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Abstract
Lactate has previously been considered a metabolic waste and is mainly involved in exercise-induced fatigue. However, recent studies have found that lactate may be a mediator of the beneficial effects of exercise on brain health.
Lactate plays a dual role as an energy supply substrate and a signaling molecule in this process. On the one hand,
astrocytes can uptake circulating glucose or degrade glycogen for glycolysis to produce lactate, which is released into
the extracellular space. Neurons can uptake extracellular lactate as an important supplement to their energy metabolism substrates, to meet the demand for large amounts of energy when synaptic activity is enhanced. Thus, synaptic
activity and energy transfer show tight metabolic coupling. On the other hand, lactate acts as a signaling molecule
to activate downstream signaling transduction pathways by specific receptors, inducing the expression of immediate
early genes and cerebral angiogenesis. Moderate to high-intensity exercise not only increases lactate production and
accumulation in muscle and blood but also promotes the uptake of skeletal muscle-derived lactate by the brain and
enhances aerobic glycolysis to increase brain-derived lactate production. Furthermore, exercise regulates the expression or activity of transporters and enzymes involved in the astrocyte-neuron lactate shuttle to maintain the efficiency
of this process; exercise also activates lactate receptor HCAR1, thus affecting brain plasticity. Rethinking the role of
lactate in cognitive function and the regulatory effect of exercise is the main focus and highlights of the review. This
may enrich the theoretical basis of lactate-related to promote brain health during exercise, and provide new perspectives for promoting a healthy aging strategy.
Keywords: Astrocyte-neuron metabolic coupling, Lactate shuttle, Lactate receptor HCAR1/GPR81, Cognitive
function, Exercise intervention
Introduction
Population aging has become a worldwide phenomenon. Degenerative changes in brain structure and function occur with aging, causing a cognitive decline in
older adults. In addition to aging, vascular dementia,
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Alzheimer’s disease (AD), Parkinson’s disease, Huntington and other neurodegenerative diseases, as well as
some metabolic diseases such as diabetes, are accompanied by an increased risk of cognitive impairment or
dementia. This poses a great challenge to public health
and socio-economic development in many countries.
However, due to the difficulties in developing new drugs
for cognitive impairment, especially in AD, and the lack
of drug-specific therapeutics available for the treatment
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of AD dementia stage, more and more researchers now
focus on non-pharmacological intervention.
As an economical and practical non-pharmacological therapy with no toxic side effects, regular exercise
was proved to be an effective means for preventing and
treating cognitive impairment or dementia, which could
reduce the risk of dementia in healthy people and even
higher risk gene carriers. The comprehensive health
benefits of exercise are systemic, multi-dimensional and
multi-organ, including skeletal muscle, cardio-respiratory system, vascular system, liver, fat, and brain. Hormones, exerkines, and metabolites produced by different
tissues, and organs during and after exercise are secreted
into the blood circulation and then act on brain tissue,
thereby playing a neuroprotective role. The discovery of
novel mediators associated with exercise and their mechanism of action will be an important development direction in this field.
Since Berzelius first discovered the presence of free
lactic acid in muscles in 1808, lactate has attracted much
attention in the field of sports science. It was previously
believed that lactate produced by skeletal muscle contraction during exercise was a "waste" and an important
trigger of muscle fatigue. Simultaneously, the theory of
oxygen debt and the concept of anaerobic threshold were
put forward, which was regarded as the classical era of
lactate research. With the advent of new technologies
and new experimental results, especially Brooks et al.
systematically proposed the theory of intercellular lactate
shuttle in 1985 as well as the hypothesis of intracellular
lactate shuttle in 1998 [1, 2], there is a new understanding of the role of lactate, i.e. lactate is not a direct cause of
fatigue but a biomarker; it is not a cause of limiting maximal oxygen uptake during incremental exercise, nor is it
a cause of metabolic end-waste, but rather a metabolite
intermediate and an important energy substrate [3]. This
breakthrough understanding has brought new opportunities for research in the post-lactate era.
In recent years, research on lactate has been increasing in neuroscience and expanded the understanding that
lactate is regarded as the mediator of the effect of exercise
on brain health. Studies have shown that lactate increases
the transcription and protein levels of brain-derived neurotrophic factor (BDNF) in neurons and glial cells. Lactate produced by astrocyte "aerobic glycolysis" plays a
crucial role in memory acquisition in mice and maintains
learning-dependent synaptic plasticity [4]. Inhibition of
lactate production using dichloroacetate, mice showed
impaired memory in water maze experiments. Besides, a
certain intensity of exercise can promote brain uptake of
skeletal muscle-derived lactate and enhance aerobic glycolysis to increase brain-derived lactate production: on
the one hand, during moderate or high-intensity exercise,
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skeletal muscle releases lactate into the blood circulation, resulting in increased blood lactate levels and proportional brain uptake of myogenic lactate; on the other
hand, enhanced neuronal activity during exercise leads to
increased levels of neuroactive substances, and neurons
release more glutamate into the synaptic cleft, which
stimulates glycogen degradation and aerobic glycolysis
in astrocytes, respectively. This can result in increased
brain-derived lactate production during exercise. It
should be noted that this lactate modulates cognitive
function mainly through two different mechanisms: as an
energy substrate for neurons to meet a huge amount of
energy demand generated from increased synaptic activity; as a signaling molecule to activate specific receptors
to initiate plasticity-related signal transduction pathways. Therefore, the primary goal of this review article
is to focuses on the neuroprotective role of lactate in the
mechanism of exercise to improve cognitive function, in
order to confirm the beneficial effect of exercise intervention on the achievement of healthy aging.

Lactate as an energy supply substrate to maintain
neuronal activity
Astrocyte and lactate: new insights into brain energy
metabolism

Although the human brain accounts for only 2% of the
total body weight, it constitutes approximately 15% of the
total blood flow provided by the cardiovascular system.
When in the resting state, the brain utilizes at least 25%
of the body’s circulating glucose and about 20% of total
body oxygen to maintain neuronal activity [5], suggesting
a high energy demand of the brain and the importance
of adequate energy supply to proper brain function. Glucose is an essential substrate for brain energy metabolism. However, several studies have demonstrated that
lactate is a preferential energy substrate for neurons
under some conditions. For example, neurons decrease
glucose uptake in primary cultured cortical neurons
exposed to glutamate [6]. In the cerebellum, glial cells
rather than neurons absorb a large amount of glucose [7].
When the neurons are firing, the contribution of lactate
to brain metabolism ranges from 7 to 60% [8, 9]. Surprisingly, most of the glucose consumed by neurons appears
to be metabolized through the pentose phosphate pathway to maintain antioxidant status rather than participate in energy metabolism. Moreover, other studies have
shown that 75% of oxidative metabolism in neurons is
supported by lactate [10, 11]. Therefore, lactate may be
an important energy supply substrate for the brain, especially when neuronal activity is enhanced.
The high demand for energy in the brain requires that
the supply and utilization of energy substrates must be
fine-tuned for specific spatiotemporal patterns based on
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changes in neuronal activity levels. This is mainly regulated by two aspects: on the one hand by regulating local
cerebral blood flow (also known as neuro-vascular coupling), and on the other hand by regulating the shuttle
and metabolic pathways of energy substrates between
astrocytes and neurons (also known as neuro-metabolic
coupling). Consistent with the latter situation, over the
past decade, our understanding of brain energetics has
rapidly evolved from a "neuron-centric" perspective into
a "tight coupling between the neuronal and astrocyte
processes" [12]. This presents a new research paradigm
emphasizing the importance of astrocytes in brain energy
metabolism. In fact, astrocytes are the most abundant
glial cells in the brain, accounting for about 30% of the
brain volume, potentially ten times higher than neurons.
Besides, astrocytes have a large number of radial end feet,
some of which wrap around cerebral microvasculature to
form the blood–brain barrier, and others connect with
axons or dendrites of neurons. This unique anatomical
structural feature determines that astrocytes provide a
bridge between neuronal activity and vascular blood circulation, thus playing an essential regulatory role in the
ingestion of substances from the blood circulation, information transmission, and energy supply [13, 14].
Astrocyte‑neuron lactate shuttle (ANLS)

