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Abstract: Neural tissue requires a great metabolic demand despite negligible intrinsic energy stores.
As a result, the central nervous system (CNS) depends upon a continuous influx of metabolic
substrates from the blood. Disruption of this process can lead to impairment of neurological functions,
loss of consciousness, and coma within minutes. Intricate neurovascular networks permit both
spatially and temporally appropriate metabolic substrate delivery. Lactate is the end product of
anaerobic or aerobic glycolysis, converted from pyruvate by lactate dehydrogenase-5 (LDH-5).
Although abundant in the brain, it was traditionally considered a byproduct or waste of glycolysis.
However, recent evidence indicates lactate may be an important energy source as well as a metabolic
signaling molecule for the brain and astrocytes—the most abundant glial cell—playing a crucial
role in energy delivery, storage, production, and utilization. The astrocyte-neuron lactate-shuttle
hypothesis states that lactate, once released into the extracellular space by astrocytes, can be up-
taken and metabolized by neurons. This review focuses on this hypothesis, highlighting lactate’s
emerging role in the brain, with particular emphasis on its role during development, synaptic
plasticity, angiogenesis, and disease.
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neuroprotective

1. Introduction

The brain consumes 20% of the body’s energy and oxygen uptake despite representing
only 2% of the body’s weight [1]. Within the brain, neurons are estimated to consume nearly
80% of the brain’s allocated energy stores, while glial cells, such as astrocytes, microglia,
and oligodendrocytes, utilize a much smaller amount of energy [2]. The energy is used for
numerous critical tasks, including restoring neuronal membrane potentials after depolar-
ization, axoplasmic transport, vesicle recycling, and neurotransmitter synthesis [3-5]. As
such, energy requirements are not uniformly distributed but region-specific and dependent
on neuronal activity. Thus, the regulation of cellular energy metabolism and metabolite
supply is critical in maintaining normal brain/neuron function, as energy consumption is
highly demanded and dynamic [2].

Glucose is considered to be the primary substrate fueling oxidative metabolism and
neural activity [6,7]. Glucose is transported to neural tissue through the capillaries, entering
cells through specialized glucose transporters (GLUTs) [8]. Blood-borne glucose transport
across the blood-brain barrier occurs through the glucose transporter 1 (GLUT1), whereas
glucose uptake in neurons and astrocytes is regulated by GLUT3 and GLUT1, respec-
tively [8]. Interestingly, PET imaging indicates a possible uncoupling between glucose
utilization and oxygen consumption [9,10]. This emerging information has led to alternative
substrates, such as lactate, a substrate typically regarded as a toxic metabolic waste product,
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being considered to possibly sustain neuronal activity [11]. Lactate concentration is similar
to that of glucose in the extracellular space [12], and astrocytes and neurons are able to both
oxidize glucose and lactate but use different metabolic pathways to do so. Though differing,
the metabolic profiles of glucose and lactate are complementary, leading to metabolic coop-
erativity. First proposed by Pellerin and Magisarrati, the astrocyte-neuron lactate-shuttle
Hypothesis (ANLSH) highlights the astrocyte’s active role in neuronal energy consumption;
while lactate was previously seen solely as a waste product, this hypothesis suggests this
“byproduct” may play a larger role [13]. Astrocytes have a higher rate of glycolysis in com-
parison to neurons therefore allowing astrocytes to readily provide a continuous supply of
energy to the brain [6]. Glucose is predominantly taken up in astrocytes and anaerobically
metabolized into lactate [14]. Lactate possesses distinctive attributes that render it crucial
for neurons during neuronal events such as depolarization. The energy demand required
for neuronal depolarization is not sufficient and cannot be adequately fulfilled solely on
conventional glucose supply since glucose utilization necessitates the initiation of glycoly-
sis, a time-sensitive and relatively inefficient energy generation cascade. Additionally, this
solution requires a consistent presence of glucose or for glucose to be stored in an accessible
form. However, neurons lack the capacity to maintain such a reservoir [15]. In contrast,
astrocytes are capable of harboring energy-rich metabolites and store the majority of brain
glycogen which can be readily used [16]. Upon neuronal activation, glycogen is converted
into lactate within astrocytes and subsequently transferred to neurons to be converted into
pyruvate, further facilitating energy production [17]. Recent studies have shown neurons
to have a slower glycolytic rate due to their inability to upregulate a pathway necessary to
produce the activator of a glycolytic enzyme in neurons known as phosphofrucokinase-1
(PFK1) during increased activity and cellular stress. In the same study, overexpression of
Pfkfb3 to activate neuronal glycolysis led to apoptosis, therefore, suggesting neurons are
unable to sustain high glycolytic rates, further emphasizing the importance of astrocytes
regarding maintaining the steep neuronal metabolic demands [18]. In essence, astrocytes
function as energy reservoirs that are mobilized when required.

