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Abstract Lactate is an end product of glycolysis. Owing to the lactate shuttle concept intro-
duced in the early 1980s, increasing researchers indicate lactate as a critical energy source for
mitochondrial respiration and as a precursor of gluconeogenesis. Lactate also acts as a multi-
functional signaling molecule through receptors expressed in various cells, resulting in diverse
biological consequences including decreased lipolysis, immune regulation, and anti-inflamma-
tion wound healing, and enhanced exercise performance in association with the gut micro-
biome. Furthermore, increasing evidence reveals that lactate contributes to epigenetic gene
regulation by lactylating lysine residues of histones, which accounts for its key role in immune
modulation and maintenance of homeostasis. Here, we summarize the function and mecha-
nism of lactate and lactylation in tumor metabolism and microenvironment.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
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Introduction

During the last 30 years, growing evidence has demon-
strated that lactate has various biological functions,
including turning into pyruvate and producing adenosine
triphosphate (ATP) through mitochondrial respiration,
converting into glucose in gluconeogenesis pathway, and
serving as a signal transduction molecule.1 With its re-
ceptor, lactate acts as a multifunctional signaling mole-
cule that plays an important role in regulating the tumor
microenvironment.2 Numerous studies have reported that
chromatin remodeling and posttranslational modification
resulted in gene expression pattern alterations.3 There-
fore, various types of modifications have been discovered,
such as phosphorylation, methylation, acetylation, ubiq-
uitination, glycosylation, butyrylation, glutarylation,
malonylation, and succinylation, resulting in particular
configurations that shape the post-transcriptional regula-
tion mechanisms.4 Various diseases, including tumors, are
characterized by dysregulation of epigenetic modifications
and metabolic activities.5 Metabolism and epigenetic
modifications may provide novel therapeutic targets for
the treatment of tumors. Lactylation, as a new form of
modification, has drawn greater attention because of its
role in regulating gene expression. In this review, we
summarize the function of lactate and lactylation in tumor
progression.

Warburg effect and lactate production

During the metabolism of glucose, carbon bonds are
oxidized, which produces ATP, supplying energy to
mammalian cells and sustaining all mammalian life. In
mammals, the end product of glycolysis is lactate, while
glucose can be fully oxidized by the mitochondria via
respiration, generating CO2. As early as 1926, Otto Warburg
found that the glucose uptake dramatically increased in
tumor cells, accompanied by producing excessive amounts
of lactate, even under aerobic conditions.6 This process,
named as Warburg effect, has been studied extensively.
Aerobic glycolysis refers to the process of fermenting
glucose to create lactate, even when oxygen is present. In
addition to cancer, aerobic glycolysis is found in sepsis,
infections, inflammatory diseases, and autoimmune disor-
ders.7 Glycolysis produces much less ATP than oxidative
phosphorylation, with only two molecules per glucose.
However, most cancer cells generate around 60% of their
total ATP requirement through glycolysis. Glycolysis has
multiple advantages for rapidly proliferating cancer cells.
For instance, the glycolytic pathway contributes to cell
survival and proliferation by providing raw materials for
macromolecular synthesis, and it produces ATP faster than
oxidative phosphorylation does.8 Cancer cells’ preference
for glycolysis is the result of genetic alterations and over-
expression of glycolytic enzymes and metabolite trans-
porters.9 Many genes and proteins are related to the
metabolic reprogramming of cancer cells, such as MYC,
AKT, epidermal growth factor (EGF ), Kirsten rat sarcoma
viral oncogene homolog (KRAS), insulin-like growth factor 1
(IGF1), NF-kB, phosphoinositol 3 kinase (PI3K), AMP-acti-
vated protein kinase (AMPK), mTOR, and hypoxia-inducible
factor 1 (HIF-1).10 Some of these have been found to
regulate proteins involved in glycolysis and glutaminolysis.
For example, HIF-1 is a key transcription factor that is
regulated by cellular oxygen levels and degrades rapidly
after synthesis when oxygen concentrations are normal.
Even under normoxic conditions, HIF-1 is stabilized by
glycolysis products, lactate, and pyruvate, and thus accu-
mulated.11 As a result, the increased expression of glyco-
lytic enzymes regulated by HIF-1 in tumor cells is not
merely a substitute for hypoxia.12 HIF-1 can target many
genes and regulate their protein expressions, such as the
membrane transport proteins glucose transporter 1 (GLUT-
1) and monocarboxylate transporter 4 (MCT-4), which
transport glucose into the cells and lactate out of the
cells.13,14 In addition, an increase in lactate dehydrogenase
A (LDHA) expression results in the generation of lactate and
NADP, which allows continuous glycolysis and ATP produc-
tion.15 In addition to glycolysis, lactate can be generated by
the tumor-specific isoform of pyruvate kinase (PK) M2,
which transforms phosphoenolpyruvate (PEP) into pyruvate
and thus increases glycolytic intermediates.16 Numerous
studies indicated that PKM2 is highly expressed in various
cancers, including non-small-cell lung cancer, melanoma,
cervical cancer, etc.17 Lactate accumulation is therefore
common in solid tumors. Lactate has long been considered
a “metabolic waste product” of aerobic glycolysis, but
growing evidence now has firmly demonstrated that lactate
can be incorporated into the tricarboxylic acid (TCA) cycle
to become a source of energy, and even acts as a multi-
functional signaling molecule (Fig. 1).18 Thus, we discuss
the function of lactate in tumor progression in this review,
including its role in modifying epigenetics.
Lactate acts as an extracellular messenger via
lactate receptor GPR81

