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A B S T R A C T   

Lactate dehydrogenase (LDH) is one of the crucial enzymes in aerobic glycolysis, catalyzing the last step of 
glycolysis, i.e. the conversion of pyruvate to lactate. Most cancer cells are characterized by an enhanced rate of 
tumor glycolysis to ensure the energy demand of fast-growing cancer cells leading to increased lactate pro-
duction. Excess lactate creates extracellular acidosis which facilitates invasion, angiogenesis, and metastasis and 
affects the immune response. Lactate shuttle and lactate symbiosis is established in cancer cells, which may 
further increase the poor prognosis. Several genetic and phenotypic studies established the potential role of 
lactate dehydrogenase A (LDHA) or LDH5, the one homo-tetramer of subunit A, in cancer development and 
metastasis. The LDHA is considered a viable target for drug design and discovery. Several small molecules have 
been discovered to date exhibiting significant LDHA inhibitory activities and anticancer activities, therefore the 
starvation of cancer cells by targeting tumor glycolysis through LDHA inhibition with improved selectivity can 
generate alternative anticancer therapeutics. This review provides an overview of the role of LDHA in metabolic 
reprogramming and its association with proto-oncogenes and oncogenes. This review also aims to deliver an 
update on significant LDHA inhibitors with anticancer properties and future direction in this area.   

1. Introduction 

Cancer is a complex and multi-step process including cell prolifera-
tion, invasion, angiogenesis, cell death resistance, and immune evasion, 
mainly caused by genomic instability [1–3]. Bioenergetics of cancer cells 
are largely different from normal cells and their reliance on aerobic 
glycolysis increases research interest in the area of tumor glycolysis and 
the development of new glycolytic inhibitors [4,5]. Most cancer cells 
follow reprogrammed glycolytic phenotype uncoupled with oxidative 
phosphorylation, which was first hypothesized by Otto Warburg in 
1927, known as the “Warburg effect” (Fig. 1). He hypothesized that 
cancer cells preferentially consume glucose which is then catabolized 
into lactate through pyruvate whereas in normal cells it is catabolized 

into CO2 and energy which is essential for cellular functioning [6,7]. 
Since then, cancer cell metabolism has attracted significant attention for 
the identification of potential targets and drug-like candidates to target 
cell metabolism [6,8,9]. Cancer cells are highly characterized by an 
enhanced rate of tumor glycolysis to ensure the high energy demand and 
essential metabolites for fast-growing cancer cells. An elevated rate of 
tumor glycolysis confirms the avidity of high consumption of glucose 
leads to excess production of lactate and less adenosine triphosphate 
(ATP) production in cytosol [10,11]. Besides, in normal cells, glycolysis 
is composed of ten successive steps, and the end product of glycolysis 
“pyruvate” is then entered into mitochondria for energy production 
through the TCA cycle (Fig. 1). If pyruvate does not enter into the TCA 
cycle, it produces less energy as per glucose molecules through 
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reprogrammed glycolysis [9,12]. The catalytical role of LDH under 
hypoxic conditions is to regenerate NAD+ molecules which is essential to 
maintain glycolysis for continuous ATP production [13,14]. Lactate 
formation under hypoxic conditions attained by high glycolytic activity, 
resulting lactate is then converted into pyruvate by lactate dehydroge-
nase B (LDHB) for further metabolic processes. In cancer cells, the 
enhanced rate of tumor glycolysis is controlled by overexpressed 
transporters, enzymes including LDH, and cofactors. The pyruvate is 
reduced to lactate which is catalyzed by LDHA closely associated with 
hypoxia-inducible factor 1 (HIF-1) [15–17], coupled with oxidation of 
NADH to NAD+ essential for the maintenance of high glycolytic flux [18, 
19]. Restoration of NAD+ in cancer cells is not only beneficial to pyru-
vate reduction to lactate together with H+ production but also facilitates 
lactate secretion to the microenvironment via monocarboxylate trans-
porters (MCT) leading to decreased pH in the extracellular environment 
[20]. This biochemical phenomenon plays an important role in onco-
genesis by enhancing the activity of pro-invasion factors and inducing 
invasion, immunosuppression, angiogenesis, and metastasis resulting in 
poor prognosis in cancers [21–24]. As well, NAD+ serves as a cofactor in 
various redox reactions related to cell metabolism and acts as a substrate 
for different signaling enzymes including sirtuins, PARPs, and cADPRSs 
where degradation and cleavage of NAD+ occur into ADP ribose and 
nicotinamide (NAM) [25]. Lactate formed in cancer cells through tumor 
glycolysis, is then transported outside the cells, and is further consumed 
by cancer cells for energy production mediated by oxidative mito-
chondrial metabolism and for amino acid formation [26]. Therefore, 
cancer cells established lactate shuttle by taking the advantage of 
overexpression of two MCT isoforms i.e. MCT1 and MCT4 widely 
expressed in cancer cells. Both MCT1 and MCT4 are bidirectional 
proton-linked transporters, however, MCT4 preferred lactate export and 
MCT1 preferred lactate import [27,28]. Wide literature suggests that 
LDH plays a significant role in cancer progression, survival, invasion 
angiogenesis, and metastasis via tumor glycolysis, and lactate shuttle 
and is considered a viable target for drug development (Fig. 2). 

1.1. LDH isoforms and their tissue distribution 

LDH is a redox enzyme with a molecular weight of 134 kDa, consists 

of four peptide chains exist in two forms; LDH A (M) predominately 
found in skeletal muscle and liver, and LDHB (H) found in heart muscles, 
brain, spleen, kidney, and erythrocytes. LDHA and LDHB chains are both 
encoded by separate genes ldha and ldhb respectively (Fig. 3) [29,30]. 
LDH exists in five different isoforms i.e. LDHA1–5 (LDH1, LDH2, LDH3, 
LDH4, and LDH5) by various possible combinations of LDHA and LDHB 
subunits and is majorly expressed in the cytosol. Among these, only two 
LDH1 and LDH5 are homo-tetramers, LDH1 is comprised of four sub-
units of LDHB (LDH1; B4 or H4) and LDH5 is composed of four subunits 
of LDHA (LDH5; A4 or M4), (Fig. 3). Except for these, the other three 
enzymes LDH2, LDH3, and LDH4 are hetero-tetramers. Moreover, the 
sixth isoform LDHC (LDHX or LDHC4) is majorly found in human testis 
and sperm thus implicated in male fertility. LDH catalyzes the redox 
reaction, where the forward reduction reaction (conversion of pyruvate 
to lactate) is catalyzed by LDHA and LDHB catalyzes the backward 
oxidation reaction (conversion of lactate to pyruvate) [30,31]. 

Fig. 1. Glycolysis- energetic difference of normal cell vs cancer cell.  

Fig. 2. Lactate; end product of glycolysis, its transportation through MCT and 
its involvement in metastasis, angiogenesis, invasion and in immune 
suppression. 
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1.2. LDHA linked with transcription factors, and cancer 

Genetically, LDHA is closely associated with various human meta-
bolic cancer including pancreatic [32], laryngeal squamous cell carci-
noma (LSCC) [33], head and neck [34], renal [35], gastric [36], prostate 
cancer [37], breast [38], hepatocellular [39], Oral Squamous Cell Car-
cinoma (OSCC) [40], and cervical cancer [41,42]. Extensive literature 
data confirmed that the LDHA inhibition showed a reduction in tumor 
proliferation in various cancers such as head and neck, pancreatic, 
cervical ad prostate cancer, and others [32,34,37,41,42]. Inhibition of 
LDHA reduces the migration of cancer cells, invasion, angiogenesis, and 
cancer metastasis. Moreover, LDHA inhibition increases sensitivity to 
chemotherapy and radiotherapy in resistant cancer cells [43–46]. The 
tamoxifen resistance was closely linked with a reduced level of ATP 
production and elevated rate of tumor glycolysis resulting in induced 
autophagy to ensure the energy requirement in breast cancer [45]. 
Further, genetic and pharmacological inhibition of LDHA showed a 
reduction in pro-survival autophagy mediated by restoration of 
apoptosis and epithelial-to-mesenchymal transition (EMT) in 
tamoxifen-induced resistant breast cancer cell lines, this might offer to 
develop a new strategy to treat tamoxifen resistance by targeting LDHA 
in breast cancer [47]. The triple-negative breast cancer (TNBC), where 
hormone receptors (such as endrogen receptors (ER), progesterone re-
ceptors (PR), human epidermal growth factor receptor 2 (HER2)/e-
rythroblastic oncogene B (ERRB2)) are absent, showed an abundance 
release of lactic acid, under all normoxic, hypoxic, and hyperoxic con-
ditions leading to sustains acidosis which promotes metastatic invasion 
and malignant aggressiveness. However, LDHA silencing alone was not 
effective to interrupt lactic acid production [38]. Overexpression of 
LDHA and immunoexpression of carnitine palmitoyltransferase II 
(CPTII) are significantly linked with therapy resistance in prostate 
cancer which might be a predictive marker in prostate cancer [37]. 
Overexpression of LDHA in OSCC was found to be linked with EMT 
progression which can be targeted by LDHA inhibition. Oxamate, an 
LDHA inhibitor significantly reduces tumor glycolysis, cell proliferation, 
angiogenesis, migration, invasion, and metastasis in OSCC cells, which 
confirms the close association of LDHA with EMT [40]. LDHA is a crucial 
checkpoint in hypoxic conditions and is a powerful driving force for 
proliferation, growth, metastasis, and chemoresistance in the 
pancreatic-ductal-adenocarcinoma (PDAC). LDHA inhibitors in combi-
nation with gemcitabine showed a synergistic effect in the hypoxic 
condition in LPC006 cancer cell lines which showed that LDHA can be a 

viable target in PDAC and can be an innovative tool for treatment in 
hypoxic cancer [32]. Moreover, LDHA inhibition by any means (small 
molecules, noncoding RNA (siRNA, shRNA)) would be a preferred target 
in drug design and discovery to increase sensitivity for cancer resistance 
by chemotherapy and radiotherapy. 

