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Abstract

Traditionally, lactate has been considered a ‘waste product’of cellular metabolism. Recent findings have shown

that lactate is a substance that plays an indispensable role in various physiological cellular functions and contributes
to energy metabolism and signal transduction during immune and inflammatory responses. The discovery of lacty-
lation further revealed the role of lactate in regulating inflammatory processes. In this review, we comprehensively
summarize the paradoxical characteristics of lactate metabolism in the inflammatory microenvironment and high-
light the pivotal roles of lactate homeostasis, the lactate shuttle, and lactylation (lactate clock’) in acute and chronic
inflammatory responses from a molecular perspective. We especially focused on lactate and lactate receptors

with either proinflammatory or anti-inflammatory effects on complex molecular biological signalling pathways

and investigated the dynamic changes in inflammatory immune cells in the lactate-related inflammatory microenvi-
ronment. Moreover, we reviewed progress on the use of lactate as a therapeutic target for regulating the inflamma-

tory response, which may provide a new perspective for treating inflammation-related diseases.
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Inflammation is a protective response that is triggered
by exogenous or endogenous stimuli (such as infection
or tissue damage) and is characterized by the activa-
tion of immune and non-immune cells, the alleviation
of injury, the clearance of necrotic cells, and the pro-
motion of tissue repair [1]. The inflammatory response
is one of the primary lines of defence of the host that is
used to resist pathogen invasion [2]. When cells recog-
nize pathogen-associated molecular patterns or damage-
associated molecular patterns, they rapidly produce and
release proinflammatory cytokines and chemokines to
trigger inflammatory responses [3]. These extracellular
factors recruit immune cells to the site of injury to elimi-
nate microbial infection and modulate the inflammatory
response. Under physiological conditions, the inflam-
matory response will dissipate gradually and automati-
cally as the threat is eliminated [4]. However, if persistent
inflammation hinders the dissipation of the inflammatory
response and activates inflammasomes by recognizing
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damage-associated molecular patterns, the body will
experience chronic inflammation [5]. Continuous low-
grade tissue infiltration of immune cells activates the
inflammasome, impairs normal immune function, and
amplifies the inflammatory response, which may lead to
severe tissue damage and remodelling, thereby inducing
the development of chronic diseases [6]. Inflammation
involves multiple organs in the body, and damage to these
organs may have severe clinical consequences. According
to the Global Burden of Disease Study, more than 50%
of deaths can be attributed to inflammation-related dis-
eases, which are recognized as one of the most common
causes of death worldwide today and impose consider-
able psychological and economic burdens on patients
and society [3, 7]. Another study reported that there were
approximately 48.9 million cases of sepsis, which is gen-
erally viewed as a condition of overwhelming systemic
inflammation [8], and 11.0 million sepsis-related deaths
occurred in 2017, representing 19.7% of all global deaths
[9]. Therefore, researchers have been trying to find anti-
inflammatory therapies with low toxicity that regulate
the inflammatory response, do not promote antibiotic
resistance, and reduce mortality [10].

As a major source of energy required for the body, glu-
cose plays a key role in the maintenance of biological
activities [11]. Under normal aerobic conditions, glucose
can be catabolized by glycolysis into two pyruvate mol-
ecules, two adenosine triphosphate (ATP) molecules and
two nicotinamide adenine dinucleotide (NADH) mol-
ecules [12]. Pyruvate enters the tricarboxylic acid (TCA)
cycle in the form of acetyl-CoA via pyruvate dehydroge-
nase (PDH) and generates up to approximately 32 ATP
molecules after oxidative phosphorylation (OXPHOS)
[13]. When oxygen consumption or the oxygen supply of
body tissues and cells is insufficient under conditions of
intense exercise or diseases such as tumours, inflamma-
tion, infection, and ischaemia, the TCA cycle is inhibited,
and the aerobic glycolysis pathway is activated to com-
pensate for the lack of ATP production by OXPHOS [14].
Moreover, pyruvate and NADH are reduced to lactate
and NAD™ by lactate dehydrogenase (LDH), thus allow-
ing glycolysis to persist. Previously, lactate was consid-
ered the metabolic waste product of glycolysis. However,
recent research has demonstrated that glucose may play
a supportive role in bioenergetic metabolism in T cells,
while lactate serves as a more favourable carbon source
for the TCA cycle [15-18]. As an important signalling
molecule, lactate also plays a crucial role in regulating the
immune response, thus affecting immune surveillance
and escape-related behaviours.

Therefore, targeted regulation of lactate is a promising
therapeutic approach for the management of inflamma-
tion-related diseases. The identification of lactylation,
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a recently discovered posttranslational protein modi-
fication, has greatly improved our understanding of the
functional roles and implications of lactate in various dis-
eases, such as tumours and inflammatory disorders [19].
Moreover, this study paves the way for novel research
into the critical roles of lactate in tumour biology,
inflammation, immunity, and related fields. This review
summarizes the paradoxical role of lactate and lactate
metabolism in the inflammatory microenvironment and
highlights the essential role of lactate in the regulation
of both acute and chronic inflammatory processes with
the aim of providing a new perspective for the prevention
and treatment of inflammatory diseases.

Lactate and lactate metabolism

in the inflammatory microenvironment

The‘Warburg effect’in the inflammatory
microenvironment

The “Warburg effect, originally discovered by Otto War-
burg in cancer, is characterized by a shift in cellular
metabolism from OXPHOS to aerobic glycolysis [20].
Mounting evidence shows that the ‘Warburg effect’
occurs not only in tumors, but also in the pathogenesis
of non-cancerous diseases, such as inflammatory diseases
[21, 22].

Most immune cells are relatively quiescent in a sta-
ble state, but when the body is subjected to microbial
infection, tissue damage, or cellular stress, immune
cells can rapidly respond to activate metabolic pathways
for inflammatory reactions to help the body eliminate
threats and restore homeostasis [23]. The transcription
factor hypoxia-inducible factor 1 o (HIF-1a) translocates
to the nucleus and binds to glycolysis-regulated genes to
induce the “Warburg effect’ and the production of lactate
[24, 25].

Contrary to previous assumptions that lactate is simply
metabolic waste, lactate serves as a vital carbon source
for the TCA cycle in T cells and macrophages, with a
preference even surpassing that of glucose. Compared
with those cultured with glucose alone, in vitro-acti-
vated CD8* T cells cultured with 2 mM lactate exhibited
a significant 15%—20% increase in basal ATP produc-
tion and 30% increase in maximal ATP production from
OXPHOS [15]. LDHB converts lactate to pyruvate, which
is further oxidized in the mitochondria and subsequently
metabolized by the TCA cycle to citrate, malate, and
a-ketoglutarate [18, 26, 27]. These metabolites generated
by lactate augment the inflammatory response, notable
examples being citrate which can induce NO, prostaglan-
dins, and ROS production [28]. Therefore, lactate plays
a pivotal role in inflammatory diseases and represents a
potential therapeutic target for their treatment.
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Lactate acidifies the extracellular environment and affects
cellular function

The glycolytic metabolic rate increases in response to
the increased demand for energy in inflammatory cells,
resulting in augmented production and release of lactate.
Excess lactate is exported via monocarboxylate trans-
porters (MCTs)1-4 and converted to lactic acid by a
proton (H') acquired from NADH. Lactic acid, a weakly
hydrophilic acid, is easily converted to lactate and HY,
which can cause acidification in the extracellular envi-
ronment [29]. Acidosis caused by the accumulation of
lactate, which is an end product of the glycolytic path-
way, in the extracellular environment has become a hall-
mark of inflammatory diseases and cancer [30—34]. The
physiological lactate concentration in blood and tissues
is approximately 1.5-3 mM [35], the blood lactate con-
centration in sepsis patients can reach more than 20 mM
[36], and the lactate concentration in inflammatory tis-
sues can even reach 40 mM [33]. Lactic acid induces a
decrease in the intracellular pH by entering the cytosol
of cytotoxic CD8" T lymphocytes, thereby inhibiting
the proliferation of CD8" T cells, cytokine production,
and cytotoxic function. However, a recent study demon-
strated that the inhibition of lactate by LDH knockdown
leads to a reduction in antigen-specific T-cell expansion
and interferon (IFN)-y production. Moreover, the accu-
mulation of lactate initiates lactylation, which transits
macrophages from the M1 phenotype with high gly-
colytic/low TCA activity to the M2 phenotype with low
glycolytic/high TCA activity, thereby promoting wound
healing and the resolution of immune responses dur-
ing inflammation [27]. These findings indicate that lac-
tate and lactate metabolism can affect cellular function,
amplify inflammatory responses or induce the resolution
of inflammation [37, 38].