Circulating glucose can enter the brain parenchyma
via glucose transporter1 (55 kDa) in cerebrovascular
endothelial cells. There are different subtypes of GLUTs
in astrocytes and neurons, which uptake glucose through
GLUT1 (45 kDa) and GLUT3, respectively. Although
both astrocytes and neurons can consume glucose to
produce ATP through glycolysis and tricarboxylic acid
(TCA) cycle, they have different expression and activity of the key metabolic enzymes, resulting in displaying different metabolic phenotypes. Pyruvate kinase
M2 (PKM2) and lactate dehydrogenase 5 (LDH5) are
predominantly expressed in astrocytes, and the activity
of 6-phosphate fructose kinase 1 (PFK-1) in astrocytes
is stronger, which indicates stronger glycolysis ability.
By comparison, PKM1 and LDH1 are mainly expressed
in neurons, and the activity of pyruvate dehydrogenase
(PDH) is higher [15]. Thus, neurons exhibit the enhanced
capability to conduct the TCA cycle. Moreover, research
showed that glutamate could stimulate astrocytes to
ingest glucose and enhance their glycolytic activity, leading to increased levels of extracellular lactate. Based on
the findings above, Pellerin and Magistretti proposed
the astrocyte-neuron lactate shuttle (ANLS) hypothesis in 1994 [16]. The core content is that neurons can
take up extracellular lactate as an essential supplement
in energy metabolism substrate, while astrocytes provide small molecular energy substances to the neurons
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wrapped around them by releasing lactate (Fig. 1). Specifically, ANLS initiates from neuronal activity. When
neuronal excitability is enhanced, glutamate is released
from the presynaptic membrane into the synaptic cleft,
which then stimulates the uptake of circulating glucose
in astrocytes through GLUT1. Glutamate can be transported to intracellular space by excitatory amino acid
transporters (EAATs) expressed in astrocyte membranes.
Simultaneously, more Na + enters intracellular space, and
then the sodium–potassium pump (Na+-K+ ATPase) is
activated to expel N
 a+, which leads to increased adenosine triphosphate (ATP) consumption and adenosine
monophosphate (AMP)/ATP ratio in astrocytes. The
result is glycolytic enzymes, such as hexokinase (HK)
and PFK being activated, leading to enhanced glycolysis
in astrocytes. The produced lactate is transported to the
intracellular space via monocarboxylic acid transporter
(MCT) 1/4 expressed in the astrocytes membrane, and
then taken up into neurons by MCT2 expressed in the
neuronal membrane, thus enabling the shuttle of lactate
from astrocytes to neurons. Subsequently, by the action
of LDH1, lactate in neurons is converted to pyruvate,
which is further subjected to oxidative decarboxylation
by PDH and transformed to acetyl-CoA.
Neurons produce ATP from pyruvate-derived acetylCoA through the TCA cycle. Glutamate, which can be
transported from the synaptic cleft to astrocytes and triggers lactate shuttling, is partly converted to glutamine by
the catalysis of glutaminase (GLS) and released to extracellular, and then absorbed by neurons and converted to
glutamate under the catalysis of glutamate synthase (GS).
Another part of glutamate is involved in the synthesis
of reduced glutathione in astrocytes [17–19]. Therefore,
ANLS can not only provide lactate for the TCA cycle
of neurons, but also prevent excessive glutamate in the
synaptic cleft leading to excitotoxic neuronal injury and
produce antioxidants such as glutathione (GSH) to protect cells against oxidative stress. Taken together, neurons may regulate the energy supply for astrocytes to
effectively improve the uptake, delivery, and utilization
of energy substrates when synaptic activity is enhanced.
Although neurons and astrocytes develop different
metabolic phenotypes, both influence and regulate each
other to maintain the homeostasis of brain energy supply
together.
Glycogen is an important energy reserve for the brain

Lactate in the brain can be generated through astrocytes
uptake of circulating glucose and initiating glycolysis,
as well as through neuromodulators/ neuroactive substances to promote glycogenolysis. The latter way, namely
astrocytic glycogen-derived lactate, represents an alternative way of how ANLS operates. In the brain, glycogen
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Fig. 1 Schematic diagram of astrocyte-neuron lactate shuttle (ANLS). ACoA, acetyl-CoA; EAAT, Excitatory amino acid transporter; HK, Hexokinase;
Gln, Glutamine; GLS, Glutaminase; GLUT, Glucose transporter; GlyP, Glycogen phosphorylase; GlyS, Glycogen synthase; GS, Glutamate synthase; LDH,
Lactate dehydrogenase; MCT, Monocarboxylic acid transporters; PDH, Pyruvate dehydrogenase; PFK, Phosphofructokinase; PKM1, Pyruvate kinase
M1; PKM2, Pyruvate kinase M2; TCA cycle, Tricarboxylic acid cycle

is distributed almost completely in astrocytes and only
found in the brainstem, choroids plexus, and ependyma
in small quantities [20, 21]. This is because glycogen and
glycogen phosphorylase (GlyP), a key enzyme involved in
the glycogen breakdown, specificity exists in astrocytes.

Neuron-expressed glycogen synthase (GlyS) is continuously degraded via the ubiquitin–proteasome pathway,
and there is a lack of glycogen phosphorylase that catabolizes glycogen in neurons, in order to prevent neuronal death caused by glycogen accumulation in neurons
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under pathological conditions [22–24]. Moreover, glycogen granules are preferentially located in the astrocyte
processes surrounding synapses rather than randomly
distributed in astrocytic cell bodies of the hippocampus
and cortex [25, 26]. Therefore, when neuronal energy
demand increases or energy substrates are insufficient
such as hypoglycemia, cerebral ischemia and sleep deprivation, glycogen stored in astrocytes may provide a supplementary energy reserve that is rapidly metabolized to
lactate, and then transported to neurons which are used
as an energy substrate, thus coupling transient energy
demand generated by synaptic activity. In short, glycogen
is a dynamic component of brain energetics and can be
selectively used to promote memory consolidation, even
in the presence of glucose. Astrocytic glycogen-derived
lactate is critical for neural plasticity and memory.
Monocarboxylic acid transporters are key molecules
in lactate shuttle

Lactate requires specific transporters to be released and
taken up by different types of cells. The Monocarboxylic
acid transporters (MCTs) family members, MCT1-4, are
mainly responsible for transmembrane transport of various monocarboxylic acids such as lactate, short-chain
fatty acids, and ketone bodies, and play an important
role in the intercellular and interorganizational transport
of lactate [27]. Therefore, MCTs are key participants in
the lactate shuttle. Studies have uncovered three MCTs
subtypes in the central nervous system, with clear cellular distribution in the brain. Concretely, MCT1 is
expressed in astrocytes, microvascular endothelial cells,
ependymal cells, and oligodendrocytes, and acts as carriers for lactate to cross the blood–brain barrier, thus
playing an essential role in the entry of circulating lactate and ketone bodies into the brain. MCT4 is mainly
expressed in astrocytes with high glycolytic activity and
the production of large amounts of lactate. Therefore,
MCT1 and MCT4 participate in both inward and outward lactate transport of astrocytes. In addition, since
the Km of MCT1 for lactate is lower than that of MCT4
(3.5 vs. 34.7 mM, respectively) [28], the specific role of
these two transporters varies depending on the status
of producing or releasing lactate in astrocytes. MCT2 is
mainly expressed in neurons with highly oxidizing ability
and is responsible for the uptake of extracellular lactate.
MCT2 has a Km for lactate of less than 1 mM [29, 30].
With a difference in lactate concentration inside and outside the cell, MCT2 located in the membrane of neurons
transports lactate from the extracellular space into the
cell along the concentration gradient. The distribution
of MCTs is consistent with the concept of the astrocyteneuron lactate shuttle.
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Moreover, the expression and the location on the
plasma membrane of MCTs in the brain showed
changes in response to hypoxia, intense aerobic exercise,
ischemia, and prolonged fasting [31], and also seem to
be susceptible to various signals emerged from neuronal
activity as well as a variety of neuroactive substances,
such as Noradrenaline, insulin, insulin-like growth factors and BDNF [32–35]. It is speculated that compared
with glucose, monocarboxylic acids are more adaptable
as a neural energy substrate during neuronal activity levels change [28].
ANLS and cognitive function

As is well known, the central nervous system requires
high energy levels to maintain various physiological
activities, especially in the processes of neural plasticity
and memory formation. Brain energy metabolism disorders may affect the transmission of synaptic information,
and cause a series of pathological changes such as neuronal loss and degeneration, further damaging cognitive
function.
ANLS is capable of meeting the additional energy
demands generated from enhanced synaptic activity
and then participates in the process of plasticity, including cytoskeleton rearrangement, up-regulation of gene
expression, and protein transport [36]. Therefore, impairment of the astrocyte-neuron lactate shuttle is an important contributor to cognitive deterioration. The autopsy
results have shown that the activity of LDH5 [37] in the
brain reduces and the expression of GLUT1 [38] which is
expressed in endothelial cells and astrocytes decreases in
patients with cognitive impairment. Young adult apoE4
carriers had a higher genetic risk of late-onset AD, with
increased levels of MCT2 and decreased levels of MCT4
in the posterior cingulate of the limbic system [39]. Animal studies showed that both astrocytic EAAT1/2 level
and neuronal MCT2 level were significantly reduced
in an AD mouse model [40]. Treatment of hippocampal slices with 4-CIN, an inhibitor of MCT2, can inhibit
lactate uptake by hippocampal neurons and exacerbate
glutamate-induced neuronal discharge abnormalities in
the hippocampal CA1 region [41]. In a rat model of AD,
bilateral hippocampal injection of amyloid beta-peptide
25–35 fragments significantly decreased lactate content
and MCT2 expression, accompanied by memory and
learning deficits [42]. The above studies suggested that
the abnormality of key players in ANLS may represent
a critical pathologic mechanism of cognitive dysfunction in AD. In addition to AD, some progress has been
made in understanding the pathogenesis of other cognitive disorders. Mice with long-term ketamine administration showed dose-dependent learning and memory
impairment as well as lower hippocampal MCT1 and
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MCT4 membrane protein levels and higher cytoplasmic
protein levels; both MCT2 protein and mRNA levels in
the hippocampus were significantly increased, suggesting
that long-term ketamine administration-induced cognitive impairment may be related to abnormal expression of MCTs in the hippocampus [43]. It has also been
reported that the MCTs inhibitor 4-CIN can significantly
reduce the immobility time during fear contextual conditioning training, suggesting that MCTs are indispensable in the acquisition of amygdala-dependent contextual
fear memory [44]. Knockdown of Astrocytic Monocarboxylate Transporter 4 in the Motor Cortex resulted in
worse motor performance and learning, reduced dendritic spine density and decreased plasticity-related protein expression [45]. Besides, lactate shuttle mediated
by MCT1 and MCT2 is also necessary for the reward
memories for relapse in cocaine addiction [46]. Taken
together, abnormal expression of key players in ANLS
including key metabolic enzymes and transporters can
affect the lactate shuttle, and thus play a negative role in
learning and memory.
In addition, inhibition of lactate produced by astrocytic glycogenolysis and the transfer of lactate from
astrocytes to neurons can impair memory processes in
rodents. Studies in 1-day-old chicks led by Gibbs et al.
[47] revealed a reduction in brain glycogen content during cognitive training, and inhibition of glycogenolysis in
astrocytes interrupted memory consolidation in chickens. Suzuki et al. [48] found that bilaterally injection of
the inhibitor of glycogenolysis1,4-dideoxy-1,4-imino-Darabinitol (DAB) blocked long-term potentiation (LTP)
and long-term memory in inhibitory avoidance task, with
concomitant downregulation of plasticity-related molecules including Arc, p-CREB, and p-CFL1. This effect
could be reversed by joint injections of DAB and lactate.
Similarly, down-regulation of astrocytic lactate transporters MCT1 or MCT4 by intra-hippocampal oligodeoxynucleotide injections could also disrupt long-term
memory formation and be reversed by exogenous supplementation of L-lactate; in contrast, injection of exogenous lactate or glucose could not counteract cognitive
impairment resulting from inhibition of neuronal lactate
transporter MCT2 expression, implying that MCT2mediated transport of lactate to neurons is required for
LTP and long-term memory formation.