1.3. LDHA linked with transcription factors 

Genetically, the LDHA is closely associated with several transcription 
factors including c-myc, HIF-1, Heat-shock factor 1 (HSF1), Forkhead box 
protein M1 (FOXM1) and Kruppel-like factor 4 (KLF4) [48]. The c-myc 
oncogene plays an essential role in several cancers for example in 
pancreatic cancer [32,49–51]. Expression of LDHA was found positively 
correlated with c-myc, therefore, downregulation or knockdown of c-myc 
can inhibit tumor glycolysis through LDHA inhibition in pancreatic 
cancer [52]. Moreover, HIF protein is heterodimeric in nature consisting 
of two subunits α and β. Subunits α such as HIF-1α, HIF-2α, HIF-3α is an 
oxygen-sensitive, and the β subunit is expressed constitutively. Among 
these, HIF-1α plays a crucial role in the regulation of glycolysis; specif-
ically, HIF-1α activates the expression of LDHA and promoted growth and 
migration in pancreatic cancer cells (Fig. 4) [53]. Recently, it has been 
shown that knockdown of HIFAL expression notably reduces the occu-
pancy of HIF-1α at the promoter region of LDHA in a hypoxic condition 
which confirms the role of LDHA closely linked with HIF-1α [54]. HIFAL 
is necessary to maintain and enhance the HIF-1α-mediated trans-
activation and glycolysis [53]. In pancreatic cancer cells, transcription 
factor Krüppel-like factor 4 (KLF4), a tumor suppressor was negatively 
correlated with LDHA. Overexpression of LDHA was associated with 
under expression of KLF4 which indicated the stage of the disease. 
Therefore, compulsory expression of KLF4 declined the expression of 
LDHA, although knockdown of KLF4 expression by small interfering RNA 
(siRNA) showed a reverse effect [55]. Moreover, a zinc-finger transcrip-
tion factor KLF4 regulates the LDHA expression via its binding at the 
promoter region of LDHA [55]. Further, knockdown of LDHA or inhibi-
tion of LDHA by oxamate showed a reduction in cell proliferation and cell 
growth, induces G2/M cell cycle arrest, and activated mitochondrial 
apoptosis mediated by JNK signaling pathway in pathogenesis in cervical 
cancer [56]. The direct link of the LDHA gene with HIF-1α and p53 further 
establishes their close association in TNBC. Overexpression of epidermal 
growth factor receptor 2 (ErbB2) has been found in breast cancer through 
Heat-shock factor 1 (HSF1) mediated by elevation of LDHA thus ErbB2 
overexpression is closely related to HSF1/LDHA axis. HSF1/LDHA axis 
showed a significant role in tumor glycolysis contributing to elevated 
migration and invasion and promoting metastatic potential mediated by 
ErbB2 in breast cancer cells [57,58]. Forkhead box protein M1 (FOXM1) a 
member of the Forkhead transcriptional superfamily has been reported to 
regulate the expression of LDHA. In pancreatic cancer, the expression 
level of FOXM1 was found positively correlated expression level of LDHA 
(Fig. 4). In addition, FOXM1 facilitates its transcription in gastric cancer 
through the binding of FOXM1 in the promoter region of LDHA [59,60]. 
The decipher miRNAs for example miR-210–3p can regulate aerobic 
glycolysis mediated by modulating the downstream of HIF-1α and p53 in 
TNBC. The GPD1L and CYGB play a functional role in cancer, thus 
miR-210–3p can maintain the HIF-1α stabilization by targeting GPD1L 
and targeted CYGB to display suppression of p53 [61]. The tumor sup-
pressor p53 plays a key role in cellular metabolism via LDHA regulation. 
Endogenous LDH-A endorses survival of cancer cells irrespective of p53 
status which was confirmed by the fact that RNA interference (RNAi) 
showed a reduction in LDHA promotes cell death in p53-null, p53 
wild-type, and mutant human cancer cell lines. Moreover, LDHA 
silencing, or inhibition mediated by either RNAi, or inhibition by 
small-molecule showed an increment in NADH: NAD+ in cancer cells 
which were p53-dependent. This offers that LDHA suppression can kill 
cancer cells selectively (Fig. 4) [49]. In addition, LDHA suppression 
induced by wt-p53, inhibited tumor growth, survival, and invasion in 
breast cancer mediated by reduction in aerobic glycolysis which suggests 

Fig. 3. Tumor glycolysis and LDH isoforms: (A) Homotetramers-LDH1 (red) 
and LDH5 (blue); (B) heterotetramers. LDH2, LDH3, LDH4; The LDH2 enzyme 
is compiled of one subunit of LDHM and three subunits of LDHH, the LDH3 is 
composed of two subunits of LDHM and two subunits of LDHH, and the LDH4 is 
made up of three subunits of LDHM and one subunit of LDHH. 
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that p53 plays a key role in the progression and development of breast 
cancer [62]. The lysine 118 succinylation (K118su) of LDHA, serves as a 
Sirtuin 5 (SIRT5) substrate (Fig. 4) and increases migration and invasion 
significantly in prostate cancer cells and in overexpressed LDHA in pa-
tients. This suggests the key role of SIRT5 and LDHA-K118su in prostate 
cancer (PC) cells therefore reduction of both SIRT5 and LDHA-K118su 
can be considered as a potential strategy in castration-resistant PCa [63]. 

1.4. Lactate, cancer and immune cells 

Cancer cells displayed aerobic glycolysis as a biomarker of showing 
to secrete lactate which inhibited Mϕs, regulatory T cells, and dendritic 
cells and represent an important role in tumor evasion and progression 
and consecutively suppressed immune responses [64]. Lactate can 
restrain metabolic phenotype. LDHA inhibitor oxamate showed a 
reduction in lactate production in cervical tumor cell spheroids to pro-
mote the secretion of IL-1β, IL-10, IL-6, and overexpression of HIF-1α 
expression [64]. Lactate accumulation activates a G-protein-coupled 
receptor (GPR81) for lactate through an autocrine mechanism and 
controls immune evasion [65]. Moreover, the paracrine activation of 
GPR81 through lactate accumulation also controls the immune evasion 
of stromal dendritic cells. Overexpression of GPR81 in breast cancer 
plays an autocrine role to stimulate tumor growth by lactate secretion in 
tumor cells [66]. Monotherapy of oxamate and pembrolizumab alone 
showed a potential effect in non-small cell lung cancer (NSCLC), how-
ever combination therapy of oxamate with pembrolizumab showed 
better efficacy. Infiltration of activated CD8 + T cells increases by 
treatment of oxamate and enhances the therapeutic potential of pem-
brolizumab [67]. Lactate accumulation inhibited immune T cells and NK 
cells in melanomas mediated by LDHA. Tumors with low lactate pro-
duction showed enhanced infiltration with interferon-γ (IFN-γ) which 
are T and NK cells in immunocompetent C57BL/6 mice. Pathophysio-
logical lactate level prevented the overexpression of nuclear factor of 
activated T cells (NFAT) present in T and NK cells leading to reducing 
IFN-γ production. This study confirms that lactate play important role in 
tumor immune escape by inhibiting T and NK cell function and survival 
[68]. 

1.5. LDHA regulation/ inhibition 

LDHA composed of 332 amino acids exists in a bilobal structure 
having two domains i.e., a larger Rossmann domain for cofactor NADH 

and a smaller one for substrate pyruvate [69]. Substrate pyruvate and 
cofactor NADH when bound with LDHA, activated site present in the 
extended groove between two domains. Consequently, amino acid Arg 
105 present in activated site grasp pyruvate where hydride transfer 
occurs from nicotinamide ring of NADH to oxygen atom of carbonyl 
carbon of pyruvate [70]. Cytosolic LDHA plays an essential role in 
glycolysis whereas LDHA located in the nucleus functions as a DNA--
binding protein i.e. SSB involved in DNA duplication and transcription 
[48]. Further, isolated mitochondria in incubation with lactate and in 
pyruvate individually when treated with oxamate showed a decline in 
respiration. Moreover, LDHB was found localized in mitochondria via 
transmission electron microscopy (TEM) analysis. This showed a close 
association of lactate metabolism with mitochondria specifically in 
fermenting mammalian cells [71]. Knockdown of LDHA by siRNA in 
intestinal-type gastric cancer (ITGC) cell lines showed a positive effect in 
invasion and migration through upregulation of ZEB2. The close relation 
of LDHA with ZEB2 showed that co-expression of these two showed a 
synergetic ability to predict survival [72]. A glycolytic inhibitor 2-deox-
yglucose has the potential to block the oncogenic LDHA activities in 
human glioblastoma (GBM). Blocking of LDHA expression leads to a 
reduction in glycolysis, reduced cell growth, and increased cell invasion 
and apoptosis (Fig. 5) [73]. The overexpression of LDHA has been 
confirmed in gastric cancer, and oxamate was found to reduce lactate 
production. It inhibited cell proliferation in presence of glucose in a 
dose-dependent manner. Oxamate showed pro-apoptotic effect which 
might be due to the high expression of Bax, activated caspase-3, and by 
reduced Bcl-2 expression [74]. In addition, inhibition of LDHA can 
enhance the efficacy of anti-PD-1 treatment which can be observed in 
LDH-A deficient melanoma tumors mice to increase an anti-tumor im-
mune response. A high level of infiltration of NK cells and CD8+ cyto-
toxic T cells in LDH-A deficient tumors were observed which leads to 
overexpression of IFN-γ. This showed that the anti-PD-1 treatment 
enhanced mitochondrial activity and exhibited reactive oxygen species 
(ROS) levels. This proves that the anti-PD-1 therapeutics efficacy can be 
improved by LDHA knockdown or LDHA inhibition (Fig. 5) [75]. Ample 
literature data reveals that the LDHA is found overexpressed in several 
metabolic cancers. The elevated level of expression and the crucial role 
of LDHA in various cancers have been well established. Thus regu-
lation/knockdown/inhibition of LDHA by any means such as ncRNA, 
peptide, and or small molecules can generate new medical tools in 
cancer therapeutics. LDHA inhibition can improve the efficacy of 
anti-PD-1 therapy. 

Fig. 4. LDHA closely associated with the HIF linked with glycolytic enzymes such as GLUT, HK, PDH and oncogenes including c-myc, VEGF, FOXM1, SIRT5, Cyclin 
D/A2/B1. 
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Since the establishment of the crucial role of LDH in cancer growth, 
survival, invasion, angiogenesis, metastasis, and drug resistance many 
studies have been performed to develop potent and selective LDH in-
hibitors. Small molecules are known for their wide spectrum of biolog-
ical activities including anti-inflammatory [76–78], antidiabetic [79], 
antimalarial [80], antibacterial [81] and anticancer [82–85]. Many 
small molecules as anticancer agents targeting potential LDHA in-
hibitors have been discovered, some are selective, and some are 
nonselective. Indeed, some molecules entered the preclinical trial, and a 
few entered the clinical trial, but no LDHA inhibitors are approved for 
clinics. This section provides potential LDHA inhibitors discovered so 
far. 

1.6. LDHA inhibitors 

LDHA inhibitors discovered so far have been classified into different 
classes depending on the mode of action such as substrate (pyruvate) 
competitive inhibitors, cofactor (NADH) competitive inhibitors, dual 
(substrate and cofactor) competitive inhibitors, (Fig. 5) and others 
where the mode of action is unknown. This section provides substrate or 
cofactor or both competitive potential LDH inhibitors discovered so far. 