Factors involved in lactate metabolism

in the inflammatory microenvironment

Enzymes participate in lactate production

To rapidly meet the high energy requirements of inflam-
matory cell recruitment and microbial phagocytosis,
infiltrating cells in the inflammatory microenvironment
are highly glycolytic. Several enzymes are involved in
glucose glycolysis that leads to the production of lactate,

(See figure on next page.)
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which serves as an important carbon source for cell
metabolism and enables the transition between glyco-
lysis, OXPHOS, and fatty acid oxidation by adjusting the
NAD-to-NADH ratio via CD40 signaling [39, 40]. The
key enzymes that participate in the process of glycolysis
are presented in Fig. la.

Hexokinase 2 (HK2)

HK is the first rate-limiting enzyme in glycolysis, and
four subtypes of human HK have been identified: HK1,
HK2, HK3, and HK4 [41]. Extracellular glucose enters
the cell via glucose transporters and is phosphorylated
by HK with the consumption of ATP to produce glucose-
6-phosphate, which is the first step in glucose metabo-
lism. Glucose-6-phosphate is converted to pyruvate
by PKM2 and then to lactate by LDHA. HK plays a key
role in energy metabolism, gene transcription, and other
processes [42]. HK1 and HK2 bind to the mitochon-
drial outer membrane and preferentially contact mito-
chondrial ATP to promote glycolysis [43]. As a sensor
for changes in cellular glucose levels, HK2 detects glu-
cose availability through glucose-6-phosphate-mediated
detection, regulates the aerobic glycolysis rate and lac-
tate production, and ensures cell energy homeostasis
and cell survival [44]. Repressed glycolysis is commonly
associated with alleviated inflammation [45]. A potential
therapeutic approach for inflammatory diseases involves
the inhibition of HK2, thereby reducing the rate of gly-
colysis and subsequently mitigating the inflammatory
response [46—48]. However, Hu et al discovered that defi-
ciency of HK2 hampers microglial glycolysis and impairs
mitochondrial function, thereby promoting neuroinflam-
mation through dysfunctional mitochondria and accu-
mulated ROS [49].

Phosphofructokinase-1 (PFK-1)

PFK-1, the second rate-limiting enzyme in glycolysis [50],
phosphorylates fructose-6-phosphate to fructose-1,6-di-
phosphate, which constitutes a critical control point for
regulating glycolytic flux [51]. PFK-1 is a tetramer pro-
tein, and three genes encode the human subtype: PFK-M
(expressed in muscle tissue), PFK-L (expressed in the
liver), and PFK-P (found in the plasma) [52]. The rate of
PFK-1 in the cytoplasm is influenced by various allosteric

Fig. 1 aKey enzymes the participate in glycolysis. In the inflammatory microenvironment, the rate of glycolysis increases to facilitate rapid
energy production, resulting in an increase in lactate synthesis. On the one hand, the accumulation of lactate acidifies the extracellular space, thus
impairing immune cell viability and functionality. On the other hand, lactate serves as a crucial carbon source for immune cells and acts as a vital
metabolic fuel during the later stages of inflammation. b Lactate-related receptors in the inflammatory microenvironment. Lactate metabolism
plays crucial roles during proinflammatory and anti-inflammatory processes in maintaining inflammation-environmental homeostasis. Lactate

is transported by specific receptors to exert proinflammatory or anti-inflammatory effects in the inflammatory microenvironment.
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effectors, of which fructose-2,6-bisphosphate is the most
potent activator [53]. LPS enhances PFK-1 activity, lead-
ing to an increased rate of glycolysis and the production
of lactate. Downregulation of PFK-1 expression by the
inhibition of PFKFB3, which promotes fructose-2,6-bis-
phosphate production, reverses the LPS-induced inflam-
matory effect that promotes the secretion of IL-1f [46].

PFK-2

PFK-2 is composed of four genes encoding PFKFB1-4
[54]. Despite sharing a sequence homology of 85%, the
four isoenzymes exhibit variations in tissue-specific
expression profiles, kinase/phosphatase activity ratios,
and responses to protein kinase, hormone, and growth
factor signalling [55]. PFK-2 catalyses both the synthe-
sis and degradation of fructose-2,6-bisphosphate, which
is an activator of PFK-1, thereby controlling the speed
of glycolysis [56]. Inhibition of PFK-2 leads to reduced
NF-kB activation, thereby inhibiting the expression of
adhesion molecules, proinflammatory cytokines, and
chemokines [57]. Resolving-type macrophages, which
mainly rely on OXPHOS, prevent chronic inflammation
by clearing apoptotic cells through efferocytosis. Effero-
cytosis promotes a transient increase in macrophage gly-
colysis and lactate production, which is dependent on the
rapid activation of PFKFB2. Lactate facilitates persistent
efferocytosis to resolve chronic inflammation by upregu-
lating MerTK and LRP1 expression [58]. Upregulation of
PFKFB3 expression can promote glycolysis to fulfil the
heightened energy and metabolic demands in inflamed
tissues [59].

Pyruvate kinase M (PKM) 2

Pyruvate kinase is the third rate-limiting enzyme in the
glycolysis pathway and has three isoenzymes, M type,
R type, and L type. Notably, M type can be further clas-
sified into two subtypes, M1 and M2 [60]. PKM2 can
promote glycolysis to convert phosphoenolpyruvate to
pyruvate [61]. PKM2 is a pivotal regulator of various bio-
logical processes, including HIF-1a stabilization, IL-1p
production, macrophage polarization, glycolytic repro-
gramming, ‘Warburg’ metabolism, and inflammasome
activation [62, 63]. Lactate induces nuclear translocation
of PKM2 in CD4* T cells, leading to increased expression
of phosphorylated STAT3 and interleukin (IL)-17, which
drives the inflammatory response [33]. PKM2 expression
is substantially increased in lipopolysaccharide (LPS)-
activated macrophages and promotes the production
of lactate. Then, lactate inhibits glycolysis by increasing
the nuclear translocation of PKM2 via a feedback loop,
thereby stimulating macrophages to shift from a proin-
flammatory phenotype to a reparative phenotype [64].
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LDH

LDH is an NAD*-dependent enzyme that exists in two
isoforms, LDHA and LDHB, and mediates the bidirec-
tional conversion of pyruvate and lactate. LDH-5 (A4)
has a greater affinity for pyruvate than for lactate and
promotes the conversion of pyruvate to lactate, whereas
LDH-1 (B4) has a greater affinity for lactate than pyru-
vate, thus favouring the conversion of lactate to pyruvate
[65]. LDHA catalyses the conversion of pyruvate to lac-
tate and NAD™. In an inflammatory environment, exces-
sive glycolysis and the production of lactate may cause
acidification of the cytoplasm, thereby inducing confor-
mational changes and decreasing LDHA activity [66].
Conversely, LDHB facilitates the reduction of lactate
back into pyruvate, thereby allowing lactate to serve as a
source for oxidative metabolism and/or gluconeogenesis
[67].

