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Abstract. Lactate is a byproduct of glycolysis, and before 
the Warburg effect was revealed (in which glucose can be 
fermented in the presence of oxygen to produce lactate) it was 
considered a metabolic waste product. At present, lactate is 
not only recognized as a metabolic substrate that provides 
energy, but also as a signaling molecule that regulates cellular 
functions under pathophysiological conditions. Lactylation, 
a post‑translational modification, is involved in the develop‑
ment of various diseases, including inflammation and tumors. 
Liver disease is a major health challenge worldwide. In normal 
liver, there is a net lactate uptake caused by gluconeogenesis, 
exhibiting a higher net lactate clearance rate compared with 
any other organ. Therefore, abnormalities of lactate and 
lactate metabolism lead to the development of liver disease, 
and lactate and lactate metabolism‑related genes can be used 
for predicting the prognosis of liver disease. Targeting lactate 
production, regulating lactate transport and modulating 
lactylation may be potential treatment approaches for liver 
disease. However, currently there is not a systematic review 
that summarizes the role of lactate and lactate metabolism 
in liver diseases. In the present review, the role of lactate and 
lactate metabolism in liver diseases including liver fibrosis, 
non‑alcoholic fatty liver disease, acute liver failure and hepa‑
tocellular carcinoma was summarized with the aim to provide 
insights for future research.

Contents

1.	 Introduction
2.	 Methodology
3.	 Lactate and lactate metabolism

4.	 Functions of lactate and lactate metabolism
5.	 Lactate and lactate metabolism in liver diseases
6.	� Lactate and lactate metabolism in the treatment of liver 

diseases
7.	 Conclusion

1. Introduction

Lactate, with the chemical structure CH3CH(OH)COOH, was 
first reported in 1780. Initially considered a waste product 
under hypoxia conditions, it was hypothesized to have multiple 
harmful effects (1). In the 1920s, Warburg first observed that 
tumor tissues have an increased uptake of glucose compared 
with normal tissues. This led to the proposal of aerobic glycol‑
ysis, which also revealed that glucose can be fermented in the 
presence of oxygen to produce lactate, a process that increases 
the intra and extracellular concentrations of lactate, known as 
the Warburg effect (2). Accumulation of lactate in the tissue 
microenvironment is a prominent feature of inflammatory 
diseases (such as asthma and arthritis) and tumors  (3‑5), 
highlighting the important role of lactate in these conditions. 
In 1985, Brooks proposed the ‘lactate shuttle hypothesis’, 
suggesting that lactate serves as a fuel to coordinate systemic 
metabolism and as a signaling molecule in intercellular, 
inter‑tissue and inter‑organ signal transduction (6,7). With 
increasing research, it is now considered that lactate not 
only serves as an energy source, but also acts as a signaling 
molecule and through protein lactylation (1,8‑10).

The liver serves a vital role in various physiological 
processes, including glucose metabolism, fatty acid metabo‑
lism, lipid metabolism, immune response and the secretion 
of various cytokines (such as TGF‑β, IL‑6 and IL‑10) (11‑13). 
Liver diseases encompass non‑alcoholic fatty liver (NAFL) 
disease (NAFLD), liver fibrosis, liver cirrhosis, acute liver 
failure (ALF) and hepatocellular carcinoma (HCC)  (11). 
Liver diseases pose a notable global health burden, with an 
estimated 150 million cases of liver diseases resulting in 
~2 million mortalities annually (14,15). In the normal liver, 
there is a net lactate uptake due to gluconeogenesis, and the 
liver has the highest net lactate clearance rate compared with 
the other organs of the body, which is expected to be ≤70% of 
the systemic clearance (9,16). Thus, lactate and lactate metabo‑
lism serve an important role in liver diseases. However, there 
is not currently a systematic review that summarizes the role 
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of lactate and lactate metabolism in liver diseases. The aim of 
the present review was to summarize the roles of lactate and 
lactate metabolism in the liver and in the development of liver 
diseases. Additionally, the present review may provide new 
directions and guidance for future research and the treatment 
of liver diseases.

2. Methodology

The studies cited in the present review were published between 
1994 and 2024, with the majority published between 2011 
and 2024. All of the studies cited in the present review were 
found on the PubMed database using the following keywords: 
Lactate, lactate metabolism, lactate metabolism‑related genes 
(LMRGs), glucose metabolism, glycolysis, lactate shuttle, 
monocarboxylate transporter (MCT), G protein‑coupled 
receptor 81 (GPR81), histone lactylation, non‑histone lacty‑
lation, NAFLD, liver fibrosis, ALF and HCC.

3. Lactate and lactate metabolism

Production and clearance of lactate. As the final product 
of glycolysis, lactate is primarily produced under hypoxia 
conditions (7). In the cytoplasm, glucose undergoes a series 
of catalytic reactions to form pyruvate, which is subsequently 
converted to lactate in the presence of lactate dehydrogenase 
(LDH)A (Fig. 1). Another metabolic pathway that produces 
lactate includes the conversion of alanine to glutamate via 
alanine aminotransferase, which is also a minor source of 
lactate production in tumor cells (17). Lactate exists in the body 
as D‑lactate, L‑lactate and racemic DL‑lactate. Among these, 
L‑lactate is the primary form in the human body, participating 
in various biological processes (such as energy regulation and 
the regulation of fatty acid metabolism) (9). D‑lactate serves 
as the main metabolite in bacteria (such as Lactobacillus 
and colibacillus) found in the gut, and may be involved in the 
transport of metabolic substrates (such as H+, pyruvic acid and 
malate) within the body (9,18).

