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Abstract: Lactate is a product of cellular energy metabolism.
In the brain, lactate shuttles between astrocytes, microglia,
and neurons, playing an important role in coordinating cellular
metabolism and signaling. Hypoxia causes a shift in cellular me-
tabolism from oxidative phosphorylation to glycolysis, increas-
ing lactate. In addition to being a metabolic substrate, lactate
also acts as a signaling molecule. More interestingly, lactate
accumulation can induce protein lactylation modification, a new-
ly identified post-translational modification (PTM). Lactylation
modifications occur on both histone and non-histone proteins
and are involved in the regulation of numerous cellular process-
es, including tumorigenesis, immune inflammation, and embry-
onic development. In the context of neurcinflammation, our re-
cently published report showed that hypoxia activates microglia
and exacerbates neuroinflammation in the brain. This review
summarizes the effects of hypoxia on lactate metabolism, as
well as the process of lactylation and delactylation in microglia.
The regulatory mechanisms of protein lactylation in hypoxia-ex-
acerbated neuroinflammation are further discussed.
Keywords: Hypoxia; Lactate; Lactylation; Neuroinflammation;
Microglia.

INTRODUCTION

Physiologically, basal brain metabolism requires 20% of the oxygen
consumption of the body (1). Most of the oxygen in the brain is con-
sumed by neurons (2). However, in hypoxic environments, cellular me-
tabolism shifts from oxidative phosphorylation to anaerobic glycolysis.
The process of glycolysis progressively metabolizes glucose to pyru-
vate, which ensures a rapid ATP supply. The effects of hypoxic stimula-
tion on brain tissue are manifold. Inhalation of a mixed gas containing
11% O, induces vasodilation of the vertebral artery, basilar artery, and
forebrain, and increases blood flow and perfusion (3). In early develop-
ment, low oxygen leads to incomplete myelin development in newborns,
resulting in cognitive deficits (4). Hypoxia leads to neuronal metabolic
disorders, disrupting neurotransmitter synthesis and release, and affect-
ing nerve signaling (5, 6). Prolonged hypoxic stimulation at 4,300 m for
6 months induces neuronal apoptosis, resulting in irreversible brain tis-
sue damage, causing multiple neurological dysfunctions such as cogni-
tive and motor deficits, and increasing the risk of neurological disorders
(7, 8). Brain tissue hypoxia is mainly caused by low oxygen content
when access to high altitude (9), hypoxic environments in intracranial
tumors (e.g., gliomas) (10, 11), hypoxemia or low brain tissue oxygen-
ation (PbtO,) due to traumatic brain injury (12), decreased brain oxygen
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saturation due to obstructive sleep apnea (OSA) (13,
14), decreased cerebral blood flow perfusion due to
ischemic stroke (15) and disruption of cerebral blood
flow during neonatal hypoxia-ischemia (HI) (16).
This review focuses on the modulation of neuroin-
flammation due to manipulated lactate production
caused by hypoxia alone, either simulated hypobaric
hypoxia or plateau hypoxia exposure.

Under normoxia, pyruvate is metabolized by py-
ruvate dehydrogenase (PDH) to acetyl-coenzyme A
(CoA), which subsequently enters the tricarboxylic
acid (TCA) cycle in the mitochondria. On the other
side, pyruvate is converted to lactate by lactate dehy-
drogenase (LDH) under hypoxic conditions. Lactate
in the brain is involved in a variety of biological pro-
cesses. Previous theories believed that lactate was a
waste product of cell metabolism. Studies in recent
years have shown that lactate in the brain is involved
in a variety of biological processes in cells (17). For
example, lactate serves as an energy source to provide
metabolic support for neurons (18) maintain the acid-
ic environment of lysosomes (19) transmit signals
between neurons and glial cells (20) and regulate the
activation of macrophages by mediating post-trans-
lational modification of proteins (21). Microglia are a
type of macrophage that reside in the central nervous
system (CNS) (22, 23) and play a crucial role in im-
munosurveillance within the brain (24). Microglia
initiate immune defense upon hypoxic stimulation
of the CNS, trans-differentiate between an immu-
nosuppressive M2 phenotype and an activated M1
phenotype, and express pro-inflammatory cytokines
which cause cognitive impairment (25-27). Moder-
ate supplementation of L-lactate (5 mM) attenuates
lipopolysaccharide (LPS)-induced pro-inflammatory
activation of microglia and neuroinflammation in
mice (28). Supplementation with 20 mM L-lactate
exacerbates the LPS-induced inflammatory response
in the BV2 microglial cell line (29). Recent studies
have shown that lactate-driven histone lactylation
modulates the immune status of mouse microglia, re-
sulting in neuroinflammation and cognitive impair-
ment (29, 30). This review summarized the effects of
hypoxia on lactate metabolism and recent advances
in the regulation of hypoxia-induced neuroinflam-
mation through lactylation modifications.

SEARCH STRATEGY
Studies cited in this review were published from
1994 to 2024, with a predominant citation from

2019 to 2024. All studies were searched on the
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PubMed database using the following keywords:
hypoxia, brain, high altitude, microglia, astrocyte,
neuron, lactate, lactate metabolism, lactylation, de-
lactylation, neuroinflammation, muscle, heart, liv-
er, intestines, blood, TCA cycle, GLUT, glycolysis,
lactate dehydrogenases, oxidative phosphorylation
and pentose phosphate pathway. Studies targeting
lactate and lactylation were limited to those on hy-
poxia or neuroinflammation. Data from original
studies were based only on humans, rats and mice.
Studies that focused on microglia or accurately re-
ported lactate doses were preferentially included.
The following types of studies were excluded: those
where the full text was unavailable; experimental
methods were not clear or they were meta-analyses
or abstracts.

1. SOURCE OF LACTATE

Lactate in human blood is mainly released from
skeletal muscle, the brain, erythrocytes and perive-
nous hepatocytes (31). Human blood lactate levels
are approximately 0.5 mM to 2.2 mM during rest-
ing breathing and achieve 12 mM to 25 mM during
exercise (32), After 1 and 3 days of exposure to a
plateau environment at 4559 m, blood lactate lev-
els gradually increased in the volunteers (33). Af-
ter inhaling a gas mixture containing 12% O, for
20 minutes, the lactate levels in the brains of vol-
unteers increased significantly (34). After inhaling
a gas mixture containing 10% O, for 60 minutes,
brain lactate concentration increased from 0.4 mM
to 1.2 mM in volunteers, as detected by magnetic
resonance imaging (35). Under hypoxia, part of the
lactate in the brain is converted by lactate dehydro-
genase B (LDHB) to pyruvate (36), which provides
energy for neuronal metabolism (37) and another
part of the lactate is transported into the venous
blood (38). Most of the lactate in the blood is con-
verted by the liver to pyruvate, which is involved in
energy metabolism (32).

1.1. Lactate Production in the Brain

Brain tissue mainly consists of neurons and glial
cells. Glial cells include microglia, astrocytes, and
oligodendrocytes (39). Astrocytes are the main
producers of lactate, while neurons are the main
consumers of lactate (40). Under normoxia, lactate
is transported out of astrocytes by monocarboxyl-
ate transporters MCT1 and MCT4 (MCT1/4), and
then into neurons by MCT2 (41). MCT1/4 is also
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expressed on the cell membrane of microglia,
where it performs the same function (42).