Lactate affects immune cell function through receptors

As a main product of glycolysis, lactate is sensed by
immune cells through the expression of receptors,
affects immune cell metabolism, and regulates the anti-
inflammatory or proinflammatory cell phenotypes [68].
Lactate-related receptors that are present in the inflam-
matory microenvironment are presented in Fig. 1b.

MCT

MCT is a member of the solute carrier 16 transporter
family, of which there is a total of 14 subtypes [69].
Among them, MCT1-4 is a proton-dependent trans-
porter involved in catalysed proton coupling and the
bidirectional transport of monocarboxylic acid; this
transporter exports lactate and protons to maintain a
high rate of glycolysis and alkaline intracellular pH by
recycling NADH [70-72]. The lactate shuttle transports
lactate as a vehicle between highly glycolytic cells (pro-
ducer) and highly oxidative cells (consumer). As both a
product of glycolysis and a substrate for mitochondrial
respiration, lactate is the link between glycolytic and oxi-
dative metabolism [73]. Under physiological conditions,
MCT1-4 promotes the shuttling of lactate between gly-
colytic and oxidizing cells, and the high affinity of MCT1
is responsible for the transfer of lactate according to the
transmembrane lactate gradient to maintain intracellu-
lar and extracellular lactate homeostasis [74]. MCT1 is a
key receptor in glycolysis that promotes the diffusion and
transport of lactate, which can enhance the expression of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases
(PFKFB)3 through HIF-1«, induce the activation of
inflammatory cells, and promote the inflammatory
response [75]. Inflammatory cells and other cells with
high intracellular lactate concentrations rely on MCTs to
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transfer lactate, which may contribute to the activation
of transcription factor nuclear factor kappa-B (NF-«B),
thereby promoting the expression of inflammatory fac-
tors and aggravating the inflammatory response [76].

Sodium-coupled monocarboxylate transporter (SMCT) 2
Solute carrier (SLC) 5 is a family of sodium-coupled
transporter proteins; there are 12 members of SLC5A
(1-12) [35, 77], among which SMCT1 (SLC5A8) and
SMCT?2 (SLC5A12) are SMCT transporters [78]. Despite
structural and mechanistic differences from MCTs,
SMCTs share several substrates with MCTs, including
lactate [79]. In contrast to MCT1, the primary lactate
transporter in macrophages, SMCT2 acts as a low-affin-
ity transporter and serves as the predominant carrier for
lactate entry into CD4* T cells. SMCT2 facilitates the
infiltration of CD4" T cells into inflammatory tissues
and promotes their differentiation into T helper (Th)17
cells and various subsets of T cells [80]. The inhibition of
SMCT?2 can reduce the uptake of lactate, restore T-cell
motility, and alleviate the Th17-mediated inflammatory
response [33].

Mitochondrial antiviral signalling proteins (MAVS)

MAVS mediates the activation of NF-kB and interferon
regulatory factor 3, thereby stimulating the RIG-I-like
receptor signalling pathway and promoting the produc-
tion of IFN in response to viral infection [81]. As a sen-
sor of lactate [82], MAVS binds with lactate generated by
glycolysis in tissues affected by the “Warburg effect; such
as inflamed tissues. Upon binding with lactate, MAVS
releases HK2, which does not bind to mitochondria and
becomes inactivated, consequently hindering IFN gener-
ation and leading to immune evasion [83]. These findings
suggest that MAVS not only plays a dual role in regulat-
ing glycolysis and innate immune responses but also par-
ticipates in maintaining HK2 activity.

Lactate signalling pathways in the inflammatory response
Lactate, a pivotal signalling molecule, plays a crucial
role in orchestrating signal transmission among diverse
cells, organs, and tissues. The lactate shuttle in inflam-
matory tissue environments is driven by concentration
or pH gradients or reduction—oxidation states, thereby
facilitating the subsequent activation of pertinent sig-
nalling pathways that regulate tissue energy metabolism
and immune function. The lactate signalling pathways
involved in the inflammatory response are shown in
Fig. 2.

HIF-1a
HIF-1 is an oxygen-dependent transcriptional activa-
tor composed of HIF-1B subunits and either HIF-1a,

Page 6 of 22

HIF-2a, or HIF-3a subunits [84]. The transcription factor
HIF-1a is the pivotal mediator of the hypoxic response.
Under hypoxic conditions, the activity of prolyl hydrox-
ylase (PHD) is suppressed, leading to the stabilization
and nuclear translocation of HIF-1a for its binding with
hypoxic regulatory genes. The HIF-regulated genes,
which are activated through Toll-like receptors (TLRs)
and NF-kB, function in concert to promote the meta-
bolic shift to anaerobic glycolysis and balance the cellu-
lar pH in response to increased lactic acid production.
Consequently, increased HIF activity supports the innate
immune functions of phagocytic cells by promoting
phagocytosis, inhibiting apoptosis, and stimulating the
release of antimicrobial peptides, granule proteases, and
proinflammatory cytokines [85].

In hypoxic and hypermetabolic tissues, such as those
seen in inflammatory conditions, upregulated expres-
sion of LDH-A and PDK1, which are direct transcrip-
tional targets of HIF and are highly inducible by hypoxia,
inhibit PDH and stabilize HIF-1. HIF-1 shifts metabolism
from oxidative to glycolytic, thereby reducing pyruvate
entry into the TCA cycle and oxidative metabolism [86,
87]. The HIF-1a/PFKFB3 pathway is activated, and
HIF-1a highly expresses PEKFB3, which further upregu-
lates F-2,6-BP expression via vascular endothelial growth
factor (VEGF) signalling. Subsequently, F-2,6-BP is
formed to activate PFK-1 [88], which alleviates the inhi-
bition of PFK-1 by ATP and increases glycolytic flux [89].
Activated endothelial cells produce a substantial amount
of lactate that induces protein kinase B phosphoryla-
tion to promote the proliferation of vascular endothelial
cells [90]. Similarly, lactate, which is produced by acti-
vated dendritic cells, stabilizes HIF-1a and induces the
expression of the NADH dehydrogenase (ubiquinone)
1 a subcomplex 4-like 2 (NDUFA4L2). NDUFA4L2 is a
subunit of respiratory complex I that limits the activity of
this complex and the generation of mitochondrial ROS,
which is a byproduct of complex I. The activated HIF-1a/
NDUFA4L2 pathway restricts mitochondrial respiration
in DCs by repressing the increase in basal respiration and
proton leakage. Thus, the expression of proinflammatory
cytokines decreases in DCs by limiting the production of
mitochondrial ROS, which activate the transcription fac-
tor XBP1 [91].