In several experiments, glial cells were found to uptake significant amounts of glucose
fluorescent analogs in cerebellar slices [14,19]. Similarly, approximately half of brain
glucose uptake is perpetuated by astrocytes in resting rat brains [20,21]. However, recent
research has also demonstrated that the brain uses lactate during hypoglycemia or when
lactate levels in the blood are high [22]. In vitro studies have shown that in the absence
of glucose, lactate can support neural activity in the brain, and lactate, but not glucose,
can recover neurons in hypoxic conditions [23]. Once astrocytic lactate is produced, it is
transferred to, and used by, active neurons. Recently, in vivo experiments have shown
a lactate gradient between astrocytes and neurons, supporting the ANLSH [24]. Lactate
is transported into neurons via monocarboxylate transporters (MCTs)—protein-linked
membrane carriers that shuttle monocarboxylates, such as lactate—to fuel the activity-
related energy demands of neurons. MCT1 is expressed primarily in astrocytes, endothelial
cells of micro-vessels, ependymocytes, and oligodendrocytes [25-28]. MCT2, on the other
hand, is found primarily in neurons, while MCT4 is expressed nearly exclusively by
astrocytes [28]. The ANLSH shifts the focal point of the primary neuronal energy substrate
from glucose toward lactates derived from astrocytes (Figure 1 and Table 1).

It is important to note that despite the growing body of evidence in support for the
ANLSH, there is research that casts doubt upon and criticizes the hypothesis. One study
provided in vitro evidence of neurons being able to directly metabolize glucose in the
absence of astrocytic lactate, suggesting astrocytes may not be as important as previously
thought [29]. From the same group, using genetically encoded fluorescent biosensors to
measure neuronal metabolic responses to stimulation in awake mice, it was found that
neurons directly consume glucose, providing further evidence against the ANLSH [30].
Some of the main criticisms of the ANLSH include conflicting evidence as to where lactate
originates from, how much lactate is produced by astrocytes, and how lactate concentration
returns to baseline is not clear. Several studies have shown lactate as a source of energy
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during stressful conditions, such as injury or stress, but the energy substrate used in resting
conditions is hotly debated [31-33]. Though acknowledged as a source of energy, some
research has shown that in physiological conditions, lactate is not the preferred energy
source for neurons [29,30]. Further research is needed to understand lactate’s role in the
brain and direct experimental observation of lactate from astrocytes to neighboring neurons
to strengthen the ANLSH.
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Figure 1. Astrocyte—neuron lactate-shuttle Hypothesis. First described by Pellerin and Magistretti
in 1994 [13], ANLS proposed that, during neuronal activity, glutamate is released into the synaptic
cleft of neurons and glucose from blood vessels, which is then taken up by astrocytes. Upon entering
astrocytes, glucose is converted into pyruvate via glycolysis. Pyruvate is then converted into lactate by
the enzyme lactate dehydrogenase isoenzyme A (LDHA). Lactate is then transferred out of astrocytes
by MCT1/4 into the extracellular space, and neuronal MCT2 is able to uptake lactate for aerobic
utilization to support cellular processes critical for maintaining brain homeostasis. Abbreviations:
cAMP: Cyclic adenosine monophosphate; GLUT: Glucose transporter; HCAR1: Hydroxycarboxylic
acid receptor 1; LDH: Lactate dehydrogenase; MCT: Monocarboxylate transporter; LTD: Long-term
depression; LTP: Long-term potentiation.