Under normoxia, glucose was transported into
the cytosol by the cell membrane glucose transport-
er protein GLUT1 (43, 44). Glucose is catalyzed
to pyruvate by enzymes, such as phosphofructoki-
nase (PFK), phosphoglycerate kinase 1 (PGK1)
and pyruvate kinase (PK), which are located in
the glycolytic pathway (40). Pyruvate is converted
to acetyl-CoA by PDH (40). Glycolytic pathways
are active in astrocytes. Pyruvate accumulates in
astrocytes since astrocytes highly express fruc-
tose-2,6-bisphosphatase 3 (PFKFB3) and pyru-
vate dehydrogenase kinase isoform 4 (PDK4) (40),
therefore, pyruvate accumulates in the cells. Part of
the pyruvate is converted to lactate by the enzyme
lactate dehydrogenase (LDH). In humans, LDH
is a tetramer composed of two subunits, LDHA
and LDHB, which are encoded by separate genes.
LDHA is more active in driving the conversion of
pyruvate to lactate, while LDHB is more active in
driving the conversion of lactate to pyruvate. There
are five isozymes of LDH, of which LDH1 contains
only the LDHB subunit, LDH5 consists only of
the LDHA subunit, and three additional isozymes
contain both LDHA and LDHB subunits (45). The
composition of the subunits determines that LDH1
catalyzes the production of pyruvate and LDH5
catalyzes the production of lactate. LDH5 is high-
ly expressed in astrocytes and converts pyruvate
accumulated in these cells to lactate, which means
that lactate in the brain is primarily produced by
astrocytes (40, 46). LDH1 is highly expressed by
neurons. Lactate is converted to pyruvate by LDH1
in neurons and then enters the tricarboxylic acid
cycle(40). Thus, lactate is one of the main energy
sources for neurons.

Astrocytes are less sensitive to hypoxic stimuli
than microglia. A comparative study between pri-
mary astrocytes and microglia revealed that after
being incubated with 2-Deoxy-D-glucose (2-DG)
instead of glucose for 6 h in an anaerobic environ-
ment, astrocytes maintained 98% cell viability and
simultaneously increased LDH secretion. In con-
trast, microglia had a survival rate of approximate-
ly 12% (47). This suggests that astrocytes are more
tolerant to hypoxic stimuli and have a greater ca-
pacity for lactate synthesis. The mechanism of lac-
tate production might be attributed to the induction
of PGK1 phosphorylation and the inhibition of PDH
in the mitochondria. This leads to a blockage in the
conversion of pyruvate to acetyl-CoA, consequently
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resulting in the production of more lactate (48, 49).
In a hypoxic environment, the enhanced glycolytic
activity of astrocytes and the blocked TCA cycle
result in the accumulation of pyruvate that is con-
verted to lactate.

Oligodendrocytes originate from oligodendro-
cyte precursor cells (OPCs) are responsible for
forming the myelin sheath. Oligodendrocytes take
up blood glucose via GLUT1 and metabolize it to
lactate, which can be utilized by neurons (50, 51).
MCT1 is abundantly enriched in the cell mem-
brane of oligodendrocytes (52). Lactate is translo-
cated to the periaxonal space or the extracellular
space via MCT1 (52). On the other hand, lactate is
an essential energy substrate for myelin formation
(50). Lactate from the periaxonal space is taken up
into the neuron by MCT2 on the axon to provide a
substrate for energy metabolism (52). LDH release
levels from oligodendrocyte-like cells were not al-
tered after 48 hours of incubation in an anaerobic
environment (53). Zhang et al. found that after 1 h
of hypoxic stimulation (1% O,), MCT1 expression
levels in OPCs were elevated, but lactate accumu-
lated intracellularly, which may be attributed to
the inhibition of MCT1 activity by hypoxia (54).
Current studies have focused on dysmyelination
and myelin damage due to hypoxia, rather than on
energy metabolism in oligodendrocytes. It cannot
be ruled out that hypoxia affects glycolytic path-
ways, leading to the accumulation of lactate in
oligodendrocytes.

Microglia, a type of mononuclear macrophage
residing in the CNS, are the predominant neuro-
immune cells (22, 23). Microglia initiate immune
defenses to maintain homeostasis when the CNS is
exposed to stimuli (24). The generation of lactate
in microglia is also increased under hypoxic con-
ditions. Wang et al. demonstrated that lactate pro-
duction by the human microglial clone 3 (HMC3)
microglial cell line doubled after 12 h of incubation
in a gas mixture containing 10% O, (55). Similarly,
we observed an increase in LDH protein expression
and a significant increase in intracellular and me-
dium lactate concentrations after 24 h of induction
with 0.3% O, in primary microglia and BV2 cell
lines (29, 30). Wang et al. found that the pentose
phosphate pathway (PPP) was upregulated in prima-
ry macrophages after 7 days of exposure to 1% O,
(56). Carpenter et al. suggested that glyceraldehyde
3-phosphate and fructose 6-phosphate produced by
the pentose phosphate pathway could serve as sub-
strates for lactate production (46). Taken together,

Human Brain (2024) 3(3) | 3



REVIEW ARTICLE

hypoxia induces lactate production in microglia re-
lies on upregulation of the glycolytic pathway and
LDH activity, and results in elevated lactate levels
in the brain.

1.2. Lactate Production
in Hypoxic Peripheral Tissue

Under hypoxia environment, muscles, intestines,
kidneys, and the heart produce more lactate via the
glycolytic pathway due to insufficient oxygen sup-
ply. Hypoxia-inducible factor (HIF) is a key factor
in sensing and responding to hypoxic stimuli (57).
HIF proteins are composed of a and [ subunits,
with HIF-1a receiving the most attention. The pro-
tein level of HIF-1a is regulated by oxygen concen-
tration (58). Under normoxia, HIF-1a is ubiquiti-
nated by PDH and subsequently degraded by the
proteasome (59). In hypoxia, PDH activity is in-
hibited, and HIF-1a increases pyruvate production
by promoting the transcription of GLUT and glyco-
lytic enzymes (e.g. Hexokinase (HK), PFK2, PK)
(59). HIF-1a positively regulates LDHA in tumor
cells in a hypoxic environment, which catalyzes the
conversion of pyruvate to lactate (60, 61). Cobalt
chloride (CoCl,) is an inducible molecule that has
been used to construct a model of chemical hypoxia
in cells cultured in vitro (62). CoCl, was found to
simulate the effects of hypoxic stimuli on HIF-1a
and HIF-2a, maintaining HIF protein levels in the
presence of sufficient oxygen by preventing pro-
tein ubiquitination modification followed by deg-
radation (63). In a CoCl -induced hypoxia model,
HIF-2a upregulated LDHA expression and activity
in ileal tissue by binding to the hypoxia response
element 1 (HRE1) promoter (64). Under hypoxia,
the activity of MCT4 is upregulated by HIF-1a,
and MCT4 transports lactate through the basolat-
eral membrane to the extracellular space (65, 66).
This resulted in increased levels of lactate in the
total contents of the ileum, cecum, and appendix
(64, 67). Under anaerobic conditions, the levels of
lactate release in the intestinal smooth muscle and
thoracic aorta of guinea pigs are elevated 3-4-fold
(67). Intestinal tissues are exposed to a hypoxic
environment and are accompanied by a large num-
ber of bacteria. The ischaemic stimulus affects the
metabolism of intestinal lactate bacteria, leading to
the production of D-lactate (68, 69). For example,
Poeze et al. reported that the intestinal barrier is
damaged by hypoxic stimuli, resulting in the re-
lease of D-lactate into the blood (70).
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Lactate produced by peripheral tissues can be
transported to brain tissue by the circulation system.
After a single set of biceps contraction exercises,
the lactate concentration in the blood of an athlete
increases from 1.4 mM to 4.0 mM and is positive-
ly correlated with exercise intensity (71). There is
a significant elevation of lactate levels in the blood
of athletes after inhaling air with a fraction of in-
spired oxygen (F,,) of 0.157 for 5 minutes during
cycling (72). In another study, femoral vein lactate
levels in cyclists increased from 2.0 mM to 6.0 mM
after 3 minutes of exercise in a normobaric hypoxic
(F,,,=0.10) environment and reached 12.3 mM after
30 minutes, accompanied by a significant decrease
in blood pH (73). A portion of the lactate in human
blood is reconverted to pyruvate by the liver at a rate
of 320 mM/h for aerobic respiration or gluconeogen-
esis (74). Part of lactate crosses the blood-brain bar-
rier (BBB) into brain tissue and is transported into
neurons by monocarboxylate transporter MCT?2 (75)
or transported into endothelial cells or glial cells
by MCT1 (76). Taken together, lactate levels in the
blood are elevated severalfold in response to hypox-
ic conditions and exercise stimuli. Blood lactate is
released from peripheral tissues and then enters the
CNS to help regulate the metabolism and homeosta-
sis of neurons and glial cells (Fig. 1).