named G protein-coupled receptor 81 (GPR81), also
called Hydroxycarboxylic acid receptor 1 (HCAR1). As
a member of the hydroxycarboxylic acid receptor family, it is activated over a range of physiological lactate
concentrations (1 ~ 20 mmol /L) and EC50 values for
specificity ligand lactate are between 1 and 5 mM [49].
HCAR1 exerts biological functions in the body including inhibiting lipolysis, inhibiting inflammatory response,
regulating mitochondrial ATP synthesis, and modulating
cerebral blood flow. Studies have found that HCAR1 is
widely distributed in the adipose tissue, placenta, brain,
skeletal muscle, bone, and heart. Among them, the distribution of brain HCAR1 in mice shows specific regularity.
It is highly expressed in cerebellar Purkinje neurons and
dendrites, hippocampal dentate granule cells, dentate
gyrus neurons, and neocortical neurons. The colloidal
gold immunoelectron microscopy quantitative analysis
showed that a high immunoreactivity for HCAR1 was
observed at the excitatory postsynaptic membrane of the
pyramidal cell dendritic spines, and it was also expressed
in endothelial cells and astrocyte end-feet of the blood–
brain barrier as well as synaptic structure wrapped
around astrocytes [50]. All the above suggested that
lactate receptor HCAR1 plays a role in a wide range of
regions of the central nervous system, which may mediate the regulation of lactate on synaptic function, energy
metabolism, and cerebral blood flow, and ultimately
affect learning and memory ability.
It should be noted that the HCAR genes are located
on the short arm of human chromosome 12 (12q24.31)
which also contains neuron-specificity MCT2 (12 q.13).
Lactate produced by enhanced neuronal activity is transported to neurons through MCT2 subsequently activates
the co-localized lactate receptor, showing that MCTs and
HCAR1 involve the coordinated regulation of lactate in
the brain. Moreover, both HCAR1and MCT2 have the
highest concentrations in pyramidal neurons, and show
dual co-localization to the synaptic membrane and vesicular organelles, suggesting a new possibility to regulate
lactate signaling, by the turnover of lactate receptor and
lactate transporters between the synaptic membrane and
intracellular vesicular organelles [51].

Lactate acts as a signal molecule regulating
cognitive‑related molecular mechanisms

Studies have confirmed the vital role of lactate in regulating plasticity, angiogenesis, and neuronal excitability,
ultimately impacting synaptic transmission and function. The process is achieved by binding lactate to lactate
receptor HCAR1, N-methyl-D-aspartic acid receptor
(NMDAR), and an undetermined G protein-coupled
receptor (Fig. 2).

The lactate receptor GPR81 /HCAR1

Lactate acts as a signaling molecule to modulate plasticity via the activation of specific receptors and subsequent downstream signaling pathways. Currently,
a specific receptor for lactate has been identified and

Lactate serves as a signal molecule to activate
the intracellular signal transduction pathway
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Fig. 2 Putative mechanisms of lactate as a signal molecule to regulate cognition. ATP, Adenosine triphosphate; BDNF, Brain-derived neurotrophic
factor; cAMP, Cyclic adenosine mono-phosphate; CREB, Cyclic AMP-responsive element-binding protein; ERK, Extracellular regulated protein kinases;
Gi, Inhibitory adenylate cyclase G protein; GPR81, G protein-coupled receptor 81; HCAR1, Hydroxycarboxylic acid receptor 1; NLRP3, NLR family
pyrin domain containing 3; NMDAR, N-methyl-D-aspartic acid receptor; PKA, Protein kinase A; VEGFA, Vascular Endothelial Growth Factor A; VGF, VGF
nerve growth factor inducible

Previous works have proven that lactate/HCAR1 can
activate multiple signal transduction pathways, thus
regulating cognitive-associated molecular. Multiple
extracellular signals are known to activate extracellular
signal-regulated kinase (ERK) 1/2 by G protein-coupled
receptors. Concretely, the α subunit of Gi can attenuate Rap1 suppression of the Raf1 via a reduction in
cyclic adenosine monophosphate (cAMP) levels and
the recruitment of GTPase-activating proteins, thereby
increasing the phosphorylation level of ERK1/2; The
βγ subunits released from activated Gi can increase the
ERK1/2 phosphorylation through PLC-PKC-Raf1 and
PI3K-Src-Ras-Raf1 signaling pathway [52]. The phosphorylation of ERK1/2 may activate cAMP response elementbinding protein (CREB) through up-regulation of MSK/
p90RSK, which in turn alters the expression of plasticityrelated genes including immediate early genes (IEGs),
BDNF, and VGF nerve growth factor inducible (VGF).
Since HCAR1 belongs to the inhibitory G protein-coupled receptor family, it is likely that HCAR1 influences
neural plasticity at least partly through an up-regulation

of ERK1/2 phosphorylation in neurons. Morland et al.
[53] found that subcutaneous injection of lactate in wild
mice for 7 weeks could elevate blood lactate levels up
to ~ 10 mM, also increase capillary density in the sensorimotor cortex and the dentate gyrus of the hippocampus, with a concomitant increase in hippocampal VEGF
protein expression, while these beneficial effects disappeared in HCAR1 knockout mice. Further studies found
that either lactate or HCAR1 agonist 3,5-dihydroxybenzoate (3,5-DHBA) increased ERK1/2 and Akt phosphorylation levels in hippocampal slices of wild-type mice
but not HCAR1 knockout mice. This suggests that lactate/ HCAR1 in the pia and/or brain upregulates vascular
endothelial growth factor A (VEGFA) and angiogenesis
by enhancing phosphorylation of ERK1/2 and Akt, and
it eventually leads to an increase in cerebrovascular
density. Interestingly, this study also reported that no
HCAR1-dependent angiogenesis in peripheral organs,
such as in the liver or in muscles. It is known that excessive cAMP levels in the prefrontal cortex are associated
with age-related cognitive decline [54]. Lactate reduced
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the detrimental effects of long-term elevated cAMP levels by binding to and activating HCAR1, for example, it
could prevent neuronal overactivity and regulate cAMPactivated potassium channel activity to counteract
excessive hyperpolarization [55]. Both HCAR1 agonists
3,5-DHBA and the physiological concentration of lactate
were found to downregulate abnormally elevated cAMP
levels stimulated by forskolin in hippocampal slices
[50]. The activation of HCAR1 may counteract elevated
levels of phosphorylated tau induced by cAMP, which
causes impaired synaptic function and the deposition
of neurofibrillary tangles, and eventually slowing down
the course of AD. Reduced neurological deficits was
observed by lactate pretreatment in a traumatic brain
injury rat model. Lactate pretreatment also upregulated
the expression of GPR81, MCT2 and plasticity-related
proteins (PSD95, GAP43, BDNF) in ipsilateral cortex and
ipsilateral hippocampus. This suggests that targeting lactate/GPR81 signaling pathway may provide a potential
therapy for traumatic brain injury [56]. Moreover, as with
other G protein-coupled receptors, HCAR1 may activate
intracellular non-classical G protein-independent signaling. For example, the HCAR1-arrestin β2-NLRP3 pathway mediated a neuroprotective effect of ketogenic diets
in glaucoma by suppressing inflammatory response in the
glaucomatous retina and optic nerve [57]. However, the
anti-inflammatory action of HCAR1 remains to be confirmed in cognitive-related studies.
Lactate has also been reported to act on NMDA receptors to promote plasticity gene expression. In primary
cultured mouse cortical neurons and in sensorimotor
cortex in vivo, L-lactate induces the expression of immediate early genes such as Arc, c-Fos, and Zif268, which
are considered key genes involved in neural plasticity and
maintenance of CNS function. Further studies show that
this role of L-lactate in neurons is mediated by regulating NMDA receptor activity and its downstream Erk1/2
signaling cascades, as well as the regulation of the cellular redox status of neurons [58]. Therefore, these results
confirm that lactate acts as a brain signaling molecule
to activate a previously undetected receptor, the NMDA
receptor, to regulate neural plasticity.
In addition, there are other receptors for lactate. Tang
et al. [59] found that L-lactate released by astrocytes
could not be used as an energy source by noradrenergic neurons in the locus coeruleus, but instead bind to
a currently unknown receptor to active noradrenergic
neurons. This process was dependent on an increase
in cAMP levels and positive regulation of AC. Notably, this putative lactate receptor is distinct from previously described HCAR1, because HCAR1 belongs to
Gi-coupled receptors which can inhibit neuronal excitability. Since the locus coeruleus nucleus is associated
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with hippocampal memory consolidation, it is speculated
that lactate binds to an undetermined G protein-coupled
receptor to play a role in learning and memory.