2. Substrate (pyruvate) competitive inhibitor 

Oxamate (1) (Fig. 6) is an analog of pyruvate or isosteric of pyruvate 
showed significant LDH inhibitory activity in competition with substrate 
pyruvate. Oxamate binds with LDH at the site of pyruvate and forms an 
inactive complex and showed inhibitory activity [86]. Oxamate showed 
a reduction in LDH levels in tumors in mice [87]. Moreover, 1 (Fig. 6) 
alone and/or in combination with pembrolizumab significantly reduces 
tumor growth in non-small cell lung cancer (NSCLC). Its treatment en-
hances the infiltration of activated CD8 + T cells and might improve the 
therapeutic potential of pembrolizumab by enhancing the CD8 + T cells 
[88]. Further, in a dose and time-dependent manner, LDHA inhibition 
via 1 suppressed the cell proliferation in nasopharyngeal carcinoma 
(NPC), downregulates the Cyclin-dependent kinase1 (CDK1)/cyclin B1 
pathway, and induces G2/M cell cycle and apoptosis mediated by an 
increment of mitochondrial ROS generation [89]. Another class of small 
molecules based on central core azole has been developed having hy-
droxyl and carboxyl groups in close proximity. For example, 

Fig. 5. Main implications of LDHA in tumor progression vs tumor regression.  

Fig. 6. Potential LDHA inhibitors; substrate (pyruvate) competitive, cofactor 
(NADH) competitive and substrate and cofactor competitive inhibitors. 
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3-hydroxyisoxazole-4-carboxylic acid (2) and 4-hydroxy-1,2,5-thiadia-
zole-3-carboxylic acid (3) was found to inhibit LDHA in competition 
with pyruvate. However, these molecules were designed for antimalarial 
activity against Plasmodium falciparum LDH (pfLDH) [90]. A 
selenobenzene-based pyruvate competitive LDHA inhibitor has been 
designed to exhibit promising LDHA inhibitory activities. In silico and 
biochemical assays confirm that these compounds showed strong LDHA 
inhibitory activities. The most potent compound 1-(phenylseleno)−
4-(trifluoromethyl)benzene (PSTMB, 4) of this series showed an IC50 
value of 145.2 nM which was found to be much lower than the IC50 
value of oxamate (IC50 = 130.6 μM). It also inhibited anticancer activ-
ities in several cancer cell lines including NCI-H460, MCF-7, Hep3B, 
A375, HT29, and LLC. In HT29 human colon cancer cells. Moreover, it 
showed potential hLDHA inhibitory activities in both normoxic and 
hypoxic conditions and reduces lactate production [91]. 

3. Cofactor (NADH) competitive inhibitors 

3.1. Gossypol 

A polyphenolic compound Gossypol (5), (Fig. 3) isolated from cot-
tonseed in the form of a racemic mixture, and its (+) and (− ) enantio-
mers exist due to the restricted rotation through the binaphthyl bond. 
The (R)-(-) isomer of 5 showed non-selective LDH inhibitory activities in 
competition with cofactor NADH. Indeed, the (R)-(-) form of 1 is more 
active than (S)-(-) form [92]. It exhibited hLDHA inhibitory activity by 
showing Ki values of 1.9 μM and 1.4 μM for hLDHB. Although it 
exhibited a broad range of potential biological activities, has limitations 
for drug development due to its toxicity which might be due to the 
presence of aldehydic functional group [93]. In vitro studies of gossypol 
acetic acid on different isoforms, LDH reveals a nonselective manner. 
The gossypol acetic acid showed an IC50 value in the range of 16 and 
42 µM against different LDH isoforms in presence of 0.27 mM pyruvate 
and 0.15 mM NADH for oxidation of pyruvate. In the reverse reaction, 
IC50 values were found at 125 µM in presence of 3.3 mM lactic acid and 
1.8 mM NAD+ . However, it showed LDH inhibitory activities in 
competition with NADH [94]. It also showed antifertility activity 
mediated by inhibitory activity against mitochondrial LDH-C4 which is 
commonly found in sperm and testes [95]. An elevated level of LDHA 
due to radiation-induced pulmonary fibrosis was found reduced through 
treatment of gossypol mediated by LDHA inhibition through TGF-β 
activation [96]. It was found effective to prevent pulmonary fibrosis 
induced by bleomycin, this suggests that LDHA could be a viable target 
for the development of therapeutics for pulmonary fibrosis [96]. Among 
the 2,3-dihydroxy-1-naphtoic acid-based series, a new compound FX11 
(6, [3-dihydroxy-6-methyl-7-(phenylmethyl)− 4-propyl naphthalene- 
1-carboxylic acid]) (Fig. 6) structurally related to gossypol, exhibited 
significant inhibitory activity against LDHA with Ki value 0.05 μM and 
showed mild selectivity exhibiting Ki value of 0.05 μM against hLDHB. 
Treatment of 6 showed a reduction in ATP levels and induces cell death 
and oxidative stress. In combination with FK866 an NAD+ synthesis 
inhibitor, 6 induces lymphoma regression. Moreover, it showed poten-
tial activity but was proven as non-drug-like molecules due to the 
presence of the catechol group which is highly reactive and creates 
toxicity [97,98]. 

3.2. Quinoline 3-sulfonamides 

Quinoline 3-sulfonamides-based compounds were found to show 
significant LDHA inhibitory activity in competition with cofactor NADH 
with notable selectivity over LDHB. Lead optimization gave potential 
compounds 7 (Fig. 6) to exhibit significant activity as well as selectivity. 
Compound 7 (3-((3-(N-cyclopropylsulfamoyl)− 7-(2,4-dimethoxypyr-
imidin-5-yl)quinolin-4-yl)amino)− 5-(3,5-difluorophenoxy)benzoic 
acid) showed inhibitory potency against LDHA with an IC50 value of 
0.0026 µM and an IC50 value of 0.043 µM against LDHB. It showed a 

reduction in the rate of lactate production in various cancer cell lines 
including breast and hepatocellular carcinomas [99]. Along with this, 
compound 7 showed an inhibitory effect on lactate production in he-
patocellular carcinoma cells exhibiting an IC50 value of 0.4 µM. 
Conclusively, the cell-permeable quinoline 3-sulfonamides-based 
molecule showed potent and reversible LDHA inhibitory activity with 
significant selectivity and further showed a reduction in the rate of 
glucose consumption and simultaneously lactate reduction. These 
compounds were found competitive to cofactor NADH and 
non-competitive to substrate pyruvate. The most potent compound 7 of 
this series showed inhibitory activity against hLDHA with an IC50 value 
of 2.6 nM and showed significant selectivity over hLDHB exhibiting an 
IC50 value of 43 nM. More interestingly, it was found inactive over a 
wide range of approximately 32 enzymes, ion channels, and receptors 
even at high concentrations. It showed a rapid reduction of lactate 
production exhibiting EC50 values of 588 and 400 nM in HepG2 and 
Snu398 hepatocellular cells respectively. Moreover, mitochondrial ox-
ygen consumption rate was found to increase with EC50 values of 900 
and 500 nM in HepG2 cells and Snu398, respectively also reducing 
extracellular acidification in both cancer cell lines. Although these 
compounds showed significant potency as well as selectivity for LDHA, 
the pharmacokinetic properties of these compounds are not allowed for 
in vivo use [99]. 

4. Substrate and cofactor competitive inhibitors 

A unique class of compounds based on central scaffold N-hydrox-
yindoles (NHI) 8a and 8b (Fig. 6) showed a potent hLDHA inhibitory 
effect with good selectivity against hLDHA over hLDHB. This class of 
compounds bears a hydroxyl group on the N atom of 1 position and a 
carboxyl group at 2nd position in close proximity can mimic the sub-
strate pyruvate. Compound 8a exhibited inhibitory activity in compe-
tition with substrate pyruvate (Ki = 4.7 μM) as well as in competition 
with NADH (Ki = 8.9 μM). Methyl ester derivative (8b) showed lower 
activity than 8a in competition with NADH exhibiting a Ki value of 
5.1 μM [100]. Interestingly, under both normoxic and hypoxic condi-
tions, both derivatives 8a and 8b showed a significant synergistic 
cytotoxic effect in combination with gemcitabine, however, showed 
stronger synergistic cytotoxic effects in hypoxic conditions than in 
normoxic conditions. Further, in combination with gemcitabine, com-
pounds 8a and 8b exhibited an inhibitory effect in spheroid growth, cell 
migration, and invasion in pancreatic cancer cells [32]. To further 
improve efficacy and cellular potency, on modification of compounds 8a 
and 8b by glucose at hydroxyl group at position 1 resulted in compounds 
8a and 8b showing lower inhibitory activity with Ki values of 19.5 and 
37.8 μM against hLDHA in competition with NADH. Interestingly, this 
gluco-conjugate 9a and 9b (Fig. 6) showed notable hLDHA inhibitory 
activities with increments in cellular uptake and showed higher efficacy 
compared to parent compounds [101]. 

5. Others small hLDHA inhibitors 

Galloflavin (10) (Fig. 7) is a non-competitive potential inhibitor that 
binds to free enzymes without competition of substrate and cofactor and 
showed good LDHA inhibitory activity and good cell permeability 
[102]. It is a flavone-like compound synthesized by gallic acid that 
showed notable LDH inhibitory activities exhibiting Ki values of 
5.46 μM against hLDHA and 56.0 μM for hLDHB [102]. It showed a 
competitive inhibitory effect with NADH and showed inhibition of 
aerobic glycolysis and decreases cell viability in various cancer cell lines 
such as breast, colon, liver cancers, Burkitt lymphoma, and endometrial 
cancer cell [103]. It showed a reduction in the growth of cancer cells 
with a similar effect in MCF-7 cells and in MDA-MB-231 and MCF-Tam 
cells where high LDH level and high glucose uptake was observed [104]. 
It showed a reduction in glycolysis and ATP production leads to inhi-
bition of cancer cell proliferation and induces apoptosis [104]. It 
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inhibited tumor glycolysis and induced cell death in PLC/PRF/5 hepa-
tocellular carcinoma cell lines and was found nontoxic on human lym-
phoblasts and lymphocytes [102,104]. Moreover, in combination with 
metformin, it showed significant anticancer cells in PDAC cells [105]. 
Virtual screening of ZINC database and in vitro biochemical evaluation 
against LDHA resulted in compound 11 (Fig. 7) depicting good inhibi-
tory activity exhibiting an IC50 value of 0.36 μM against LDHA. It also 
showed a reduction in growth with EC50 values of 5.5 and 3.0 μM in 
A549 and NCI-H1975 of lung cancer cells, respectively [106]. 

Compound 12 (Fig. 7) based on tetrahydroquinolinyl-propanamide 
exhibited significant inhibitory activity against hLDHA in low micro-
molar range possessing an IC50 value of 0.33 μM. Moreover, it showed 
very good cellular potency demonstrating a reduction in tumor growth 
exhibiting an EC50 value of 3.35 μM and showed induced apoptosis in 
MG-63 cancer cells [107]. Further, trioxotetrahydropyrimidine-based 
compound 13 (Fig. 7) showed significant activity in the low micro-
molar range with an IC50 value of 0.96 against hLDHA. It showed inhi-
bition of the growth of the A549 cancer cell line by 63.4 % and in 
NCI-H1975 of the lung cancer cell growth by 67.4 % [107]. A 

dihydropyrimidine derivative 14 (GNE-140) (Fig. 7), discovered by 
Genentech showed significant hLDHA inhibitory activity, however, 
showed in a low micromolar range with an IC50 value of 0.48 μM. 
Further inhibitory activity evaluation of compounds of this class showed 
inhibitory activity in the nanomolar range with low selectivity (IC50 
value of 2–4 μM for hLDHB) displaying with limitation of high protein 
binding affinity and poor cell membrane permeability) The racemic 
mixture of 14 also showed potential LDHA inhibitory activity and R 
isomer was found 18-fold more active than the S enantiomer. Moreover, 
the R isomer displayed high bioavailability with 5 mg/kg in mice [108]. 