G protein-coupled receptor 81 (GPR81)

Lactate selectively activates GPR81 within the concen-
tration range of 0.1-30 mM [92], thus functioning as an
autocrine and paracrine signalling molecule [93] that is
involved in regulating energy metabolism and inflam-
mation. The expression level of GPR81 is relatively high
in adipose tissue but low in other organ tissues [94].
Under inflammatory conditions, hypoxia promotes
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Fig. 2 Lactate signalling pathways in the inflammatory response. The Lactate/HIF-1a pathway. In the early stage of inflammation, PHD activity

is inhibited under hypoxic conditions and HIF-1a stabilizes, promotes glycolysis to produce lactate, and promotes proinflammatory gene
expression. With progression of the inflammatory response, accumulated lactate inhibits pyruvate dehydrogenase. Stabilized HIF-1a can activate
both the HIF-1a/PFKFB3 and HIF-1a/NDUFA4L2 signalling pathways, promoting angiogenesis and decreasing pro-inflammatory gene expression by
limiting ROS production. The Lactate/GPR81 pathway. Activation of the lactate/GPR81 pathway inhibits either the AMPK/NF-kB or ARRB2/NLRP3
signalling pathways and reduces the production of TNF-a, IL-6, IL-1(3, and NLRP3. The Lactate/NF-kB pathway. Intracellular lactate accumulation
through MCT1 transport triggers the phosphorylation of IkBa, stimulates NF-kB, and induces IL-8 expression, thereby promoting cell migration

and angiogenesis.

yes-associated protein binding to HIF-la, leading to
increased expression of glycolysis-stimulating pro-
teins or enzymes [95]. The lactate/GPR81 pathway sup-
presses yes-associated protein activation and nuclear
translocation through adenosine monophosphate-acti-
vated protein kinase (AMPK) phosphorylation, thereby
attenuating NF-kB activation and subsequently reduc-
ing the LPS-induced production of the proinflammatory
cytokines TNF-a and IL-6 in macrophages; this suppres-
sion ultimately leads to inhibition of the macrophage
inflammatory response to LPS stimulation [96].

The anti-inflammatory effect of the lactate/GPR81
pathway also depends on arrestin p-2 (ARRB2), which
is the adapter protein of GPR81. Activation of the lac-
tate/GPR81 pathway induces the expression of the
intracellular adaptor P-arrestin 2 signalling molecules,
thus restraining Toll-like receptor activation of the

nucleotide-binding oligomerization domain, leucine-rich
repeat and pyrin domain containing 3 (NLRP3) inflam-
masome formation and IL-1f production, mitigating the
inflammatory response, and minimizing inflammation-
associated tissue damage in mice [97, 98].

NF-kB

NEF-kB is a complex protein system consisting of tran-
scription factors that govern the expression of genes
involved in innate and adaptive immunity, inflammation,
oxidative stress response, and B-cell development [99].
Composed of p50 and RelA/p65 subunits, NF-kB exists
as a heterodimer in an inactive form in complex with the
inhibitor of nuclear factor kappa B (IkB) in the cytoplasm
[100]. In the inflammatory microenvironment, inflam-
matory cytokines, pathogen-associated molecular pat-
terns, or antigen/immune stimulatory signals activate
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the IkB kinase complex, leading to the phosphorylation,
ubiquitination, and degradation of IkB, thereby activating
NEF-«B.

Lactate, transformed from tumour cells through the
MCT4 into ECs through the MCT]1, induces an increase
in ROS production, and then triggers the phosphoryla-
tion and consecutive degradation of IkBa. The lactate/
NF-«B pathway, which is stimulated by IkBa degradation,
subsequently induces IL-8 expression, thus supporting
angiogenesis and tumour growth [90].

As mentioned above, the regulatory effect of lactate
on the inflammatory response is dynamic. Specifically,
under physiological conditions, in the acute inflamma-
tory response, HIF-la promotes the metabolic repro-
gramming of immune cells to promote glycolysis and
the production of lactate, thereby promoting the inflam-
matory response by inducing NF-kB expression. In the
chronic inflammatory response, lactate accumulates in
large amounts, and the lactate/GPR81 pathway inhib-
its either the AMPK/NF-kB or ARRB2/NLRP3 signal-
ling pathway to promote resolution of the inflammatory
response. However, under pathological conditions, such
as in tumours, lactate can lead to prolonged inflamma-
tion and pathological angiogenesis.

Functions of lactate in diverse types of cells

In response to injury, resident immune cells become
activated, initiate EC proliferation, and recruit addi-
tional immune cells to the site of injury. Following the
resolution of inflammation, M2 macrophages elimi-
nate activated immune cells and facilitate the genera-
tion of regulatory and memory T cells, thereby inducing
immune tolerance and suppressing inflammation [101].
The proper functioning and collaboration among these
cell types necessitate glycolysis activation to ensure a
timely supply of ATP and lactate, as depicted in Fig. 3.

Vascular cells

The inflammatory response initially triggers the activa-
tion of ECs, leading to the production of NO, which in
turn induces the expression of cell adhesion molecules,
including E-selectin, intercellular adhesion molecule 1,
and vascular cell adhesion molecule 1. These adhesion
molecules facilitate the adherence of immune cells to the
vascular wall, increase vascular permeability, and con-
sequently contribute to interstitial oedema [102]. Under
physiological conditions, ECs predominantly rely on gly-
colysis for energy production and exhibit significantly
greater glycolytic activity than other healthy cells [103].
This unique cellular metabolism results in the extensive
production of lactate, which is taken up by pericytes and
plays a crucial role in pericyte metabolism, including
energy generation and amino acid biosynthesis [104]. The
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overexpression of HIF-1a in inflammatory and hypoxic
environments further promotes glycolysis in ECs and
induces the expression of cell adhesion molecules, pro-
inflammatory cytokines, and chemokines [105]. Moreo-
ver, HIF-1a induces the expression of PFKFB3 via VEGF,
leading to an increase in glycolysis and the production of
a large amount of lactate in ECs [89].

ECs also participate in post-inflammatory tissue repair
under the induction of lactate. This process facilitates the
proliferation and migration of ECs through protein kinase
B phosphorylation and regulates the balance between
coagulation and fibrinolysis [89]. In patients with severe
sepsis, the persistent destruction of ECs induced by
inflammation leads to the recruitment and migration of
activated leukocytes, thereby inducing a prothrombotic
and antifibrinolytic state in the body [106]. This state may
contribute to the development of inflammatory diseases,
including microvascular thrombosis, organ ischaemia,
and multiple organ dysfunction syndrome [107].

Innate immune cells
Neutrophils, accounting for approximately 60% of leuko-
cytes in the blood circulation, play a crucial role in innate
cellular immunity [108]. During infection, neutrophils
are rapidly recruited to the site of infection, where they
execute diverse functions, including microbial eradi-
cation, phagocytosis, the generation of ROS through
oxidative bursts, and the formation of neutrophil extra-
cellular traps [109]. The inflammatory response promotes
an increase in glycolytic activity within neutrophils,
resulting in an increase in the production and release
of lactate [110]. This metabolic shift further promotes
phagocytosis and the formation of neutrophil extracellu-
lar traps [111, 112]. Lactate triggers GPR81 receptor acti-
vation, resulting in increased vascular permeability, as
well as elevated levels of chemokine (C-X-C motif) ligand
1 and (C-X-C motif) ligand 2. Additionally, lactate pro-
motes the release of cytokine granulocyte colony-stimu-
lating factor to induce neutrophil generation [113].
Macrophage polarization is a highly dynamic process
that occurs during inflammatory diseases and requires
an increase in glycolytic flux to rapidly generate adequate
amounts of ATP and supply lactate as a carbon sub-
strate [114]. Activated macrophages can be categorized
into two phenotypes, M1-like and M2-like, based on
their polarization state. M1-like macrophages primar-
ily rely on glycolysis for the generation of ROS and NO
and release proinflammatory cytokines such as TNF-a,
IL-1B, IL-12, and IL-23, leading to a proinflammatory
response and pathogen elimination. Conversely, M2-like
macrophages rely on fatty acid oxidation and the TCA
cycle to induce the production of polyamines and L-pro-
line, along with the secretion of IL-10 and transforming
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Fig. 3 Lactate participates in inflammatory responses and regulates the functions of immune cells. The inflammatory processes involving
inflammatory immune cells are highly dynamic. ECs are initially activated and express cell adhesion molecules, which facilitate the adherence