Accumulation of lactate in the body can be hazardous 
and causes lactic acidosis (19). Consequently, the body should 
efficiently and rapidly remove lactate from tissues and circu‑
lation through metabolism. The primary method of lactate 
clearance is through the oxidative formation of pyruvate. This 
is followed by the formation of acetyl‑CoA, catalyzed by pyru‑
vate dehydrogenase, which is then used in the tricarboxylic 
acid cycle for the formation of CO2, water and for providing 
energy (20,21). Another clearance pathway involves activating 
gluconeogenesis in the liver and skeletal muscle cells in 
response to hormones such as glucagon and cortisol, in which 
lactate is converted into glucose, which is then released into 
the bloodstream and further metabolized to provide energy 
to the body  (9,22). Under normal circumstances, the liver 
exhibits the highest lactate clearance rate in the body (9,16). 
When liver function is impaired, it leads to dysregulation of 
lactate metabolism, and in patients with chronic liver disease, 
lactate clearance is markedly reduced leading to lactate 
accumulation (23).

Lactate transport. Lactate, and its function as a signaling 
molecule, has been investigated. It primarily exerts its effects 

by being transported into cells via MCTs or by signaling 
through its specific receptor, GPR81 (24,25).

MCTs belong to the solute carrier l6A subfamily  (25). 
MCT1 and 4 are primarily associated with lactate transport 
and are expressed in various tissues including the muscle, 
heart, nerve and liver (26). The main function of MCT1 is 
to import lactate into cells, and that of MCT4 is to export 
lactate from cells; they work synergistically to promote lactate 
shuttling between cells, which serves an essential role in 
maintaining lactate homeostasis (27‑29). Abnormal expression 
of MCTs can lead to the onset of various diseases including 
cancer  (9,30,31). In the liver, MCT1 transports L‑lactate 
into hepatocytes for gluconeogenesis (32). The expression of 
MCT1 and the concentration of lactate are positively associ‑
ated (33). Therefore, MCTs serve a vital role in liver diseases 
(Table I) (34‑43).

GPR81 is widely distributed in tissues and organs such as 
fat, kidney and liver (44). Lactate may inhibit IL1β expres‑
sion in macrophages by acting on GPR81 and arrestin β 2 
to inhibit Toll‑like receptor (TLR) 4‑triggered NLR family 
pyrin domain containing 3 activation. Furthermore, low 
concentrations of lactate can attenuate acute liver injury (45). 
Additionally, lactate can inhibit lipolysis by activating GPR81 
on the surface of adipocytes, which downregulates cAMP 
levels to balance the energy metabolism between glucose 
and lipids (46). Metformin can increase GPR81 expression, 
improving mouse NAFLD symptoms in a GPR81‑dependent 
manner (47). However, knowledge of the role of lactate/GRP81 
in liver disease is limited and additional studies are required.

4. Functions of lactate and lactate metabolism

As a metabolic substrate, the main function of lactate is to 
generate pyruvate, which is catalyzed by LDHB. Lactate 
also serves as a precursor of gluconeogenesis in the 
synthesis of glucose, which is then used an energy source 
(Table II) (7,48‑61). Additionally, lactate regulates fatty acid 
metabolism and acts as a signaling molecule to modulate 
cellular functions including the modulation of inflammatory 
responses and cell proliferation (9). Besides these functions, 
Zhang et al (62) showed that lactate can regulate transcrip‑
tion through an epigenetic modification known as lactylation. 
Lactylation is a post‑translational modification that occurs 
after the translation of proteins, directly promoting gene tran‑
scription (62,63). When lactate levels are increased, lactate 
is converted into lactyl CoA due to the action of a currently 
unknown enzyme, and histone lysine residues are lactylated 
by an effector protein (P300). Lactylation can be modulated 
by effector proteins such as P300/cyclic AMP response 
element‑binding protein (CBP) (9,62). Due to lactylation being 
considered a common post‑translational modification, inves‑
tigating the role of lactylated proteins in the occurrence and 
development of liver diseases in future research will broaden 
the understanding of the mechanisms underlying disrupted 
lactate metabolism in liver diseases.

5. Lactate and lactate metabolism in liver diseases

Lactate serves an important role in inflammation, immune 
energy metabolism and signaling pathway activation, affecting 
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inflammation processes and tumor immune tolerance (9). The 
liver is an important metabolic organ that coordinates various 

metabolic activities (such as lipid fatty acid metabolism and 
immune responses) and serves an essential role in several 

Figure 1. Main production pathway of lactate. In the cytoplasm, glucose is converted to pyruvate through a series of catalytic reactions. Under normal oxygen‑
ation, pyruvate is transported to the mitochondria for the TCA cycle. However, under hypoxic conditions, pyruvate is catalyzed by LDHA to lactate. Glutamate 
is converted to α‑ketoglutarate by GLUD in the mitochondria. Subsequently, α‑KG is converted to malate, which is then transported out of the mitochondria 
and oxidized to pyruvate in the cellular matrix. Finally, lactic acid is produced by the action of LDHA. GLUT1/4, glucose transporter 1/4; HK2, hexokinase 2; 
PDH, pyruvate dehydrogenase; LDHA/B, lactate dehydrogenase A/B; TCA, tricarboxylic acid; GLUD, glutamate dehydrogenase; α‑KG, α‑ketoglutarate.

Table I. Function of MCTs in liver diseases.

Liver diseases	 MCT1 function	 MCT4 function	 (Refs.)