Despite conflicting reports, there is little doubt that astrocytes release lactate and
that lactate is crucial for development and is emerging as a key metabolite for synaptic
plasticity and CNS pathologies of the aging brain. It modulates cognitive function primarily
through two mechanisms, as an energy substrate to energetically demanding neurons due
to increased synaptic activity and as signaling molecule to initiate plasticity-related singling
transduction pathways [34].
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Table 1. Key components of ANLS substrate specificity, expression, and lactate affinity.

Key
Components Gene Name Role Expression in the Brain Lactate Affinity
of ANLS
Transporters of lactate, Endothelial cells of
pyruvate, acetoacetate, microvessels, astrocytes, -
MCTI SLCI6A1 B-hydroxybutyrate, XP13512, ependymocytes, 3.5-10mM [27,28,35]
and GHB oligodendrocytes
MCT2 SLC16A7 Transporters of lactate Neurons 0.5-0.75 mM [35,36]
and pyruvate
Transporters of lactate,
MCT4 SLC16A3 pyruvate, acetoacetate, and Astrocytes 22-28 mM [35,37]
B-hydroxybutyrate
Transporters of glucose, .
GLUT1 SLC2A1 galactose, mannose, Astrocyteséﬁgdothehal [8,38]
glucosamine, and ascorbic acid
GLUT3 SLC2A3 Transporters of glucose, Neurons [8,38]
mannose, galactose, and xylose
pial fibroblast-like cells
that line the vessels, Lactate activates
HCAR1 HCAR1/GPRS1 Lactate receptor pericyte-like cells along =~ HCARI in a range [39-41]
intracerebral microvessels, of 1-20 mM
neurons

2. Lactate Metabolism and Signaling in Development

Neural energy metabolism during development differs from that of adults, as lactate
is the main substrate of the developing brain during the perinatal period [42]. The use of
glucose is only 10% of the adult value primarily due to low levels of glucose transporters,
which must be acquired via breastfeeding [42]. In rodents, lactate is used by the brain in
fetal, early newborn, and suckling rats [43]. Lactate’s role is especially critical for the brain
during the postnatal period as the brain is continuing to develop [44]. Continuous supply of
metabolic substrates is required to sustain brain development. During the perinatal period,
nutrients (i.e., glucose, lactate, amino acids, and fatty acids) are passed from the mother
through the transplacental passage [45,46]. Lactate can be transported to the fetus from the
mother via the placental membrane and is most concentrated in the placenta leading to
its accumulation in the blood during late gestation. Coinciding with the increased lactate
concentrations during late gestation, MCT activity is increased. MCT expression begins
during mid-gestation and is largely increased during the late fetal and neonatal period [47].
Lactate found in fetal blood is rapidly metabolized after delivery. Early in vitro experiments
showed that cultured astrocytes and neurons from neonates utilize lactate significantly
more than other metabolites, such as glucose, 3-hydroxbutyrate, or glutamine [48]. Glucose
availability is scarce during the postnatal period, but lactate is constantly supplied from
the blood to both neurons and astrocytes for use during brain development [49].

Lactate’s role during development has not been well studied, but it is known to have
a neuroprotective effect in adults. Recent research, through the lens of hypoxic-ischemic
(HI) encephalopathy, has studied its role in rat neonates. The removal of lactate after HI
insults in neonates produces more brain damage, while the addition of glucose had no
additive effect. Multiple interparietal injections of lactate following HI insult led to full
recovery of long-term memory, sensorimotor abilities and neurological reflexes [50,51].
Lactate can act as a signaling molecule, and recent studies have shown that lactate can bind
to a receptor called HCARI1 (hydroxycarboxylic acid receptor), previously referred to as
GPRS81 (G-protein-coupled receptor 81), in human and rodent brains [52,53]. Following HI,
newborn mice with or without (partial or complete loss of) the gene coding for HCAR1
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were compared. It was found that the complete loss of HCAR1 led to the downregulation of
regeneration in neuronal progenitor cells and glial cells and impaired microglia activation,
but partial loss led to some recovery in the insulted brain [52]. Together, this suggests that
lactate plays an essential role for cell survival and recovery in the developing brain.