of immune cells to the vascular wall, increase vascular permeability, and contribute to edema. Neutrophils are rapidly recruited to the site

of infection for ROS generation and the formation of neutrophil extracellular traps. Macrophages are then polarized into M1-like macrophages,
leading to a proinflammatory response. As lactate accumulates, the ‘lactate clock’turns. Lactylation induces M1-like macrophages to polarize

into M2-like macrophages through epigenetic mechanisms. T cells successively differentiate into CD4* T cells and CD8* T cells. Accumulated lactate
inhibits the production of IL-4 and IL-17 in NKT cells and promotes the differentiation of CD4* T cells into Th1, Th2 and Th17 cells. Subsequently,

the transformation of cell energy metabolism to glycolysis promotes the differentiation of naive CD8" T cells into effector CD8* T cells, which
secrete TNF-a and IFN-y. Eventually, T cells transform into Treg cells and memory CD8* T cells in the resolution of inflammation. Moreover,

the accumulation of lactate, which is produced by various immune cells, induces EC migration and angiogenesis, thereby helping maintain

inflammatory homeostasis.

growth factor B, which are involved in immune regula-
tion and tissue repair processes [115]. The induction of
macrophage polarization by lactate shows obvious time
series characteristics. Lactate can not only stimulate the
expression of proinflammatory genes in the early stage
of inflammation but also have a synergistic effect with
other proinflammatory substances on the expression of
proinflammatory genes [116]. However, as lactate accu-
mulates, the process of lactylation initiates the regulation
of gene transcription and triggers M2-like macrophage
polarization in a time-dependent manner, referred to as
the ‘lactate clock; thereby regulating the inflammatory
response. In the late phase of inflammation, lactylation
induces the transformation of M1-like macrophages into

M2-like macrophages through epigenetic mechanisms,
thus helping repair tissue damage caused by inflamma-
tion [19].

Adaptive immune cells

Natural killer T (NKT) cells are lymphocytes that
possess characteristics of both innate and adaptive
immune cells and serve as a link between the two
immune responses. Compared with conventional T
cells, NKT cells demonstrate accelerated initiation of
effector functions upon activation but exhibit dimin-
ished metabolic activity in peripheral organs. Although
NKT cells promote mTORC signalling and glycolysis
upon encountering antigens, the presence of a high
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lactate microenvironment impairs NKT cell homeosta-
sis and effector function, thus concurrently inhibiting
the production of the proinflammatory cytokines IL-4
and IL-17. Consequently, NKT cells primarily rely on
glutamine as the primary source of carbon for survival
and proliferation through OXPHOS [117].

Lactate functions as a fuel for the TCA cycle and cel-
lular biosynthesis, particularly during functional T-cell
responses [15]. Inactivated T cells primarily rely on
OXPHOS for ATP production and exhibit a less meta-
bolically active state than activated T cells. Similarly,
the activation of CD4* T cells is solely dependent on
OXPHOS. However, activated CD4" T cells increase
aerobic glycolysis and lactate production to fuel pro-
liferation by upregulating HK2, LDHA, and MCT4
expression and downregulating pyruvate dehydrogenase
kinase 1 expression [47, 118]. During the inflammatory
response, CD4* T cells differentiate into effector CD4" T
cell subsets, such as Thl, Th2 and Th17 cells, or regula-
tory T cells (Tregs), with effector T cells contributing to
the immune response by producing proinflammatory
cytokines, whereas Treg cells suppress immunity and
inflammation. Furthermore, the functional metabolism
of effector T cells undergoes a shift towards reliance on
OXPHOS and aerobic glycolysis [119]. In chronic inflam-
matory tissues, extracellular lactate downregulates HK1
expression via MCT1, reduces glycolytic flux, and inhib-
its the migration of T cells to retain them at the site of
inflammation. Simultaneously, elevated levels of exog-
enous lactate can activate the expression of the trans-
porter SLC5A12 to facilitate lactate entry into CD4*T
cells, promote IL-17 production, and reduce cell lysis via
the PKM2/STAT?3 signalling pathway to sustain chronic
inflammation [33]. The metabolic profile of Treg cells dif-
fers from that of effector T cells. Treg cells take up more
lactate, which is converted into pyruvate, to produce cit-
rate and malate, thereby fuelling the TCA cycle. Malate is
converted to oxaloacetate and subsequently to phospho-
enolpyruvate to fuel gluconeogenesis, promote Treg cell
proliferation, and maintain immunosuppression [18].

TCR signal transduction activates CD8% T cells to
induce glucose uptake and the transformation of cell
energy metabolism to glycolysis; TCR signal transduction
also promotes the activation, proliferation, and differenti-
ation of naive CD8" T cells into effector CD8* T cells and
induces the secretion of TNF-«, IFN-y, and other pro-
inflammatory cytokines to exert immune effects [120].
Increased glycolysis is not conducive to the long-term
survival of memory cells, so the energy metabolism of
memory T cells is reconverted to OXPHOS, which is
fuelled by fatty acid oxidation [121]. However, com-
pared with naive CD8"T cells, memory CD8" T cells
exhibit faster induction of glycolysis, which facilitates
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rapid cellular proliferation, effective adaptive immune
responses, and timely cell apoptosis [120].

Roles of lactate in inflammation

Role of lactate in acute inflammation

During acute inflammation, the metabolic transition
from OXPHOS to aerobic glycolysis expedites energy
production by converting pyruvate to lactate. Moreover,
this conversion provides metabolic intermediates, i.e.,
lactate, to support cell proliferation, cytokine produc-
tion, and anti-inflammatory responses [122]. The acute
inflammatory response is a self-limiting mechanism that
is employed by the host for protection, and its initiation
and resolution are tightly regulated by proinflammatory
and anti-inflammatory mediators. The excessive release
of inflammatory mediators into the bloodstream can
result in sepsis and tissue damage, eventually leading to
fatal consequences [123]. Macrophages can absorb lac-
tate, which is found at abnormally elevated levels in the
blood of septic patients, resulting in an increase in intra-
cellular lysine lactylation (Kla) of the high mobility frame
1 (HMGB1) protein. Subsequently, lactylated HMGBI is
excreted and released via the exosome pathway, thereby
disrupting endothelial integrity, increasing vascular per-
meability, and impairing endothelial barrier function
[37]. Ultimately, this process facilitates the progression of
sepsis. The lactate level is a sensitive, independent indica-
tor of cellular and metabolic stress [124]. Elevated lactate
levels may serve as a crucial indicator of ‘cryptic shock!
The combination of hyperlactatemia and fluid-resistant
hypotension provides a more reliable approach to iden-
tify the physiological and epidemiological signs of septic
shock; the utilization of this combination surpasses that
of any single criterion alone [125]. Lactate clearance is
significantly reduced in patients with septic shock, and
persistent hyperlactatemia or even elevated lactate levels
may reflect reduced clearance rather than increased lac-
tate production [126].

IL-33 can increase IgE-induced inflammation and the
level of IL-33 is elevated in patients with acute allergic
diseases such as asthma and atopic dermatitis. Lactate
can induce the production of IL-33, and a reduced rate of
glycolysis can inhibit IL-33 signalling, thereby preventing
neutrophil recruitment and mast cell activation in vivo
and limiting the acute inflammatory response [127].