Liver fibrosis	 Promote liver fibrosis	 Not reported	 (34)
NAFLD	 Promote food anticipatory activity and liver	 Not reported	 (35-37)
	 steatosis. Knockdown of MCT1 in mice		
	 attenuates NAFLD		
HCC	 Upregulation of MCT1 in regulatory T cells	 Promotes the proliferation, invasion and metastasis	 (38-43)
	 promotes resistance to anti-PD-1	 of tumor cells. It is associated with the poor	
	 therapy in patients with HCC	 prognosis of patients with HCC. Inhibition of	
		  MCT4 can increase immunotherapy in HCC	

NAFLD, non-alcoholic fatty liver disease; HCC, hepatocellular carcinoma; MCT, monocarboxylate transporter; PD-1, programmed death-1.
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glucose metabolic pathways, including gluconeogenesis, 
glycogenolysis and glycolysis  (11,64,65). Normal lactate 
levels are 0.5‑1.7 mmol/l (66), but lactate clearance rates do 
not have a defined normal range. Elevated lactate levels are 
observed in liver diseases, especially in patients with chronic 
liver disease (67). Arterial serum lactate levels >2 mmol/l 
are associated with higher organ failure scores and higher 
mortality (68). Comparison of the 28‑day survival in patients 
with liver cirrhosis admitted to the intensive care unit (ICU) 
reveals that admission lactate (1.2‑3.4 mmol/l) are notably 
lower in surviving patients compared with in those who died 
(2‑9.7 mmol/l), whereas lactate clearance (‑9 to 50%) was 
markedly higher in surviving patients compared with in those 
who died (‑33 to 43%). Therefore, lactate is associated with 
short‑term mortality in critically ill patients with cirrhosis 
and can be used as a prognostic indicator (68). Lactate and 
lactate metabolism are involved in liver fibrosis, NAFLD and 
HCC development (Fig. 2) (55‑57). Lactate, LDH and LMRGs 
may be used as predictors of liver failure and HCC prognosis 
(Table III) (59,68,69). Lactate can not only be used as a clinical 
prognostic marker for liver disease, but can also be a target for 
studying the pathogenesis and potential therapeutic approaches 
for liver disease.

Liver fibrosis. Liver fibrosis is a wound healing response to 
various injuries to the liver and has a high morbidity rate 
affecting >100 million individuals worldwide  (11). Liver 

fibrosis is caused by a variety of factors, including viral hepa‑
titis, alcoholic liver disease and NAFLD (11). Additionally, 
as liver fibrosis progresses, liver function becomes impaired, 
and further progression to liver cirrhosis will cause ascites 
and esophagogastric fundus venous hypertension, which 
decreases the quality of life of the patient, and it may prog‑
ress to HCC, affecting the prognosis of the patient (70,71). 
At present, besides liver transplantation, there are no 
effective methods to cure liver fibrosis (72). Liver fibrosis 
mainly occurs due to the activation and transformation of 
quiescent hepatic stellate cells (HSCs) into myofibroblasts, 
leading to excessive extracellular matrix deposition (11,73). 
Research indicates that metabolic reprogramming, including 
aerobic glycolysis, can activate HSCs (74,75), and inhibition 
of aerobic glycolysis can suppress HSC activation. After 
HSC activation, lactate is involved in subsequent processes, 
including gene expression (74,75).

In highly glycolytic proliferating cells, such as cancer 
cells, hexokinase (HK)2 expression accelerates glucose 
metabolism (76). In HSCs, HK2 deletion or pharmacological 
inhibition of lactate production can reduce histone lactylation 
at H3K181a in HSCs, thereby inhibiting HSC activation. This 
inhibition is reversed by supplementing exogenous lactate (55). 
Furthermore, HSC activation is inhibited, and hepatic fibrosis 
is attenuated in mice with an HSC‑specific knockout of 
HK2 (55). Thus, intervention of the HK2/H3K18la axis is a 
potential therapeutic strategy for liver fibrosis. Increased 

Table II. Functions of lactate and lactate metabolism.

Function	 Description	 (Refs.)

Energy regulation	 Primary fuel in the TCA cycle. Supplementary sources of glucose	 (48-52)
Regulation of fatty	 Lactate promotes fatty acid synthesis by increasing the intracellular pool of acetyl-	 (9,53)
acid metabolism	 CoA as well as by increasing the activity of acetyl coenzyme A carboxylase (a key
	 enzyme that regulates fatty acid synthesis). Furthermore, lactate induces CD4+ T cells to
	 upregulate the expression of the lactate transporter SLC5A12, which mediates the uptake
	 of lactate by CD4+ T cells, forming a positive feedback loop to increase the synthesis of
	 fatty acids	
Histone lactylation	 Associated with lactate concentrations. Promotes the transition of macrophages from	 (9,54-57)
	 a pro-inflammatory phenotype to a reparative phenotype. HK2 promotes lactylation by
	 acting on the H3K181a lactylation site, then promoting liver fibrosis. AK2 and
	 lactylation of H3 histone contribute to the progression of HCC	
Non-histone	 By analyzing tumors and adjacent tissues from patients with HCC, 9,275 lactylation sites	 (9,56)
lactylation	 were identified, of which 9,256 were located on non-histone proteins. The role of non-
	 histone lactylation has not been revealed in studies on liver diseases	
LMRGs	 Lactate metabolism contributes to tumor-induced immune suppression, a major obstacle	 (58-61)
	 to effective immune therapy. LMRGs can be used as predictors of tumor clinical
	 prognosis. There are 66 LMRGs differentially expressed in HCC, mainly associated
	 with metabolic processes and oxidative reactions. FKTN, PDSS1, PET117, PUS1,
	 RARS1 and RNASEH1 were associated with the prognosis of HCC and were used to
	 calculate the LMRG score; patients with a high LMRGS score had a poor prognosis, and
	 the LMRGS score was positively associated with the expression of immune checkpoints
	 such as PD-1. Further research is required to determine the predictive role of LMRGs	

HK2, hexokinase 2; AK2, adenosine kinase 2; HCC, hepatocellular carcinoma; PD-1, programmed death-1; LMRGs, lactate metabolism-
related genes; TCA, tricarboxylic acid.
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expression of MCT1 also promotes liver fibrosis formation 
in non‑alcoholic steatohepatitis (NASH) mouse models (34). 
Increases in lactate levels promotes HSC activation as well 
as lactate transport and lactylation, which are associated with 
the development of liver fibrosis. Therefore, the role of lactate 

metabolism in the development of liver fibrosis should be 
investigated further in the future.