3. Lactate Metabolism and Signaling in Synaptic Plasticity

Lactate clearly plays a crucial role in brain development and function and a number of
different processes, including synaptic plasticity. Blood-derived lactate is a critical energy
substrate during development to meet neuronal metabolic demands, but in the adult brain,
lactate used by neurons is thought to come from astrocytes. The ANLS is capable of
supplying metabolic demands in response to enhanced synaptic activity and participating
in the process of plasticity. The brain at a resting state is estimated to have a low-millimolar
range of extracellular levels of lactate [54], but during physical exercise lactate levels can
increase up to 10-20 mM [55]. There is increasing evidence of lactate’s role in learning
and memory, suggesting a close relationship between synaptic activity and lactate [56,57].
During synaptic activity, lactate levels are reported to increase two-fold [58], and well-
known mediators of plasticity processes, such as synaptogenesis, experience-dependent
synaptic remodeling, and synaptic efficacy, are glutamate receptor N-Methyl-D-aspartate
receptors (NMDARSs) [59]. Lactate works to enhance calcium influx and inward current
flow once NDMARs activity is induced by glutamate and glycine. Here, lactate acts as a
signaling molecule, and NDMARs and downstream extracellular signal-regulated kinase
(ERK1/2) signaling are activated in response to elevated calcium levels leading to increased
expression of genes implicated in synaptic plasticity in neurons. Several genes involved
in activity maintenance and neuronal plasticity have been identified, such as Arc, BDNF,
c-Fos, and Zif268 [56,57,60] (Table 2). When using NMDAR antagonist MK801, the effect
of lactate on the genes was abolished, therefore implying the activation of the genes is
dependent on NDMAR activity [57,60].

Table 2. Genes affected by lactate. Several genes involved in synaptic plasticity, neuroprotection, and
cell death are regulated by lactate and identified in cortical neurons by transcriptome analysis [56]. In
neurodegenerative states, energy metabolism is altered and increased cell death is observed. These
are genes of interest that may be affected due to impairment of the astrocyte to neuron lactate shuttle.

Genes Upregulated by Lactate Genes Downregulated by Lactate
Synaptic Plasticity Cell Death

Arc
Bdnf
c-Fos
Zif268
Atf4 Txnip
Nr4al Apafl
Gadd45b Bcl2111
Gadd45g Hrk
Map3kl11
Dusp4
Dusp6
Dusp10

Neuroprotection

Bdnf
Grfa2
Nr4a2
Vegfa

Recent evidence has also shown that HCARI is present in neurons and can regu-
late neuronal activity [41,61]. Receptor activation leads to the down regulation of cyclic
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adenosine 3',5" monophosphate (cAMP), of GABAergic, and principal neurons in the hip-
pocampus in vitro [41]. cAMP works as intracellular second messenger that is strongly
implicated in specific forms of hippocampal dependent memory by targeting kinases such
as cCAMP-dependent kinases, like PKA. The cAMP/PKA system is implicated in spatial
memory and contextual conditioning, and PKA can target several key proteins, such as
NMDA, involved in synaptic plasticity and memory storage [62]. Another proposed mech-
anism of HCAR1 modulation of neuronal activity is thought to be through the activation of
Gy and Gg., subunits [63]. Activation of HCARI resulted in decreased firing frequency
and neuronal excitability. This was further supported in another study using seizure mod-
els, where neurons have excessive continuous bursts of action potentials and prolonged
depolarization. Mice lacking HCAR1 were more susceptible to developing longer and
more severe seizures in comparison to WT mice. Lactate perfusion to activate HCAR1 was
able to reduce activity of CAl neurons and inhibit excitatory transmission in WT but not in
HCARI deficient mice [61].