Role of lactate in chronic inflammation

Unlike acute inflammation, chronic inflammation can
persist and inflict tissue damage as a result of endur-
ing irritants and the inability to resolve the inflam-
matory response. Lactate is one of the most abundant
byproducts of cellular metabolism in inflammatory tis-
sues. The impact of short-term exposure to lactate on
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the release of cytokines from tissues is limited. How-
ever, long-term exposure can mediate immunoinflam-
matory responses [128]. The accumulation of lactate
amplifies the inflammatory response in chronic inflam-
matory diseases and leads to the retention of CD4* and
CDS8'T cells, resulting in elevated levels of the pro-
inflammatory cytokine IL-17 and impaired cytolytic
activity [129]. This process contributes to the devel-
opment of chronic inflammation, ultimately inducing
tissue damage [33]. The activation of proinflammatory
microglia is a characteristic feature of Alzheimer’s dis-
ease. The increase in Kla levels in B-amyloid plaques
activate the transcription of multiple genes encoding
glycolytic enzymes, thereby exacerbating neuroinflam-
mation [130]. Injection of lactate into the extracellular
space acts as a negative feedback signal that restricts
excessive inflammatory responses mediated by glycoly-
sis-promoting immune cells [128].

Previous studies have indicated that the inflamma-
tory response plays a crucial role in the initiation and
progression of tumours by facilitating tumour cell pro-
liferation, survival, and migration [131, 132]. In mouse
xenograft models of human colorectal and breast can-
cer, lactate released by tumour cells stimulates IL-8 pro-
duction in ECs through the MCT4 transporter protein,
thereby promoting tumour growth and angiogenesis
[90]. Lactate also significantly influences immune regu-
lation by upregulating the expression of PD-L1 through
GPR81, suppressing T-cell effector functions, reducing
IFN-y production, and promoting tumour prolifera-
tion and metastasis [133]. Metformin is a double-edged
sword in the treatment of tumours [134]. Research
shows that when using metformin alone, high doses
may be required to see inhibitory effects on tumours
[135], but high-dose administration of metformin may
inhibit OXPHOS by targeting mitochondrial complex
I (NADH dehydrogenase), leading to the accumulation
and conversion of NADH and pyruvate into lactic acid
and resulting in lactic acidosis in cancer cells, which
promotes cancer progression. Blocking the lactate/
GPR81 pathway with metformin can effectively inhibit
glycolysis and decrease lactate levels within tumours,
thereby increasing the number of CD8*T cells in
tumour tissue and IFN-y secretion in lymph nodes.
Subsequently, dual blockade of the lactate/GPR81 path-
way and the PD-1/PD-L1 pathway significantly inhib-
ited tumour growth and induced tumour regression
[136]. Furthermore, within the tumour microenviron-
ment, lactate can induce the secretion of hyaluronic
acid and VEGEF, thereby facilitating tumour metastasis
and proliferation [137, 138]. In chronically inflamed tis-
sues, this effect could be utilized to promote EC migra-
tion and tissue repair.
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Regulation of the inflammatory response by lactylation
When lactate accumulates to a certain threshold within
cells, the ’writer’ p300 enzyme transfers lactyl-CoA to
histone lysine residues, thus modulating the interac-
tion between histones and DNA to generate this post-
translational modification. This regulatory process is
known as lactylation [139]. Specifically, under hypoxic
conditions such as inflammation, M1 macrophages
undergo metabolic reprogramming that is character-
ized by increased glycolysis and suppressed TCA cycle
activity, resulting in an increase in lactate production.
Subsequently, lactyl-CoA synthetase converts lactate
to lactyl-CoA, thereby inducing arginase 1 and Vegfa
expression via histone Kla. Approximately 16-24 h
later, when cellular lactate levels reach a specific thresh-
old, the ‘lactate clock’ is activated to induce Kla expres-
sion on histones, thus gradually inducing polarization
of M2-like macrophages. As a result, M2-like mac-
rophages secrete considerable amounts of IL-10 and
transforming growth factor f to suppress inflammatory
responses, which contribute to tissue repair, favour tis-
sue remodelling, initiate angiogenesis, and preserve tis-
sue homeostasis [19, 115].

Epigenetic alterations in the intense during immu-
noinflammatory responses such as sepsis will impair
the expression of genes that regulate crucial immune
activation responses, thereby rendering the host more
susceptible to infection [140]. Overactivation or inade-
quate regulation of macrophages during the early stages
of sepsis can lead to an inflammatory storm [141]. Most
sepsis patients will progress to an immunosuppres-
sive state after the early hyperinflammatory phase, and
due to lymphocyte exhaustion and reprogramming of
the function of innate immune cells, the longer sep-
sis continues, the greater the likelihood of developing
immunosuppression; immunosuppression can lead to
a greater incidence of infections and multiple-organ
dysfunction, which often account for late mortality
[142-144]. An expert consensus on the monitoring
and treatment of sepsis-induced immunosuppression
recommends that the rapid detection of epigenetic
changes, the early identification of immunosuppressive
states and timely treatment to enhance immune capac-
ity can help prevent persistent immunosuppression and
reduce mortality [145]. The regulation of macrophage
polarization during the destructive phase of the inflam-
matory response has been recognized as a key factor in
sepsis pathology [146]. Refraining the release of inflam-
matory factors by monitoring and regulating the level
of lactylation may be a potential strategy to reduce tis-
sue damage and mortality caused by destructive inflam-
matory reactions.
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Lactate-related therapy for inflammation-related
diseases
Lactate is elevated in many disease conditions and
appears to have contradictory effects. In the acute stage
of inflammation, appropriately increasing glycolytic flux
is necessary to rapidly acquire energy. However, exces-
sive lactate production may result in extracellular acido-
sis and uncontrolled inflammation, thereby exacerbating
injury. Conversely, in the late stage of inflammation, a
substantial increase in lactate can effectively suppress an
exaggerated inflammatory response and expedite tissue
recovery. Lactate and its metabolites can serve as carbon
sources to fuel the TCA cycle or OXPHOS during the
late stage of inflammation, thereby enhancing metabolic
adaptations during recovery and suppressing inflamma-
tory responses by memory T cells and Tregs [18, 147].
Due to the important role of lactate in the occur-
rence and development of various inflammatory dis-
eases, the application of lactate-related therapies has
been proposed to improve disease outcomes in patients
with inflammatory diseases; these therapies have effects
such as increasing buffering capacity and regulating lac-
tate transporter expression. The impact of lactate on
inflammation provides novel therapeutic approaches for
numerous inflammation-related diseases, making lactate-
related therapy indispensable and efficacious for previ-
ously challenging to treat conditions [148]. Lactate and
inflammation-related diseases are shown in Fig. 4.
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Lactate-related therapy for acute inflammatory diseases

Serum lactate levels have significant clinical implications
in monitoring the progression of acute inflammatory dis-
eases, such as acute peritonitis, acute pancreatitis, sepsis,
and septic shock [149]. Thus, lactate metabolism may be
a potential target for immunomodulatory intervention
in patients suffering from acute inflammatory diseases.
The Third International Consensus Definitions for Sep-
sis and Septic Shock recommended that serum lactate
levels >2 mmol/L (18 mg/dL) be added to the diagnostic
criteria for septic shock [125]. Hyperlactemia is often a
physiological response to mitigate the impact of injury.
While it may confer protection during the initial cytokine
storm, it can become pathogenic in the late stage of sep-
sis, due to the anti-inflammatory effects mediated by
lactylation. H3K18 lactylation is greater in patients with
septic shock than in patients without septic shock, and
the levels of procalcitonin and inflammatory factors are
positively correlated [150]. This correlation indicates
that lactylation caused by lactate accumulation may be
involved in the pathophysiology of septic shock. Either
inhibiting endogenous lactate production by decreasing
glycolytic flux or blocking extracellular lactate uptake
could attenuate HMGBI1 lactylation in macrophages,
thereby alleviating the side effects of sepsis [37]. These
findings suggest that lactate not only serves as a viable
therapeutic target for the immunopathology of sepsis
but also functions as a readily measurable and repeatable
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Fig.4 Lactate and inflammation-related diseases. Lactate-related therapy is widely used for acute inflammatory diseases (sepsis, acute hepatitis,
and acute pancreatitis) and chronic inflammatory diseases (ulcerative colitis, rheumatoid arthritis, and chronic wound healing). The red arrows
represent acute inflammation, and the blue arrows represent chronic inflammation.
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diagnostic biomarker for sepsis; thus, lactate could play a
role in the treatment of sepsis [151].