A biochemical high throughput screening program resulted in two 
phthalimide and dibenzofuran central scaffold-based novel classes of 
selective LDHA inhibitors [109]. The phthalimide derivative 15, 
(4-((4-(5-chlorothiophene-2-carboxamido)− 1,3-dioxoisoindolin-2-yl) 
methyl)benzoic acid), (Fig. 7) showed selective LDHA inhibitory activity 
exhibiting an IC50 value of 308 nM. A dibenzofuran derivative 16 
(N-(3-(2-(1-hydroxycyclopropyl)− 2-oxoethyl)phenyl)− 7-nitrodibenzo 
[b,d]furan-2-sulfonamide), (Fig. 7) slightly lower LDHA inhibitory ac-
tivity possessing an IC50 value of 757 nM [109]. Both compounds 15 and 

Fig. 7. Structure of LDHA inhibitors.  
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16 inhibited in vitro lactate production in a dose-dependent manner of 
recombinant human LDHA. However, both 15 and 16 compounds were 
found inactive in the inhibition of lactate production in cells [109]. 
Further, a novel lead compound 17 (Fig. 7) from the pyrazole-based 
series was disclosed as an inhibitor of human LDHA exhibiting inhibi-
tory activity in the low nM range against LDHA and LDHB with IC50 
values of 0.517 and 0.854 μM, respectively. It exhibited lactate pro-
duction in MiaPaCa2 pancreatic cancer and A673 sarcoma cells with an 
IC50 value of 32 nM and 27 nM, respectively. It showed an inhibitory 
effect with an IC50s of 2.23 and 1.21 μM in the growth of MiaPaCa2 
pancreatic cancer and A673 sarcoma cells. It was considered as a lead 
compound for further optimization based on the inhibitory effect of 
cellular lactate production in sub micromolar range and it also showed 
good aqueous solubility and microsomal stability. Based on these pa-
rameters further optimization can be accepted for in vivo efficacy studies 
[110]. The high-throughput screening of natural products resulted po-
tential hLDHA inhibitors 1,2,3,4,6-Penta-O-galloylglucose (18) (Fig. 7) 
from the Chinese gallnut herb. Compound 18 showed hLDHA inhibitory 
activity in nM range and, also showed a reduction in the growth of TNBC 
cells, however, it was not found to hamper the lactate concentration 
[110,111]. Table 1. 

6. Peptides as hLDHA inhibitors 

Recently, peptide sequences cGmC9 have been reported by following 
rational and computer-based approaches, to show hLDHA inhibitory 
activity. It showed a strong affinity to a β-sheet region which play an 
important role in protein-protein interactions (PPIs) essential for hLDHA 

inhibitory activities. This cGmC9 was obtained by grafting peptide 
sequence into β-hairpin peptide a cyclic cell-penetrating scaffold. This 
grafted sequence showed in vitro LDH5 inhibitory activity in the low 
micromolar range and better than GNE-140 LDHA inhibitors [112]. 

7. Conclusion and future prospects 

In all living beings, energy is required for everything a cell does 
including breaking down and building up molecules. Glucose is the main 
source of energy and metabolizes through glycolysis to generate the 
pyruvate considered as the energy hub for the cells. Pyruvate is then 
entered into mitochondrial for energy production through oxidative 
phosphorylation in normal cells. Besides, in cancer cells, pyruvate is 
preferably converted into lactate catalyzed by LDHA by consumption of 
NADH to NAD+. The LDHA enzyme is highly overexpressed in almost all 
cancer cells as well as in stem cells too and is strongly correlated with 
cancer initiation, development, invasion, angiogenesis, and metastasis. 
Numerous preclinical studies have proven the therapeutic potential of 
LDHA as its inhibition determined significant anti-proliferative effects in 
several cancer cells including breast, prostate, and pancreatic cancer. 
However, selective, and effective inhibition of LDHA in cancer is quite 
challenging because of the narrow substrate-binding pocket of LDHA. 
Recently, it has been reported that an active form of vitamin D induced 
apoptosis, stimulated cell differentiation, showed an anti-proliferative 
effect. LDHA inhibition together with vitamin D enhanced the effec-
tiveness in prostate cancer animal models [113]. The oxamate and 
pembrolizumab monotherapy showed a significant reduction in tumor 
growth in NSCLC humanized mouse model. However, the combination 

Table 1 
Chemical name, inhibitory activities and mode of inhibition of most significant LDHA inhibitors.  

Compounds 
no 

Chemical name Inhibitory activity 
(#IC50 /*Ki) 

Mode of inhibition Ref. 

LDHA LDHB  

1 2-Amino-2-oxoacetic acid 130.6 μM# – Substrate 
competitive 
inhibitor 

[86, 
87] 

2 3-Hydroxyisoxazole-4-carboxylic acid ~50 μM# – [90] 
3 4-Hydroxy-1,2,5-thiadiazole-3-carboxylic acid ~50 μM# – [90] 
4 1-(Phenylseleno)− 4-(trifluoromethyl)benzene 0. 145 μM# – [90, 

91] 
5 1,1′,6,6′ ,7,7′-Hexahydroxy-3,3′-dimethyl-5,5′-di(propan-2-yl)[2,2′-binaphthalene]− 8,8′- 

dicarbaldehyde 
1.9 μM* 1.4 μM* Cofactor 

competitive 
inhibitor 

[92, 
[93] 

6 3-Dihydroxy-6-methyl-7-(phenylmethyl)− 4-propyl naphthalene-1-carboxylic acid 0.05 μM* 0.05 μM* [97, 
98] 

7 3-((3-(N-cyclopropylsulfamoyl)− 7-(2,4-dimethoxypyrimidin-5-yl)quinolin-4-yl)amino)− 5-(3,5- 
difluorophenoxy)benzoic acid 

0.0026 µM* 0.043 µM* [99] 

8a 1-Hydroxy-5-phenyl-4-(trifluoromethyl)− 1 H-indole-2-carboxylic acid 4.7 μM*  Substrate 
competitive 
inhibitor 

[100] 

8.9 μM*  Cofactor 
competitive 
inhibitor 

8b Methyl 1-hydroxy-5-phenyl-4-(trifluoromethyl)− 1 H-indole-2-carboxylate 5.1 μM*  Cofactor 
competitive 
inhibitor  

9a 5-Phenyl-4-(trifluoromethyl)− 1-(((2 S,3 R,5 S,6 R)− 3,4,5-trihydroxy-6-(hydroxymethyl) 
tetrahydro-2 H-pyran-2-yl)oxy)− 1 H-indole-2-carboxylic acid 

19.5 μM*  [101] 

9b Methyl 5-phenyl-4-(trifluoromethyl)− 1-(((2 S,3 R,5 S,6 R)− 3,4,5-trihydroxy-6- 
(hydroxymethyl)tetrahydro-2 H-pyran-2-yl)oxy)− 1 H-indole-2-carboxylate 

37.8 μM*  [101] 

10 3,8,9,10-Tetrahydroxypyrano[3,2-c]isochromene-2,6-dione 5.46 μM* 56.0 μM* Non-competitive 
inhibitor 

[102] 
11 2-((3 S,8 R,9 S,10 R,13 S,14 R,16 R,17 R)− 3,17-dihydroxy-10,13,16-trimethyl- 

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1 H-cyclopenta[a]phenanthren-17-yl)− 2- 
oxoethyl acetate 

0.36 µM# – [106] 

12 (S)− 2-(3-hydroxy-6-(methoxymethyl)− 4-oxo-4 H-pyran-2-yl)− 2-(1-isobutyl-2-oxo-1,2- 
dihydroquinolin-3-yl)acetamide 

0.33 µM# 0.33 µM# [107] 

13 (R,E)-Methyl 2-(((1-benzyl-2,4,6-trioxotetrahydropyrimidin-5(2 H)-ylidene)methyl)amino)− 3- 
(1 H-indol-3-yl)propanoate 

0.96 µM# – [107] 

14 (R)− 3-((2-chlorophenyl)thio)− 4-hydroxy-6-(4-morpholinophenyl)− 6-(thiophen-3-yl)− 5,6- 
dihydropyridin-2(1 H)-one 

0.48 µM# 2–4 µM# [108] 

15 4-((4-(5-Chlorothiophene-2-carboxamido)− 1,3-dioxoisoindolin-2-yl)methyl)benzoic acid 308 nM# – [109] 
16 N-(3-(2-(1-hydroxycyclopropyl)− 2-oxoethyl)phenyl)− 7-nitrodibenzo[b,d]furan-2-sulfonamide 757 nM# – [109] 
17 2-(3-([1,1′-Biphenyl]− 3-yl)− 5-(cyclopropylmethyl)− 4-(4-sulfamoylbenzyl)− 1 H-pyrazol-1-yl) 