NAFLD. The prevalence of NAFLD has made it a major 
global health issue and the overall prevalence of NAFLD 

Figure 2. Role of lactate in liver diseases. In the liver, lactate is transported into and out of cells via MCT1 and MCT4, respectively. The increase of lactate in 
the liver can promote liver fibrosis through the activation of HSCs. HK2 induces histone lactylation at H3K181a to promote lactate production, which induces 
liver fibrosis. PCAF inhibits the activity of LDHB by acting at the K82 site of LDHB to promote acetylation, thereby inhibiting lactate clearance and thus 
contributing to the development of NAFLD. D‑lactate inhibits the PI3K/AKT1/STAT6/PPARγ pathway by interacting with TLR2/TLR9, which activates 
AKT2/STAT1/NF‑κB to promote the transformation of M2 Mø to M1 Mø. In HCC, lactate promotes PD‑1 expression thereby increasing drug resistance. 
However, β‑HB inhibits lactate production, and suppresses HCC proliferation and migration by inhibiting the B‑Raf/MAPK pathway and EMT, as well as 
increasing the drug sensitivity of HCC. SIRT3 induces the delactylation of CCNE2 to inhibit the development of HCC. The nano particle formulation, DL@
NP‑M‑M2pep, acts on macrophages to inhibit MDSCs, Tregs and tumor growth. Another nanoformulation, LOX‑MnO2 @Gel, reduces the lactate levels to 
restore the intratumoral function of CTLs, inhibit Tregs and reduce M2 Mø. MCT1/4, monocarboxylate transporter 1/4; HSCs, hepatic stellate cells; HK2, 
hexokinase 2; PCAF, P300/cyclic AMP response element‑binding protein‑associated factor; LDHB, lactate dehydrogenase B; NAFLD, non‑alcoholic fatty 
liver disease; TLR2/9, Toll‑like receptor; M2 Mø, M2 macrophages; M1 Mø, M1 macrophages; HCC, hepatocellular carcinoma; PD‑1, programmed death‑1; 
β‑HB, β‑hydroxybutyrate; EMT, epithelial‑mesenchymal transition; SIRT3, sirtuin 3; CCNE2, cyclin E2; MDSCs, myeloid‑derived suppressor cells; Tregs, 
regulatory T cells; CTLs, cytotoxic T lymphocytes; 2‑DG, 2‑deoxy‑D‑glucose; AC, acetylated; NASH, non‑alcoholic steatohepatitis; DL, D‑lactate; PPARγ, 
peroxisome proliferator‑activated receptor γ; P, phosphorylated.
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worldwide is estimated to be 32.4% (77). NAFLD comprises a 
spectrum of liver conditions, in which hepatic steatosis (fatty 
liver) alone is referred to as NAFL and NASH is defined as 
a more serious condition with inflammation and hepatocyte 
damage (steatohepatitis) (77,78). As the disease progresses, a 
number of patients may develop liver cirrhosis or HCC (79). 
Studies show that with an increasing severity of liver disease, 
especially when the disease progresses from steatosis to 
NASH, lactate levels gradually increase in both the blood and 
liver (80,81). Protein acetylation is a major mechanism in the 
development of chronic liver diseases (82). LDHB activity 
is markedly reduced in the liver of patients with NAFLD or 
NASH (23). Similarly, in high fat diet (HFD)‑induced NAFLD 
mouse models, the LDHB activity is decreased (23). Mass 

spectrometry reveals that during the construction of the mouse 
model, the HFD exacerbates lactate accumulation, decreases 
the liver lactate clearance rate and alters the expression of the 
acetyltransferases P300/CBP‑associated factor (PCAF) (23). 
PCAF is the major regulatory factor for LDHB acetylation at 
the K82 site (23). PCAF‑dependent K82 acetylation reduces 
LDHB activity and inhibits lactate clearance. Another study 
suggests that H3K9 acetylation may aggravate lipid accumula‑
tion, and overexpression of LDHB‑K82Q (which inhibits the 
activation of LDHB) in mice increases H3K9 histone acetyla‑
tion, promotes lipid accumulation and inflammatory reactions, 
and results in an exacerbation of NAFLD (23). Inhibition 
of PCAF reduces LDHB acetylation and alleviates hepatic 
steatosis in NASH mice. This provides a potential therapeutic 

Table III. Function of lactate in liver diseases.

Liver diseases	 Function	 (Refs.)

Liver fibrosis	 Increases in lactate levels could promote HSC activation and	 (55,74,75)
	 liver fibrosis. Lactate could promote HSC activation through
	 lactylation. HK2 deficiency could lead to a reduction of
	 H3K181a inhibiting lactylation and HSC activation. HK2/
	 H3K18la axis  is a potential target for the treatment of liver
	 fibrosis	
NAFLD	 Lactate levels in the blood and liver gradually increase with	 (23)
	 lesion aggravation. PCAF-dependent K82 acetylation reduces
	 LDHB activity and inhibits lactate clearance, and upregulation
	 of LDHB-K82Q increases histone acetylation and promotes
	 NAFLD	
ALF	 Increased lactate levels, which could be used as a predictor even	 (84-103)
	 though they have low specificity, could inform decision process
	 of the transplant team that may benefit the  prognosis of the
	 patient. Markedly elevated serum LDH levels, but of low
	 diagnostic value	
HCC	 Increased lactate levels. Accumulation of lactate in the TME	 (9,56,57,76,108,117-123,128,129,133-142)
	 could lead to acidification of the extracellular environment,
	 which can inhibit the function of T cells and NK cells, and
	 enhance the immunosuppressive function of TAMs, MDSCs
	 and regulatory T cells thereby promoting tumor progression.
	 Increased lactate levels  along with increased drug resistance in
	 HCC. Knockdown of LDHA in mice markedly inhibited the
	 growth of HCC; however, it is ineffective in vivo when LDHA	
	 is used as a target for drug development. Targeted delivery of
	 D-lactate to macrophages could inhibit the growth of HCC.
	 LDH levels could be used as a prognostic indicator for HCC.
	 Lactylation of adenylate kinase 2 promotes the progression of
	 HCC. SIRT3 induces delactylation of CCNE2 to inhibit the	
	 development of HCC. H3 histones lactylation could promote
	 the progression of HCC. Knockdown of HK2 suppressed the
	 incidence of HCC in mice	

