
degradation of a key glycolytic enzyme by APC/C-Cdh1. Nat Cell Biol. (2009) 6:747-52.
doi: 10.1038/ncb1881

75. Bittner CX, Loaiza A, Ruminot I, Larenas V, Sotelo-Hitschfeld T, Gutiérrez R,
et al. High resolution measurement of the glycolytic rate. Front Neuroenergetics. (2010)
2:26. doi: 10.3389/fnene.2010.00026

76. Halim ND, Mcfate T, Mohyeldin A, Okagaki P, Korotchkina LG, Patel MS, et al.
Phosphorylation status of pyruvate dehydrogenase distinguishes metabolic phenotypes
of cultured rat brain astrocytes and neurons. Glia. (2010) 58:1168-76. doi: 10.1002/
glia.v58:10

77. JTha MK, Lee IK, Suk K. Metabolic reprogramming by the pyruvate
dehydrogenase kinase-lactic acid axis: Linking metabolism and diverse
neuropathophysiologies. Neurosci Biobehav Rev. (2016) 68:1-19. doi: 10.1016/
j.neubiorev.2016.05.006

78. Xue X, Liu B, Hu J, Bian X, Lou S. The potential mechanisms of lactate in
mediating exercise-enhanced cognitive function: a dual role as an energy supply
substrate and a signaling molecule. Nutr Metab (Lond). (2022) 19:52. doi: 10.1186/
512986-022-00687-z

79. Matsui T, Omuro H, Liu YF, Soya M, Shima T, McEwen BS, et al. Astrocytic
glycogen-derived lactate fuels the brain during exhaustive exercise to maintain
endurance capacity. Proc Natl Acad Sci U S A. (2017) 114:6358-63. doi: 10.1073/
pnas.1702739114

80. Nielsen JN, Richter EA. Regulation of glycogen synthase in skeletal muscle
during exercise. Acta Physiol Scand. (2003) 178:309-19. doi: 10.1046/j.1365-
201X.2003.01165.x

81. Sanchez-Abarca LI, Tabernero A, Medina JM. Oligodendrocytes use lactate as a
source of energy and as a precursor of lipids. Glia. (2001) 36:321-9. doi: 10.1002/
glia.v36:3

82. Rinholm JE, Hamilton NB, Kessaris N, Richardson WD, Bergersen LH, Attwell
D. Regulation of oligodendrocyte development and myelination by glucose and lactate.
J Neurosci. (2011) 31:538-48. doi: 10.1523/J]NEUROSCI.3516-10.2011

