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Abstract 

 

Cancer metastasis to distant organs is initiated by tumor cells that disseminate from primary 

heterogeneous tumors. The subsequent growth and survival of tumor metastases depend on 

different metabolic changes, which constitute one of the enigmatic properties of tumor cells. 

Aerobic glycolysis, ‘the Warburg effect’, contributes to tumor energy supply, by oxidizing 

glucose in a faster manner compared to oxidative phosphorylation, leading to an increased 

lactate production by lactate dehydrogenase A (LDH-A), which in turn affects the immune 

response. Surrounding stromal cells contribute to feedback mechanisms further prompting the 

acquisition of pro-invasive metabolic features. Hence, therapeutic strategies targeting the 

glycolytic pathway are intensively investigated, with a special interest on their anti-metastatic 

properties. Various small molecules, such as LDH-A inhibitors, have shown pre-clinical 

activity against different cancer types, and blocking LDH-A could also help in designing future 

complimentary therapies. Modulation of specific targets in cells with an altered glycolytic 

metabolism should indeed result in a milder and distinct toxicity profile, compared to 

conventional cytotoxic therapy, while a combination treatment with vitamin C leading to 

increasing reactive oxygen species levels, should further inhibit cancer cell survival and 

invasion. In this review we describe the impact of metabolic reprogramming in cancer 

metastasis, the contribution of lactate in this aberrant process and its effect on oncogenic 

processes. Furthermore, we discuss experimental compounds that target glycolytic metabolism, 

such as LDH-A inhibitors, and their potential to improve current and experimental therapeutics 

against metastatic tumors. 

 

Keywords: glycolysis, metastasis, LDH, tumor microenvironment, vitamin C 
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Introduction 

Cancer development is a multi-step process that results from genomic instability. Genetic 

alterations enabling the extensively described “cancers’ hallmarks”, include proliferative 

signaling sustenance, angiogenesis induction, cell death resistance, growth suppressors 

circumvention and replicative immortality, immune evasion and metabolic reprogramming 

have recently emerged as core traits of tumors [1].  

More specifically, the altered glycolytic metabolism pathway is implicated in various cancer 

types, where cells switch from oxidative phosphorylation (OXPHOS) in the mitochondria to 

aerobic glycolysis. The latter is also known as the “Warburg effect”, which is described as a 

high rate glycolysis followed by lactic acid fermentation despite the presence of available 

oxygen [2]. In addition, several cancers are much more hypoxic than normal tissues and 

therefore, altered lactate production may also result from an adaption to tumor environmental 

cues [3]. These metabolic changes confer selective advantages to cancer cells, by providing 

nutrients and essential components to build biomass, such as amino acids, lipids, and 

nucleotides. Altered metabolism also contributes to the modulation of apoptosis, angiogenesis, 

anti-anoikis and anchorage-independent expansion, conferring a metastatic phenotype to the 

cells [4].  

The renewed interest in tumor metabolism during the last decade has generated hope that a new 

class of effective anti-cancer treatment strategies might finally arise. Enzymes playing an 

essential role in alterations in glycolysis and glutamine metabolism in tumors proved to be 

promising targets in preclinical studies, warranting further studies on cell type specific 

interactions which might limit their clinical activity. Remarkably, an improved knowledge of 

the influence of tumor metabolism in supporting the metastatic behavior is also essential to 

combat the most aggressive tumors. To date, the biological complexity coupled with invasion 

and metastatic cascades have indeed limited the research and investment in potentially valuable 

novel therapeutic agents [5]. However, the growth and survival of tumor metastases depend on 
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particular metabolic pathways that facilitate reciprocal interactions between cancer cells and 

host homeostatic mechanisms in the metastatic niches [6]. Targeting these interactions, in 

addition to the key signaling pathways driving tumorigenesis, should produce synergistic 

therapeutic effects. Thus, in order to enhance efficacy of current treatments as well as prompt 

the development of more effective therapies, it is crucial to get more insight into metabolic 

signaling alterations that lead to metastatic phenotypes.  

Several studies revealed that a peculiar glycolytic metabolism is associated with cancer 

stemness, invasive behavior and poor prognosis [7]. Over the past few years, many molecules 

have been investigated for targeting the glycolytic pathway by inhibiting lactate dehydrogenase 

A (LDH-A) [8–10], a key enzyme in the conversion of pyruvate into lactate. Remarkably, LDH-

A overexpression is correlated with a poor survival in patients with solid tumors and has also 

been linked to chemo- and radiotherapy resistance [11]. The investigated experimental 

molecules vary from penicillic acid and oxamate, the more historical inhibitors, to bi-functional 

inhibitors and N-hydroxyindole based compounds that show selectivity for LDH-A compared 

to other isoforms. A promising compound is glucose-conjugated lactate dehydrogenase 

inhibitor (NHI-Glc-2), which showed a higher intracellular concentration due to its uptake by 

cancer cell overexpressing glucose transporter 1 (GLUT-1) and activity in preclinical models 

of hypoxic tumors, such as peritoneal mesothelioma and pancreatic cancer [9]. 