thiazole-4-carboxylic acid 
517 nM# 0.854 nM# [109]  
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therapy (oxamate and pembrolizumab) showed improvement in 
reduction in tumor growth. Oxamate treatment alone improved the 
infiltration of activated CD8 + T cells in humanized mice model which 
confirm the effective role of LDHA inhibitor oxamate and also confirm 
that the CD8 + T cells play important role in the effectiveness of oxa-
mate [67]. In addition, oxamate induces both OXPHOS and osteoblast 
differentiation and was observed nontoxic in undifferentiated osteo-
progenitors cells in vitro. Oxamate showed improvement in bone mineral 
density, cortical bone architecture, and bone biomechanical strength in 
vivo and also increases bone formation. This fact confirms that glycolytic 
inhibitors such as LDHA inhibitors might be helpful in bone diseases, 
related bone loss, and osteoporosis, and in improvement in Bone marrow 
stromal cells (BMSCs) [113]. In summary, LDHA inhibitors used as 
anti-glycolytic agents showed significant therapeutic potential in can-
cer, cancer stem cells and in bone diseases. Selective inhibition of LDHA 
is challenging, however recent studies evaluated new strategies to 
develop safe and novel candidates. LDHA exits at the bifurcation point 
from where pyruvate either enter into mitochondria or catalysed by 
LDHA to generate lactate. Selective inhibition of LDHA can block the 
energy requirement for cancer development, survival, invasion, angio-
genesis, and metastasis. A flexible loop within the amino terminus of 
human tumor suppressor folliculin (FLCN) which is binding partner and 
noncompetitive inhibitor of LDHA regulates the LDHA active-site loop 
movement, regulate the enzyme activity followed by metabolic ho-
meostasis in normal cells. Besides in cancer cells FLCN was found 
dissociated from LDHA, thus inactivation of FLCN or dissociation from 
LDHA caused the glycolytic shift in cancer cells. This study offers new 
paradigm in regulation of tumor glycolysis through FLCN mediated 
LDHA inhibition [114]. Small molecules capsaicin directly binds to 
PKM2 and LDHA mediated by covalent bond formation with cysteine 
amino acids and showed inhibition of PKM2 and LDHA and supresses 
the Warburg effect in inflammatory macrophages [115]. In addition, 
LDHA inhibition together with glycolate oxidase create effect on 
endogenous oxalate synthesis might be useful in primary hyperoxaluria 
treatment [116]. Therefore, LDHA inhibition not only counteracts the 
Warburg effect in cancer but could also be explored for other diseases 
too. For example, osteoporosis and bone loss may be reduced by LDHA 
suppression [117]. Many small molecules including natural and syn-
thetic and peptides as hLDHA inhibitors have been discovered, few 
entered in pre-clinical trials and very few in the clinical trial, unfortu-
nately none of them reached to clinics. LDH has a crucial position in the 
metabolic reprogramming of tumour cells, maintaining an altered 
glycolytic metabolism and allowing tumour cells to survive when 
glycolysis is their primary source of energy. Despite significant efforts, 
LDH inhibitors with significant selectivity and in vivo efficacy are yet to 
be discovered. The LDH enzyme’s substrate-binding pocket hosts 
Asp-168, Arg-171, Thr-246, and Arg-106 at the active site, in addition to 
the catalytically important His-193. The active amino acid His-193 is 
found in the active site in humans and other animal species. The active 
site of LDHA is located quite deep inside the protein and its accessibility 
is very narrow. However, selective targeting of LDH is quite difficult but 
not impossible. Overall, the catalytic site is quite polar and rich in 
arginine amino acid which makes the catalytic site cationic. This would 
explain the structural requirement of LDHA inhibitors which bears 
anionic moiety. Despite the structural similarity of all LDH isozymes, 
each has unique kinetic properties due to differences in charged amino 
acids flanking the active site. There is an urgent need to fill the chemicals 
gap in order to develop new small molecules LDHA inhibitors with 
improved selectivity for the starvation of cancer cells. LDHA inhibitors 
alone or in combination with standard drugs or with another agents, 
such as Vitamin D, represent indeed a potential new medical tool for the 
development of new anticancer therapies with minimal side effects. 
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[24] T. Todenhöfer, R. Seiler, C. Stewart, I. Moskalev, J. Gao, S. Ladhar, et al., 
Selective inhibition of the lactate transporter MCT4 reduces growth of invasive 
bladder cancer, Mol. Cancer Ther. 17 (12) (2018) 2746–2755, https://doi.org/ 
10.1158/1535-7163.MCT-18-0107. 

[25] L.E. Navas, A. Carnero, NAD+ metabolism, stemness, the immune response, and 
cancer, Signal Transduct. Target Ther. 6 (1) (2021) 2, https://doi.org/10.1038/ 
s41392-020-00354-w. 

[26] G. Bonuccelli, A. Tsirigos, D. Whitaker-Menezes, S. Pavlides, R.G. Pestell, 
B. Chiavarina, et al., Ketones and lactate "fuel" tumor growth and metastasis: 
evidence that epithelial cancer cells use oxidative mitochondrial metabolism, Cell 
Cycle 9 (17) (2010) 3506–3514, https://doi.org/10.4161/cc.9.17.12731. 

[27] I. Dell’ Anno, E. Barone, L. Mutti, D.M. Rassl, S.J. Marciniak, R. Silvestri, et al., 
Tissue expression of lactate transporters (MCT1 and MCT4) and prognosis of 
malignant pleural mesothelioma (brief report), J. Transl. Med. 18 (1) (2020) 341, 
https://doi.org/10.1186/s12967-020-02487-6. 

[28] C. Petersen, M.D. Nielsen, E.S. Andersen, A.L. Basse, M.S. Isidor, L.K. Markussen, 
et al., MCT1 and MCT4 expression and lactate flux activity increase during white 
and brown adipogenesis and impact adipocyte metabolism, Sci. Rep. 7 (1) (2017) 
13101, https://doi.org/10.1038/s41598-017-13298-z. 

[29] M. Panteghini, Lactate dehydrogenase: an old enzyme reborn as a COVID-19 
marker (and not only), Clin. Chem. Lab. Med. 58 (12) (2020) 1979–1981, https:// 
doi.org/10.1515/cclm-2020-1062. 

[30] V. Kumar, Small molecules: potential inhibitors of the human lactate 
dehydrogenase a enzyme; Lactate dehydrogenase enzyme: An old enzyme but 
new viable target offers new hope in cancer therapeutics, Lact. Dehydrogenase 
(LDH) Biochem. Funct. Clin. Significance (2019). 

[31] Rani R., Kumar V. , Lactate dehydrogenase enzyme: an old enzyme but new viable 
target offers new hope in cancer therapeutics, Lactate Dehydrogenase (LDH): 
Biochemistry, Function and Clinical Significance 2019, ISBN NO 978–1- 
53615–103-9. 

[32] M. Maftouh, A. Avan, R. Sciarrillo, C. Granchi, L.G. Leon, R. Rani, et al., 
Synergistic interaction of novel lactate dehydrogenase inhibitors with 
gemcitabine against pancreatic cancer cells in hypoxia, Br. J. Cancer 110 (1) 
(2014) 172–182, https://doi.org/10.1038/bjc.2013.681. 

[33] E. Guo, L. Guo, C. An, C. Zhang, K. Song, G. Wang, et al., Prognostic significance 
of lactate dehydrogenase in patients undergoing surgical resection for laryngeal 
squamous cell carcinoma (1073274820978795). Cancer Control 27 (1) (2020) 
https://doi.org/10.1177/1073274820978795. 

[34] F. Mohajertehran, H. Ayatollahi, A.H. Jafarian, K. Khazaeni, M. Soukhtanloo, M. 
T. Shakeri, et al., Overexpression of Lactate dehydrogenase in the saliva and 
tissues of patients with head and neck squamous cell carcinoma, Rep. Biochem. 
Mol. Biol. 7 (2) (2019) 142–149. 

[35] J. Zhao, X. Huang, Z. Xu, J. Dai, H. He, Y. Zhu, et al., LDHA promotes tumor 
metastasis by facilitating epithelial-mesenchymal transition in renal cell 
carcinoma, Mol. Med. Rep. 16 (6) (2017) 8335–8344, https://doi.org/10.3892/ 
mmr.2017.7637. 

[36] A. Michelotti, M. de Scordilli, E. Sperti, R. Mazzeo, C. Corvaja, G. Aimar, et al., 
LDH as prognostic factor in second line treatment for advanced gastric cancer: the 
LINE study, J. Clin. Oncol. 39 (15_suppl) (2021), e16102, https://doi.org/ 
10.1200/jco.2021.39.15_suppl.e16102. 

[37] F.Q. Vieira, A.R. Cardoso, D. Gigliano, I. Carneiro, R. Henrique, C. Jerónimo, et 
al., LDHA and CPT2 association with therapy resistance in prostate cancer, Eur. J. 
Public Health 31 (2) (2021), https://doi.org/10.1093/eurpub/ckab120.068. 

[38] N. Mack, E.A. Mazzio, D. Bauer, H. Flores-Rozas, K.F. Soliman, Stable shRNA 
silencing of lactate dehydrogenase A (LDHA) in human MDA-MB-231 breast 
cancer cells fails to alter lactic acid production, glycolytic activity, ATP or 
survival, Anticancer Res. 37 (3) (2017) 1205–1212, https://doi.org/10.21873/ 
anticanres.11435. 

[39] L. Faloppi, M. Bianconi, R. Memeo, A. Casadei Gardini, R. Giampieri, A. Bittoni, et 
al., Lactate dehydrogenase in hepatocellular carcinoma: something old, 
something new, Biomed. Res. Int. 2016 (2016), 7196280, https://doi.org/ 
10.1155/2016/7196280. 

[40] H. Cai, J. Li, Y. Zhang, Y. Liao, Y. Zhu, C. Wang, J. Hou, LDHA promotes oral 
squamous cell carcinoma progression through facilitating glycolysis and 
epithelial-mesenchymal transition, Front. Oncol. 19 (2019) 1446, https://doi. 
org/10.3389/fonc.2019.01446. 

[41] H. Wang, M.S. Wang, Y.H. Zhou, J.P. Shi, W.J. Wang, Prognostic values of LDH 
and CRP in cervical cancer, Onco Targets Ther. 13 (2020) 1255–1263, https:// 
doi.org/10.2147/OTT.S235027. 

[42] Y. Liu, J.-Z. Guo, Y. Liu, K. Wang, W. Ding, H. Wang, et al., Nuclear lactate 
dehydrogenase A senses ROS to produce α-hydroxybutyrate for HPV-induced 
cervical tumor growth, Nat. Commun. 9 (1) (2018) 4429, https://doi.org/ 
10.1038/s41467-018-06841-7. 

[43] C. Liu, Y. Jin, Z. Fan, The mechanism of Warburg effect-induced chemoresistance 
in cancer, Front. Oncol. 11 (2021), 698023, https://doi.org/10.3389/ 
fonc.2021.698023. 

[44] X. Zhai, Y. Yang, J. Wan, R. Zhu, Y. Wu, Inhibition of LDH-A by oxamate induces 
G2/M arrest, apoptosis and increases radiosensitivity in nasopharyngeal 
carcinoma cells, Oncol. Rep. 30 (6) (2013) 2983–2991, https://doi.org/10.3892/ 
or.2013.2735. 

[45] Y. Zhao, H. Liu, Z. Liu, Y. Ding, S.P. Ledoux, G.L. Wilson, et al., Overcoming 
trastuzumab resistance in breast cancer by targeting dysregulated glucose 
metabolism, Cancer Res. 71 (13) (2011) 4585–4597, https://doi.org/10.1158/ 
0008-5472.CAN-11-0127. 

[46] Min Chen Yuping Ye, Jingyu Xiao Xinyan Chen, Faquan Lin Lin Liao, Clinical 
significance and prognostic value of lactate dehydrogenase expression in cervical 
cancer, Genet. Test. Mol. Biomark. (2022) 107–117, https://doi.org/10.1089/ 
gtmb.2021.0006. 

[47] C.K. Das, A. Parekh, P.K. Parida, S.K. Bhutia, M. Mandal, Lactate dehydrogenase 
A regulates autophagy and tamoxifen resistance in breast cancer, Biochim. 
Biophys. Acta Mol. Cell Res. 1866 (6) (2019) 1004–1018, https://doi.org/ 
10.1016/j.bbamcr.2019.03.004. 

[48] Yanlu Xiong Yangbo Feng, Xiaofei Li Tianyun Qiao, Yong Han Lintao Jia, Lactate 
dehydrogenase A: a key player in carcinogenesis and potential target in cancer 
therapy, Cancer Med. 7 (12) (2018) 6124–6136, https://doi.org/10.1002/ 
cam4.1820. 