HK2, hexokinase 2; HSCs, hepatic stellate cells; NAFLD, non-alcoholic fatty liver disease; PCAF, P300/cyclic AMP response element-binding 
protein-associated factor; LDH, lactate dehydrogenase; ALF, acute liver failure; HCC, hepatocellular carcinoma; TME, tumor microenviron‑
ment; TAMs, tumor-associated macrophages; MDSCs, myeloid-derived suppressor cells; SIRT3, sirtuin 3; CCNE2, cyclin E2; NK, natural 
killer.
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target for NAFLD. MCT1 can promote liver steatosis, and 
the knockdown of MCT1 in a mouse model attenuates the 
symptoms of NAFLD (35‑37). However, further studies are 
required to investigate the role of lactate metabolic processes 
in NAFLD.

ALF. ALF is a syndrome characterized by brain dysfunc‑
tion, coagulation disorders and multi‑organ dysfunction 
resulting from acute liver injury (83). A number of studies 
have investigated the role of lactate in ALF. Bernal et al (84) 
demonstrate that arterial blood lactate levels can predict a poor 
prognosis of acetaminophen‑induced ALF. There is a notable 
association between lactate levels and survival in response 
to ALF, including acetaminophen‑induced, non‑acetamino‑
phen‑induced and edible mushroom‑induced AFL, and despite 
the low specificity of lactate as a predictor of prognosis in 
patients with ALF, patients with high lactate levels have lower 
survival rates (68,85‑93). Furthermore, a study suggests that 
lactate levels lack specificity as a criterion for urgent liver 
transplantation in patients with ALF (94). Bernal (95) argues 
that the decision‑making process for liver transplantation is 
a dynamic one, and the level of lactate remains an important 
component of the overall assessment of patients with ALF, 
aiding transplant teams in making decisions that contribute to 
the prognosis of the patients. Early postoperative lactate levels 
are effective markers for clinically relevant post‑hepatectomy 
liver failure (PHLF) (96). Furthermore, elevated perioperative 
lactate levels and decreased lactate clearance are associated 
with the incidence of PHLF (97). Therefore, lactate levels may 
assist in clinical decision‑making for patients with a liver trans‑
plant, such as timely administration of preventive treatment and 
enhanced observation. The lactate clearance rate serves as an 
independent predictor of mortality in critically ill patients with 
liver cirrhosis and acute‑on‑chronic liver failure (ACLF) (98). 
Additionally, in patients with ACLF requiring ICU admission, 
a lactate and organ failures predictive model, constructed from 
lactate levels and a number of organ failures, demonstrates that 
the lactate level and the number of organ failures at the time 
of admission to the ICU predicts patient prognosis. Therefore, 
this may allow for an improved risk stratification in order to 
optimize strategies for organ support (99).

In patients with ALF, serum LDH levels are markedly 
higher compared with those in patients with acute or chronic 
hepatitis, or liver cirrhosis. Immunohistochemistry also shows 
a relative increase in LDH expression levels (100). While LDH 
was previously considered to have low diagnostic value in liver 
diseases due to its production by various cells throughout the 
body (101), a recent study reveals that a high lactate/albumin 
ratio is associated with an increased mortality during hospital‑
ization in patients with liver cirrhosis (102). This ratio serves 
as an independent predictive indicator of in‑hospital mortality 
in patients with cirrhosis (102). Therefore, the present study 
suggests that lactate can be used as a prognostic predictor 
for cirrhosis (103) as well as ALF. During the development 
of ALF, the proteins involved in lactate metabolism must be 
altered, therefore, it may be possible to identify more specific 
LMRGs to predict the prognosis of ALF in the future.

HCC. Liver cancer is the 6th most common cancer and the 4th 
leading cause of cancer‑related mortality in the world (104). 

The most common type of primary liver cancer is HCC, 
which accounts for 80‑90% of cases (104). Current effective 
treatments for HCC include surgery, liver transplantation, 
chemotherapy and targeted therapy, but overall survival (OS) 
remains unsatisfactory (105). Further research is required for 
the treatment of HCC.

The tumor microenvironment (TME) serves an impor‑
tant role in cancer progression, consisting of tumor cells, 
immune cells, stromal cells, blood vessels and the extracel‑
lular matrix (106). Lactate accumulation exacerbates hypoxia 
thereby activating hypoxia‑inducible factor‑1α to further 
promote lactate production (107). Lactate accumulation in 
the TME can lead to extracellular acidification, inhibiting 
the function of T cells and natural killer (NK) cells, while 
enhancing the immunosuppressive functions of tumor‑associ‑
ated macrophages (TAMs), myeloid‑derived suppressor cells 
(MDSCs) and regulatory T cells (Tregs), thereby promoting 
tumor progression  (9). Lactate also promotes hypoxia and 
angiogenesis, further contributing to the immunosuppressive 
functions of the TME (9).

Lactate induces the expression of programmed death‑1 
(PD‑1) in monocytes and neutrophils (108). In addition, lactate 
can induce PD‑1 expression by activating signaling pathways 
mediated by TGF‑β, IFN‑γ and TNF‑α (105‑108). Increased 
lactate activates the TGF‑β/Smad signaling pathway and 
subsequently activates epithelial‑mesenchymal transition 
(EMT)‑related genes to promote tumor progression (109,110). 
Lactate can lead to an increase in the levels of hepatocyte 
growth factor (HGF) in cancer‑associated fibroblasts and 
subsequently activate the mesenchymal epithelial transi‑
tion‑dependent signaling pathway in cancer cells, maintaining 
resistance to tyrosine kinase inhibitors (TKIs) (111). In HCC, 
lactate promoted HCC progression by modulating HGF (112). 
Lactate upregulates IFN‑γ expression in M2 TAMs and 
promotes T‑cell apoptosis through the PD‑1/PD‑ligand (L)1 
pathway (113). In HCC, lactate promotes PD‑L1 upregula‑
tion by increasing TNF‑α expression; blocking TNF‑α 
inhibits PD‑L1 expression in TAMs (114). Both lactate and 
lactylation promotes IL‑6 secretion to promote tumor progres‑
sion  (115,116). Hence, increases in lactate levels increases 
HCC resistance and decreases HCC treatment efficacy (117).