Inhibition of the lactate transporter SLC5A12
decreased peritoneal lactate levels to reestablish T-cell
migration away from inflammatory sites and blocked the
production of proinflammatory cytokines in mice with
glycan-induced peritonitis [129]. Lactate negative regu-
lates the TLR-induced NLRP3 inflammasome and IL-1B
production through GPR81. Intraperitoneal injection of
lactate reduces inflammation and organ damage in mice
with immune hepatitis. Additionally, subcutaneous injec-
tion of lactate after tissue injury successfully reduced the
severity of acute pancreatitis and acute liver injury in
mouse models [152]. Relevant clinical studies have also
shown that lactate can reduce the serum amylase con-
centration, ameliorate pancreatic lesions, and reduce the
severity of acute pancreatitis and acute liver injury.

Lactate-related therapy for chronic inflammatory diseases
Although the development of modern medicine has
greatly reduced the rate of mortality associated with
acute inflammation, the prevalence of chronic inflamma-
tory diseases has also increased [153]. Chronic inflam-
mation is defined as the long-term result of chronic
physiological stimulation of the innate immune system
that occurs later in life and has been recognized as one of
the ‘seven pillars of ageing’ [154].

Researchers have shown that in patients with ulcera-
tive colitis, the level of lactate secreted by intestinal
mucosal cells is proportional to the severity of inflamma-
tion [155, 156]. Knockout of the lactate receptor GPR81
in mice with colitis increased inflammatory cytokine
secretion in intestinal dendritic cells and macrophages,
which worsened colon inflammation. In contrast, activa-
tion of GPR81 promotes immune regulation, induces the
differentiation of CD4" T cells to produce IL-10, delays
disease onset, and reduces colon inflammation [157].
Intrarectal therapy with lactate can hinder the proinflam-
matory response of ECs, prevent histopathological dam-
age, reduce bacterial translocation, and prevent intestinal
inflammation [158]. The microenvironment of affected
joints in patients with rheumatoid arthritis is character-
ized by hypoxia, resulting in the upregulated expression
of glycolytic enzymes such as HK2 and LDHA [159].
This metabolic shift towards glycolysis disrupts the deli-
cate balance between glycolysis and OXPHOS, leading
to metabolic dysregulation and lactate accumulation,
thereby catalysing the progression of rheumatoid arthri-
tis [160, 161]. Intra-articular injection of adenovirus car-
rying murine HK2 into the knee joint of normal model
mice can significantly increase synovial intimal thick-
ness, increase the proliferation of activated fibroblast-like
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synovial cells, and reduce its invasive phenotype, thereby
reducing the disease severity of arthritis [162].

Physiological wound healing is divided into four con-
secutive stages: haemostasis, inflammation, proliferation,
and remodelling [163]. Chronic inflammation prolongs
the inflammatory stage, cell proliferation, and tissue
remodelling, which prevents wound healing and leads
to the formation of chronic wounds. If the wound takes
more than 2 weeks to remodel, hyperplastic scars will
develop [164]. Recent studies have demonstrated that
chronic wounds exhibit a persistent low-grade proin-
flammatory state that is characterized by a significantly
greater abundance of M1 macrophages than M2 mac-
rophages [165, 166]. This imbalance leads to the estab-
lishment of an excessive inflammatory environment, in
which excessive inflammatory mediators, i.e., TNF-a and
IL-1pB, continue to destroy wound tissue [167]. However,
the levels of cytokines and growth factors contributing
to healing, i.e.,, TGF-B and VEGE, are reduced in chronic
wounds [168]. As a highly efficient energy source, lactate
can meet the high metabolic demand of various growth
and cytokine production processes and provide a supply
of energy to cells during wound healing. During wound
healing, reduced carbon dioxide levels and high oxygen
tension can increase pH, which impedes the division and
proliferation of fibroblasts and keratinocytes, as well as
skin transplantation [169]. Conversely, the increased
capacity for oxygen delivery and reduced protease activ-
ity in neutral or even acidic environments can promote
wound healing [170]. By increasing the concentration
of lactate in local tissue, HIF-1a can be stabilized even
under aerobic conditions, and subsequently, M2 polari-
zation of macrophages is induced [166]; this polarization
facilitates VEGF generation to drive neovascularization
and expedite wound healing [171-173].

Lactate-based strategies for the management

of inflammation-associated disorders

Inflammatory tissues can produce the ‘Warburg effect,
stimulating aerobic glycolysis to promote ATP genera-
tion and the accumulation of lactate as a crucial carbon
source [25], thereby meeting the anabolic demands of
the activation and function of immune cells. Thus, the
regulation of glycolytic enzymes is one of the possible
therapeutic strategies for the treatment of inflammation-
related diseases. 2-deoxy-D-glucose can inhibit HK2,
the first rate-limiting enzyme in glycolysis, to reduce the
production of T-cell-dependent autoantibodies, the pro-
liferation of B cells, and the migration of dendritic cells
[174]. The use of 2-deoxy-D-glucose in the treatment of
arthritic model mice and systemic lupus erythematosus
model mice hindered the inflammatory response and
reduced the number of Th17 cells [47, 48]. The PKM2
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target for the treatment of inflammatory diseases.

dimer can interact with Hif-1a and increase the expres-
sion of proglycolytic enzymes [175]. Tetramerization of
the PKM2 monomer/dimer counteracts the LPS-induced
increase in glycolysis and modulates the host immune
response in vivo by attenuating IL-1p production and
promoting IL-10 secretion, leading to an increase in
bacterial transmission and impaired infection clearance
[176]. Targeted inhibition of PKM2 and a reduction in
lactate production can prevent the initiation of eukary-
otic factor 2 « kinase 2 phosphorylation and inflamma-
some activation, thereby inhibiting the release of IL-1f,
IL-18, and HMGB1 from macrophages and reducing the
mortality of septic mice [62, 63]. TEPP-46, a small mol-
ecule PKM2 activator that induces PKM2 tetrameriza-
tion and blocks PKM2 nuclear translocation, can inhibit
the proliferation of Th1 and Th17 cells, reduce the sever-
ity of encephalomyelitis, and reverse lactate-induced
IL-17 production [177]. However, Seki et al. reported that
TEPP-46 not only restricts the differentiation of Th17
cells but also impedes the generation of Tregs, which are
anti-inflammatory T cells, by disrupting signalling path-
ways triggered by TGEF-f [178]. These findings suggest a