The potential mechanisms of lactate‑mediated
exercise‑induced improvements in cognitive
function
Accumulating evidence suggests that moderate-to-vigorous-intensity physical activity is positively correlated
with a lessened risk of cognitive impairment and dementia. Remarkable progress has been achieved in the mechanism understanding of exercise-enhanced cognitive
function within the last two decades, and this has been
elaborated in a number of excellent reviews [60–63].
Regular exercise can enhance neurogenesis and synaptic plasticity, improve cerebral hemodynamics, increase
the expression of neurotrophic factors, attenuate central
inflammatory response, and subsequently have a positive effect on cognitive function and brain health. Some
studies have confirmed that lactate and its receptor serve
as potential targets for the treatment of age-related cognitive impairment. It is well known that moderate to
high-intensity exercise significantly increases the level of
lactate in the blood and brain. In particular, recent findings indicated that lactate-generated from exercise slows
down the pathological progression of brain aging and
neurodegenerative diseases. Therefore, lactate can be an
important mediator of exercise to promote brain health.
Lactate acts as an energy source for the brain in exercise
to improve cognitive function
The increased amount of lactate during exercise can provide
energy to the brain

Exercise increases brain lactate levels in two ways,
namely, central brain-derived and peripheral skeletal
muscle-derived, which respectively regulate brain functions in a hormone-like "paracrine" manner and "distant
secretion" manner (Fig. 3). Specifically for central brainderived lactate, exercise firstly increases the secretion
of neurotransmitters and neuromodulators in the brain
such as glutamate, norepinephrine, vasoactive intestinal
peptide, pituitary adenylate cyclase-activating peptide,
and serotonin [64, 65], which can trigger glycogenolysis
in astrocytes. The role of these neurotransmitters and
neuromodulators is well known in the modulation of
memory processes, speculating that some neurotransmitters can participate in the learning and memory
process via promoting the lactate-derived from glycogenolysis in astrocytes [66]. Secondly, the brain is activated
during exercise, which stimulates the release of glutamate
from pre-synaptic terminals to the synaptic cleft, resulting from increased excitability of neurons. Then GLUT1
expression is significantly up-regulated to stimulate
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Fig. 3 Exercise increases brain lactate levels in two ways, including central brain-derived and peripheral skeletal muscle-derived. GLUT 1, Glucose
transporter 1; MCT, Monocarboxylic acid transporter

circulating glucose uptake by astrocytes and initiates
anaerobic glycolysis to generate lactate, completing the
transfer of lactate from astrocytes to neurons. These two
ways represent a mechanism by which exercise increases
the formation of brain-derived lactate. Moreover, the
lactate produced by skeletal muscle during exercise can
be released into the blood circulation, and the net transport of lactate across the blood–brain barrier is inwards
around the situation [67]. Lactate passes through the
blood–brain barrier by passive transport mediated by
MCT1, and subsequently enters the brain parenchyma.
Uptake of blood lactate by the brain increases in proportion to the intensity of exercise. More specifically, in the
quiet state, human blood lactate concentration is about

0.5–2 mM, and brain lactate concentration ranges from
0.1 to 1 mM. However, during progressive increasing
load volume training, skeletal muscle shows enhanced
glycolysis, leading to a gradual increase in blood lactate
concentration with up to 20–30 mM. At that time, part of
blood lactate is converted to glucose via hepatic gluconeogenesis or enters amino acid metabolic pathways under
the action of transaminase. Another part of blood lactate
is transported into the brain through MCTs, with a rise of
brain lactate concentration close to 2 mM [51, 68]. Cerebral lactate uptake during exercise is directly proportional to arterial lactate concentration, and is decreased
in the last 2 min of early recovery and shows a linear relationship at the final stage of recovery. Furthermore, when
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the concentration of lactate is between 1 and 15 mM,
there is no indication that cerebral lactate uptake will be
saturated [67], indicating that the brain is with the highcapacity lactate transport system.
So, can the increased lactate in the brain participate
in brain energy metabolism during exercise? Smith
et al. [69] found that lactate almost did not participate
in the brain energy supply in the quiet state, with glucose and oxygen accounting for 51.7% and 48.3% of the
cerebral metabolism rate (CMR), respectively. When
exercise intensity reached 60% maximal oxygen uptake
( VO2max), cerebral lactate uptake significantly increased,
and the proportion of lactate in the CMR could reach up
to 10.6%. As exercise intensity further increased, cerebral
lactate uptake continued to increase, and the contribution to CMR of lactate was also greater. When exercise
intensity increased to VO2max, the proportion of lactate
in CMR increased to 27.8%, while the contribution rate
of glucose and oxygen to CMR decreased to 38.6% and
33.6%, respectively. Compared to pre-exercise, there was
a ∼tenfold increase in human cerebral lactate uptake in
response to exhaustive exercise. This trend could continue even for a period time after cessation of exercise.
The increased amount of cerebral uptake of lactate far
exceeded glucose and oxygen [70]. This indicates that a
high-intensity exercise-induced increase in blood lactate
can contribute to brain energy supply and in a certain
range, the greater the exercise load, the greater the contribution rate.
Exercise improves cognitive function by regulating
ANLS‑related metabolic enzymes and transporters

ANLS is required for memory formation and consolidation and can be a connecting link between exercise and
neural plasticity. Based on the above-mentioned mechanism of ANLS, metabolic enzymes and transporters involved in the process are regarded as important
regulatory targets. Exercise has been shown to regulate
the expression or activity of ANLS-related molecules.
MCTs mediate the transport of lactate from blood circulation to astrocytes as well as astrocytes to neurons,
and thus being considered the important molecular
basis for lactate to play a role during exercise. Both
acute exercise and long-term exercise can modulate
the expression of MCTs in the brain. Takimoto and
Hamada [71] confirmed that increased expression of
MCTs in brain cognition-related regions following a
single acute bout of exercise. 2 h of moderate-intensity
treadmill running could significantly increase the levels of lactate, MCT1, and MCT2 in the cerebral cortex
and hippocampus of rats, and MCT2 expression was
positively correlated with the up-regulation of neuronal BDNF and its receptor TrkB induced by exercise.
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Moderate-intensity treadmill running for four weeks
resulted in increased glycogen level and MCT2 protein
expression in hippocampal tissue as well as an improvement in spatial memory in diabetic rats [72]. Light and
moderate intensity treadmill running for 4 months
from the presymptomatic stage in Otsuka-LongEvans-Tokushima fatty (OLETF) rats (a T2DM model)
normalized MCT2, glycogen, and BDNF levels, accompanied by the improvement of hippocampal-dependent
memory dysfunction, suggest that exercise can prevent
the progression of T2DM-relative cognitive decline by
targeting hippocampal lactate-transport [73]. 8-week
swimming exercise significantly increased MCT1,
MCT2, and MCT4 protein expression in brain tissue
of wild mice and AD mice, accompanied by improvement in learning and memory abilities in the water
maze test [74]. A 6-week high-intensity interval training (HIIT) significantly increased blood lactate and
hippocampal lactate levels and promoted hippocampal
ATP levels, MCT1/4 and BDNF expression. Simultaneously, mice of the high-intensity interval training group
showed enhanced mitochondrial fusion and mitochondrial biogenesis in the hippocampus [75]. This indicates
that HIIT modulates the hippocampal lactate transport
and mitochondrial quality control systems to meeting
the high energy requirements of the brain. Long-term
moderate exercise could upregulate the expression
of hippocampal BDNF, Trk B, and MCT4 in middleaged mice, as well as the expression of glutamine synthase (GS) in the aged mice brain, and also rescued
age-related decline in dendrite complexity and LTP
of hippocampal CA1 neurons, and thereby restored
learning and memory ability in middle-aged mice [76].
This further suggests that exercise can improve lactate transport in the brain, which is closely related to
improving learning and memory ability. In a rat model
of ischemic brain injury, pre-ischemic treadmill training for two weeks could up-regulate EAAT2 expression
and remove excess glutamate from the synaptic cleft,
in order to prevent excitotoxicity-induced by cerebral
reperfusion, suggesting that exercise may exert neuroprotective effects by up-regulation of EAATs expression to maintain proper functioning of ANLS [77]. In
addition, exercise also modulates GLUTs expression
in the brain. The expression of astrocytic GLUT1 and
neuroplasticity-related proteins in motor areas of the
cerebral cortex was found to significantly increase following 48 h of voluntary exercise in mice [78]. 16-week
treadmill exercise significantly reversed AD-associated
decreased GLUT1 and BDNF expression, and reduced
neuronal oxidative stress and excitotoxic injury by
regulating superoxide dismutase1, 
H2O2, and Bcl-2
[79]. These findings suggest that exercise can provide
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sufficient glucose for astrocytic glycolysis by facilitating
glucose transport, and then modulating oxidative stress
as well as neural plasticity.
Interestingly, both hyperpalatable diet and physical
exercise increased hippocampal MCT1 and MCT4 protein expression, but only exercise elevated the expression
of PDH. PDH is the rate-limiting enzyme for pyruvate
entering the TCA cycle, crucial for mitochondrial oxidative metabolism in neurons [80]. Factors other than
lactate concentration, such as the capacity of neuronal
mitochondrial oxidative metabolism, that is, the capability to use lactate to produce ATP, also play an important
role. This is an essential factor in improving energy supply, which distinguishes exercise from other pathological
states. Notably, one of the major causes of central fatigue
induced by exhaustive exercise is the reduction of brain
glycogen. Prolonged exhaustive exercise led to a depletion of muscle glycogen and reduction in ATP levels,
without an increase in lactate levels in skeletal muscle.
Correspondingly, in the brain, exhausted exercise not
only increased the glutamine/glutamate ratio of the cerebral cortex and hippocampus but also enhanced protein expression of MCT2 and GLUT1, accompanied by
glycogen levels decreased while lactate levels increased
to maintain ATP levels. Further studies found that using
glycogenolysis inhibitor DAB reversed the decrease in
glycogen levels caused by exhaustion exercise, and both
DAB and MCT2 inhibitors 4-CIN could reduce cerebral
ATP levels and exercise endurance in rats [81, 82]. Taken
together, these studies suggest that astrocytic glycogenolysis and lactate shuttle are essential for the maintenance of brain ATP levels and endurance capacity during
exhaustive exercise, which may be a mechanism underlying the neuroprotective action.
Exercise improves cognitive function by activating lactate
and its downstream signal pathways