Lactate has been shown to be necessary for the maintenance of long-term potentiation
(LTP) in vivo experiments in the rodent hippocampus. Several studies have shown that
inhibition of astrocytic lactate produced via glycogenolysis can impair memory processes
in rodents. In DAB treated P1 chicks, memory consolidation was interrupted and reduced
glycogen content was found during aversive memory training [64]. Bilaterally injecting
DAB into rats blocked long term inhibitory memory in avoidance tasks and long-term
potentiation (LTP) [65]. This coincides with downregulated plasticity-related molecules
Arc, p-CFL1, and p-CREB [66]. The effects of the inhibitor can be rescued with lactate. This
was similarly seen when reducing MCT1 or MCT4 in the hippocampus which resulted in
the disruption of long-term memory formation and hippocampal neurogenesis [67]. How-
ever, when inhibiting MCT2 expression, glucose or lactate is not able to rescue cognitive
impairment, implying that neuronal MCT2 expression is required for LTP and long-term
memory (LTM) formation. MCTs have also been reported to be required in contextual fear
memory acquisition in the amygdala. MCT inhibitor 4-CIN expression in fear contextual
conditioning training significantly reduced freezing time [68]. Long-term memory forma-
tion in mice is thought to depend on synaptic plasticity and neuronal activity-dependent
genes. These studies suggest lactate as the main substrate to fuel neuronal responses
necessary for long-term memory. The studies also highlight the crucial role of MCTs for
lactate transportation into neurons to regulate synaptic activity, potentially allowing MCTs
to be possible drug targets in neurodegenerative diseases where synaptic activity is altered.

Alternatively, lactate can indirectly regulate synaptic plasticity by modulating the
activity of microglia, which are capable of adapting their metabolic status. Single cell RNA-
seq datasets have shown that microglia have the metabolic capability to utilize different
bioenergetic substrates such as lactate [69,70]. Increasing evidence has shown microglia’s
capiblity to produce lactate through glycolsis and to import lactate from the extracellular
space [70,71]. In addition, recent reports have shown proper machinery, such as MCT
expression in microglia alluding lactate, to be a novel bioenergetic substrate to modulate
cellular functions such as synaptic plasticity [72,73]. These emerging studies provide
evidence supporting a microglia—neuron lactate shuttle. Lactate is also shown to play a
role in neuronal myelination which would support and allow for properly functioning
neurons [74,75].

4. Lactate Metabolism and Signaling in Brain Angiogenesis

Angiogenesis is a highly regulated process of forming new blood vessels from pre-
existing microvasculature. This biological process plays a critical role in developing and
maintaining the brain’s function under exercise and wound repair conditions [76]. There
has been increasing evidence of a positive correlation between cerebral perfusion and
cognition [77]. Interestingly, angiogenesis in the brain is also regulated by multiple brain
cells, including neurons, astrocytes, and microglia [78-80]. Notably, lactate has been
proposed to modulate angiogenesis by acting on the lactate receptor HCAR1 due to its
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wide distribution and concentrations in pericyte like cells on intracerebral microvessels
and pial fibroblast like cells of blood vessels supplying blood to the brain [40]. During
intense exercise, it is well known that blood lactate levels increase by several folds, and
lactate accumulated in the blood is able to pass through the blood-brain barrier (BBB)
via MCTs [6,7]. In one study, HCAR1 was been found to mediate exercise-induced brain
vascularization stimulated by vascular endothelial growth factor A (VEGFA) [40]. The
angiogenetic factor is also able to directly enhance synaptic function and neurogenesis.
In HCART1 deficient mice, vascularization commonly found after exercise or induced by
subcutaneously injected lactate did not lead to VEGFA activation in comparison to wildtype
mice [40]. The mechanism underlying HCAR1 activation to VEGFA production is unclear.
Several pathways like that of synaptic plasticity, such as ERK1/2, which was seen in
wildtype mice but not HCAR1 KO mice, in the hippocampus, are thought to be involved in
this event. Further investigations are necessary to understand the underlying mechanisms,
as HCAR1 may be a target for therapeutic effects in neurological diseases, where cerebral
vasculature is impaired, thus, leading to deficient energy substrates provided due to its link
to cerebral angiogenesis. Additionally, the functions of MCTs in lactate or exercise-induced
vasculature in the brain remain unknown. Further research is also necessary to address
this issue.