need to re-evaluate the therapeutic potential of PKM?2
activators. AdPFKFB3 transfection can improve the
viability of human chondrocytes, reduce the activation
of caspase 3, and promote the expression of aggregator
and type II collagen [179]. Targeted knockout of PFKFB3
leads to a significant reduction in EC glycolysis and effec-
tively inhibits the NF-xB and HIF-1a signalling-mediated
endothelial inflammatory response, thereby impeding the
onset and progression of pulmonary hypertension, sep-
sis, and acute lung injury in murine models [180, 181].
Targeted inhibition of pyruvate dehydrogenase kinase
1 by dichloroacetate inhibited disease progression in
mouse models of colitis and experimental autoimmune
encephalomyelitis by inhibiting glycolysis, promoting
oxidative metabolism and ROS production, and limiting
the proliferation and function of Th17 cells [182]. LDHA
is the key enzyme that induces the conversion of pyru-
vate into lactate during glycolysis, and inhibitors such
as sodium oxalate and diclofenac can effectively block
the production of lactate in mouse models; these inhibi-
tors increase anti-inflammatory capacity of immune cells
and prevent inflammation [83, 183]. Targeted inhibition
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of MCT4 (phloretin, a-cyano-4-hydroxycinnamate, and
AR-C155858) and SLC5A12 (anti-Slc5al2 antibody and
shRNAs) inhibits the motility of CD8" and CD4* T cells,
respectively, by reducing lactate and lactic acid concen-
trations in the extracellular space, thus reducing disease
severity in mouse models of rheumatoid arthritis [129].
Moreover, lactate acts as a signalling molecule in the
inflammatory response and is constantly exchanged
between producers (glycolytic cells) and consumers (oxi-
dizing cells) to regulate immune cell function. In the
inflammatory environment, lactate-related transport-
ers such as MCTs, SMCTs, and GPR81 control lactate
transport and regulate immune cell function through the
HIF-1a, NF-«B, and other signalling pathways. Sanmarco
LM et al. [91] designed a probiotic that can produce
D-lactate to activate the HIF-1a/NDUFA4L2 signalling
pathway and restrict ROS activation in DCs to regulate
T-cell immune function. The activation of GPR81 by lac-
tate at physiological concentrations can reduce oxidative
stress and inhibit the production of proinflammatory
cytokines such as IL-6, IL-8, monocyte chemoattract-
ant protein, and HMGBI, which indicates that GPR81
could be a therapeutic target for endothelial inflamma-
tion [184]. Ketogenic diet therapy addresses the energy
requirements of glaucoma patients and inhibits the
inflammatory response by activating the lactate-GPR81
signalling pathway and inhibiting AMPK/NF-«B signal-
ling and NLRP3 inflammasome activation [98]. Oral
administration of a GPR81-specific agonist in a mouse
model of colitis limited the differentiation of Thl and
Th17 cells and induced the differentiation of regulatory T
cells to inhibit intestinal inflammation [157]. Further-
more, researchers have used 3,5-dihydroxybenzoic acid
to target GPR81 expression in pregnant model mice,
thus reducing endotoxin-induced uterine inflammation,
the likelihood of premature birth, and related neonatal
mortality [185]. Metformin, a nonspecific HK2 inhibitor,
increased glucose uptake and reversed the effects of LPS-
induced neuroinflammation in acute hippocampal slices
by decreasing intra- and extracellular IL-1p and S100B
levels [46]. Metformin is also an inhibitor of mitochon-
drial complex I, which can increase the rate of glycolysis
and promote the production of lactate, thereby reducing
TCA cycle activity and inducing the activation of AMPK.
Subsequently, AMPK promotes the transformation

(See figure on next page.)
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of effector T cells into memory T cells and inhibits the
development of immunoinflammatory diseases [186].

In addition, lactate accumulation activates the ‘lac-
tate clock’ to induce lactylation and promotes cell pro-
liferation and blood vessel formation. Several studies
have demonstrated a strong association between lac-
tylation and tumorigenesis, as well as cancer progres-
sion [187-189]. These results indicate that lactylation
is a promising therapeutic target for innovative can-
cer interventions [190]. Cui H et al. [191] reported
that histone lactylation can promote the expression
of profibrotic genes in macrophages in patients with
pulmonary fibrosis. After the targeted knockdown of
p300, histone lactylation in macrophages decreases,
and the proportion of macrophages with a profibrotic
phenotype is reduced. Although promoting cell pro-
liferation promotes the occurrence and development
of diseases such as tumours and fibrosis, it is advan-
tageous for patients whose wounds need to be healed,
especially for target groups such as elderly people with
delayed wounds and patients with chronic diseases.
Lactylation may be a new epigenetic code that regu-
lates inflammatory gene expression through the ‘lac-
tate clock’ and is a potential target for promoting the
healing of damaged tissues.

Lactate is elevated in inflammatory diseases due to
increased production or impaired clearance, which
then influences immune cell function. The manage-
ment of hyperimmune-mediated inflammatory condi-
tions, such as acute hepatitis and pancreatitis [152],
should prioritize the reduction of lactate production.
Conversely, for immunosuppressive-related inflamma-
tory diseases like tumours [192], the focus should shift
towards promoting lactate clearance rather than inhib-
iting lactate production. Strategies targeting lactate
metabolism, lactate shuttling, and lactylation to man-
age inflammation-related diseases are shown in Fig. 5.

Conclusion

Inflammation is an adaptive response of the body to stress
that is initiated by the immune system. The incidence of
basic diseases gradually increases with age, and immune
regulation gradually decreases [193], leading to an
increase in the incidence and mortality of inflammation-
related diseases [194]. Despite the obvious side effects

Fig. 6 Schematic diagram showing the role of lactate metabolism in the inflammatory microenvironment at specific time points. a Lactate
metabolism is implicated in the TCA cycle, lactylation, and epigenetic alterations based on the ‘lactate clock’ during the inflammatory response.
Lactate can be generated intracellularly by glycolysis, or extracellular lactate can be transported in by MCT1. Following lactate accumulation,
lactate is converted to lactoyl-CoA, which is involved in lactylation and drives epigenetic changes. b Lactate mediates the dynamic changes

in inflammatory immune cells during different inflammatory periods. As a consequence of the lactate shuttle, lactate, which is transported

by specific receptors, induces lactylation and epigenetic remodelling, alters various inflammatory immune cells, and exerts proinflammatory

or anti-inflammatory effects in a dynamic time-dependent manner to help maintain inflammatory microenvironment homeostasis.
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of glucocorticoids, they are currently widely used in the
clinic. As a result of efforts to develop more effective and
less toxic drugs, biologics have emerged. The application
of biologics has successfully improved the quality of life
and extended the life span of countless patients, but bio-
logics hinder host immune defence against infection and
cancer [10]. Therefore, there is an urgent need to develop
new drugs that are capable of mitigating organ toxicity
and while minimizing their impact on infection and can-
cer immunity.

Currently, inflammatory diseases are treated by regu-
lating lactate metabolism; for example, promoting the
consumption of extracellular lactate, reducing the trans-
port of lactate into immune cells, or directly blocking
immune cell ingestion of lactate. Since lactate metabo-
lism and the lactate shuttle play vital roles in normal
tissues, directly blocking these processes may cause
unwanted side effects. For instance, targeted inhibition
of glycolytic enzymes to block lactate production directly
leads to a decrease in the glycolytic rate and affects the
energy supply and immune regulation. Lactylation is the
most recently discovered contributor to the regulation of
inflammation by lactate and is also a potential therapeu-
tic target. The regulatory effect of lactylation on immu-
nity, also called the ‘lactate clock; links metabolism and
gene regulation based on a time pattern [149], as pre-
sented in Fig. 6. Lactylation may provide new ideas and
methods for the prevention and treatment of inflamma-
tion-related diseases.

In summary, the paradoxical role of lactate in the
inflammatory diseases still needs to be explored. Moreo-
ver, research on the ‘lactate clock’ still needs to be per-
formed to determine the proper level of lactylation
required to regulate the inflammatory response at dif-
ferent periods. Counteracting the effects of acidity and
preserving physiological lactate metabolism in immune
cells to help resolve inflammation may be advantageous.
Future studies on the use of lactate for the treatment of
inflammatory diseases require long-term monitoring
of the possible subsequent effects of this therapy on the
body.
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