Elevated lactate levels are observed in the tumor and 
surrounding tissues, and in the serum of patients with 
HCC (108,118). Lenvatinib administered in combination with 
celecoxib reduces lactate‑induced PD‑L1 neutrophil survival 
and thus, reduces the levels of PD‑L1 neutrophils increasing 
the antitumor effect of lenvatinib in subcutaneous and ortho‑
topic HCC mouse models (108). Overexpression of LDHA 
in HCC cells increases the invasive capacity of HCC cells, 
and knockdown of LDHA inhibits the metastatic potential 
in xenograft mice (119). Ketogenesis primarily occurs in the 
liver, and β‑hydroxybutyrate (β‑HB) is a ketone produced 
during this process  (120). Exogenous administration of 
β‑HB decreases LDHA expression and lactate production in 
sorafenib‑resistant HCC cells, enhancing the drug sensitivity of 
HCC sorafenib‑resistant cells by inhibiting the B‑Raf/MAPK 
pathway and EMT (117). However, in xenograft models, β‑HB 
inhibits the expression of proliferating cell nuclear antigen 
and LDHA without markedly improving tumor size and 
weight (117). While β‑HB treatment may reverse sorafenib 
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resistance by downregulating lactate production, further 
research is needed to confirm its effectiveness in vivo (117). 
microRNA (miR)‑34a serves an anticancer role in HCC 
cells. By establishing a radioresistant HCC cell line, miR‑34a 
levels are markedly downregulated in HepG2 radioresistant 
cells, and overexpression of miR‑34a re‑sensitizes cells to 
radiation treatment by inhibiting LDHA (121). The potassium 
inwardly‑rectifying channel, subfamily J, member 11 potassium 
channel can interact with LDHA and enhance its enzymatic 
activity to promote HCC progression (122). Knockdown of 
LDHA in mice notably inhibits the growth of HCC, while the 
selective loss of CD8+ and increases of CD4+ T lymphocytes 
in the TME are observed (123). However, further studies are 
needed to investigate the mechanism of HCC development 
inhibition by knockdown of LDHA. A number of drugs that 
target LDHA are effective in in vitro experiments but are 
found to be ineffective when experimenting in vivo (123,124). 
Additionally, a number of effective in vivo LDHA inhibitors 
often exhibit off‑target effects, suggesting that their antitumor 
activity may not be solely due to LDHA inhibition (125,126). 
Thus, further investigation is required to determine whether 
LDHA is a suitable target for HCC treatment.

Research shows that D‑lactate can reach the liver 
through the portal vein and enhance the ability of Kupffer 
cells to clear pathogens from the bloodstream  (127). In 
addition, D‑lactate also interacts with TLR2 and/or TLR9 
on macrophages to inhibit the PI3K/Akt pathway while acti‑
vating the NF‑κB pathway to promote the transition of M2 
TAMs to M1 TAMs (128). Targeted delivery of D‑lactate to 
macrophages through the nanoformulation DL@NP‑M‑M2 
macrophage‑binding peptide (DL@NP‑M‑M2pep) markedly 
inhibits tumor growth in mouse models, improving survival 
rates (128). It reverses the immunosuppression in TME by 
inhibiting MDSCs and Tregs while activating NK cells and 
DCs (128). Another study used nanotechnology to construct a 
nanoparticle‑hydrogel composite system, LOX‑MnO2@Gel; 
this system depletes lactate from the TME through a cascade 
catalytic reaction, then restores intratumoral cytotoxic T 
lymphocyte function, reduces the ratio of Tregs/M2‑like 
macrophages, enhances antitumor immune responses and 
transforms the immunosuppressive TME into an immuno‑
competent one (129). This approach markedly inhibits residual 
tumor growth, suppresses lung metastasis and prolongs mouse 
survival in subcutaneous and in situ HCC mouse models (129). 
Combining metabolic therapy with immunotherapy provides 
new insights for the treatment of HCC recurrence post‑abla‑
tion, but long‑term research is required. Targeting lactate has 
also been shown to be a possible treatment for HCC.

LDH can serve a predictive role in the treatment of sorafenib 
in patients with renal cell, rectal and lung cancer (130‑132). 
Earlier studies have also shown the same predictive value in 
HCC (133). However, another study suggests that baseline 
LDH levels are not associated with the prognosis of patients 
with HCC undergoing sorafenib treatment (134). In a previous 
study, baseline LDH levels in patients with HCC were found 
to be influenced by the degree of liver fibrosis, independent of 
HCC staging (135). Lower baseline LDH levels were identified 
as an independent prognostic factor for an improved response 
to sorafenib. The study also found that a marked increase in 
serum LDH levels during sorafenib administration may indicate 

the potential development of ALF (135). In patients with HCC 
undergoing liver resection, low LDH levels are associated with 
improved OS and recurrence‑free survival (136). Preoperative 
serum LDH levels can assess the long‑term prognosis of 
patients with HCC undergoing transarterial chemoemboli‑
zation (TACE) (137). In addition, an increase in LDH after 
undergoing TACE also implies poorer OS  (138). Another 
study involving 2,327 patients with HCC indicated that high 
LDH levels and a high ratio of alkaline phosphatase/LDH are 
associated with poor OS (139). The positive rates of LDHC 
mRNA expression in serum and in serum exosomes of patients 
with HCC were 68 and 60%, respectively. The LDHC expres‑
sion levels were negatively associated with HCC prognosis, 
serving as a predictor for HCC prognosis (140). Therefore, 
current research supports LDH as a prognostic indicator for 
HCC treatment.