2. LACTATE MODULATES
NEUROINFLAMMATION

Currently, there are conflicting reports on the effects
of lactate on the inflammatory response in microg-
lia. Kong et al. reported that in the LPS-treated BV2
cells, supplementation with 5 mM L-lactate attenuat-
ed the classical activation by blocking the function
of MCT1 and inhibiting the glycolytic pathway (28).
However, when 20 mM L-lactate was added to this
model, the levels of pro-inflammatory cytokines se-
creted by BV2 cells were significantly increased (29).
Human Microglia Clone 3 (HMC3) cells treated with
20 mM lactate for 48 h showed a significant increase
in the protein level of the reparative marker (Argi-
nase 1, Argl) and a decrease in the mRNA content
of the inflammatory marker (Tumor necrosis factor,
TNF) (77). Thus, different microglial cell lines may
respond differently to the same dose of lactate. Low-
dose pretreatment with lactate promoted the repair
phenotype of microglia. Hong et al. reported that lac-
tate pretreatment (10 mM, 1 h) upregulated mRNA
levels of anti-inflammatory cytokines (IL-4, IL-10
and CD206) in primary microglia induced by LPS
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(1 pg/mL, 8 h) and prevented processes shortening
(78). Han et al. found that low-dose sodium lactate
(25 pM pretreatment for 2 h) prevented the pro-in-
flammatory activation induced by LPS (200 pg/ml,
24 h) in BV2 cells (79). Interestingly, Zhang et al.
found that IFNy and LPS treatment induced proin-
flammatory activation and production of lactate in

Roles and Mechanisms of Lactylation...

BV2 cells; however, supplementation with lactate
suppressed the mRNA levels of proinflammatory
factors (IL-1B, iNOS and TNF-a) and upregulated re-
pair factors (Arg-1, CD206 and IL-10) (80). In vitro,
low doses of lactate are favorable for the repair phe-
notype of microglia, while high doses of exogenous
lactate exacerbate the inflammatory response.

Biceps
‘ﬂ' FBP
\L Aldolase
Liver PGAL
|
| A 4 + PGK TCA cycle
I PGA T
Leg ', | o L PK PDH
i Pyruvate —— Acetyl-CoA

Intestines

LDHA J F LDHB
\ Lactate - )

Figure 1. Production and transport of lactate. In the cytoplasm, glucose is gradually converted into G-6-P,
F-B6-P, FBP, PGAL, etc. through the glycolysis pathway, and is finally metabolized to pyruvate by PK. Part of
G-6-P leaves the glycolytic pathway and enters the PPP, where it is metabolized to ribulose-5-phosphate and
then converted to F-6-P and PGAL, allowing it to re-enter glycolysis. The PPP does not require oxygen, but
hypoxia enhances the non-oxidative pentose phosphate pathway (non-oxPPP) and increases the production
of F-6-P and PGAL. The pyruvate produced by the co-regulation of the glycolysis pathway and the PPP
is metabolized to acetyl-CoA by PDH, and then enters the mitochondria to participate in the TCA cycle
and is ultimately metabolized to NADH. Physiologically, lactate is produced and transported as a metabolic
intermediate. Due to hypoxia, exercise, or inflammation, lactate produced by skeletal muscles (such as

the biceps and leg muscles), liver, intestines, heart, brain, or other organs is secreted into the blood and
participates in metabolic circulation. Part of lactate in blood is metabolized by hepatocytes to pyruvate,
which is ultimately converted into glucose or glycogen for storage. Approximately 11% of the lactate in
blood is transported into brain tissue via MCT. The other part of lactate in brain tissue originates from
astrocytes microglia and oligodendrocytes. Lactate in the brain is taken up by neurons for energy or to
mediate glutamatergic signaling. G-6-P: Glucose 6-phosphate; F-6-P: Ructose-6-phosphate; FBP: Fructose-
1,6-bisphosphate; PGAL: Glyceraldehyde-3-phosphate; PGA: 3-phosphoglycerate; HK: Hexokinase; PGM:
Phosphoglucomutase; PFK: Phosphofructose kinase; PGK: Phosphoglycerate kinase; PK: Pyruvate kinase;
LDHA: Lactate dehydrogenase A; LDHB: Lactate dehydrogenase B; PDH: Pyruvate dehydrogenase; PPP:
Pentose phosphate pathway; Acetyl-CoA: Acetyl-coenzyme A; TCA cycle: Tricarboxylic acid cycle; NADH,
Nicotinamide adenine dinucleotide; MCT: Monocarboxylate transporters.
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There are also different conclusions in animal
studies, implying that the role of lactate may be
dynamic. In a mouse model of neuroinflammation
induced by LPS (1 mg/kg, 8 h), classical activa-
tion of microglia and expression of inflammatory
factors were attenuated by supplementation of 2 pl
of 100 mM L-lactate into the brain ventricles (28).
Similarly, peritoneal injection of lactate (400 mg/
kg for 5 days) before LPS (100 pg/kg) injection
prevented the shortening of microglial processes
in the prefrontal cortex of mice (78). In D-galac-
tose-gal and AICl,-induced Alzheimer’s disease
mice, longer sodium lactate pretreatment (2 g/kg,
5 days/week for 8 weeks) also drove microglia to
exhibit a reparative phenotype (79). However, the
side effects resulting from long-term interventions
using high doses of lactate deserve further inves-
tigation. Lactate-driven microglia activation was
observed in models of neuroinflammation but not
in models of lactate supplementation alone. In a
rat model of neuroinflammation induced by LPS (1
mg/kg, 24 h), the inhibition of lactate production
attenuated the levels of inflammatory factors in
the hippocampus (81). Lactate magnetic resonance
spectroscopy (MRS) signal in the extracellular flu-
id of the core area of the lesion in rats increased
up to 20-fold during the 28-day recovery period
from cerebral hemorrhage and was accompanied
by amoeboid morphologic changes in microg-
lia (82). Lactate levels in hippocampal tissue are
approximately fivefold elevated in 12-month-old
mice with Alzheimer’s disease, inducing an in-
flammatory response in microglia through histone
lactylation modification (83). In the acute phase of
LPS treatment, supplemental lactate energizes glial
cell metabolism and ameliorates the inflammatory
response. In contrast, during the chronic phase,
lactate has an activating effect on glial cells and
therefore exacerbates the inflammatory response.
The fundamental reason for this contradictory phe-
nomenon may stem from the antagonism between
the two functions of lactate: as a signaling mole-
cule and as an energy substrate.

The effects of endogenous lactate are similar
in hypoxia-exposure animal models. In a hypoxic
environment (10% O,, 30 min), increased cortical
lactate in rats is accompanied by increased levels
of pro-inflammatory cytokines (84). After hypoxia
exposure (11.1% O,, 2 h), lactate levels in rat cere-
brospinal fluid increased from 2 mM to 4 mM, acti-
vating the G protein-coupled receptor 81 (GPR81)/
protein kinase A/cAMP axis, stimulating neurons
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in the preoptic anterior hypothalamus (PO/AH),
and inducing anaphylactic reactions (85). The lac-
tate/GPR81/protein kinase A/cAMP axis may con-
tribute to hypoxia-induced neuroinflammation and
structural damage to the retina, resulting in im-
paired color vision (41, 86). In a brain injury model
established by simulated high-altitude hypoxic ex-
posure (9000 m, 23 h), the expression level of LDH
in the hippocampus of rats increased, the arrange-
ment of neurons became disordered, and neuronal
excitability decreased (87). Taken together, endog-
enous lactate induced by hypoxia drives the onset
and development of neuroinflammation.