frontiersin.org


https://doi.org/10.4103/1793-5482.145375
https://doi.org/10.1038/s41598-023-33017-1
https://doi.org/10.3389/fnmol.2023.1117146
https://doi.org/10.1186/s13054-025-05374-y
https://doi.org/10.7554/eLife.89376.3.sa3
https://doi.org/10.1111/cns.v26.10
https://doi.org/10.1093/jnen/nly102
https://doi.org/10.1016/j.phrs.2024.107357
https://doi.org/10.1016/j.phrs.2024.107357
https://doi.org/10.1016/j.nbd.2021.105605
https://doi.org/10.1016/j.nbd.2021.105605
https://doi.org/10.1016/j.ecoenv.2024.117643
https://doi.org/10.3390/biomedicines6040108
https://doi.org/10.1016/j.seizure.2016.06.014
https://doi.org/10.1097/01.brs.0000152161.08313.04
https://doi.org/10.1097/01.brs.0000152161.08313.04
https://doi.org/10.1016/j.neurobiolaging.2010.04.012
https://doi.org/10.1016/j.neurobiolaging.2010.04.012
https://doi.org/10.1016/j.bbadis.2014.04.005
https://doi.org/10.1113/expphysiol.2011.062273
https://doi.org/10.1074/jbc.M806409200
https://doi.org/10.1016/j.tips.2010.06.005
https://doi.org/10.1523/JNEUROSCI.1249-11.2011
https://doi.org/10.1152/japplphysiol.00539.2021
https://doi.org/10.3389/fneur.2021.600365
https://doi.org/10.3389/fendo.2024.1433750
https://doi.org/10.1529/biophysj.106.100925
https://doi.org/10.1016/j.neuroscience.2015.03.015
https://doi.org/10.1111/j.1748-1716.2010.02122.x
https://doi.org/10.1096/fj.11-191999
https://doi.org/10.1002/(SICI)1098-1136(199805)23:1%3C1::AID-GLIA1%3E3.0.CO;2-B
https://doi.org/10.1002/(SICI)1098-1136(199805)23:1%3C1::AID-GLIA1%3E3.0.CO;2-B
https://doi.org/10.14336/AD.2021.0325
https://doi.org/10.1177/0271678X17714655
https://doi.org/10.1177/0271678X17714655
https://doi.org/10.1096/fj.11-183822
https://doi.org/10.1073/pnas.90.5.1781
https://doi.org/10.1073/pnas.90.5.1781
https://doi.org/10.2337/diabetes.48.9.1763
https://doi.org/10.1111/j.1748-1716.1993.tb09595.x
https://doi.org/10.1007/s12035-016-0119-5
https://doi.org/10.1152/japplphysiol.01288.2013
https://doi.org/10.1073/pnas.1206390109
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.3389/fnins.2018.00052
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1038/ncb1881
https://doi.org/10.3389/fnene.2010.00026
https://doi.org/10.1002/glia.v58:10
https://doi.org/10.1002/glia.v58:10
https://doi.org/10.1016/j.neubiorev.2016.05.006
https://doi.org/10.1016/j.neubiorev.2016.05.006
https://doi.org/10.1186/s12986-022-00687-z
https://doi.org/10.1186/s12986-022-00687-z
https://doi.org/10.1073/pnas.1702739114
https://doi.org/10.1073/pnas.1702739114
https://doi.org/10.1046/j.1365-201X.2003.01165.x
https://doi.org/10.1046/j.1365-201X.2003.01165.x
https://doi.org/10.1002/glia.v36:3
https://doi.org/10.1002/glia.v36:3
https://doi.org/10.1523/JNEUROSCI.3516-10.2011
https://doi.org/10.3389/fendo.2025.1598419
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

83. QiuD, Zhou S, Donnelly J, Xia D, Zhao L. Aerobic exercise attenuates abnormal
myelination and oligodendrocyte differentiation in 3xTg-AD mice. Exp Gerontol.
(2023) 182:112293. doi: 10.1016/j.exger.2023.112293

84. Wyss MT, Jolivet R, Buck A, Magistretti PJ, Weber B. In vivo evidence for lactate
as a neuronal energy source. J Neurosci. (2011) 31:7477-85. doi: 10.1523/
JNEUROSCI.0415-11.2011

85. Heden TD, Liu Y, Kanaley JA. Exercise timing and blood lactate concentrations
in individuals with type 2 diabetes. Appl Physiol Nutr Metab. (2017) 42:732-7.
doi: 10.1139/apnm-2016-0382

86. Rabinowitz JD, Enerbick S. Lactate: the ugly duckling of energy metabolism. Nat
Metab. (2020) 2:566-71. doi: 10.1038/s42255-020-0243-4

87. Borsheim E, Bahr R. Effect of exercise intensity, duration and mode on post-
exercise oxygen consumption. Sports Med. (2003) 33:1037-60. doi: 10.2165/00007256-
200333140-00002

88. Cruz NF, Ball KK, Dienel GA. Functional imaging of focal brain activation in
conscious rats: impact of [(14)C]glucose metabolite spreading and release. ] Neurosci
Res. (2007) 85:3254-66. doi: 10.1002/jnr.v85:15

89. Baskerville R, McGrath T, Castell L. The effects of physical activity on glutamate
neurotransmission in neuropsychiatric disorders. Front Sports Act Living. (2023)
5:1147384. doi: 10.3389/fspor.2023.1147384

90. Loaiza A, Porras OH, Barros LF. Glutamate triggers rapid glucose transport
stimulation in astrocytes as evidenced by real-time confocal microscopy. J Neurosci.
(2003) 23:7337-42. doi: 10.1523/JNEUROSCI.23-19-07337.2003