Since the discovery of the lactate receptor GPR81 in the
adipocyte membrane, lactate has been hypothesized to
act as a signaling molecule.19 According to Liu’s report,
lactate suppresses lipolysis in adipocytes via direct acti-
vating GPR81 in its physiological concentration range of
1e20 mM.20 In addition to adipose tissue, GPR81 is
expressed in many types of cells, including muscle cells,
immune cells, tumor cells, and the cells of the central
nervous system.21 A 2014 study found that GPR81 was
expressed in a variety of cancer cell lines and in the
resected tumors from patients with pancreatic cancer.22

Highly glycolytic tumor cells present with high lactate
concentration in the tumor microenvironment (TME), hence
GPR81, which functions as the receptor for lactate on the
cell surface, plays an important role in tumor progression.
Lactate is exported into the TME, where extracellular
lactate acts on its receptor GPR81 in tumor cells. In addi-
tion, it could act on non-cancer cells, where GPR81 is
expressed, such as T cells and macrophages in the TME.
Both mechanisms would involve facilitating tumor growth
and metastasis. Knockdown of GPR81 significantly inhibits
the proliferation and metastasis of cancer cells.22,23

Furthermore, the inhibition of GPR81 signaling suppresses
pro-angiogenic mediator amphiregulin (AREG) through
PI3K/Akt/cAMP-dependent pathway. Surprisingly, GPR81



Figure 1 The molecules regulating lactate production. Tumor cells overexpress HIF-1 and HIF-1 up-regulates enzymes of the
glycolytic pathway. Tumor cells overexpress GLUT-1/3 to uptake glucose. Ras-PI3K-Akt and Ras-c-Myc signaling pathways regulate
the expression of proteins involved in glycolysis and glutaminolysis.
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knockdown resulted in a significant mitochondrial activity
reduction and apoptosis increase.23