Lactate has a pleiotropic role in the body. It appears
that lactate is not only an energy source/metabolite but
also acts like a hormone with autocrine-, paracrine- and
endocrine- like effects, as postulated by Brooks [83–85]
as “lactormone” [86]. During intensive exercise, both central brain-derived and peripheral skeletal muscle-derived
lactate may act as a signaling molecule, thus affecting
neuroplasticity-related gene and protein expression in
the brain [87]. Here, we discuss a hypothesis that lactate
is a key factor for exercise-induced improvements in cognitive function as the “lactormone”.
As mentioned above, the concentration of lactate can
reach 2 mM in the brain during moderate-intensity
exercise. L-lactate can active HCAR1 with an EC50 of
1–5 mM [49, 88]. In other words, brain lactate concentration during exercise seems sufficient to active HCAR1.
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7 weeks of HIIT was found to elevate blood lactate levels as well as hippocampal VEGFA levels, which played
a role of lactate produced from exercise in promoting
cerebral angiogenesis, which is mediated by activation
of HCAR1 [53]. It is reported that VEGFA can not only
stimulate angiogenesis [89] but also directly enhance
neurogenesis and synaptic function [90]. A recent study
conducted by the same research team [91] reported that
a 7-week HIIT or intraperitoneal injection of L-lactate
could significantly enhance neurogenesis in the ventricular-subventricular zone in wild type, but not in HCAR1
knock-out mice, suggesting that HCAR1 mediated the
action of L-lactate. Further studies using primary cultures
of leptomeningeal fibroblasts found that the activation of
Akt/PKB occurs downstream of HCAR1 activation. The
increase of p-Akt may lead to the upregulation of CREB
and growth factors, which might counteract age-related
cognitive decline. These results imply that HCAR1 is a
potential target for exercise-induced improvement of
cognitive decline, especially for brain diseases related
to chronic cerebral hypoperfusion and microvascular
dysfunction. Moreover, lactate released by the skeletal
muscle during exercise could penetrate the blood–brain
barrier and induce increased expression of BDNF and
TrkB in the hippocampus, while enhancing hippocampus-dependent spatial learning and memory, which was
mediated by Sirtuin1/PGC-1α/FNDC5 pathways in mice
[92], thereby suggesting an alternative mechanism of
exercise promoting brain health from an epigenetic perspective. Yang et al. [58] found that in neurons L-lactate
modulated NMDA receptor activity, enhanced NMDA
receptor-dependent inward current, and subsequent calcium influx, resulting in an increase in the expression of
IEGs, including Arc, c-Fos, and Zif268. Previous research
has confirmed that IEGs play a critical role in the maintenance of LTP and long-term memory. Regular exercise
can increase the concentration of lactate in the brain
and enhance synaptic structural plasticity and functional
plasticity. Therefore, it is speculated that the molecular
link between muscle activity and enhanced brain plasticity is likely mediated by lactate-initiated signal transduction cascade. However, the underlying mechanisms
by which lactate as a signaling molecule affects exerciseinduced improvements in cognition have not been elucidated completely. It could be a future direction for a
subsequent study.
Histone lactylation: could this be the future of exercise
promoting brain health?

Lactylation is one of the most important ways to exert
its biological functions of lactate, and is involved in a
series of vital life processes, such as oncogenesis [93],
embryonic development [94], uterine remodeling [95],
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immune disorders [96], macrophage polarization [97]
and metabolic regulation. To date, only a limited number
of studies have examined the role of histone lactylation in
regulating central nervous system.
Studies have found that lactylation is widely present in
the brain, and has been described to be present in many
neural cell types, such as astrocytes, microglia, GABAergic and glutamatergic neurons. Lactate treatment
caused an increase in lactylation of histones in primary
cultured neurons, and 4-CIN (a MCT2 inhibitor) and
MCT1/2 inhibitor inhibited lactate transport into neurons and inhibit increase in lactylation [98]. Lactate treatment also increased lysine lactylation immunoreactivity
in the prefrontal cortex but not in the dentate gyrus of
the adult hippocampus, suggest exogenous lactate stimulates protein lactylation in a cell-type-specific manner in
the brain. In an in vitro model of high concentration of
potassium-induced neuronal excitation, the lactate concentrations in culture supernatants significantly elevated,
and the intracellular lactate levels increased in a timedependent response trend. Further studies found that
neuronal excitation was likely to stimulates protein lactylation through intracellular metabolism and the glycolytic
pathway. Mice with electroconvulsive stimulation were
used for in vivo experiments and results showed that both
intracellular new lactate production and extracellular lactate uptake involved in neuronal activation-induced lactylation. Lysine lactylation immunoreactivity showed a
significant positive relationship with c-Fos expression at
the individual cell level. Moreover, both a single exposure
to social defeat stress (SDS) and a chronic SDS for 10
consecutive days were reported to significantly increase
c-Fos expression, lactate levels and lactylation levels in
the prefrontal cortex, and the increase was attenuated by
prior treatment with OX (LDH inhibitor) in mice with a
single SDS [98]. A simple and multiple regression analysis showed that increased brain lactate levels is correlated
with increased anxiety-like behavioral responses. The
level of lysine lactylation correlated with c-Fos expression
in mice received more social defeat stress. These results
indicate that social defeat stress-associated neural excitation may elevate brain lactate levels and stimulate histone
lactylation. This is directly relevant to decreased social
behavior.
A recent study also found that histone lactylation regulated glycolysis-associated pathway and thus is critically
involved in the pathology of Alzheimer disease. Specifically, in the case of AD, glycolytic pathways were highly
active in microglia, which manifested as a significant
increase in all Hif-1α, Pkm2 and Ldha expression [99].
During the process of glycolysis, a large amount of lactate was produced and promoted H4K12la modification,
which may in return promote transcriptional level of
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several glycolytic genes in microglia, further enhancing
glycolysis. A glycolysis/H4K12la/PKM2 positive feedback loop is thus formed. The interruption of this positive feedback loop by knocking out the Pkm2 gene may
suppress the aberrant microglial activation in 5 × FAD
mice, decrease inflammatory response in the brain. This
process was accompanied by decreased Aβ plaque content and improvement of learning and memory [99]. This
study provides new perspectives and an attractive target
for early intervention of AD. However, to our knowledge,
almost no studies have elucidated the association of exercise with histone lactylation in the brain. Whether lactate
might be involved in regulating exercise-related cognition improvement by modulating histone lactylation
remains to be determined.

Conclusions and future perspectives
Human exercise training intrinsically increases energy
expenditure and accumulates metabolic end-products
due to nerve excitation and skeletal muscle contraction. Therefore, alterations in the brain and peripheral
energy metabolism caused by exercise, may be a potential
inducer of exercise impacting neuronal function. Moderate-to high-intensity exercise increases the formation of
brain-derived lactate and myogenic lactate. The increased
amount of lactate plays dual roles as an energy supply substrate and a signaling molecule in the brain and
thus improves cognitive function. Concretely, enhanced
neuronal activity during exercise stimulates astrocytic
glycogenolysis and subsequent aerobic glycolysis. Exercise regulates the expression or activity of ANLS-related
transporters and metabolic enzymes to meet the higher
energy demand of neurons. Meanwhile, exercise affects
the expression of plasticity-related genes through activation of an intracellular signaling cascade downstream
of lactate, in order to counteract age-related cognitive
decline. Redefining the perceptions of lactate may contribute to further revealing the underlying mechanism of
promoting brain health by exercise.
Brain lactate homeostasis is regarded as one of the
important neurobiological mechanisms of exercise preventing or delaying cognitive decline, however, some
problems are worth further investigation. (1) MCTs
and the capacity of mitochondria to oxidize lactate are
involved in lactate transport and brain energy production
respectively; hence, future studies need to explore the
synergistic effect of MCTs and mitochondria function
on maintaining brain energy homeostasis during exercise. (2) There may be more cell types of lactate shuttle
in the nervous system, such as Schwann cells and oligodendrocytes, which also play an important role in neuronal function. The specific role of the lactate shuttle in
different cell types during exercise remains to be further
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clarified. (3) Currently, the ANLS hypothesis is confronted with some challenges. A reverse shuttle of lactate
from neurons to astrocytes has been proposed. However,
controversies are most drawn not directly from experimental data but the theoretical computational models or
stoichiometric metabolic models. Future studies should
be designed to provide direct dynamic evidence with isotope labeling and new imaging techniques. (4) Since lactate receptor HCAR1 and MCT2 are co-localized within
the neurons, future studies should be designed to explore
in depth the interaction between them to identify novel
molecular targets for drugs.
Abbreviations
AD: Alzheimer’s disease; BDNF: Brain-derived neurotrophic factor; ANLS:
Astrocyte-neuron lactate shuttle; GLUTs: Glucose transporter; TCA: Tricarboxylic acid; PKM1/2: Pyruvate kinase M1/2; LDH: Lactate dehydrogenase; PFK-1:
6-Phosphate fructose kinase 1; PDH: Pyruvate dehydrogenase; EAATs: Excitatory amino acid transporters; Na + -K + ATPase: Sodium–potassium pump; ATP:
Adenosine triphosphate; AMP: Adenosine monophosphate; HK: Hexokinase;
MCT: Monocarboxylic acid transporter; GLS: Glutaminase; GS: Glutamate
synthase; GSH: Glutathione; GlyP: Glycogen phosphorylase; GlyS: Glycogen
synthase; DAB: 1,4-Dideoxy-1,4-imino-D-arabinitol; LTP: Long-term potentiation; GPR81: G protein-coupled receptor 81; HCAR1: Hydroxycarboxylic acid
receptor 1; NMDAR: N-methyl-D-aspartic acid receptor; ERK: Extracellular
signal-regulated kinase; cAMP: Cyclic adenosine mono-phosphate; CREB:
CAMP response element-binding protein; IEGs: Immediate early genes; VGF:
VGF nerve growth factor inducible; 3,5-DHBA: 3,5-Dihydroxybenzoate; VEGFA:
Vascular endothelial growth factor A; NLRP3: NLR family pyrin domain containing 3; CMR: Cerebral metabolism rate; VO2max: Maximal oxygen uptake; HIIT:
High intensity interval training; SDS: Social defeat stress.
Acknowledgements
We thank Yuran Liu and Yahua Zi for writing assistance and constructive comments. We also thank Zhengtang Qi, an associate professor from East China
Normal University for helping us improve the quality of our manuscript.
Author contributions
S.L. and X.X. contributed to the conception or design of the work; X.X. wrote
the original draft; X.X and B.L. prepared the figures; J.H. and X.B. have read and
edited the paper. All authors read and approved the final manuscript.
Funding
This work was supported by funding from the National Natural Science Foundation of China (No.31971098) and Shanghai Key Lab of Human Performance
(Shanghai University of Sport) (No.11DZ2261100).
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Key Laboratory of Exercise and Health Sciences of Ministry of Education,
Shanghai University of Sport, Shanghai 200438, China. 2 Shanghai Frontiers
Science Research Base of Exercise and Metabolic Health, Shanghai University