Lactate transport also serves a role in the development of 
HCC. MCT1 is highly expressed in HCC tissues compared with 
adjacent tissues (38). Additionally, MCT4 is highly expressed 
in HCC cells and tissues compared with normal hepatocytes 
and adjacent tissues. MCT4 can promote tumor cell prolifera‑
tion, invasion and metastasis, and is strongly associated with 
the poor prognosis of patients with HCC (39,40). It is also 
involved in HCC progression by promoting the expression 
of trafficking protein particle complex subunit 5 (41). When 
MCT4 is inhibited, it leads to the disruption of pH homeostasis 
in HCC cells, which induces apoptosis and inhibits migration 
and invasion (42).

LMRGs can be used as predictors of tumor clinical prog‑
nosis (59‑61). There are 66 LMRGs differentially expressed in 
HCC, mainly associated with metabolic processes and oxida‑
tive reactions (59). FKTN, PDSS1, PET117, PUS1, RARS1 and 
RNASEH1 are associated with the prognosis of HCC and may 
be used to calculate the LMRG score; patients with a high 
LMRGs score have a poor prognosis, and the LMRGs score 
is positively associated with the expression of immune check‑
points such as PD‑1 (59). However, further research is needed 
to determine the predictive role of LMRGs.

Lactylation primarily affects enzymes involved in metabo‑
lism, and is associated with cellular energy metabolism. 
Adenylate kinase 2 (AK2) is a key enzyme in the transfer 
of phosphate groups between adenosine monophosphate and 
ATP to produce adenosine diphosphate. AK2 lactylation 
markedly reduces AK2 enzyme activity, leading to energetic 
disturbances in HCC cells, which promotes HCC progres‑
sion  (56). The NAD‑dependent deacetylase sirtuin 3 can 
inhibit the development of HCC by promoting cell cycle 
protein E2 delactylation  (141). Pan  et  al  (57) also reveal 
that histone lactate levels in tumor tissues of patients with 
HCC are notably higher compared with those in adjacent 
tissues, and that lactylation of H3 histones can promote the 
progression of HCC. Silencing HK2 in HCC cells inhibits 
tumorigenesis and promotes cell death, and knockdown of 
HK2 in mice suppresses the incidence of HCC by inhibiting 
lactate production (55). By analyzing the relevant lactoniza‑
tion genes of patients with HCC in The Cancer Genome 
Atlas and the International Cancer Genome Consortium 
databases, Cheng et al (142) found that 16 lactylation‑related 
genes were associated with the prognosis of HCC, and eight 
differential genes, which were further filtered to be included 
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in the lactylation score, were found to be negatively associ‑
ated with prognosis; therefore, lactylation‑related genes have 
the potential to serve as a prognostic biomarker for HCC in 
the future. Lactate production, lactate shuttling and lactylation 
are involved in the development of HCC, therefore, targeting 
lactate metabolism is a potential approach to treating HCC; 
however, additional research is required.

6. Lactate and lactate metabolism in the treatment of liver 
diseases

Efforts have been made to identify effective treatment methods 
and diagnostic markers for liver diseases. When liver diseases 
progress to liver cirrhosis and HCC, the prognosis for patients 
is poor. Lactate levels can be useful for assessing the prognosis 
of ALF and liver cirrhosis (84‑103), and LDH can also be used 
as a predictor of therapeutic sensitivity in HCC (133‑140). 
LDHA, HK2, MCTs and HK2 are also potential targets 
for the treatment of liver diseases  (23,35‑37,42,43,55,123). 
Lactate‑targeted amelioration of liver disease mainly occurs 
through the regulation of lactate production, lactate transport 
and lactylation (Table IV).

Reducing lactate production. Glycolysis is an important 
source of lactate production, and glucose transport is also 
a regulator of lactate production. Lactate production can be 
regulated by targeting glycolytic pathway‑related proteins 
including LDH, glucose transporter, MCT, HK2 and pyruvate 
kinase M2 (PKM2) (143,144). Reducing lactate can inhibit 
the activation of HSCs, thereby suppressing the occurrence 
and development of liver fibrosis (55). Kruppel like factor 5 

(KLF5) promotes glycolysis, leading to an increased LDHA 
expression. Curcumol inhibits liver fibrosis by blocking 
the KLF5/LDHA feedback loop (145). The Wnt/β‑catenin 
signaling pathway enhances LDHA stability, promoting 
glycolysis and liver fibrosis. In mice, the specific deletion 
of LDHA in HSCs alleviates liver fibrosis (146). Therefore, 
the inhibition of LDHA may be an effective treatment for 
liver fibrosis. By inhibiting HK, 2‑deoxy‑D‑glucose (2‑DG) 
inhibits glycolysis, which improves liver fibrosis (147). The 
combination of 2‑DG with sorafenib inhibits HCC cell prolif‑
eration and improves sorafenib resistance (148,149). However, 
a number of studies suggest that 2‑DG has no marked 
impact on tumor growth at doses that do not cause severe 
adverse reactions (150,151). A recent study, in which 2‑DG is 
delivered to the liver via nanoparticles, demonstrates that it 
increases the antitumor effects of sorafenib while producing 
antitumor effects in anti‑PD‑1‑resistant tumors  (152). 
Additionally, 3‑bromopyruvate is a HK2 inhibitor that 
suppresses HCC cell proliferation and movement, enhances 
sorafenib efficacy, and is considered a potential sensitizer 
for clinical chemotherapy (153‑155). Quercetin is a bioactive 
flavonoid that can inhibit HK2‑dependent glycolysis and 
thus, inhibit HCC progression (156). Oviductus ranae protein 
hydrolysate (ORPH) has immunomodulatory and anti‑glioma 
activities. ORPH can inhibit HCC progression by targeting 
the miR‑491‑5p/PKM2 axis to inhibit glycolysis  (157). 
Galloflavin, an LDHA inhibitor, alleviates liver damage in 
ALF mouse models  (158). Quinoline‑3‑sulfonamides are 
also inhibitors of LDHA, and quinoline‑3‑sulfonamides and 
galloflavin also inhibit the proliferation of HCC cells (159). 
As an inhibitor of LDHA, oxamate enhances the antitumor 

Table IV. Drug of target lactate in liver diseases.