3. HYPOXIA-INDUCED
PROTEIN LACTYLATION

3.1. Lactylation modification

In 2019, Zhang et al. discovered that L-lactate pro-
duced during hypoxia-induced macrophage M1
polarization can be used as a substrate to drive the
lactylation modification of lysine residues on his-
tones. Histone acetyltransferase p300 may mediate,
with the assistance of p53, the transfer of lactyl
groups from lactate to lactyl-CoA and ultimately
to H3K18 or H4KS8, thereby leading to the secre-
tion of reparative cytokines by macrophages (21).
Subsequent studies have shown that p300 correlates
with protein lactylation (55, 79). YinYang-1 (YY1)
lysine 183 is lactylated (YY1K183la) and the level
of YY1K183la increases/decreases with p300 over-
expression/inhibition in retinal microglial cells of
mice reared in a simulated plateau hypoxic envi-
ronment (55). Han et al. found that the lactylation
level of proteins in cells was affected by p300 in
BV2 cellular model based on (-amyloid (Af) pro-
tein induction. When the translation of p300 was
inhibited by siRNA, the lactylation level of proteins
in BV2 cells was reduced, and the expression of
Argl and VEGF was suppressed (79). However, it
is unclear whether p300 binds directly to lactate or
lactyl-CoA and induces protein lactylation. Isotope
tracing revealed the hypoxia-induced conversion
of 13C-labeled glucose to lactate via the glycolytic
pathway (88), followed by the transfer of *C from
lactate to the lactyl group of the protein (21). How-
ever, the correlation between lactate and lactyl-CoA
levels does not represent that carbon transfer has
occurred between them (89). It is unclear whether
lactyl-CoA serves as an intermediate between lac-
tate and lactylation.
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Recent studies have identified lactyltransferase
activity in alanyl-tRNA synthetase AARS1 and
AARS2 (90, 91). The main function of AARS is to
catalyze the synthesis of aminoacyl-AMP and sub-
sequently transfer the aminoacyl group to specific
tRNAs, ensuring the precise execution of protein
translation (92). Zong et al. found that AARS1 in
breast cancer cells directly binds sodium lactate,
forms lactate-AMP intermediates with the involve-
ment of ATP, and then transfers the lactyl group to
the p53 protein (91). Ju et al. found that in gastric
cancer HGC27 cells, AARS1 drives the lactylation
of Yes-associated protein (YAP) at K90 and TEA
domain transcription factor 1 (TEAD1) at K108 in
the nucleus with the help of ATP energy, promoting
tumor cell proliferation (93). In contrast, the effect
of p300 on lactylation was found to be weak in this
study (93). AARS? has also been found to possess
lactyltransferase activity. In the test tube, AARS2
transfers lactate to the lysine with the help of ener-
gy released from ATP phosphate bonds, forming a
lactylation modification (94). In human and mouse
peritoneal macrophages, Li et al. found that AARS2
drove cyclic guanosine-adenylate synthase (cGAS)
lactylation, leading to the silencing of the intrinsic
innate immune response (90).

A recent study found that in macrophages and
microglia stimulated by hypoxia, p300 may me-
diate protein lactylation via lactyl-CoA due to the
correlation between its protein levels and the levels
of histone and non-histone lactylation. However,
the intracellular concentration of lactyl-CoA is at
trace levels (95), which makes p300-driven lactyl-
ation difficult to achieve. p300 is a transcription
coactivator involved in tumor cell proliferation, in-
vasion, and apoptosis. p300 also possesses acetyl-
transferase activity and mediates post-translational
modifications of proteins such as acetylation and
crotonylation (96). The broad biological functions
of p300 may result in p300 indirectly influencing
lactylation modification. The molecular mechanism
by which p300 drives lactylation remains to be
verified. In contrast, the process of AARS-driven
lactylation modification is more clearly defined and
has been detected in human cancer cells and mac-
rophages (Fig. 2). Currently, the lactyltransferase
activity of AARS has been found only in non-his-
tone proteins. Targeting the lactylation modifica-
tion of histones by AARS could help to provide a
more complete understanding of the protein lactyl-
ation process. Moreover, it cannot be excluded that
lactylation modifications are mediated by different
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Roles and Mechanisms of Lactylation...

enzymes in various cell types, such as cancer cells
and microglia.

3.2 Delactylation

The complete process of post-translational modi-
fication of proteins involves writing, reading, and
erasing. It has been found that sirtuin1-3 (SIRT1-3)
and histone deacetylases1-3 (HDAC1-3) possess
delactylase activity (97, 98). Mao et al. found that
SIRT1 reversed the inhibition of oxidative phos-
phorylation by hypoxia-induced lactylation of py-
ruvate dehydrogenase A1l (PDHA1) and carnitine
palmitoyltransferase 2 (CPT2) in mouse muscle
cells (94). SIRT2 and SIRT3 were found to me-
diate histone delactylation in the cytoplasm and
mitochondria of human embryonic kidney (HEK)
293T cells, respectively (97). It is also reported that
HDACI1-3 removed lactylation modifications of his-
tones H3K18 and H4KS5 in the nucleus of HEK293T
cells (97). Members of the SIRT and HDAC fam-
ilies exhibit different delactylase activities for
L-lactyl-lysine (K, ) and D-lactyl-lysine (K_,)
(97). HDAC1/3 is more active against H5K5la, and
HDACS3 exhibits a lower delactylase activity in vi-
tro (97). Compared to HDAC1/2, HDACS3 preferred
K, Similarly, SIRT1 had a higher delactylase
activity for K, . D-lactyl-lysine is rarely found in
the human body because the production of D-lac-
tate is less than 1/1000th that of L-lactate (89, 97).
Therefore, studies of enzymatic activities targeting
K, ,, are more important. At present, research on
the activities of lactyltransferases and delactylases
is mainly completed in vitro. The studies in vivo
will help to systematically elucidate the delactyla-
tion process.

3.3. Role of Lactylation
in Neuroinflammation

We recently found that hypoxic stimulation upreg-
ulated global protein lactylation levels in BV2 mi-
croglial cells and primary microglia (30). Multiple
levels of lysine lactylation of p53 are significantly
upregulated in a BV2 microglia model construct-
ed under hypoxic conditions (0.3% O,) combined
with LPS stimulation (29). Hypoxia-induced lactate
is a repressor of p53 and promotes the lactylation
modification of p53 (p53Kla) (91). p53 regulates
the cell cycle and has a high mutation frequency
in tumor tissue. Lactylation-modified lysines of p53
are located in conserved sequences (29, 99). p53Kla
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Figure 2. The “write” and “erase” hypotheses of lactylation. Intracellular lactate is produced by hypoxia-
induced glycolysis or transported into the cell by MCT from outside. Lactate, as a substrate, binds to
AMP to form the lactate-AMP intermediate, which is catalyzed by AARS1 or AARS2. Subsequently, the
lactyl group is transferred to the lysine residue of the protein. The breakage of the high-energy phosphate
bond of ATP provides the energy for the process described above and produces AMP. Another hypothesis
for lactylation suggests that p300 drives lactate to form lactyl-CoA, which transfers the lactyl group to
histones. The process of delactylation is recognized to be mediated by HDAC1-3. In vitro studies, SIRT1-3
is also thought to possess delactylase activity. MCT: Monocarboxylate transporter; ATP: Adenosine
triphosphate; AMP: Adenosine monophosphate; AARS: Alanyl-tRNA synthetase; Pi: Phosphate group; HDAC:
Histone deacetylases; SIRT: Sirtuin; H3K18la: H3K18 lactylation; H4K8la: H4K8 lactylation; cGASKIa: Cyclic

guanosine-adenylate synthase lactylation; p53Kla: p53 lactylation; Lactyl-CoA: Lactyl-coenzyme A.

translocates to the nucleus and activates p65, which
drives the transcription of cytokines such as IL-6,
TNF-a, and IL-1f. We also detected the lactylation
status of nucleosome remodeling and deacetyl-
ase (NuRD) complex, which mainly consists of
HDAC1, HDAC2, Metastasis-associated protein
MTA1, MTA2, MTA3, and GATA zinc finger do-
main-containing protein 2 (30). HDAC1 possesses
histone and non-histone delactylase activities and
affects microglial inflammation by regulating lac-
tylation modifications of H3K9 and H3K27 (100).
On the other hand, HDAC2 and MTA2 negatively
regulate the expression of inflammatory signaling
pathways (101).