Page 13 of 16

of Sport, Shanghai 200438, China. 3 Department of Clinical Medicine, Weifang
Medical College, Weifang 261053, Shandong, China.
Received: 22 November 2021 Accepted: 18 July 2022

References
1. Brooks GA. Lactate: glycolytic end product and oxidative substrate
during sustained exercise in mammals—the ‘lactate shuttle.’ In: Gilles R,
editor. Circulation, Respiration, and Metabolism: Current Comparative
Approaches. Berlin: Springer-Verlag Press; 1985. p. 208–18.
2. Brooks GA. Mammalian fuel utilization during sustained exercise. Comp
Biochem Physiol. 1998;120:89–107. https://doi.org/10.1016/S0305-
0491(98)00025-X.
3. Todd JJ. Lactate: valuable for physical performance and maintenance of
brain function during exercise. Biosci Horizons. 2014;7:hzu001–hzu001.
https://doi.org/10.1093/biohorizons/hzu001.
4. Harris RA, Lone A, Lim H, Martinez F, Frame AK, Scholl TJ, et al. Aerobic
glycolysis is required for spatial memory acquisition but not memory
retrieval in mice. eNeuro. 2018. https://doi.org/10.1523/ENEURO.0389-18.
2019.
5. Belanger M, Allaman I, Magistretti PJ. Brain energy metabolism: focus on
astrocyte-neuron metabolic cooperation. Cell Metab. 2011;14:724–38.
https://doi.org/10.1016/j.cmet.2011.08.016.
6. Porras OH, Loaiza A, Barros LF. Glutamate mediates acute glucose transport inhibition in hippocampal neurons. J Neurosci. 2004;24:9669–73.
https://doi.org/10.1523/JNEUROSCI.1882-04.2004.
7. Barros LF, Courjaret R, Jakoby P, Loaiza A, Lohr C, Deitmer JW. Preferential
transport and metabolism of glucose in Bergmann glia over Purkinje
cells: a multiphoton study of cerebellar slices. Glia. 2009;57:962–70.
https://doi.org/10.1002/glia.20820.
8. Riske L, Thomas RK, Baker GB, Dursun SM. Lactate in the brain: an update
on its relevance to brain energy, neurons, glia and panic disorder. Ther
Adv Psychopharmacol. 2017;7:85–9. https://doi.org/10.1177/2045125316
675579.
9. van Hall G. Lactate kinetics in human tissues at rest and during exercise.
Acta Physiol. 2010;199:499–508. https://doi.org/10.1111/j.1748-1716.
2010.02122.x.
10. Bouzier-Sore AK, Voisin P, Bouchaud V, Bezancon E, Franconi JM, Pellerin L.
Competition between glucose and lactate as oxidative energy substrates
in both neurons and astrocytes: a comparative NMR study. Eur J Neurosci.
2006;24:1687–94. https://doi.org/10.1111/j.1460-9568.2006.05056.x.
11. Pierre K, Pellerin L. Monocarboxylate transporters in the central nervous
system: distribution, regulation and function. J Neurochem. 2005;94:1–14.
https://doi.org/10.1111/j.1471-4159.2005.03168.x.
12. Delgado MG, Oliva C, López E, Ibacache A, Galaz A, Delgado R, et al.
Chaski, a novel Drosophila lactate/pyruvate transporter required in glia
cells for survival under nutritional stress. Rep. 2018;8:1186. https://doi.org/
10.1038/s41598-018-19595-5.
13. Henneberger C, Petzold GC. Diversity of synaptic astrocyte–neuron
signaling. e-Neuroforum. 2015;6:79–83. https://doi.org/10.1007/
s13295-015-0011-1.
14. Finsterwald C, Magistretti PJ, Lengacher S. Astrocytes: new targets for the
treatment of neurodegenerative diseases. Curr Pharm Des. 2015;21:3570–
81. https://doi.org/10.2174/1381612821666150710144502.
15. Magistretti PJ, Allaman I. A cellular perspective on brain energy metabolism and functional imaging. Neuron. 2015;86:883–901. https://doi.org/
10.1016/j.neuron.2015.03.035.
16. 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. https://doi.org/10.
1073/pnas.91.22.10625.
17. Magistretti PJ. Neuron-glia metabolic coupling and plasticity. Exp Physiol.
2011;96:407–10. https://doi.org/10.1113/expphysiol.2010.053157.
18. Nortley R, Attwell D. Control of brain energy supply by astrocytes. Curr
Opin Neurobiol. 2017;47:80–5. https://doi.org/10.1016/j.conb.2017.09.
012.
19. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood Flow
Metab. 2012;32:1152–66. https://doi.org/10.1038/jcbfm.2011.149.

Xue et al. Nutrition & Metabolism

(2022) 19:52

20. Cataldo AM, Broadwell RD. Cytochemical identification of cerebral glycogen and glucose-6-phosphatase activity under normal and experimental
conditions. II. Choroid plexus and ependymal epithelia, endothelia and
pericytes. J Neurocytol. 1986;15:511–24. https://doi.org/10.1007/BF016
11733.
21. Pfeiffer-Guglielmi B, Fleckenstein B, Jung G, Hamprecht B. Immunocytochemical localization of glycogen phosphorylase isozymes in rat nervous
tissues by using isozyme-specific antibodies. J Neurochem. 2003;85:73–
81. https://doi.org/10.1046/j.1471-4159.2003.01644.x.
22. Magistretti PJ, Allaman I. Glycogen: a Trojan horse for neurons. Nat Neurosci. 2007;10:1341–2. https://doi.org/10.1038/nn1107-1341.
23. Vilchez D, Ros S, Cifuentes D, Pujadas L, Valles J, Garcia-Fojeda B, et al.
Mechanism suppressing glycogen synthesis in neurons and its demise in
progressive myoclonus epilepsy. Nat Neurosci. 2007;10:1407–13. https://
doi.org/10.1038/nn1998.
24. Duran J, Tevy MF, Garcia-Rocha M, Calbo J, Milan M, Guinovart JJ. Deleterious effects of neuronal accumulation of glycogen in flies and mice.
EMBO Mol Med. 2012;4:719–29. https://doi.org/10.1002/emmm.20120
0241.
25. Cali C, Baghabra J, Boges DJ, Holst GR, Kreshuk A, Hamprecht FA, et al.
Three-dimensional immersive virtual reality for studying cellular compartments in 3D models from EM preparations of neural tissues. J Comp
Neurol. 2016;524:23–38. https://doi.org/10.1002/cne.23852.
26. Mohammed H, Al-Awami AK, Beyer J, Cali C, Magistretti P, Pfister H, et al.
Abstractocyte: a visual tool for exploring nanoscale astroglial cells. IEEE
Trans Vis Comput Graph. 2018;24:853–61. https://doi.org/10.1109/T VCG.
2017.2744278.
27. Felmlee MA, Jones RS, Rodriguez-Cruz V, Follman KE, Morris ME. Monocarboxylate transporters (SLC16): function, regulation, and role in health and
disease. Pharmacol Rev. 2020;72:466–85. https://doi.org/10.1124/pr.119.
018762.
28. Pellerin L. Food for thought: the importance of glucose and other energy
substrates for sustaining brain function under varying levels of activity.
Diab Metab. 2010;36(Suppl 3):S59-63. https://doi.org/10.1016/S1262-
3636(10)70469-9.
29. Halestrap AP, Wilson MC. The monocarboxylate transporter family–role
and regulation. IUBMB Life. 2012;64:109–19. https://doi.org/10.1002/iub.
572.
30. Halestrap AP. The SLC16 gene family—structure, role and regulation in
health and disease. Mol Aspects Med. 2013;34:337–49. https://doi.org/10.
1016/j.mam.2012.05.003.
31. Elizondo-Vega R, Garcia-Robles MA. Molecular characteristics, regulation, and function of monocarboxylate transporters. Adv Neurobiol.
2017;16:255–67. https://doi.org/10.1007/978-3-319-55769-4_12.
32. Chenal J, Pellerin L. Noradrenaline enhances the expression of the
neuronal monocarboxylate transporter MCT2 by translational activation
via stimulation of PI3K/Akt and the mTOR/S6K pathway. J Neurochem.
2007;102:389–97. https://doi.org/10.1111/j.1471-4159.2007.04495.x.
33. Chenal J, Pierre K, Pellerin L. Insulin and IGF-1 enhance the expression of
the neuronal monocarboxylate transporter MCT2 by translational activation via stimulation of the phosphoinositide 3-kinase-Akt-mammalian
target of rapamycin pathway. Eur J Neurosci. 2008;27:53–65. https://doi.
org/10.1111/j.1460-9568.2007.05981.x.
34. Robinet C, Pellerin L. Brain-derived neurotrophic factor enhances the
expression of the monocarboxylate transporter 2 through translational
activation in mouse cultured cortical neurons. J Cereb Blood Flow Metab.
2010;30:286–98. https://doi.org/10.1038/jcbfm.2009.208.
35. Pierre K, Chatton JY, Parent A, Repond C, Gardoni F, Luca Di, et al. Linking
supply to demand: the neuronal monocarboxylate transporter MCT2 and
the alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid receptor GluR2/3 subunit are associated in a common trafficking process. Eur
J Neurosci. 2009;29:1951–63. https://doi.org/10.1111/j.1460-9568.2009.
06756.x.
36. Magistretti PJ, Allaman I. Lactate in the brain: from metabolic end-product to signalling molecule. Nat Rev Neurosci. 2018;19:235–49. https://doi.
org/10.1038/nrn.2018.19.
37. Reed T, Perluigi M, Sultana R, Pierce WM, Klein JB, Turner DM, et al. Redox
proteomic identification of 4-hydroxy-2-nonenal-modified brain proteins
in amnestic mild cognitive impairment: insight into the role of lipid
peroxidation in the progression and pathogenesis of Alzheimer’s disease.
Neurobiol Dis. 2008;30:107–20. https://doi.org/10.1016/j.nbd.2007.12.007.