Drug	 Target	 Function	 (Refs.)

Curcumol	 KLF5/LDHA	 Attenuates liver fibrosis	 (145)
2-DG	 HK2	 Improves liver fibrosis, and increases the antitumor effects of anti-PD-1 and	 (147-152)
		  sorafenib, while showing antitumor effects in anti-PD-1-resistant tumors	
3-BrPA	 HK2	 Inhibits HCC cell proliferation and motility, and improves the efficacy of	 (153-155)
		  sorafenib in HCC models	
Quercetin	 HK2	 Inhibits the proliferation HCC cells	 (156)
ORPH	 Glycolysis	 Inhibits the growth and metastasis of HCC	 (157)
Galloflavin	 LDHA	 Attenuates liver injury in the mouse model of ALF, and inhibits the	 (158,159)
		  proliferation of HCC cells	
Quinoline-3-	 LDHA	 Inhibits the proliferation of HCC cells	 (159)
sulfonamides			 
Oxamate	 LDHA	 Enhances the antitumor activity of sorafenib, imatinib and sunitinib against	 (160)
		  HCC cells
VB124	 MCT4	 Enhances T cell infiltration and the efficacy of anti-PD-1 immunotherapy	 (164)
		  in a HCC mouse model	
Demethylzeylasteral	 Lactylation 	 Inhibits the development of HCC	 (57)
RJA	 Lactylation	 Inhibits the proliferation and migration of HCC cells	 (165)

2-DG, 2-deoxy-D-glucose; KLF5, Kruppel like factor 5; LDH, lactate dehydrogenase; HK2, hexokinase 2; PD-1, programmed death-1; 
3-BrPA, 3-bromopyruvate; HCC, hepatocellular carcinoma; ORPH, oviductus ranae protein hydrolysate; ALF, acute liver failure; MCT, mono‑
carboxylate transporter; RJA, royal jelly acid.
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activity of sorafenib, imatinib and sunitinib in HCC (160). 
Liver fibrosis, liver injury and HCC can be ameliorated by 
targeting lactate production; however, long‑term studies are 
required to investigate the application of this in clinical treat‑
ment.

Inhibition of lactate transport. MCT1 and 4 serve important 
roles in the occurrence and development of liver diseases. 
Inhibiting the transport of lactate is a potential target for cancer 
therapy (161). Therefore, inhibiting lactate transport may be 
beneficial for improving liver diseases. In mice, knocking out 
MCT1 alleviates symptoms of NAFLD (162). Upregulation 
of MCT1 in Tregs promotes resistance to PD‑1 therapy in 
patients with HCC (43). A previous study demonstrates that 
ARC155858, an inhibitor of MCT1, can inhibit proliferation 
and lipid synthesis in HCC cells, but further in vivo studies 
are required to confirm this finding  (163). Thus, in‑depth 
studies are required to determine whether an MCT1 inhibitor 
can improve liver diseases, and further research is warranted 
in the future. Inhibition of MCT4 disrupts the intracellular 
pH homeostasis and initiates apoptosis in HCC cells  (42). 
The MCT4 inhibitor VB124 enhances T cell infiltration and 
the efficacy of anti‑PD‑1 immunotherapy in a HCC mouse 
model (164).

Inhibition of lactylation. Inhibiting lactylation may also be a 
therapeutic strategy for HCC. Demethylzeylasteral, a triter‑
penoid anti‑tumor compound, can inhibit the development of 
HCC by suppressing the lactylation of H3 histones, thereby 
inhibiting the tumorigenicity induced by liver cancer stem 
cells (57). Royal jelly acid (RJA), a major unsaturated fatty 
acid in natural compound royal jelly, inhibits the prolifera‑
tion and migration of HCC cells and promotes apoptosis. In 
a subcutaneous HCC model, RJA inhibits tumor growth by 
inhibiting the lactylation of H3K9la and H3K14la sites on H3 
histone (165). Glypican‑3 (GPC3), a member of the glypican 
family, is expressed at high levels in HCC and has diagnostic 
value (166). Recent research indicates that GPC3 promotes 
lactate production, contributing to HCC development by 
enhancing the overall lactate levels and c‑myc lactylation (167). 
In future research, a new direction may be to target lactylation 
to study the treatment of liver diseases. In addition, LMRGs are 
also potential markers and therapeutic targets for predicting 
the prognosis of liver diseases.

7. Conclusion

Lactate and lactate metabolism serve an essential role 
in the development and progression of liver diseases. 
Abnormalities in lactate production and transport, and 
lactylation contribute to the development of liver disease, 
while lactate levels can predict the prognosis of ALF and 
liver cirrhosis. LDH can be used as a predictor of the thera‑
peutic sensitivity of HCC. Targeting lactate production and 
transport, regulating circulating lactate levels and inhibiting 
lactylation may serve as potential future strategies for the 
treatment of liver disease. Several studies have already been 
conducted (57,145,147‑160,164,165), but the role of lactate 
transport and lactylation in liver disease should be further 
investigated in the future. Lactate metabolism involves a 

number of genes; LMRGs may exist as biomarkers and ther‑
apeutic targets for liver diseases such as liver fibrosis, ALF 
and HCC. In‑depth basic and clinical studies are required 
to confirm the role of lactate metabolism in liver diseases. 
Summarizing the currently available studies may help guide 
future research.
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