5. Lactate Metabolism and Signaling in Diseases

Abnormal metabolism, such as mitochondrial dysfunction and defective glucose
metabolism and/or neuronal glucose uptake, is commonly found in neurodegenerative
diseases, such as Alzheimer disease (AD), Parkinson disease (PD), amyotrophic lateral scle-
rosis (ALS), and Huntington disease (HD) [81,82]. Reactive astrocytes are associated with
neurodegenerative diseases, such as AD and PD, and can secrete molecules into the extracel-
lular space that can have neuroprotective or neurodegenerative functions [83]. Specifically
in AD, which is characterized by amyloid beta plaques and neurofibrillary tangles, glucose
uptake is decreased while increased levels of lactate are found in the cerebrospinal fluid
(CSF) [84,85], which is thought to be due to pro-inflammatory microglia [86,87]. Interest-
ingly, in the 3xTg AD mouse model, astrocytic lactate production through aerobic glycolysis
was decreased [88]. Like AD patients, PD patients, who have severe dopaminergic loss,
have elevated CSF lactate levels [89,90]. While in the MPTP-induced mouse model of
PD, researchers found upregulated hexokinase 2 increased lactate, which prompted the
degeneration of dopaminergic neurons [89]. Further studies are urgently needed as lactate
levels are clearly altered, though there are differing results across studies, as lactate can
be used as a biomarker to clinically diagnose patients with neurodegenerative diseases by
measuring CSF levels.

It has also been found that the impairment of neural energy metabolism due to defec-
tive lactate shuttling from glial cells to neurons can lead to neuronal loss and degeneration
similar to that of AD [91]. In neurodegenerative diseases, it has been well characterized
that astrocytes are dysfunctional and can lead to an impairment of lactate production [92].
In turn this can lead to a decrease in neuronal energy levels and progression of the dis-
ease. Patients with cognitive impairments were found to have reduced LDHS5 activity,
an enzyme critical for glucose conversion to lactate, and GLUT1 and GLUT3 expression,
both important components in the ANLS [93-95]. Young adults carrying ApoE4, a genetic
risk factor for late-onset AD, are found to have increased levels of MCT2 and decreased
levels of MCT4 in the posterior cingulate of the limbic system [96,97]. Interestingly, this
does not correspond with animal studies, but this may be due to low sample numbers and
analyzation of protein and RNA levels in a broad scope as opposed to single cell sequencing.
Several AD rodent models show neuronal MCT2 and EAAT1/2 levels in astrocytes to be
significantly reduced [98,99]. Similarly, rats receiving hippocampal injections of amyloid
beta peptide fragments showed decreased MCT2 expression, as well as decreased lactate
and memory and learning deficits [98]. Application of a MCT2 inhibitor, 4-CIN, to prevent
lactate uptake in hippocampal neurons increased glutamate-induced neuronal discharge
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abnormalities in the CA1 region of the hippocampus as is frequently seen in AD [100].
Together these findings highlight the dysfunction of key components in ANLS as potential
pathological mechanisms in AD.