91. Porras OH, Ruminot I, Loaiza A, Barros LF. Na(+)-Ca(2+) cosignaling in the
stimulation of the glucose transporter GLUT1 in cultured astrocytes. Glia. (2008)
56:59-68. doi: 10.1002/glia.20589

92. Chuquet J, Quilichini P, Nimchinsky EA, Buzsaki G. Predominant enhancement
of glucose uptake in astrocytes versus neurons during activation of the somatosensory
cortex. ] Neurosci. (2010) 30:15298-303. doi: 10.1523/JNEUROSCIL.0762-10.2010

93. Herbst EA, Holloway GP. Exercise increases mitochondrial glutamate oxidation
in the mouse cerebral cortex. Appl Physiol Nutr Metab. (2016) 41(7):799-801.
doi: 10.1139/apnm-2016-0033

94. Medina AJ, Ibanez AM, Diaz-Zegarra LA, Portiansky EL, Blanco PG, Pereyra
EV, et al. Cardiac up-regulation of NBCel emerges as a beneficial consequence of
voluntary wheel running in mice. Arch Biochem Biophys. (2020) 694:108600.
doi: 10.1016/j.abb.2020.108600

95. Ruminot I, Gutiérrez R, Pefia-Miinzenmayer G, Afiazco C, Sotelo-Hitschfeld T,
Lerchundi R, et al. NBCel mediates the acute stimulation of astrocytic glycolysis by
extracellular K+. J Neurosci. (2011) 31:14264-71. doi: 10.1523/J]NEUROSCI.2310-
11.2011

96. Tas M, Senturk E, Ekinci D, Demirdag R, Comakli V, Bayram M, et al.
Comparison of blood carbonic anhydrase activity of athletes performing interval and

Frontiers in Endocrinology

11

10.3389/fendo.2025.1598419

continuous running exercise at high altitude. J Enzyme Inhib Med Chem. (2019)
34:218-24. doi: 10.1080/14756366.2018.1545768

97. Stridh MH, Alt MD, Wittmann S, Heidtmann H, Aggarwal M, Riederer B, et al.
Lactate flux in astrocytes is enhanced by a non-catalytic action of carbonic anhydrase I
J Physiol. (2012) 590:2333-51. doi: 10.1113/tjp.2012.590.issue-10

98. Finfschilling U, Supplie LM, Mahad D, Boretius S, Saab AS, Edgar J, et al.
Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. Nature.
(2012) 485:517-21. doi: 10.1038/nature11007

99. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al.
Astrocyte-neuron lactate transport is required for long-term memory formation. Cell.
(2011) 144:810-23. doi: 10.1016/j.cell.2011.02.018

100. Azarias G, Perreten H, Lengacher S, Poburko D, Demaurex N, Magistretti PJ,
et al. Glutamate transport decreases mitochondrial pH and modulates oxidative
metabolism in astrocytes. J Neurosci. (2011) 31:3550-9. doi: 10.1523/
JNEUROSCI.4378-10.2011

101. Robergs RA, Ghiasvand F, Parker D. Biochemistry of exercise-induced
metabolic acidosis. Am ] Physiol Regul Integr Comp Physiol. (2004) 287:R502-16.
doi: 10.1152/ajpregu.00114.2004

102. Kraljevic J, Hoydal MA, Ljubkovic M, Moreira JB, Jorgensen K, Ness HO, et al.
Role of KATP channels in beneficial effects of exercise in ischemic heart failure. Med Sci
Sports Exerc. (2015) 47:2504-12. doi: 10.1249/MSS.0000000000000714

103. Parsons MP, Hirasawa M. ATP-sensitive potassium channel-mediated lactate
effect on orexin neurons: implications for brain energetics during arousal. J Neurosci.
(2010) 30:8061-70. doi: 10.1523/]NEUROSCI.5741-09.2010

104. Wu A, Lee D, Xiong WC. Lactate metabolism, signaling, and function in brain
development, synaptic plasticity, angiogenesis, and neurodegenerative diseases. Int |
Mol Sci. (2023) 24:13398. doi: 10.3390/ijms241713398