Page 14 of 16

38. Simpson IA, Chundu KR, Davies-Hill T, Honer WG, Davies P. Decreased
concentrations of GLUT1 and GLUT3 glucose transporters in the brains of
patients with Alzheimer’s disease. Ann Neurol. 1994;35:546–51. https://
doi.org/10.1002/ana.410350507.
39. Perkins M, Wolf AB, Chavira B, Shonebarger D, Meckel JP, Leung L, et al.
Altered energy metabolism pathways in the posterior cingulate in young
adult apolipoprotein e varepsilon4 carriers. J Alzheimers Dis. 2016;53:95–
106. https://doi.org/10.3233/JAD-151205.
40. Schallier A, Smolders I, Van Dam D, Loyens E, De Deyn PP, Michotte A,
et al. Region- and age-specific changes in glutamate transport in the
AbetaPP23 mouse model for Alzheimer’s disease. J Alzheimers Dis.
2011;24:287–300. https://doi.org/10.3233/JAD-2011-101005.
41. Schurr A, Miller JJ, Payne RS, Rigor BM. An increase in lactate output by
brain tissue serves to meet the energy needs of glutamate-activated
neurons. J Neurosci. 1999;19:34–9. https://doi.org/10.1523/JNEUROSCI.
19-01-00034.1999.
42. Lu W, Huang J, Sun S, Huang S, Gan S, Xu J, et al. Changes in lactate
content and monocarboxylate transporter 2 expression in Abeta(25–
35)-treated rat model of Alzheimer’s disease. Neurol Sci. 2015;36:871–6.
https://doi.org/10.1007/s10072-015-2087-3.
43. Ding R, Tan Y, Du A, Wen G, Ren X, Yao H, et al. Redistribution of monocarboxylate 1 and 4 in hippocampus and spatial memory impairment
induced by long-term ketamine administration. Front Behav Neurosci.
2020;14:60. https://doi.org/10.3389/fnbeh.2020.00060.
44. Kong L, Zhao Y, Zhou WJ, Yu H, Teng SW, Guo Q, et al. Direct neuronal
glucose uptake is required for contextual fear acquisition in the dorsal
hippocampus. Front Mol Neurosci. 2017;10:388. https://doi.org/10.3389/
fnmol.2017.00388.
45. Lundquist AJ, Llewellyn GN, Kishi SH, Jakowec NA, Jakowec MW.
Knockdown of astrocytic monocarboxylate transporter 4 (MCT4) in the
motor cortex leads to loss of dendritic spines and a deficit in motor
learning. Mol Neurobiol. 2022;2:1002–17. https://doi.org/10.1007/
s12035-021-02651-z.
46. Zhang Y, Xue Y, Meng S, Luo Y, Liang J, Li J, et al. Inhibition of lactate
transport erases drug memory and prevents drug relapse. Biol Psychiatry.
2016;79:928–39. https://doi.org/10.1016/j.biopsych.2015.07.007.
47. Gibbs ME, Anderson DG, Hertz L. Inhibition of glycogenolysis in
astrocytes interrupts memory consolidation in young chickens. Glia.
2006;54:214–22. https://doi.org/10.1002/glia.20377.
48. 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. https://doi.org/10.1016/j.cell.2011.02.
018.
49. 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. J Biol Chem. 2009;284:2811–22. https://doi.org/10.1074/jbc.
M806409200.
50. Lauritzen KH, Morland C, Puchades M, Holm-Hansen S, Hagelin EM, Lauritzen F, et al. Lactate receptor sites link neurotransmission, neurovascular
coupling, and brain energy metabolism. Cereb Cortex. 2014;24:2784–95.
https://doi.org/10.1093/cercor/bht136.
51. Bergersen LH. Lactate transport and signaling in the brain: potential
therapeutic targets and roles in body-brain interaction. J Cereb Blood
Flow Metab. 2015;35:176–85. https://doi.org/10.1038/jcbfm.2014.206.
52. May LT, Hill SJ. ERK phosphorylation: spatial and temporal regulation by
G protein-coupled receptors. Int J Biochem Cell Biol. 2008;40:2013–7.
https://doi.org/10.1016/j.biocel.2008.04.001.
53. Morland C, Andersson KA, Haugen OP, Hadzic A, Kleppa L, Gille A, et al.
Exercise induces cerebral VEGF and angiogenesis via the lactate receptor
HCAR1. Nat Commun. 2017;8:15557. https://doi.org/10.1038/ncomm
s15557.
54. Jin LE, Wang XJ, Laubach M, Mazer JA, Yang Y, Wang M, et al.
Neuronal basis of age-related working memory decline. Nature.
2011;476(7359):210–3. https://doi.org/10.1038/nature10243.
55. Morland C, Lauritzen KH, Puchades M, Holm-Hansen S, Andersson K,
Gjedde A, et al. The lactate receptor, G-protein-coupled receptor 81/
hydroxycarboxylic acid receptor 1: Expression and action in brain. J
Neurosci Res. 2015;93:1045–55. https://doi.org/10.1002/jnr.23593.
56. Zhai X, Li J, Li L, Sun Y, Zhang X, Xue Y, et al. L-lactate preconditioning
promotes plasticity-related proteins expression and reduces neurological deficits by potentiating GPR81 signaling in rat traumatic brain injury

Xue et al. Nutrition & Metabolism

57.

58.

59.
60.
61.
62.

63.
64.

65.

66.
67.
68.
69.
70.

71.

72.

73.

74.

75.