Lactate-GPR81 signaling also involves in regulating the
immune checkpoint pathway. Lactate stimulation induces
PD-L1 (programmed death ligand 1) expression in lung
cancer cells which is mediated by GPR81.24 Jurkat T cells
co-cultured with lactate-treated lung cancer cells signifi-
cantly reduce IFN-g production and apoptosis of Jurkat T
cells compared with their co-cultured with lactate-un-
treated lung cancer cells, suggesting that lactate-induced
PD-L1 expression presumably resulted in repression of T-
cell function and thereby promotion of tumor immune
escape. Blockage of the lactate/GPR81 pathway with 3-OBA
(3-hydroxy-butyrate) and the PD-1/PD-L1 pathway with
cyclic peptide C8 augments CD8þ T cells’ function and
prominently enhances the activity of metformin in anti-
tumor.25 Deletion of Gpr81 in mice inhibits breast cancer
growth in both the constitutive breast cancer model (MMTV-
PyMT-Tg) and breast cancer transplant model due to the
presence of more tumor-infiltrating T cells and MHCIIhi-im-
mune cells in tumors.26 GPR81 activation contributes to the
modulation of cellular DNA repair through the upregulation
of DNA repair proteins, such as BRCA1, nibrin, and DNA-
PKcs.27 Furthermore, GPR81 enhances doxorubicin resis-
tance through increasing the expression and activity of
ABCB1, which acts as the drug-exporting transporter in
HeLa cells.28 GPR81 promoting the activity of DNA repair
and chemo-resistance both depend on downstream Gi- and
PKC-ERK signaling. Interestingly, lactate induces the as-
sembly of Snail/EZH2/STAT3 complex, which enhances
STAT3 activity and hence activates GPR81 expression.29

GPR81 also expresses in immune cells and lactate
secreted by tumor cells may help confer an immunosup-
pressive TME. GPR81 is expressed in dendritic cells and
macrophages in the colon which play an important role in
suppressing immune tolerance and colonic inflammation.30

It could be inferred that similar lactate/GPR81-induced
immunosuppression in the TME would be detrimental to the
host defense against tumor growth. However, little is
known about the role of GPR81 expression in immune cells
in the TME. Tumor-derived lactate upregulated GPR81 in
MDSCs and activated MDSCs via the GPR81/mTOR/HIF-1a/
STAT3 pathway which is necessary for PDAC radio-resis-
tance.31 Ovarian cancer has specific metastatic tropism to
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the adipose-rich omentum during metastasis, where GPR81
is expressed in adipocytes, which may have a pivotal role in
creating a metastatic TME.32 Activation of GPR81 in adi-
pocytes influences hormones and cytokines secretion in
adipocytes, which may affect tumor growth, particularly
breast and ovarian cancers.21 GPR81 is also expressed in
endothelial cells, and lactate induces expression of GPR81
in brain endothelial cells and angiogenesis in glioma
(Fig. 2).33
The role of lactate in tumor malignant
progression

The released lactate levels of malignancies are remarkably
elevated (up to 40 folds) compared to peripheral tissue34

and high concentrations of lactate are positively correlated
with nodal or distant metastases and poor survival.35e37

Accelerated lactate production by aerobic glycolysis
continually activated HIF-1a and c-Myc, thereby increasing
the expression of pyruvate dehydrogenase kinase 1 (PDK-1)
and LDHA, which transforms pyruvate into lactate and
contributes to the aerobic glycolysis phenotype. On the
other hand, PDK-1 inhibits pyruvate dehydrogenase (PDH)
expression and restricts pyruvate entry into the mitochon-
drial matrix and the Krebs cycle as a result.38 Therefore,
high levels of glycolytic flux and lactate production are
beneficial for cancer cells’ self-sufficiency and sustain-
ability.39 Lactate promotes glioma cell migration by
inducing the expression of transforming growth factor-b2
(TGF-b2) and further matrix metalloproteinase-2 (MMP-
2).40 The addition of exogenous lactate enhances cell
migratory potential in many cancer cell lines in a concen-
tration-dependent manner.41 Although the mechanisms of
lactate in promoting cancer metastasis are still not fully
understood, high levels of lactate are correlated with a high
probability of distant metastasis in the early stage of can-
cer.42 The incubation of L6 cells with 20 mM lactate in-
creases MCT1 mRNA and protein expression rapidly.43