Aside from AD, there have been advancements in understanding lactate’s role in
the pathogenesis of other cognitive disorders. For example, ketamine, a dissociative
anesthetic that acts on the CNS through the antagonism of NMDARs, has been shown
to cause dose-dependent impairment to episodic and working memory if administered
long term; alterations in MCT protein expression (increases in MCT1 and 4, but decrease
in MCT2) are observed alongside behavioral changes, suggesting the observed memory
changes may be related to aberrant hippocampal MCT expression [67]. The knockdown
of astrocytic MCT4 in the motor cortex led to decreased neuronal activity in the motor
cortex and known associated regions such as the dorsal striatum and ventral thalamus [101].
Additionally, motor performance, learning, dendritic spines, and plasticity-related protein
expression were significantly reduced. As previously mentioned, lactate plays a critical role
in activating synaptic plasticity-related genes in response to neural activity through the
NMDAR to start a signaling cascade to regulate ERK1/2 [57]. Memory and addiction are
thought to share the same circuitry and molecular mechanisms therefore leading researchers
to conclude the astrocyte to neuron lactate transfer is involved in storage and retrieval of
addictive drug-related memories [102]. The administration of DAB, an inhibitor of glycogen
phosphorylase, was sufficient to impair cocaine induced conditioned place preference in
rats [102]. These findings show that the abnormal expression of key components involved
in the ANLS, such as metabolic enzymes and transports, affect the lactate shuttle, thus
leading to negative outcomes, such as exacerbating neurodegenerative-like phenotypes.
As a result, key components of ANLS are of great interest as novel therapeutic targets in
neurological disorders, including AD, PD, and addiction.

L-Lactate has also been established as a neuroprotectant during injury in both human
and animal models [103]. In the context of ischemic stroke, mice that received permanent
middle cerebral artery occlusion treated with lactate and recombinant tissue plasminogen
activator, the only approved drug for treatment, experienced a reduction in lesion size,
and an improved neurological outcome was found [104]. Stroke leads to excitotoxicity,
a process that results in neuronal damage or death due to the excessive stimulation of
NDMARs, causing an overload of intracellular calcium, thus triggering downstream neu-
rotoxic cascades. Excitotoxicity has been proposed to play a role in neurodegenerative
diseases, and lactate, as a signaling molecule, can be a neuroprotectant against toxic insults
through the activation of P2Y2, thus activating the intracellular neuroprotective signaling
pathway [105] Lactate has also been proposed to work as a neuroprotectant by lowering
pH levels during its conversion to lactatic acid within neurons. The slight decrease in pH
in turn facilitates the firing of action potentials and enhance neuronal excitability therefore
making the depolarization of neurons more efficient [106]. The improved excitability may
have neuroprotective effects through the maintenance of proper neuronal signaling. In the
context of neurodegenerative diseases commonly associated with neuroinflammation, lac-
tate is thought to influence inflammation and contribute to anti-inflammatory responses in
several proposed mechanisms, such as pH modulation, regulation of immune cell function,
metabolic reprogramming, anti-oxidative effects, and microglial regulation [107]. Lactate
plays a crucial role in injury and disease, and some researchers have suggested the con-
sumption of alcohol in moderation, though not a viable treatment option due to its risk of
addiction, since it is the greatest possible source of lactate from our daily diet [108]. It is
important to note though that lactate’s effect as a neuroprotectant and its anti-inflammatory
effect is evolving, and more research is needed to understand the mechanisms involved in
order for lactate to be harnessed as a potential therapeutic.

6. Concluding Remarks and Future Perspectives

The conventional hypothesis of the central nervous system’s metabolism asserted
glucose to be the primary substrate during neural activity, but increasing evidence has
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challenged this idea. The astrocyte—neuron lactate-shuttle hypothesis proposes a mech-
anism and a source of energy, lactate, to fuel high energy demands to maintain brain
homeostasis throughout an organism’s life. The ANLS plays a critical role in important
brain functions, such as development, synaptic plasticity, angiogenesis, and disease states.
An impairment in the shuttling of lactate due to decreased levels of key players leads to
cognitive decline, such as AD, and given the tight link between metabolic dysfunction and
neurodegenerative disease, it warrants further studies. The hypothesis also recognizes and
highlights lactate’s significant role in a number of physiological and pathological processes,
such as the regulation of energy metabolism, memory formation, and recovery after injury,
which are regulated by lactate as either a metabolic substrate or as a signaling molecule.
Currently, lactate is used as an indicator for disease diagnoses, such as cancer, but it can
be used as a potential therapeutic in diseases where energy metabolism is altered or as a
neuroprotectant against insults to the brain.
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