[49] S.J. Allison, J.R. Knight, C. Granchi, R. Rani, F. Minutolo, J. Milner, R.M. Phillips, 
Identification of LDH-A as a therapeutic target for cancer cell killing via (i) p53/ 
NAD(H)-dependent and (ii) p53-independent pathways, Oncogenesis 3 (5) 
(2014), e102, https://doi.org/10.1038/oncsis.2014.16. 

[50] C. Granchi, I. Paterni, R. Rani, F. Minutolo, Small-molecule inhibitors of human 
LDH5. Fut, Med. Chem. 5 (16) (2013) 1967–1991, https://doi.org/10.1021/acs. 
jmedchem.5b00168. 

[51] V. Kumar, A. Kumar, R. Rani, Regulation/inhibition of human lactate 
dehydrogenase A: an innovative and potential approach for anti-cancer drugs 
development, Top. anti-Cancer Res. 6 (2017) 114–142, https://doi.org/10.2174/ 
9781681084558117060008. 

[52] T.L. He, Y.J. Zhang, H. Jiang, X.H. Li, H. Zhu, K.L. Zheng, The c-Myc-LDHA axis 
positively regulates aerobic glycolysis and promotes tumor progression in 
pancreatic cancer, Med. Oncol. 32 (7) (2015) 187, https://doi.org/10.1007/ 
s12032-015-0633-8. 

[53] S.J. Kierans, C.T. Taylor, Regulation of glycolysis by the hypoxia-inducible factor 
(HIF): implications for cellular physiology, J. Physiol. 599 (1) (2021) 23–37, 
https://doi.org/10.1113/JP280572. 

[54] F. Zheng, J. Chen, X. Zhang, Z. Wang, J. Chen, X. Lin, et al., The HIF-1α antisense 
long non-coding RNA drives a positive feedback loop of HIF-1α mediated 
transactivation and glycolysis, Nat. Commun. 12 (1) (2021) 1341, https://doi. 
org/10.1038/s41467-021-21535-3. 

[55] M. Shi, J. Cui, J. Du, D. Wei, Z. Jia, J. Zhang, et al., A novel KLF4/LDHA signaling 
pathway regulates aerobic glycolysis in and progression of pancreatic cancer, 
Clin. Cancer Res. 20 (16) (2014) 4370–4380, https://doi.org/10.1158/1078- 
0432.CCR-14-0186. 

[56] W. Zhang, C. Wang, X. Hu, Y. Lian, C. Ding, L. Ming, Inhibition of LDHA 
suppresses cell proliferation and increases mitochondrial apoptosis via the JNK 
signaling pathway in cervical cancer cells, Oncol. Rep. 47 (4) (2022) 77, https:// 
doi.org/10.3892/or.2022.8288. 

[57] Y.H. Zhao, M. Zhou, H. Liu, Y. Ding, H.T. Khong, D. Yu, O. Fodstad, M. Tan, 
Upregulation of lactate dehydrogenase A by ErbB2 through heat shock factor 1 
promotes breast cancer cell glycolysis and growth, Oncogene 28 (42) (2009) 
3689–3701, https://doi.org/10.1038/onc.2009.229. 

[58] L. He, S. Lv, X. Ma, S. Jiang, F. Zhou, Y. Zhang, et al., ErbB2 promotes breast 
cancer metastatic potential via HSF1/LDHA axis-mediated glycolysis, Med. 
Oncol. 39 (4) (2022) 45, https://doi.org/10.1007/s12032-021-01641-4. 

[59] J. Cui, M. Shi, D. Xie, D. Wei, Z. Jia, S. Zheng, et al., FOXM1 promotes the 
warburg effect and pancreatic cancer progression via transactivation of LDHA 
expression, Clin. Cancer Res. 20 (10) (2014) 2595–2606, https://doi.org/ 
10.1158/1078-0432.CCR-13-2407. 

[60] W. Jiang, F. Zhou, N. Li, Q. Li, L. Wang, FOXM1-LDHA signaling promoted gastric 
cancer glycolytic phenotype and progression, Int. J. Clin. Exp. Pathol. 8 (6) 
(2015) 6756–6763. 

[61] Y. Du, N. Wei, R. Ma, S. Jiang, D. Song, A miR-210-3p regulon that controls the 
Warburg effect by modulating HIF-1α and p53 activity in triple-negative breast 
cancer, Cell Death Dis. 11 (9) (2020) 731, https://doi.org/10.1038/s41419-020- 
02952-6. 

[62] Y. Zhou, W. Niu, Y. Luo, H. Li, Y. Xie, H. Wang, et al., p53/Lactate dehydrogenase 
A axis negatively regulates aerobic glycolysis and tumor progression in breast 
cancer expressing wild-type p53, Cancer Sci. 110 (3) (2019) 939–949, https:// 
doi.org/10.1111/cas.13928. 

[63] O.K. Kwon, I.H. Bang, S.Y. Choi, J.M. Jeon, A.Y. Na, Y. Gao, et al., SIRT5 is the 
desuccinylase of LDHA as novel cancer metastatic stimulator in aggressive 
prostate cancer (S1672-0229(22)00018-3). Genom. Proteom. Bioinform. (2022) 
https://doi.org/10.1016/j.gpb.2022.02.004. 

[64] S.C. Stone, R.A.M. Rossetti, K.L.F. Alvarez, J.P. Carvalho, P.F.R. Margarido, E. 
C. Baracat, et al., Lactate secreted by cervical cancer cells modulates macrophage 

D. Sharma et al.                                                                                                                                                                                                                                 

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en 
diciembre 13, 2022. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.1155/2016/6456018
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.1093/carcin/bgw127
https://doi.org/10.4161/onci.26383
https://doi.org/10.1016/s0360-3016(01)01630-3
https://doi.org/10.1158/1535-7163.MCT-18-0107
https://doi.org/10.1158/1535-7163.MCT-18-0107
https://doi.org/10.1038/s41392-020-00354-w
https://doi.org/10.1038/s41392-020-00354-w
https://doi.org/10.4161/cc.9.17.12731
https://doi.org/10.1186/s12967-020-02487-6
https://doi.org/10.1038/s41598-017-13298-z
https://doi.org/10.1515/cclm-2020-1062
https://doi.org/10.1515/cclm-2020-1062
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref29
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref29
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref29
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref29
https://doi.org/10.1038/bjc.2013.681
https://doi.org/10.1177/1073274820978795
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref32
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref32
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref32
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref32
https://doi.org/10.3892/mmr.2017.7637
https://doi.org/10.3892/mmr.2017.7637
https://doi.org/10.1200/jco.2021.39.15_suppl.e16102
https://doi.org/10.1200/jco.2021.39.15_suppl.e16102
https://doi.org/10.1093/eurpub/ckab120.068
https://doi.org/10.21873/anticanres.11435
https://doi.org/10.21873/anticanres.11435
https://doi.org/10.1155/2016/7196280
https://doi.org/10.1155/2016/7196280
https://doi.org/10.3389/fonc.2019.01446
https://doi.org/10.3389/fonc.2019.01446
https://doi.org/10.2147/OTT.S235027
https://doi.org/10.2147/OTT.S235027
https://doi.org/10.1038/s41467-018-06841-7
https://doi.org/10.1038/s41467-018-06841-7
https://doi.org/10.3389/fonc.2021.698023
https://doi.org/10.3389/fonc.2021.698023
https://doi.org/10.3892/or.2013.2735
https://doi.org/10.3892/or.2013.2735
https://doi.org/10.1158/0008-5472.CAN-11-0127
https://doi.org/10.1158/0008-5472.CAN-11-0127
https://doi.org/10.1089/gtmb.2021.0006
https://doi.org/10.1089/gtmb.2021.0006
https://doi.org/10.1016/j.bbamcr.2019.03.004
https://doi.org/10.1016/j.bbamcr.2019.03.004
https://doi.org/10.1002/cam4.1820
https://doi.org/10.1002/cam4.1820
https://doi.org/10.1038/oncsis.2014.16
https://doi.org/10.1021/acs.jmedchem.5b00168
https://doi.org/10.1021/acs.jmedchem.5b00168
https://doi.org/10.2174/9781681084558117060008
https://doi.org/10.2174/9781681084558117060008
https://doi.org/10.1007/s12032-015-0633-8
https://doi.org/10.1007/s12032-015-0633-8
https://doi.org/10.1113/JP280572
https://doi.org/10.1038/s41467-021-21535-3
https://doi.org/10.1038/s41467-021-21535-3
https://doi.org/10.1158/1078-0432.CCR-14-0186
https://doi.org/10.1158/1078-0432.CCR-14-0186
https://doi.org/10.3892/or.2022.8288
https://doi.org/10.3892/or.2022.8288
https://doi.org/10.1038/onc.2009.229
https://doi.org/10.1007/s12032-021-01641-4
https://doi.org/10.1158/1078-0432.CCR-13-2407
https://doi.org/10.1158/1078-0432.CCR-13-2407
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref58
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref58
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref58
https://doi.org/10.1038/s41419-020-02952-6
https://doi.org/10.1038/s41419-020-02952-6
https://doi.org/10.1111/cas.13928
https://doi.org/10.1111/cas.13928
https://doi.org/10.1016/j.gpb.2022.02.004


Seminars in Cancer Biology 87 (2022) 184–195

194

phenotype, J. Leukoc. Biol. 105 (2019) 1041–1054, https://doi.org/10.1002/ 
JLB.3A0718-274RR. 

[65] K. Lundø, M. Trauelsen, S.F. Pedersen, T.W. Schwartz, Why Warburg works: 
lactate controls immune evasion through GPR81, Cell Metab. 31 (2020) 666–668, 
https://doi.org/10.1016/j.cmet.2020.03.001. 

[66] T.P. Brown, P. Bhattacharjee, S. Ramachandran, S. Sivaprakasam, B. Ristic, M.O. 
F. Sikder, V. Ganapathy, The lactate receptor GPR81 promotes breast cancer 
growth via a paracrine mechanism involving antigen-presenting cells in the 
tumor microenvironment, Oncogene 39 (16) (2020) 3292–3304, https://doi.org/ 
10.1038/s41388-020-1216-5. 

[67] T. Qiao, Y. Xiong, Y. Feng, W. Guo, Y. Zhou, J. Zhao, et al., Inhibition of LDH-A by 
oxamate enhances the efficacy of anti-PD-1 treatment in an NSCLC humanized 
mouse model, Front. Oncol. 11 (2021), 632364, https://doi.org/10.3389/ 
fonc.2021.632364. 

[68] A. Brand, K. Singer, G.E. Koehl, M. Kolitzus, G. Schoenhammer, A. Thiel, et al., 
LDHA-associated lactic acid production blunts tumor immunosurveillance by T 
and NK cells, Cell Metab. 24 (2016) 657–671, https://doi.org/10.1016/j. 
cmet.2016.08.011. 

[69] S. Kolappan, D.L. Shen, R. Mosi, J. Sun, E.J. McEachern, D.J. Vocadlo, et al., 
Structures of lactate dehydrogenase A (LDHA) in apo, ternary and inhibitor- 
bound forms, Acta Crystallogr D Biol. Crystallogr. 71 (Pt2) (2015) 185–195, 
https://doi.org/10.1107/S1399004714024791. 