105. Tesmer AL, Li X, Bracey E, Schmandt C, Polania R, Peleg-Raibstein D, et al.
Orexin neurons mediate temptation-resistant voluntary exercise. Nat Neurosci. (2024)
27:1774-82. doi: 10.1038/s41593-024-01696-2

106. Zink AN, Perez-Leighton CE, Kotz CM. The orexin neuropeptide system:
physical activity and hypothalamic function throughout the aging process. Front Syst
Neurosci. (2014) 8:211. doi: 10.3389/fnsys.2014.00211

107. LiX, YangY, Zhang B, Lin X, FuX, An Y, et al. Lactate metabolism in human health
and disease. Sig Transduct Target Ther. (2022) 7(1):305. doi: 10.1038/s41392-022-01151-3

108. Lautrup S, Sinclair DA, Mattson MP, Fang EF. NAD" in brain aging and
neurodegenerative disorders. Cell Metab. (2019) 30:630-55. doi: 10.1016/
j.cmet.2019.09.001

109. Babenko VA, Varlamova EG, Saidova AA, Turovsky EA, Plotnikov EY. Lactate
protects neurons and astrocytes against ischemic injury by modulating Ca**
homeostasis and inflammatory response. FEBS J. (2024) 291:1684-98. doi: 10.1111/
febs.v291.8

frontiersin.org


https://doi.org/10.1016/j.exger.2023.112293
https://doi.org/10.1523/JNEUROSCI.0415-11.2011
https://doi.org/10.1523/JNEUROSCI.0415-11.2011
https://doi.org/10.1139/apnm-2016-0382
https://doi.org/10.1038/s42255-020-0243-4
https://doi.org/10.2165/00007256-200333140-00002
https://doi.org/10.2165/00007256-200333140-00002
https://doi.org/10.1002/jnr.v85:15
https://doi.org/10.3389/fspor.2023.1147384
https://doi.org/10.1523/JNEUROSCI.23-19-07337.2003
https://doi.org/10.1002/glia.20589
https://doi.org/10.1523/JNEUROSCI.0762-10.2010
https://doi.org/10.1139/apnm-2016-0033
https://doi.org/10.1016/j.abb.2020.108600
https://doi.org/10.1523/JNEUROSCI.2310-11.2011
https://doi.org/10.1523/JNEUROSCI.2310-11.2011
https://doi.org/10.1080/14756366.2018.1545768
https://doi.org/10.1113/tjp.2012.590.issue-10
https://doi.org/10.1038/nature11007
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.1523/JNEUROSCI.4378-10.2011
https://doi.org/10.1523/JNEUROSCI.4378-10.2011
https://doi.org/10.1152/ajpregu.00114.2004
https://doi.org/10.1249/MSS.0000000000000714
https://doi.org/10.1523/JNEUROSCI.5741-09.2010
https://doi.org/10.3390/ijms241713398
https://doi.org/10.1038/s41593-024-01696-2
https://doi.org/10.3389/fnsys.2014.00211
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1016/j.cmet.2019.09.001
https://doi.org/10.1016/j.cmet.2019.09.001
https://doi.org/10.1111/febs.v291.8
https://doi.org/10.1111/febs.v291.8
https://doi.org/10.3389/fendo.2025.1598419
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Lactate-induced metabolic signaling is the potential mechanism for reshaping the brain function - role of physical exercise
	1 Introduction
	2 Sources of lactate during exercise in the brain
	3 Distinct roles of L- and D-lactate
	4 Lactate as an exerkine in modifying brain function
	5 The effects of exogenous lactate administration on brain function
	6 The role of endogenous and exogenous lactate in animal models of central nervous system disorders
	7 How exercise-induced lactate controls the systemic energy demand in favor of lactate
	8 Energy system disharmonizes the neural cell: role of physical exercise and lactate
	9 Lactate compensates glycolysis- role of physical exercise
	10 Exercise regulates the lactate transients as an intracellular messenger
	11 The specific role of lactate in brain functions: effect of exercise
	12 Is exercise-mediated lactate a therapeutic target for brain diseases?
	13 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