Microglia in the mouse retina underwent im-
mune activation in response to hypoxic stimuli. Af-
ter 5 days in a hypoxic (15.75% O,) environment,
the cytosol of mouse microglial cells became en-
larged, and their protrusions shortened and thick-
ened (55). The lactylation level of lysine 183 (K183)
of the transcription factor YY1 was increased,

8 | Human Brain (2024) 3(3)

driving the expression of the pro-inflammatory
cytokine IL6, the transcription factor STAT3, and
the chemokine CCL5, which collectively induced
visual function impairment (55, 102, 103). In Alz-
heimer’s disease mice, H3K18la activates the NFkB
signaling pathway in hippocampal microglia by
binding to the p65 and p50 subunits, leading to the
secretion of the pro-inflammatory cytokine IL-6
from microglia (104). However, exogenous lactate
(25 pM)-driven H3K 18la regulated the transition of
BV2 cells to repair phenotype (79). In Alzheimer’s
disease mice, H4K12la promotes M1 polarization
of microglia and impairs cognition through a pos-
itive feedback loop involving pyruvate kinase M2
(PKM2) and glycolysis (105). Studies on different
brain regions have shown that microglia in hippo-
campal tissue exhibit higher levels of lactylation
compared to those in the cortex (104). These data
suggest that hypoxia-induced protein lactylation
produced by microglia is crucial for the develop-
ment of neuroinflammation.
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4. INTERVENTION STRATEGIES
TARGETING PROTEIN LACTYLATION
IN NEUROINFLAMMATION

Hypoxia-induced neuroinflammation is a contribut-
ing factor in the onset and progression of altitude
sickness (25, 30). Reduced oxygen concentration
leads to the production of pyruvate via anaerobic
glycolysis, which is subsequently metabolized to
lactate by LDH. Lactate serves as a substrate for
lactyltransferases, which mediate the protein lac-
tylation modification. Regarding protein lactylation
modification, several strategies were proposed to
modulate neuroinflammation:

1. Inhibiting the production of pyruvate, thepre-
cursor of lactate. Pan et al. found that specific
knockdown of PKM2 in mouse microglia re-
duced H4K12la levels, shifted microglia from
an immune-activated state to a resting state, and
mitigated cognitive impairment in mice (105).

2. Downregulation of protein lactylation by in-
hibiting lactate production. Our recent study
showed that the pre-treatment of BV2 cells
with an LDH inhibitor (sodium oxamate) or
the inhibition of LDHA through gene editing
can downregulate lactate production, leading to
reduced levels of pro-inflammatory cytokines
such as IL6 and TNFa (29, 30). Zhang et al.
found that sodium oxamate supplementation
reduced H3K18la levels and enhanced CD8" T
cell activity (106).

3. Targeting lysine lactyltransferases. It has been
reported that p300 has lactyltransferase activity.
Inhibiting p300 prevents extensive protein lac-
tylation. Huang et al. inhibited p300 in microg-
lia both in vitro and in vivo, which led to the
downregulation of YY1 lactylation and pro-in-
flammatory factors produced by microglia (102).

4. Modulation of lactylated proteins by precise in-
tervention strategy. In BV2 cells, before hypox-
ia-complex LPS stimulation, point mutations
of lysine of p53 to arginine led to a significant
decrease in the expression of pro-inflamma-
tory cytokines in p53 mutant cells compared
to wild-type cells (29). Wang et al. alleviated
proliferative retinopathy by preventing YY1
lactylation through the YY1K183R mutation in
microglia (55). Therefore, precise regulation of
protein modification sites may represent a more
effective strategy for targeted intervention of
neuroinflammation.
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5. CONCLUSION

Hypoxia induces elevated levels of lactate in brain
tissue. Under hypoxic conditions, the main sources
of lactate in the brain are astrocytes and microg-
lia. Additionally, a portion of lactate originates
from peripheral tissues and crosses the BBB into
the brain via circulation. Hypoxia-induced lactate
serves as a substrate for protein lactylation. Lactyl-
ation modification regulates the inflammatory re-
sponse of microglia by modulating the expression
of downstream genes and influencing the progres-
sion of neuroinflammation. Current studies have
demonstrated that protein lactylation in microglia
plays a role in the regulation of hypoxia-induced
neuroinflammation. Therefore, lactate, as well as
its-mediated protein lactylation represent promis-
ing targets for interventions in various neurological
disorders.

Founding

This research was funded by the National Natu-
ral Science Foundation of China (grant number
82072104).

Conflict of interest

The authors have no conflicts of interest. ¢

REFERENCES

1. BEARD E, LENGACHER S, DIAS S, MAGISTRETTI PJ,
FinsTErRwALD C. Astrocytes as Key Regulators
of Brain Energy Metabolism: New Therapeutic
Perspectives. Front Physiol. 2021;12:825816.

2. HowartH C, GreesonN P, ArtwerL D. Updated
energy budgets for neural computation in the
neocortex and cerebellum. J Cereb Blood Flow
Metab. 2012;32(7):1222-32.

3. KeLLawan JM, PerLtoNeEN GL, HARRELL JW, ET
Ar. Differential contribution of cyclooxygenase
to basal cerebral blood flow and hypoxic cere-
bral vasodilation. Am J Physiol Regul Integr
Comp Physiol. 2020;318(2):R468-R79.

4. ReN Sy, Xi1A Y, Yu B, er aL. Growth hormone
promotes myelin repair after chronic hypoxia
via triggering pericyte-dependent angiogenesis.
Neuron. 2024;112(13):2177-96 e6.

5. CueEN X, CHEN A, WEI J, ET AL. Dexmedeto-
midine alleviates cognitive impairment by

Human Brain (2024) 3(3) | 9



REVIEW ARTICLE

10.

11.

12.

13.

14.

15.

16.

promoting hippocampal neurogenesis via
BDNEF/TrkB/CREB signaling pathway in hy-
poxic-ischemic neonatal rats. CNS Neurosci
Ther. 2024;30(1):e14486.

MaruTant E, Morita M, Hiral S, ET AL. Sulfide
catabolism ameliorates hypoxic brain injury.
Nat Commun. 2021;12(1):3108.

Wanc X, Cur L, J1 X. Cognitive impairment
caused by hypoxia: from clinical evidences
to molecular mechanisms. Metab Brain Dis.
2022;37(1):51-66.

Hou Y, Fan F, XiE N, ET AL. Rhodiola crenulata
alleviates hypobaric hypoxia-induced brain in-
jury by maintaining BBB integrity and balanc-
ing energy metabolism dysfunction. Phytomed-
icine. 2024;128:155529.

Hu X, CueN Y, Huo W, ET aAr. Surface oxygen
concentration on the Qinghai-Tibet Plateau
(2017-2022). Sci Data. 2023;10(1):900.
GREENWALD AC, DARNELL NG, HOEFFLIN R, ET AL.
Integrative spatial analysis reveals a multi-lay-
ered organization of glioblastoma. Cell.
2024;187(10):2485-501 e26.

Lw K, Jianc L, SH1 Y, ET AL. Hypoxia-induced
GLT8D1 promotes glioma stem cell mainte-
nance by inhibiting CD133 degradation through
N-linked glycosylation. Cell Death Differ.
2022;29(9):1834-49.

BARRIT S, AL BArAIRANI M, EL HADWEH S, ET
AL. Brain Tissue Oxygenation-Guided Thera-
py and Outcome in Traumatic Brain Injury: A
Single-Center Matched Cohort Study. Brain Sci.
2022;12(7).