[70] J.A. Read, V.J. Winter, C.M. Eszes, R.B. Sessions, R.L. Brady, Structural basis for 
altered activity of M- and H-isozyme forms of human lactate dehydrogenase, 
Proteins 43 (2) (2001) 175–185, https://doi.org/10.1002/1097-0134(20010501) 
43:2. 

[71] Y.J. Chen, N.G. Mahieu, X. Huang, M. Singh, P.A. Crawford, S.L. Johnson, et al., 
Lactate metabolism is associated with mammalian mitochondria, Nat. Chem. Biol. 
12 (2016) 937–943, https://doi.org/10.1038/nchembio.2172. 

[72] Y. Zhang, S. Lin, Y. Chen, F. Yang, S. Liu, LDH-A promotes 
epithelial–mesenchymal transition by upregulating ZEB2 in intestinal-type gastric 
cancer, Onco Targets Ther. 11 (2018) 2363–2373, https://doi.org/10.2147/OTT. 
S163570. 

[73] J. Li, S. Zhu, J. Tong, H. Hao, J. Yang, Z. Liu, Y. Wang, Suppression of lactate 
dehydrogenase A compromises tumor progression by downregulation of the 
Warburg effect in glioblastoma, NeuroReport 27 (2) (2016) 110–115, https://doi. 
org/10.1097/WNR.0000000000000506. 

[74] X. Liu, Z. Yang, Z. Chen, R. Chen, D. Zhao, Y. Zhou, et al., Effects of the 
suppression of lactate dehydrogenase A on the growth and invasion of human 
gastric cancer cells, Oncol. Rep. 33 (2015) 157–162, https://doi.org/10.3892/ 
or.2014.3600. 

[75] S. Daneshmandi, B. Wegiel, P. Seth, Blockade of lactate dehydrogenase-A (LDH- 
A) improves efficacy of anti-programmed cell death-1 (PD-1) therapy in 
melanoma, Cancers (11) (2019) 450, https://doi.org/10.3390/cancers11040450. 

[76] S. Arya, S. Kumar, R. Rani, N. Kumar, P. Roy, S.M. Sondhi, Synthesis, anti- 
inflammatory, and cytotoxicity evaluation of 9,10-dihydroanthracene-9,10- 
α,β-succinimide and bis-succinimide derivatives, Med. Chem. Res. 22 (2013) 
4278–4285, https://doi.org/10.1007/s00044-012-0439-6. 

[77] S.M. Sondhi, S. Jain, R. Rani, A. Kumar, Microwave assisted synthesis of indole 
and furan derivatives possessing good antiinflammatory and analgesic activity, 
ChemInform (2008) 39, https://doi.org/10.1002/chin.200810104. 

[78] S. Arya, S. Kumar, R. Rani, N. Kumar, P. Roy, S.M. Sondhi, Synthesis, anti- 
inflammatory, and cytotoxicity evaluation of 9,10-dihydroanthracene-9,10- 
α,β-succinimide and bis-succinimide derivatives, Med Chem. Res (2013) 
4278–4285, https://doi.org/10.1007/s00044-012-0439-6. 

[79] B. Salehi, A. Ata, V. Anil Kumar, F. Sharopov, K. Ramírez-Alarcón, A. Ruiz- 
Ortega, et al., Antidiabetic potential of medicinal plants and their active 
components, Biomolecules 9 (10) (2019) 551, https://doi.org/10.3390/ 
biom9100551. 

[80] R. Rani, V. Kumar, Small molecules inhibitors of the Plasmodium Falciparum LDH 
enzyme and their therapeutic applications, lactate dehydrogenase (LDH): 
biochemistry, Funct. Clin. Significance 5 (2019) 141–165. 

[81] M.G. Zayda, A.A.-H. Abdel-Rahman, F.A. El-Essawy, Synthesis and antibacterial 
activities of different five-membered heterocyclic rings incorporated with 
pyridothienopyrimidine, ACS Omega 5 (11) (2020) 6163–6168, https://doi.org/ 
10.1021/acsomega.0c00188. 

[82] S.M. Sondhi, J. Singh, R. Rani, P.P. Gupta, S.K. Agrawal, A.K. Saxena, Synthesis, 
anti-inflammatory and anticancer activity evaluation of some novel acridine 
derivatives, Eur. J. Med. Chem. 45 (2) (2010) 555–563, https://doi.org/10.1016/ 
j.ejmech.2009.10.042. 

[83] S.M. Sondhi, S. Kumar, N. Kumar, P. Roy, Synthesis anti-inflammatory and 
anticancer activity evaluation of some pyrazole and oxadiazole derivatives, Med. 
Chem. Res. 21 (2011) 3043–3052. 

[84] S.M. Sondhi, R. Rani, P. Roy, S.K. Agrawal, A.K. Saxena, Conventional and 
microwave-assisted synthesis of small molecule based biologically active 
heterocyclic amidine derivatives, Eur. J. Med. Chem. 45 (3) (2010) 902–908, 
https://doi.org/10.1016/j.ejmech.2009.11.030. 

[85] R. Rani, C. Granchi, Bioactive heterocycles containing endocyclic N-hydroxy 
groups, Eur. J. Med. Chem. 97 (2015) 505–524, https://doi.org/10.1016/j. 
ejmech.2014.11.031. 

[86] C. Valvona, H. Fillmore, Oxamate, but not selective targeting of LDH-A, inhibits 
medulloblastoma cell glycolysis, growth and motility, Brain Sci. 8 (4) (2018) 56, 
https://doi.org/10.3390/brainsci8040056. 

[87] A.E. El-Sisi, S.S. Sokar, S.E. Abu-Risha, S.R. El-Mahrouk, Oxamate potentiates 
taxol chemotherapeutic efficacy in experimentally-induced solid ehrlich 

carcinoma (SEC) in mice, BioMed. Pharmcother. 95 (2017) 1565–1573, https:// 
doi.org/10.1016/j.biopha.2017.09.090. 

[88] S. Lin, G. Huang, L. Cheng, Z. Li, Y. Xiao, Q. Deng, et al., Establishment of 
peripheral blood mononuclear cell-derived humanized lung cancer mouse models 
for studying efficacy of PD-L1/PD-1 targeted immunotherapy, MAbs 10 (2018) 
1301–1311, https://doi.org/10.1080/19420862.2018.1518948. 

[89] X. Zhai, Y. Yang, J. Wan, R. Zhu, Y. Wu, Inhibition of LDH-A by oxamate induces 
G2/M arrest, apoptosis and increases radiosensitivity in nasopharyngeal 
carcinoma cells, Oncol. Rep. 30 (2013) 2983–2991, https://doi.org/10.3892/ 
or.2013.2735. 

[90] A. Cameron, J. Read, R. Tranter, V.J. Winter, R.B. Sessions, R.L. Brady, et al., 
Identification and activity of a series of azole-based compounds with lactate 
dehydrogenase-directed anti-malarial activity, J. Biol. Chem. 279 (30) (2004) 
31429–31439, https://doi.org/10.1074/jbc.M402433200. 

[91] E.Y. Kim, T.W. Chung, C.W. Han, S.Y. Park, K.H. Park, S.B. Jang, et al., A novel 
lactate dehydrogenase inhibitor, 1-(Phenylseleno)-4-(Trifluoromethyl) benzene, 
suppresses tumor growth through apoptotic cell death, Sci. Rep. 9 (1) (2019) 
3969, https://doi.org/10.1038/s41598-019-40617-3. 

[92] H. Keshmiri-Neghab, B. Goliaei, Therapeutic potential of gossypol: an overview, 
Pharm. Biol. 52 (1) (2014) 124–128, https://doi.org/10.3109/ 
13880209.2013.832776. 

[93] J. Xiong, J. Li, Q. Yang, J. Wang, T. Su, S. Zhou, Gossypol has anti-cancer effects 
by dual-targeting MDM2 and VEGF in human breast cancer, Breast Cancer Res. 19 
(1) (2017) 27, https://doi.org/10.1186/s13058-017-0818-5. 

[94] G.S. Gupta, S. Kapur, R.G. Kinsky, Inhibition kinetics of lactate dehydrogenase 
isoenzymes by gossypol acetic acid, Biochem. Int. 17 (1) (1988) 25–34. 

[95] Y. Yu, J.A. Deck, L.A. Hunsaker, L.M. Deck, R.E. Royer, E. Goldberg, et al., 
Selective active site inhibitors of human lactate dehydrogenases A4, B4, and C4, 
Biochem. Pharmacol. 62 (1) (2001) 81–89, https://doi.org/10.1016/s0006-2952 
(01)00636-0. 

[96] J.L. Judge, S.H. Lacy, W.Y. Ku, K.M. Owens, E. Hernady, T.H. Thatcher, et al., The 
lactate dehydrogenase inhibitor gossypol inhibits radiation-induced pulmonary 
fibrosis, Radiat. Res. 188 (1) (2017) 35–43, https://doi.org/10.1667/RR14620.1. 

[97] A. Le, C.R. Cooper, A.M. Gouw, R. Dinavahi, A. Maitra, L.M. Deck, et al., 
Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor 
progression, Proc. Natl. Acad. Sci. USA 107 (5) (2010) 2037–2042, https://doi. 
org/10.1073/pnas.0914433107. 

[98] R.A. Ward, C. Brassington, A.L. Breeze, A. Caputo, S. Critchlow, G. Davies, et al., 
Design and synthesis of novel lactate dehydrogenase A inhibitors by fragment- 
based lead generation, J. Med. Chem. 55 (7) (2012) 3285–3306, https://doi.org/ 
10.1021/jm201734r. 

[99] J. Billiard, J.B. Dennison, J. Briand, R.S. Annan, D. Chai, M. Colón, et al., 
Quinoline 3-sulfonamides inhibit lactate dehydrogenase A and reverse aerobic 
glycolysis in cancer cells, Cancer Metab. 1 (1) (2013) 19, https://doi.org/ 
10.1186/2049-3002-1-19. 

[100] C. Granchi, S. Roy, C. Giacomelli, M. Macchia, T. Tuccinardi, A. Martinelli, et al., 
Discovery of N-hydroxyindole-based inhibitors of human lactate dehydrogenase 
isoform A (LDH-A) as starvation agents against cancer cells, J. Med. Chem. 54 (6) 
(2011) 1599–1612, https://doi.org/10.1021/jm101007q. 

[101] E.C. Calvaresi, C. Granchi, T. Tuccinardi, V.D. Bussolo, R.W. Huigens, H.Y. Lee, et 
al., Dual targeting of the warburg effect with a glucose-conjugated lactate 
dehydrogenase inhibitor, ChemBioChem 14 (2013) 2263–2267, https://doi.org/ 
10.1002/cbic.201300562. 

[102] M. Manerba, M. Vettraino, L. Fiume, G. Di Stefano, A. Sartini, E. Giacomini, et al., 
Galloflavin (CAS 568-80-9): a novel inhibitor of lactate dehydrogenase, Chem. 
Med. Chem. 7 (2) (2012) 311–317, https://doi.org/10.1002/cmdc.201100471. 