Therefore, lactate may promote carcinogenesis in suscep-
tible, candidate cancer cells, by stimulating the expression
Figure 2 Autocrine functions of lactate generated by tumor cell
upregulates the expression of PD-L1 involved in immune evasion
angiogenesis.
of MCT1. Angiogenesis, the process of new blood vessels
formation, is a major step in tumorigenesis. Lactate stim-
ulates the production of VEGF in endothelial cells and in-
creases its angiogenic activity.44 In cancer cells, the release
of lactate effectively contributed to the in-vivo develop-
ment of the tumor vasculature.36,45 Furthermore, lactate
can enter into endothelial cells of tumors through MCT1
which stimulates angiogenesis and promotes tumor
growth.46 Lactate increases hyaluronan production and
therefore promotes the growth and motility of cancer
cells,42 while inhibition of lactate production and trans-
portation suppresses tumor angiogenesis. With inhibiting
LDHA by oxamate, highly decreased lactate production
brings about less angiogenesis. Targeting MCTs and lactate
transport across cancer cells effectively inhibits tumor
angiogenesis and cell migration.47 Lactate also promotes
tumorigenesis independent of MCTs, through binding to its
receptor GPR81 on the cell surface.48 Studies have shown
that GPR81 is up-regulated in malignant cells. When
pancreatic cancer cells with GPR81 silencing were cultured
in the medium with a high glycolytic ratio and high lactate
concentration, the mitochondrial activity was significantly
reduced and cell death was increased.22

The process of tumor cell metastasis involves the
degradation of the ECM and invasion of local tissues. Highly
proliferative and glycolytic rates in tumors generate a great
amount of lactate which creates a low-pH extracellular
environment. This promotes the production of de novo
actin filament and therefore improves the binding of cancer
cell surface integrins to ECM components and enables
migration with their assistance.49 Extracellular acidification
increases the number and size of tumor cell “invadopodia”
which is responsible for amoeboid movement, thereby
promoting tumor invasion.50 Furthermore, alkalization of
TME directly suppresses tumor invasion, suggesting that
acidification of TME is necessary for local invasion. Acidifi-
cation of TME also activates proteinases MMP-9, cathepsin
B, and hyaluronidase-2 released by tumor cells, which de-
grades the surrounding matrix and promotes tumor cell
invasion.51,52 Degrading of ECM by secreted proteinases
may also promote the embedding of growth factors such as
s via GPR81 expression on tumor cells. Lactate-GPR81 signaling
, BRCA1 and ABCB1 in chemoresistance, and amphiregulin in
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VEGF, TGFb, and FGF2 in the matrix, leading to tumor
growth and angiogenesis.53 Furthermore, lactate has been
demonstrated to promote the expression of CD44, which is
commonly up-regulated in tumors and potentiates the
adherence of metastatic cancer cells of the breast and
prostate to bone marrow endothelium to facilitate bony
metastases.54 Acidification of the extracellular milieu in
vitro increases lactate production and hence the expression
of hyaluronan and CD44 (the predominant receptor for
hyaluronan), thereby participating in the process of cancer
invasion and metastasis.55 Lactate contributes to the
acidification of the local tumor environment which de-
creases the binding activity of cell integrins to ECM and
down-regulates the expression of E-cadherin thereby
reducing tumor cell adhesion to neighboring cells and their
insult to neighboring vessels.56

Lactate modulates the tumor
microenvironment

High levels of aerobic glycolysis and glutaminolysis in tu-
mors release large amounts of lactate and Hþ into the
extracellular space and thereafter the TME.57 In conse-
quence, these release from tumor cells into TME drives the
formation of an acidic TME ranging from 6.3 to 6.9, which
promotes tumor growth, angiogenesis, metastasis, drug
resistance, and immunosuppression.2 TME includes immune
cells, endothelial cells, cancer-associated fibroblasts
(CAFs), extracellular matrix (ECM), blood vessels, growth
factors, and cellular metabolites related to hypoxia and
acidity. Lactate is one of the most significant metabolites in
the TME. The concentration of lactate in blood and healthy
tissue under physiological condition are in the range of
1.5e3 mM,37 whereas the extracellular lactate concentra-
tion of tumor cells reaches 40 mM.35 High levels of lactate
also are found in the sera of patients with melanoma,
breast cancer, lung cancer, gastrointestinal and urogenital
cancers, sarcoma, etc.58