ANDRE C, REHEL S, KunN E, ET AL. Association
of Sleep-Disordered Breathing With Alzhei-
mer Disease Biomarkers in Community-Dwell-
ing Older Adults: A Secondary Analysis of
a Randomized Clinical Trial. JAMA Neurol.
2020;77(6):716-24.

CHOKESUWATTANASKUL A, CHIRAKALWASAN N,
JAIMCHARIYATAM N, ET AL. Associations between
hypoxia parameters in obstructive sleep apnea
and cognition, cortical thickness, and white
matter integrity in middle-aged and older adults.
Sleep Breath. 2021;25(3):1559-70.

GHOsH MK, CHAKRABORTY D, SARKAR S, BHOw-
MIK A, Basu M. The interrelationship between
cerebral ischemic stroke and glioma: a compre-
hensive study of recent reports. Signal Trans-
duct Target Ther. 2019;4:42.

RoumEes H, GoubpeNecHE P, PELLERIN L, Bou-
ziER-SoRE AK. Resveratrol and Some of Its

10 | Human Brain (2024) 3(3)

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Xuechao Fei, Ming Zhao, Lingling Zhu

Derivatives as Promising Prophylactic Treat-
ments for Neonatal Hypoxia-Ischemia. Nutri-
ents. 2022;14(18).

Wane MY, Zuou Y, L1t WL, ZHU Lq, Liu D.
Friend or foe: Lactate in neurodegenerative dis-
eases. Ageing Res Rev. 2024;101:102452.

Sui C, Xu J, DING Y, ET AL. MCT1-mediated en-
dothelial cell lactate shuttle as a target for pro-
moting axon regeneration after spinal cord inju-
ry. Theranostics. 2024;14(14):5662-81.

Brisson L, BaNski P, SBoARINA M, ET AL. Lac-
tate Dehydrogenase B Controls Lysosome Ac-
tivity and Autophagy in Cancer. Cancer Cell.
2016;30(3):418-31.

LarocHE S, StiL A, GERMAIN P, ET AL. Partici-
pation of L-Lactate and Its Receptor HCAR1/
GPR81 in Neurovisual Development. Cells.
2021;10(7).

ZHANG D, TanG Z, HuanG H, ET AL. Metabolic
regulation of gene expression by histone lactyl-
ation. Nature. 2019;574(7779):575-80.

Aijami B, BENNETT JL, KRIEGER C, TETZLAFF W,
Rosst FM. Local self-renewal can sustain CNS
microglia maintenance and function throughout
adult life. Nat Neurosci. 2007;10(12):1538-43.
SoromoN JN, Lewis Ca, Ajami B, ET AL. Ori-
gin and distribution of bone marrow-derived
cells in the central nervous system in a mouse
model of amyotrophic lateral sclerosis. Glia.
2006;53(7):744-53.

TiBer1 A, Capsont S, CATTANEO A. A Microglial
Function for the Nerve Growth Factor: Predic-
tions of the Unpredictable. Cells. 2022;11(11).
Znou Y, Huanc X, Zuao T, ET AL. Hypoxia aug-
ments LPS-induced inflammation and triggers
high altitude cerebral edema in mice. Brain Be-
havior and Immunity. 2017;64:266-75.

WAaNG X, CHEN G, WaN B, ET AL. NRF1-mediated
microglial activation triggers high-altitude ce-
rebral edema. J Mol Cell Biol. 2022;14(5).
WanG X, Hou Y, L1 Q, er AL. Rhodiola cren-
ulata attenuates apoptosis and mitochondri-
al energy metabolism disorder in rats with
hypobaric hypoxia-induced brain injury by
regulating the HIF-lalpha/microRNA 210/
ISCU1/2(COX10) signaling pathway. J Ethno-
pharmacol. 2019;241:111801.

KonG L, WANG Z, LianG X, ET AL. Monocarbox-
ylate transporter 1 promotes classical microg-
lial activation and pro-inflammatory effect via
6-phosphofructo-2-kinase/fructose-2, 6-biphos-
phatase 3. J Neuroinflammation. 2019;16(1):240.

https://doi.org/10.37819/hb.3.2021



REVIEW ARTICLE

29.Fr1 X, CuEN L, Gao J, Er AL. p53 lysine-lactyl-
ated modification contributes to lipopolysac-
charide-induced proinflammatory activation in
BV2 cell under hypoxic conditions. Neurochem
Int. 2024;178:105794.

30.JianG X, Gao J, FEI X, ET AL. Global profiling
of protein lactylation in microglia in experimen-
tal high-altitude cerebral edema. Cell Commun
Signal. 2024;22(1):374.

31. BAKkER J, NusTeN MWN, Jansen TC. Clinical
use of lactate monitoring in critically ill pa-
tients. Annals of Intensive Care. 2013;3(1):12.

32.PunpIrR CS, NARWAL V, BATRA B. Determination
of lactic acid with special emphasis on biosens-
ing methods: A review. Biosens Bioelectron.
2016;86:777-90.

33. StruNz PP, VUuiLLE-DIiT-BiLLE RN, M RF, ET AL.
Effect of high altitude on human postprandi-
al (13) C-octanoate metabolism, intermediary
metabolites, gastrointestinal peptides, and vis-
ceral perception. Neurogastroenterol Motil.
2022;34(3):e14225.

34.EppEN RA, Harris AD, MurpHy K, ET AL. Edit-
ed MRS is sensitive to changes in lactate con-
centration during inspiratory hypoxia. J Magn
Reson Imaging. 2010;32(2):320-5.

35. VESTERGAARD MB, LINDBERG U, AACHMANN-AN-
DERSEN NJ, ET AL. Acute hypoxia increases the
cerebral metabolic rate - a magnetic resonance
imaging study. J Cereb Blood Flow Metab.
2016;36(6):1046-58.

36.UrBanskAa K, Orzecrowski A. Unappreciated
Role of LDHA and LDHB to Control Apoptosis
and Autophagy in Tumor Cells. Int J Mol Sci.
2019;20(9).

37. SONNEWALD U, MULLER TB, WESTERGAARD N, ET
AL. NMR spectroscopic study of cell cultures
of astrocytes and neurons exposed to hypox-
ia: compartmentation of astrocyte metabolism.
Neurochem Int. 1994;24(5):473-83.

38. AinsLiE PN, SHaw AD, Smita KJ, ET AL. Stability
of cerebral metabolism and substrate availabil-
ity in humans during hypoxia and hyperoxia.
Clin Sci (Lond). 2014;126(9):661-70.

39. StarkEY J, Horstick EJ, AckerMan SD. Gli-
al regulation of critical period plasticity. Front
Cell Neurosci. 2023;17:1247335.

40. MAGIsTRETTI PJ, ALLAMAN 1. Lactate in the brain:
from metabolic end-product to signalling mole-
cule. Nat Rev Neurosci. 2018;19(4):235-49.

41. Menc X, WuW, TanG Y, ETAL. Lactate/Hydroxy-
carboxylic Acid Receptor 1 in Alzheimer’s

https://doi.org/10.37819/hb.3.2021

Roles and Mechanisms of Lactylation...

Disease: Mechanisms and Therapeutic Impli-
cations-Exercise Perspective. Mol Neurobiol.
2024,

42. MonsorNOo K, Buckinx A, PaoriceLLi RC.
Microglial metabolic flexibility: emerging
roles for lactate. Trends Endocrinol Metab.
2022;33(3):186-95.

43.7ZuANG Z, L1 X, YANG F, ET AL. DHHC9-mediated
GLUT1 S-palmitoylation promotes glioblasto-
ma glycolysis and tumorigenesis. Nat Commun.
2021;12(1):5872.

44.7nou J, ZuanG L, PENG J, ET AL. Astrocytic LRP1
enables mitochondria transfer to neurons and
mitigates brain ischemic stroke by suppressing
ARF1 lactylation. Cell Metab. 2024;36(9):2054-
68.e14.

45. Guyon J, FERNANDEZ-MoNcADA I, LARRIEU CM,
ET AL. Lactate dehydrogenases promote glioblas-
toma growth and invasion via a metabolic sym-
biosis. EMBO Mol Med. 2022;14(12):e15343.