[103] X. Han, X. Sheng, H.M. Jones, A.L. Jackson, J. Kilgore, J.E. Stine, et al., 
Evaluation of the anti-tumor effects of lactate dehydrogenase inhibitor galloflavin 
in endometrial cancer cells, J. Hematol. Oncol. 8 (2015) 2–4, https://doi.org/ 
10.1186/s13045-014-0097-x. 

[104] F. Farabegoli, M. Vettraino, M. Manerba, L. Fiume, M. Roberti, G. Di Stefano, 
Galloflavin, a new lactate dehydrogenase inhibitor, induces the death of human 
breast cancer cells with different glycolytic attitude by affecting distinct signaling 
pathways, Eur. J. Pharm. Sci. 47 (4) (2012) 729–738, https://doi.org/10.1016/j. 
ejps.2012.08.012. 

[105] E.H.U. Wendt, M. Schoenrogge, B. Vollmar, D. Zechner, Galloflavin plus 
metformin treatment impairs pancreatic cancer cells, Anticancer Res. 40 (1) 
(2020) 153–160, https://doi.org/10.21873/anticanres.13936. 

[106] X.M. Li, W.H. Xiao, H.X. Zhao, Discovery of potent human lactate dehydrogenase 
A (LDHA) inhibitors with antiproliferative activity against lung cancer cells: 
virtual screening and biological evaluation, Med. Chem. Commun. 8 (3) (2017) 
599–605, https://doi.org/10.1039/c6md00670a. 

[107] A. Fang, Q. Zhang, H. Fan, Y. Zhou, Y. Yao, Y. Zhang, et al., Discovery of human 
lactate dehydrogenase A (LDHA) inhibitors as anticancer agents to inhibit the 
proliferation of MG-63 osteosarcoma cells, Med. Chem. Commun. 8 (8) (2017) 
1720–1726, https://doi.org/10.1039/c7md00222j. 

[108] S.D. Peter, P.F. Benjamin, B. Jason, C. Jinhua, B.C. Laura, E. Charles, et al., 
Identification of substituted 3-hydroxy-2-mercaptocyclohex-2-enones as potent 
inhibitors of human lactate dehydrogenase, Bioorg. Med. Chem. Lett. 24 (16) 
(2014) 3764–3771, https://doi.org/10.1016/j.bmcl.2014.06.076. 

[109] G. Rai, K.R. Brimacombe, B.T. Mott, D.J. Urban, X. Hu, S.M. Yang, et al., 
Discovery and optimization of potent, cell-active pyrazole-based inhibitors of 
lactate dehydrogenase (LDH), J. Med. Chem. 60 (22) (2017) 9184–9204, https:// 
doi.org/10.1021/acs.jmedchem.7b00941. 

D. Sharma et al.                                                                                                                                                                                                                                 

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en 
diciembre 13, 2022. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.1002/JLB.3A0718-274RR
https://doi.org/10.1002/JLB.3A0718-274RR
https://doi.org/10.1016/j.cmet.2020.03.001
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.3389/fonc.2021.632364
https://doi.org/10.3389/fonc.2021.632364
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1107/S1399004714024791
https://doi.org/10.1002/1097-0134(20010501)43:2
https://doi.org/10.1002/1097-0134(20010501)43:2
https://doi.org/10.1038/nchembio.2172
https://doi.org/10.2147/OTT.S163570
https://doi.org/10.2147/OTT.S163570
https://doi.org/10.1097/WNR.0000000000000506
https://doi.org/10.1097/WNR.0000000000000506
https://doi.org/10.3892/or.2014.3600
https://doi.org/10.3892/or.2014.3600
https://doi.org/10.3390/cancers11040450
https://doi.org/10.1007/s00044-012-0439-6
https://doi.org/10.1002/chin.200810104
https://doi.org/10.1007/s00044-012-0439-6
https://doi.org/10.3390/biom9100551
https://doi.org/10.3390/biom9100551
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref78
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref78
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref78
https://doi.org/10.1021/acsomega.0c00188
https://doi.org/10.1021/acsomega.0c00188
https://doi.org/10.1016/j.ejmech.2009.10.042
https://doi.org/10.1016/j.ejmech.2009.10.042
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref81
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref81
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref81
https://doi.org/10.1016/j.ejmech.2009.11.030
https://doi.org/10.1016/j.ejmech.2014.11.031
https://doi.org/10.1016/j.ejmech.2014.11.031
https://doi.org/10.3390/brainsci8040056
https://doi.org/10.1016/j.biopha.2017.09.090
https://doi.org/10.1016/j.biopha.2017.09.090
https://doi.org/10.1080/19420862.2018.1518948
https://doi.org/10.3892/or.2013.2735
https://doi.org/10.3892/or.2013.2735
https://doi.org/10.1074/jbc.M402433200
https://doi.org/10.1038/s41598-019-40617-3
https://doi.org/10.3109/13880209.2013.832776
https://doi.org/10.3109/13880209.2013.832776
https://doi.org/10.1186/s13058-017-0818-5
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref92
http://refhub.elsevier.com/S1044-579X(22)00229-2/sbref92
https://doi.org/10.1016/s0006-2952(01)00636-0
https://doi.org/10.1016/s0006-2952(01)00636-0
https://doi.org/10.1667/RR14620.1
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1021/jm201734r
https://doi.org/10.1021/jm201734r
https://doi.org/10.1186/2049-3002-1-19
https://doi.org/10.1186/2049-3002-1-19
https://doi.org/10.1021/jm101007q
https://doi.org/10.1002/cbic.201300562
https://doi.org/10.1002/cbic.201300562
https://doi.org/10.1002/cmdc.201100471
https://doi.org/10.1186/s13045-014-0097-x
https://doi.org/10.1186/s13045-014-0097-x
https://doi.org/10.1016/j.ejps.2012.08.012
https://doi.org/10.1016/j.ejps.2012.08.012
https://doi.org/10.21873/anticanres.13936
https://doi.org/10.1039/c6md00670a
https://doi.org/10.1039/c7md00222j
https://doi.org/10.1016/j.bmcl.2014.06.076
https://doi.org/10.1021/acs.jmedchem.7b00941
https://doi.org/10.1021/acs.jmedchem.7b00941


Seminars in Cancer Biology 87 (2022) 184–195

195

[110] S. Deiab, E. Mazzio, S. Messeha, N. Mack, K.F. Soliman, High-Throughput 
screening to identify plant derived human LDH-A inhibitors, Eur. J. Med. Plants 3 
(4) (2013) 603–615, https://doi.org/10.9734/ejmp/2013/5995. 

[111] S. Deiab, E. Mazzio, S. Eyunni, O. McTier, N. Mateeva, F. Elshami, et al., 1,2,3,4,6- 
Penta-O-galloylglucose within Galla Chinensis inhibits human LDH-A and 
attenuates cell proliferation in MDA-MB-231 breast cancer cells, Evid. Based 
Complement Altern. Med. 2015 (2015), 276946, https://doi.org/10.1155/2015/ 
276946. 

[112] F. Nadal-Bufi, J.M. Mason, L.Y. Chan, D.J. Craik, Q. Kaas, S.T. Henriques, 
Designed β-hairpins inhibit LDH5 oligomerization and enzymatic activity, J. Med. 
Chem. 64 (7) (2021) 3767–3779, https://doi.org/10.1021/acs. 
jmedchem.0c01898. 

[113] Cakici C., Daylan B., Ayla S., Yigit P., Dokgoz E.Y., Yigitbasi T., Can lactate 
dehydrogenase inhibition be increased efficiency of 1,25(OH)2D3 vitamin in 
prostate cancer animal model?FASEB J., 36:. https://doi.org/10.1096/ 
fasebj.2022.36.S1.R2370. 

[114] M.R. Woodford, A.J. Baker-Williams, R.A. Sager, et al., The tumor suppressor 
folliculin inhibits lactate dehydrogenase A and regulates the Warburg effect, Nat. 
Struct. Mol. Biol. 28 (2021) 662–670, https://doi.org/10.1038/s41594-021- 
00633-2. 

[115] Q. Zhang, P. Luo, F. Xia, H. Tang, J. Chen, J. Zhang, D. Liu, Y. Zhu, Y. Liu, L. Gu, 
L. Zheng, Z. Li, F. Yang, L. Dai, F. Liao, C. Xu, J. Wang, Capsaicin ameliorates 
inflammation in a TRPV1 independent mechanism by inhibiting PKM2-LDHA- 
mediated Warburg effect in sepsis. Cell, Chem. Biol. 29 (8) (2022) 1248–1259, 
https://doi.org/10.1016/j.chembiol.2022.06.011. 

[116] J. Ding, R. Gumpena, M.-O. Boily, A. Caron, O. Chong, J.H. Cox, V. Dumais, 
S. Gaudreault, A.H. Graff, A. King, J. Knight, R. Oballa, J. Surendradoss, T. Tang, 
J. Wu, W.T. Lowther, D.A. Powell, Dual glycolate oxidase/lactate dehydrogenase 
A inhibitors for primary hyperoxaluria, ACS Med. Chem. Lett. 12 (7) (2021) 
1116–1123, https://doi.org/10.1021/acsmedchemlett.1c00196. 

[117] A.M. Hollenberg, C.O. Smith, L.C. Shum, H. Awad, R.A. Eliseev, Lactate 
dehydrogenase inhibition with oxamate exerts bone anabolic effect, JBMR 35 
(2020) 2432–2443, https://doi.org/10.1002/jbmr.4142. 

D. Sharma et al.                                                                                                                                                                                                                                 

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en 
diciembre 13, 2022. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.9734/ejmp/2013/5995
https://doi.org/10.1155/2015/276946
https://doi.org/10.1155/2015/276946
https://doi.org/10.1021/acs.jmedchem.0c01898
https://doi.org/10.1021/acs.jmedchem.0c01898
https://doi.org/10.1038/s41594-021-00633-2
https://doi.org/10.1038/s41594-021-00633-2
https://doi.org/10.1016/j.chembiol.2022.06.011
https://doi.org/10.1021/acsmedchemlett.1c00196
https://doi.org/10.1002/jbmr.4142

	Role of LDH in tumor glycolysis: Regulation of LDHA by small molecules for cancer therapeutics
	1 Introduction
	1.1 LDH isoforms and their tissue distribution
	1.2 LDHA linked with transcription factors, and cancer
	1.3 LDHA linked with transcription factors
	1.4 Lactate, cancer and immune cells
	1.5 LDHA regulation/ inhibition
	1.6 LDHA inhibitors

	2 Substrate (pyruvate) competitive inhibitor
	3 Cofactor (NADH) competitive inhibitors
	3.1 Gossypol
	3.2 Quinoline 3-sulfonamides

	4 Substrate and cofactor competitive inhibitors
	5 Others small hLDHA inhibitors
	6 Peptides as hLDHA inhibitors
	7 Conclusion and future prospects
	Author contributions
	Conflict of interest
	Data availability
	Acknowledgement
	References