(2022) 19:52

model. Brain Res. 2020;2020(1746): 146945. https://doi.org/10.1016/j.
brainres.2020.146945.
Harun-Or-Rashid M, Inman DM. Reduced AMPK activation and increased
HCAR activation drive anti-inflammatory response and neuroprotection
in glaucoma. J Neuroinflammation. 2018;15:313. https://doi.org/10.1186/
s12974-018-1346-7.
Yang J, Ruchti E, Petit JM, Jourdain P, Grenningloh G, Allaman I, et al.
Lactate promotes plasticity gene expression by potentiating NMDA signaling in neurons. Proc Natl Acad Sci U S A. 2014;111:12228–33. https://doi.
org/10.1073/pnas.1322912111.
Tang F, Lane S, Korsak A, Paton JF, Gourine AV, Kasparov S, et al. Lactatemediated glia-neuronal signalling in the mammalian brain. Nat Commun.
2014;5:3284. https://doi.org/10.1038/ncomms4284.
Pedersen BK. Physical activity and muscle-brain crosstalk. Nat Rev Endocrinol. 2019;15(7):383–92. https://doi.org/10.1038/s41574-019-0174-x.
Cotman CW, Berchtold NC. Exercise: a behavioral intervention to enhance
brain health and plasticity. Trends Neurosci. 2002;25(6):295–301. https://
doi.org/10.1016/s0166-2236(02)02143-4.
Stimpson NJ, Davison G, Javadi AH. Joggin’ the Noggin: towards a physiological understanding of exercise-induced cognitive benefits. Neurosci
Biobehav Rev. 2018;88:177–86. https://doi.org/10.1016/j.neubiorev.2018.
03.018.
Intlekofer KA, Cotman CW. Exercise counteracts declining hippocampal
function in aging and Alzheimer’s disease. Neurobiol Dis. 2013;57:47–55.
https://doi.org/10.1016/j.nbd.2012.06.011.
Matsui T, Soya S, Kawanaka K, Soya H. Brain glycogen decreases during
intense exercise without hypoglycemia: the possible involvement of
serotonin. Neurochem Res. 2015;40:1333–40. https://doi.org/10.1007/
s11064-015-1594-1.
Magistretti PJ, Cardinaux JR, Martin JL. VIP and PACAP in the CNS:
regulators of glial energy metabolism and modulators of glutamatergic
signaling. Ann N Y Acad Sci. 1998;865:213–25. https://doi.org/10.1111/j.
1749-6632.1998.tb11181.x.
Gibbs ME. Role of glycogenolysis in memory and learning: regulation
by noradrenaline, serotonin and ATP. Front Integr Neurosci. 2015;9:70.
https://doi.org/10.3389/fnint.2015.00070.
Quistorff B, Secher NH, Van Lieshout JJ. Lactate fuels the human brain
during exercise. FASEB J. 2008;22:3443–9. https://doi.org/10.1096/fj.
08-106104.
Mosienko V, Teschemacher AG, Kasparov S. Is L-lactate a novel signaling
molecule in the brain? J Cereb Blood Flow Metab. 2015;35:1069–75.
https://doi.org/10.1038/jcbfm.2015.77.
Smith KJ, Ainslie PN. Regulation of cerebral blood flow and metabolism
during exercise. Exp Physiol. 2017;102:1356–71. https://doi.org/10.1113/
EP086249.
Dalsgaard MK, Quistorff B, Danielsen ER, Selmer C, Vogelsang T, Secher
NH. A reduced cerebral metabolic ratio in exercise reflects metabolism
and not accumulation of lactate within the human brain. J Physiol.
2004;554:571–8. https://doi.org/10.1113/jphysiol.2003.055053.
Takimoto M, Hamada T. Acute exercise increases brain region-specific
expression of MCT1, MCT2, MCT4, GLUT1, and COX IV proteins. J Appl
Physiol. 2014;116:1238–50. https://doi.org/10.1152/japplphysiol.01288.
2013.
Shima T, Matsui T, Jesmin S, Okamoto M, Soya M, Inoue K, et al. Moderate exercise ameliorates dysregulated hippocampal glycometabolism
and memory function in a rat model of type 2 diabetes. Diabetologia.
2017;60:597–606. https://doi.org/10.1007/s00125-016-4164-4.
Jesmin S, Shima T, Soya M, Takahashi K, Omura K, Ogura K, et al. Longterm light and moderate exercise intervention similarly prevent both hippocampal and glycemic dysfunction in presymptomatic type 2 diabetic
rats. Am J Physiol Endocrinol Metab. 2022;322(3):219–30. https://doi.org/
10.1152/ajpendo.00326.2021.
Gao WT, Xu XY, Du ZQ, Xiao MY, Fang ZH, Gao XQ, et al. Effects of regular
exercise on expression of monocarboxylate transporters in brain of AD
model mice and improvement of cognitive function. Chin J Neuroanatomy 2017. doi:https://doi.org/10.16557/j.cnki.1000-7547.2017.04.004
Hu J, Cai M, Shang Q, Li Z, Feng Y, Liu B, et al. Elevated lactate by
high-intensity interval training regulates the hippocampal BDNF
expression and the mitochondrial quality control system. Front Physiol.
2021;2021(12):629914. https://doi.org/10.3389/fphys.2021.629914.

Page 15 of 16

76. Tsai SF, Ku NW, Wang TF, Yang YH, Shih YH, Wu SY, et al. Long-term
moderate exercise rescues age-related decline in hippocampal neuronal
complexity and memory. Gerontology. 2018;64:551–61. https://doi.org/
10.1159/000488589.
77. Yang X, He Z, Zhang Q, Wu Y, Hu Y, Wang X, et al. Pre-ischemic treadmill
training for prevention of ischemic brain injury via regulation of glutamate and its transporter GLT-1. Int J Mol Sci. 2012;13:9447–59. https://doi.
org/10.3390/ijms13089447.
78. Allen A, Messier C. Plastic changes in the astrocyte GLUT1 glucose transporter and beta-tubulin microtubule protein following voluntary exercise
in mice. Behav Brain Res. 2013;240:95–102. https://doi.org/10.1016/j.bbr.
2012.11.025.
79. Um HS, Kang EB, Leem YH, Cho IH, Yang CH, Chae KR, et al. Exercise
training acts as a therapeutic strategy for reduction of the pathogenic
phenotypes for Alzheimer’s disease in an NSE/APPsw-transgenic model.
Int J Mol Med. 2008;22:529–39. https://doi.org/10.3892/ijmm_00000052.
80. 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. https://doi.org/10.1007/s12035-016-0119-5.
81. 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.
https://doi.org/10.1073/pnas.1702739114.
82. Matsui T, Soya M, Soya H. Endurance and brain glycogen: a clue toward
understanding central fatigue. Adv Neurobiol. 2019;23:331–46. https://
doi.org/10.1007/978-3-030-27480-1_11.
83. Brooks GA. Lactate shuttles in nature. Biochem Soc Trans. 2002;30:258–64.
https://doi.org/10.1042/BST0300258.
84. Brooks GA. Cell-cell and intracellular lactate shuttles. J Physiol.
2009;587:5591–600. https://doi.org/10.1113/jphysiol.2009.178350.
85. Brooks GA. Lactate as a fulcrum of metabolism. Redox Biol.
2020;35:101454. https://doi.org/10.1016/j.redox.2020.101454.
86. Gladden LB. Current trends in lactate metabolism: introduction. Med Sci
Sports Exerc. 2008;40:475–6. https://doi.org/10.1249/MSS.0b013e3181
6154c9.
87. Sobral-Monteiro-Junior R, Maillot P, Gatica-Rojas V, Ávila W, de Paula A,
Guimarães A, et al. Is the “lactormone” a key-factor for exercise-related
neuroplasticity? A hypothesis based on an alternative lactate neurobiological pathway. Med Hypotheses. 2019;123:63–6. https://doi.org/10.
1016/j.mehy.2018.12.013.
88. Cai TQ, Ren N, Jin L, Cheng K, Kash S, Chen R, et al. Role of GPR81 in
lactate-mediated reduction of adipose lipolysis. Biochem Biophys Res
Commun. 2008;377:987–91. https://doi.org/10.1016/j.bbrc.2008.10.088.
89. Ferrara N. Vascular endothelial growth factor and the regulation of angiogenesis. Recent Prog Horm Res. 2000;55:15–35.
90. De Rossi P, Harde E, Dupuis JP, Martin L, Chounlamountri N, Bardin M,
et al. A critical role for VEGF and VEGFR2 in NMDA receptor synaptic function and fear-related behavior. Mol Psychiatry. 2016;21:1768–80. https://
doi.org/10.1038/mp.2015.195.
91. Lambertus M, Øverberg LT, Andersson KA, Hjelden MS, Hadzic A, Haugen
ØP, et al. L-lactate induces neurogenesis in the mouse ventricularsubventricular zone via the lactate receptor HCA1. Acta Physiol.
2020;231:e13587. https://doi.org/10.1111/apha.13587.
92. El HL, Khalifeh M, Zibara V, Abi AR, Emmanuel N, Karnib N, et al. Lactate
mediates the effects of exercise on learning and memory through SIRT1dependent activation of hippocampal brain-derived neurotrophic factor
(BDNF). J Neurosci. 2019;39:2369–82. https://doi.org/10.1523/JNEUROSCI.
1661-18.2019.
93. Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone lactylation drives
oncogenesis by facilitating m(6)A reader protein YTHDF2 expression in
ocular melanoma. Genome Biol. 2021;22(1):85. https://doi.org/10.1186/
s13059-021-02308-z.
94. Yang W, Wang P, Cao P, Wang S, Yang Y, Su H, et al. Hypoxic in vitro culture
reduces histone lactylation and impairs pre-implantation embryonic
development in mice. Epigenet Chromatin. 2021;14(1):57. https://doi.org/
10.1186/s13072-021-00431-6.
95. Yang Q, Liu J, Wang Y, Zhao W, Wang W, Cui J, et al. A proteomic atlas
of ligand-receptor interactions at the ovine maternal-fetal interface
reveals the role of histone lactylation in uterine remodeling. J Biol Chem.
2022;298(1):101456. https://doi.org/10.1016/j.jbc.2021.101456.

Xue et al. Nutrition & Metabolism

(2022) 19:52

Page 16 of 16

96. Caielli S, Cardenas J, de Jesus AA, Baisch J, Walters L, Blanck JP, Balasubramanian P, Stagnar C, Ohouo M, Hong S, Nassi L. Erythroid mitochondrial
retention triggers myeloid-dependent type I interferon in human SLE.
Cell. 2021;184(17):4464–79. https://doi.org/10.1016/j.cell.2021.07.021.
97. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation of gene expression by histone lactylation. Nature.
2019;574(7779):575–80. https://doi.org/10.1038/s41586-019-1678-1.
98. Hagihara H, Shoji H, Otabi H, Toyoda A, Katoh K, Namihira M, et al. Protein
lactylation induced by neural excitation. Cell Rep. 2021;37(2):109820.
https://doi.org/10.1016/j.celrep.2021.109820.
99. Pan RY, He L, Zhang J, Liu X, Liao Y, Gao J, Liao Y, Yan Y, Li Q, Zhou X,
Cheng J. Positive feedback regulation of microglial glucose metabolism
by histone H4 lysine 12 lactylation in Alzheimer’s disease. Cell Metab.
2022;34(4):634–48. https://doi.org/10.1016/j.cmet.2022.02.013.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