46.CarPENTER KL, Jarron I, HutcHinsoN PJ. Gly-
colysis and the significance of lactate in trau-
matic brain injury. Front Neurosci. 2015;9:112.

47. Lyons SA, Kertenmann H. Oligodendrocytes
and microglia are selectively vulnerable to com-
bined hypoxia and hypoglycemia injury in vitro.
J Cereb Blood Flow Metab. 1998;18(5):521-30.

48.L1 X, JiaNG Y, MEISENHELDER J, ET AL. Mito-
chondria-Translocated PGK1 Functions as a
Protein Kinase to Coordinate Glycolysis and
the TCA Cycle in Tumorigenesis. Mol Cell.
2016;61(5):705-19.

49. TayLor CT, Scuorz CC. The effect of HIF on
metabolism and immunity. Nat Rev Nephrol.
2022;18(9):573-87.

50.Rosko L, Smita VN, Yamazaki R, Huanc JK.
Oligodendrocyte Bioenergetics in Health and
Disease. Neuroscientist. 2019;25(4):334-43.

51. AMARAL Al, HADERA MG, Tavares JM, KoTTER
MR, SonnewarD U. Characterization of glu-
cose-related metabolic pathways in differen-
tiated rat oligodendrocyte lineage cells. Glia.
2016;64(1):21-34.

52.11 S, SuenG ZH. Oligodendrocyte-derived tran-
scellular signaling regulates axonal energy me-
tabolism. Curr Opin Neurobiol. 2023;80:102722.

53. YosHiokA A, YAMAYA Y, Saiki S, ET AL. Non-N-
methyl-D-aspartate glutamate receptors mediate
oxygen--glucose deprivation-induced oligoden-
droglial injury. Brain Res. 2000;854(1-2):207-15.

54.7uaNG N, Guan T, SHariQ K, ET AL
Compromised Lactate Efflux Renders

Human Brain (2024) 3(3) | 11



REVIEW ARTICLE

Vulnerability of Oligodendrocyte Precursor
Cells to Metabolic Stresses. ACS Chem Neuros-
ci. 2020;11(17):2717-27.

55.WanG X, FAN W, L1 N, T Ar. YY1 lactylation in
microglia promotes angiogenesis through tran-
scription activation-mediated upregulation of
FGF2. Genome Biol. 2023;24(1):87.

56. WANG YT, Trzeciak AL, Roias WS, ET AL. Meta-
bolic adaptation supports enhanced macrophage
efferocytosis in limited-oxygen environments.
Cell metabolism. 2023;35(2):316-31.e6.

57. WanG GL, Jianc BH, Rue EA, SEmeEnza GL.
Hypoxia-inducible factor 1 is a basic-helix-
loop-helix-PAS heterodimer regulated by cel-
lular O2 tension. Proc Natl Acad Sci U S A.
1995;92(12):5510-4.

58.Sanmarco LM, Rone JM, Poronio CM, ET
ArL. Lactate limits CNS autoimmunity by sta-
bilizing HIF-la in dendritic cells. Nature.
2023;620(7975):881-9.

59. Reuss AM, Groos D, BUCHFELDER M, SAVASKAN
N. The Acidic Brain-Glycolytic Switch in the
Microenvironment of Malignant Glioma. Int J
Mol Sci. 2021;22(11).

60. Ivashkiv LB. The hypoxia—lactate axis tempers
inflammation. Nature Reviews Immunology.
2020;20(2):85-6.

61. YANG Z, SUW, WEI X, ET AL. HIF-1a drives resis-
tance to ferroptosis in solid tumors by promot-
ing lactate production and activating SLC1A1.
Cell reports. 2023;42(8):112945.

62. TripATHI VK, SUBRAMANIYAN SA, HwaNG I. Mo-
lecular and Cellular Response of Co-cultured
Cells toward Cobalt Chloride (CoCl(2))-Induced
Hypoxia. ACS Omega. 2019;4(25):20882-93.

63. MuNoz-SANCHEZ J, CHANEZ-CARDENAS ME. The
use of cobalt chloride as a chemical hypoxia
model. J Appl Toxicol. 2019;39(4):556-70.

64. Wu Q, Lianc X, WaNG K, ET AL. Intestinal hypox-
ia-inducible factor 2a regulates lactate levels to
shape the gut microbiome and alter thermogene-
sis. Cell metabolism. 2021;33(10):1988-2003.€7.

65. HaLesTRAP AP. Monocarboxylic acid transport.
Compr Physiol. 2013;3(4):1611-43.

66. MorenNO RoiG E, GRooT AJ, YAROMINA A, ET AL.
HIF-1a and HIF-2a Differently Regulate the Ra-
diation Sensitivity of NSCLC Cells. Cells-Ba-
sel. 2019;8(1).

67. Isuma Y, Takaci-Onta K. Lactate production
of mammalian intestinal and vascular smooth
muscles under aerobic and hypoxic conditions. J
Smooth Muscle Res. 1996;32(2):61-7.

12 | Human Brain (2024) 3(3)

Xuechao Fei, Ming Zhao, Lingling Zhu

68.ZuaNG FL, CHEN Xw, WANG YF, ET AL. Mi-
crobiota-derived tryptophan metabolites in-
dole-3-lactic acid is associated with intesti-
nal ischemia/reperfusion injury via positive
regulation of YAP and Nrf2. J Transl Med.
2023;21(1):264.

69. YiLmaz B, ScHiBLI S, MACPHERSON AJ, SOKOLLIK
C. D-lactic Acidosis: Successful Suppression of
D-lactate-Producing Lactobacillus by Probiot-
ics. Pediatrics. 2018;142(3).

70. Poeze M, FrooN AH, GREVE Jw, Ramsay G.
D-lactate as an early marker of intestinal isch-
aemia after ruptured abdominal aortic aneu-
rysm repair. Br J Surg. 1998;85(9):1221-4.

71. MArRQUEZ G, CoLoMER D, BENAVENTE C, ET AL.
Altitude-induced effects on neuromuscular,
metabolic and perceptual responses before,
during and after a high-intensity resistance
training session. European Journal of Applied
Physiology. 2023;123(10):2119-29.

72. Woorons X, BourpiLLON N, VANDEWALLE H, ET
Ar. Exercise with hypoventilation induces low-
er muscle oxygenation and higher blood lactate
concentration: role of hypoxia and hypercapnia.
Eur J Appl Physiol. 2010;110(2):367-77.

73. AvNsTORP M B, RasmusseN P, BRASSARD P, ET AL.
Cerebral water and ion balance remains stable
when humans are exposed to acute hypoxic ex-
ercise. High Alt Med Biol. 2015;16(1):18-25.

74. HaLESTRAP AP, WiLsoN MC. The monocarbox-
ylate transporter family — role and regulation.
IUBMB Life. 2012;64(2):109-19.

75.RoumEs H, DumonT U, SANCHEZ S, ET AL. Neu-
roprotective role of lactate in rat neonatal hy-
poxia-ischemia. J Cereb Blood Flow Metab.
2021;41(2):342-58.

76.Buscemi L, BLocHET C, MAGISTRETTI PJ, HIRT
L. Hydroxycarboxylic Acid Receptor 1 and
Neuroprotection in a Mouse Model of Ce-
rebral Ischemia-Reperfusion. Front Physiol.
2021;12:689239.

77. LoNGHITANO L, Vicario N, ForTE S, ET AL. Lac-
tate modulates microglia polarization via IG-
FBP6 expression and remodels tumor micro-
environment in glioblastoma. Cancer Immunol
Immunother. 2023;72(1):1-20.

78.HonGg H, Su J, Zuanc Y, ET AL. A novel role of
lactate: Promotion of Akt-dependent elongation
of microglial process. Int Immunopharmacol.
2023;119:110136.

79.Han H, Zhao Y, Du J, ET AL. Exercise improves
cognitive dysfunction and neuroinflammation

https://doi.org/10.37819/hb.3.2021



REVIEW ARTICLE

in mice through Histone H3 lactylation in mi-
croglia. Immun Ageing. 2023;20(1):63.