Lactate induces apoptosis of natural killer (NK) and
natural killer T (NKT) cells, resulting in the immune escape
of tumor cells.59,60 Lactate inhibits interferon (IFN)-g pro-
duction and the cytotoxic activity of NK cells.59 Lactate also
blocks IFN-g and interleukin (IL)-4 production of NKT cells
in TME through inhibiting mTOR signaling, resulting in pre-
venting the activation of these immune cells.60 Fisher et al.
found that high lactate concentration in the tumor envi-
ronment inhibits T cell proliferation and function.58

Lactate/GPR81-induced immunosuppression also resulted
in the inhibition of host defense and breast cancer
growth.23 Dendritic cells (DC) are antigen-presenting cells
that are an important player in the immune response.
Lactate inhibits DC differentiation and makes the cells
tolerogenic, which increases IL-10 production; moreover,
IL-10 acts as a potent immunosuppressive cytokine that
inhibits the maturation of DCs and activation of T cells and
suppresses the production of IL-6, IFNg, TNFa and IL-
1b.61,62 Lactate also stimulates the development of
myeloid-derived suppressor cells (MDSCs) and exerts
broadly immunosuppressive functions by suppressing DC
maturation, inhibiting NK cell cytotoxicity, preventing T
cell activation, and facilitating regulatory T cell differen-
tiation in TME.63

Macrophages, which are heterogeneous cell populations
and function as scavengers, regulate the immune response
and maintain tissue homeostasis.64 Macrophage plasticity is
partially driven by epigenetic dynamics that can sustain
stable phenotypes after activation in the settings of
inflammation, autoimmunity, and cancer.65 Typically, acti-
vated macrophages can be divided into two phenotypes
according to the state of polarization, M1 and M2. M1
macrophages tend to be a pro-inflammatory phenotype and
preferentially utilize glycolysis, while M2 macrophages are
predominantly present in immune regulation and tissue
repair.66 Lactate induces VEGF and metabolizing enzyme
arginase-1 (ARG1) expressions in response to HIF1-a, which
promotes the polarization of M2 macrophages and hence
facilitates tumor growth.67 In the breast cancer model,
lactate is a critical metabolite in TME that drives macro-
phages polarized to M2-type through activating the ERK/
STAT3 signaling pathway, which facilitates cell proliferation,
migration, and angiogenesis in breast cancer.68 In gastric
cancer, lactate contributes macrophage polarization to-
wards an M2-like state through the MCT-HIF1-a signaling.69

Lactate also plays a role in tumor immune escape
through binding to its receptor GPR81 or independent of
GPR81. Co-culture of Jurkat T cells with GPR81-expressing
lung cancer cells exhibits elevated cell proliferation and
IFN-g production compared to co-culturing with GPR81-
lacking lung cancer cells.24 When lactate receptor GPR81
on the cell surface is activated in lung cancer, the mem-
brane expression of PD-L1 up-regulates, which causes the
tumor immune responses impeded.70 Inversely, inhibition of
LDHA enhances the therapy efficacy with anti-programmed
cell death-1 (PD1) in melanoma, which may relate to
lactate (Fig. 3).71