80.ZuaNG B, L1 F, Su1 Y, ET AL. Single-cell RNA
sequencing integrated with bulk RNA sequenc-
ing analysis reveals the protective effects of lac-
tate-mediated lactylation of microglia-related
proteins on spinal cord injury. CNS Neurosci
Ther. 2024;30(9):e70028.

81. Vizuete AFK, FroEs F, SEADY M, ET AL. Early ef-
fects of LPS-induced neuroinflammation on the
rat hippocampal glycolytic pathway. J Neuroin-
flammation. 2022;19(1):255.

82.Liu Y, Yanc S, Ca1 E, er AL. Functions of lactate
in the brain of rat with intracerebral hemorrhage
evaluated with MRI/MRS and in vitro approach-
es. CNS Neurosci Ther. 2020;26(10):1031-44.

83.PaN Ry, HE L, ZHANG J, ET AL. Positive feedback
regulation of microglial glucose metabolism by
histone H4 lysine 12 lactylation in Alzheimer’s
disease. Cell Metab. 2022;34(4):634-48 e6.

84. YAN EB, HELLEWELL SC, BELLANDER BM, AGyAaro-
MAA DA, MorcanTI-KossMaANN MC. Post-trau-
matic hypoxia exacerbates neurological deficit,
neuroinflammation and cerebral metabolism in
rats with diffuse traumatic brain injury. J Neu-
roinflammation. 2011;8:147.

85.Yanc T, Wanc Z, L1 J, Suan F, Huanc Q-Y.
Cerebral Lactate Participates in Hypoxia-in-
duced Anapyrexia Through its Receptor G
Protein-coupled Receptor 81. Neuroscience.
2024;536:119-30.

86.LankrorD HV, Hovis JK. Color Vision in
the Mountains. Wilderness Environ Med.
2023;34(4):610-7.

87. WaNnG X, Hou Y, L1 Q, T AL. Rhodiola crenulata
attenuates apoptosis and mitochondrial ener-
gy metabolism disorder in rats with hypobar-
ic hypoxia-induced brain injury by regulating
the HIF-lo/microRNA 210/ISCU1/2(COX10)
signaling  pathway. J  Ethnopharmacol.
2019;241:111801.

88.Ta Nr, SevyrriED TN. Influence of Serum and
Hypoxia on Incorporation of [(14)C]-D-Glu-
cose or [(14)C]-L-Glutamine into Lipids and
Lactate in Murine Glioblastoma Cells. Lipids.
2015;50(12):1167-84.

89. Zhang D, Gao J, Zhu Z, et Ar. Lysine L-lactyla-
tion is the dominant lactylation isomer induced
by glycolysis. Nat Chem Biol. 2024.

90.L1 H, Liu C, L1 R, Er AL. AARS1 and AARS2
sense l-lactate to regulate cGAS as global lysine
lactyltransferases. Nature. 2024.

https://doi.org/10.37819/hb.3.2021

Roles and Mechanisms of Lactylation...

91. ZonG Z, XiE F, WANG S, ET AL. Alanyl-tRNA syn-
thetase, AARS]I, is a lactate sensor and lactyl-
transferase that lactylates p53 and contributes to
tumorigenesis. Cell. 2024;187(10):2375-92.e33.

92. Gurta S, JANI J, VIJAYASURYA, ET AL. Aminoa-
cyl-tRNA synthetase - a molecular multitasker.
FASEB J. 2023;37(11):e23219.

93.Ju J, Zuanc H, LN M, ET AL. The alanyl-tRNA
synthetase AARS1 moonlights as a lactyltrans-
ferase to promote YAP signaling in gastric can-
cer. J Clin Invest. 2024;134(10).

94.Mao Y, ZHANG J, Zuou Q, ET AL. Hypoxia in-
duces mitochondrial protein lactylation to
limit oxidative phosphorylation. Cell Res.
2024;34(1):13-30.

95. VARNER EL, TREFELY S, BARTEE D, ET AL. Quantifi-
cation of lactoyl-CoA (lactyl-CoA) by liquid chro-
matography mass spectrometry in mammalian
cells and tissues. Open Biol. 2020;10(9):200187.

96.ZENG Q, WANG K, ZHAo Y, ET AL. Effects of the
Acetyltransferase p300 on Tumour Regulation
from the Novel Perspective of Posttranslational
Protein Modification. Biomolecules. 2023;13(3).

97. MoreNO-YRUELA C, ZHANG D, WEI W, ET AL.
Class I histone deacetylases (HDACI1-3) are
histone lysine delactylases. Science advances.
2022;8(3):eabi6696.

98.ZuaNG XW, L1 L, Liao M, ET AL. Thermal Pro-
teome Profiling Strategy Identifies CNPY3 as
a Cellular Target of Gambogic Acid for Induc-
ing Prostate Cancer Pyroptosis. J Med Chem.
2024;67(12):10005-11.

99. ZonG Z, XiE F, WANG S, ET AL. Alanyl-tRNA syn-
thetase, AARS]I, is a lactate sensor and lactyl-
transferase that lactylates p53 and contributes to
tumorigenesis. Cell. 2024;187(10):2375-92 e33.

100. DatTa M, Staszewski O, Raschr E, ET AL. His-
tone Deacetylases 1 and 2 Regulate Microglia
Function during Development, Homeostasis,
and Neurodegeneration in a Context-Dependent
Manner. Immunity. 2018;48(3):514-29.e6.

101. ZuancG Q, Zuao K, SHEN Q, ET AL. Tet2 is re-
quired to resolve inflammation by recruiting
Hdac2 to specifically repress IL-6. Nature.
2015;525(7569):389-93.

102. Huang J, Wane X, L1 N, erar. YY1 Lactylation
Aggravates Autoimmune Uveitis by Enhancing
Microglial Functions via Inflammatory Genes.
Adv Sci (Weinh). 2024;11(19):e2308031.

103. Zuanc XC, Lianc HF, Luo XD, T AL. YY1
promotes IL-6 expression in LPS-stimu-
lated BV2 microglial cells by interacting

Human Brain (2024) 3(3) | 13



REVIEW ARTICLE

with p65 to promote transcriptional activa-
tion of IL-6. Biochem Biophys Res Commun.
2018;502(2):269-75.

104. WErI L, Yanc X, WANG J, ET AL. H3K18 lactyl-
ation of senescent microglia potentiates brain
aging and Alzheimer’s disease through the
NFkB signaling pathway. J Neuroinflammation.
2023;20(1):208.

<=

4

Xuechao Fei, Ming Zhao, Lingling Zhu

105. PaN RY, HE L, ZHANG J, ET AL. Positive feed-
back regulation of microglial glucose me-
tabolism by histone H4 lysine 12 lactylation
in Alzheimer’s disease. Cell metabolism.
2022;34(4):634-48.e6.

106. Zuanc C, Zuou L, Zuanc M, er AL. H3K18
Lactylation Potentiates Immune Escape of Non-
Small Cell Lung Cancer. Cancer Res. 2024.

>

@ @@ Publisher’s note: Eurasia Academic Publishing Group (EAPG) remains neutral

with regard to jurisdictional claims in published maps and institutional affiliations.

Open Access. This article is licensed under a Creative Commons Attribution-NoDerivatives 4.0
International (CC BY-ND 4.0) licence, which permits copy and redistribute the material in any me-
dium or format for any purpose, even commercially. The licensor cannot revoke these freedoms as
long as you follow the licence terms. Under the following terms you must give appropriate credit,
provide a link to the license, and indicate if changes were made. You may do so in any reasonable
manner, but not in any way that suggests the licensor endorsed you or your use. If you remix,
transform, or build upon the material, you may not distribute the modified material. To view a copy
of this license, visit https://creativecommons.org/licenses/by-nd/4.0/.

14 | Human Brain (2024) 3(3) https://doi.org/10.37819/hb.3.2021