Lactate and lactylation in the epigenetic
regulation

Histones are essential components of chromatin, which
play a role in the packing of DNA into chromatin and
chromosomes and regulate gene expression. The protruding
N-terminal and the C-terminal regions of histones often
undergo posttranslational modifications. Multiple histone
modifications have been discovered, including methylation,
acetylation, and ubiquitylation. Those epigenetic modifi-
cations to the genome will affect gene expression, and DNA
replication and repair.7,72,73 In 2019, Zhang et al. proposed
a novel histone modification called lactylation.74 They find
that lactylation of histone lysine residues by lactate acts as
an epigenetic modification in chromatin that directly
stimulates gene transcription. They identify 28 lactylation
sites in human and mouse cells by mass spectrometry. The
macrophages are stimulated with hypoxia, IFN-g plus lipo-
polysaccharide, or bacterial to produce lactate by glycol-
ysis, which increase histone lactylation at their promoters.
The increased histone lactylation promotes the expression
of M2-like homeostatic genes that are related to wound
healing regulation, like Arg1.74 Though the regulatory
mechanism of histone lactylation is not clear, many



Figure 3 Lactate in the tumor microenvironment. The tumor microenvironment (TME) is characterized by various cell types,
including stromal and immune cells. Tumor cells secrete large amounts of lactate into TME, leading to acidosis, and modulate the
metabolism of innate and adaptive immune cells, inhibiting the activation and proliferation of CD8þ T cells and NK cells. Lactate
positively affects the immunosuppressive functions of Treg cells. Furthermore, lactate favors the polarization of alternatively
activated (M2-like) phenotype macrophages, exerting an anti-inflammatory role, and participates in tumor growth and invasion.
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researchers have demonstrated histone lactylation plays a
role in tumorigenesis. In ocular melanoma, histone lacty-
lation was elevated and high histone lactylation levels were
associated with unfavorable prognosis for the patients.75

Histone lactylation facilitates the expression of YTHDF2, an
m6A reader, and causes PER1 and TP53 degradation by the
reader’s binding to their respective m6A sites. When non-
small cell lung cancer cells were treated with lactate,
histone lactylation levels increase, the transcription of
glycolytic enzymes (HK1, G6PD, and PKM ) was down-
regulated, and the transcription of TCA cycle enzymes
(SDHA, IDH3G) was up-regulated.76

Mounting evidence has shown that the up-regulation of
genes involved in glycolysis in lung fibroblasts, smooth
muscle cells, and endothelial cells promotes the progres-
sion of lung fibrosis.77,78 In the lungs of humans with idio-
pathic pulmonary fibrosis or mice models of pulmonary
fibrosis induced by bleomycin, histone lactylation in-
creases. When treating macrophages with lactate, the
histone lactylation of profibrotic genes, such as platelet-
derived growth factor (PDGF ), ARG1, thrombospondin 1
(THBS1), and VEGF significantly increase.79 Macrophages
can also uptake extracellular lactate by MCT to promote
HMGB1 lactylation via a p300/CBP-dependent mechanism,
and further secrete lactylated HMGB1 via exosomes to
facilitate endothelium permeability.80 During the early
phase of somatic cell reprogramming, glycolytic genes were
up-regulated by Glis1 and glycolytic flux was raised,
resulting in increased acetylation (i.e., H3K27Ac) and lac-
tylation (i.e., H3K18 la) at the loci of pluripotency genes,
mainly the SRY-box transcription factor 2 (SOX2), Yamanaka
factors POU class 5 homeobox 1 (OCT4), MYC proto-onco-
gene, and Krüppel-like factor 4 (KLF4), thus facilitating
cellular reprogramming.4,81
Conclusions and perspectives

Mounting research has indicated that lactate is a useful
metabolic fuel, a precursor of gluconeogenesis, and a
signaling molecule for tumor survival and progression.
Moreover, lactate plays a role in the regulation of the tumor
microenvironment and the epigenetic modification of genes
by histone lactylation. The role of lactylation and precise
molecular mechanisms of lactylation modifications have
not been fully elucidated. Therefore, comprehensive
elaboration on how lactate influences epigenetic modifi-
cations and gene expression in tumor progression is of great
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significance. Evaluating histone lactylation levels in tumors
and elucidating the mechanism of lactylation in gene
expression regulation are anticipated for the cancer ther-
apeutic approach.
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