In this review we describe the impact of metabolic reprogramming in cancer metastasis, the 

contribution of lactate in this aberrant process and its effect on oncogenic signaling pathways. 

Furthermore, experimental compounds that target metabolism, with a special focus on LDH 

inhibitors, and their potential novel applications in cancer treatment will be discussed.  
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Cancer cell glycolytic metabolism  

Pioneer Otto Warburg, described the metabolism of carcinoma cells almost a century ago [2]. 

This ingenious study was initiated by the observation of sea urchin eggs that increased in size 

during fertilization, leading to the hypothesis that an acceleration of respiration might apply to 

carcinomas as well. Warburg and collaborators found a lower respiration in the tumor of a 

seminal vesicle in a rat, prompting investigation of nutritional molecules such as amino acids, 

glycose and fatty acids. Unexpectedly, amino acids did not affect the respiration whereas lactate 

production from glucose stopped respiration, which led to the investigation of glycolysis in 

presence or absence of oxygen in carcinoma tissues. Cancer cells were found to prefer aerobic 

glycolysis, despite the presence of oxygen and the energetically more efficient OXPHOS. These 

findings are described as the “Warburg effect” and in the past decade, a renewed interest on 

this phenomenon has prompted more research on cancer cell metabolism, including multi-scale 

computational studies on both Warburg effect, glutamine addiction and the “reverse Warburg 

effect”, in which tumor cells force non-cancerous cells in the tumor’s microenvironment to 

consume glucose [12,13]. More specifically, epithelial tumor cells can induce aerobic 

glycolysis in neighboring stromal fibroblasts, which in turn causes their differentiation into 

myo-fibroblasts/cancer-associated fibroblasts (CAFs) [13]. In these myo-fibroblasts, the 

produced lactate and pyruvate are transported via the monocarboxylate transporter (MCT) 

allowing the uptake of lactate and pyruvate by epithelial cells. Subsequently, pyruvate and 

lactate are then used for ATP production via the energetically favorable tricarboxylic acid 

(TCA) cycle in the epithelial cells, enabling a higher cell proliferation capacity. This 

phenomenon is also reported by Vincent and collaborators [14], where human keloid fibroblasts 

(KFs) generated the required ATP via glycolysis. Unraveling the causes underlying these 

molecular mechanisms could pave the way to innovative therapeutic strategies targeting cancer 

metabolism. 
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Glycolysis initiation requires glucose uptake, which is performed by the glucose transporters 

via facilitated diffusion (GLUTs) or by the sodium-glucose linked transporters (SGLTs) 

(Figure 1) [15]. Then, hexokinase (HK) catalyzes the first critical and irreversible step in 

glycolysis: conversion of glucose to glucose-6-phosphate (G6P) [16–18]. The conversion 

ensures that the glucose will not diffuse back out of the cells. There are 4 types of HK that have 

been intensively studied, namely HK1, HK2, HK3, and HK4 [19]. HK4 is the only low-affinity 

HK known, while the rest of these hexokinases are considered as high-affinity enzymes. In 

cancer cells, due to accelerated glucose metabolism, high affinity HKs are often over-expressed, 

particularly HK2 [20]. HK2 has been studied extensively as a prognostic biomarker in several 

solid tumors and has been linked to a poor clinical outcome in hepatocellular carcinoma and 

colorectal carcinoma [21]. Notably, it has also been linked with larger tumor size and higher 

tendency of nodal involvement. 

Glucose-6-phosphate is further metabolized into fructose-6-phosphate (F6-P), fructose-1,6-

biphosphate (F1,6BP) and glyceraldehyde-3-phosphate (G3P), by glucose-6-phosphate 

isomerase, phosphofructokinase and aldolase, respectively [18,22]. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) converts G3P to glycerate-1,3-diphoshate (G1,3DP) and 

subsequently to 3-phosphoglycerate (3PG). Next, 3-phosphoglycerate is converted into 

pyruvate via 2–phosphoglycerate (2PG) and phosphoenolpyruvate (PEP), mediated by enolase 

and pyruvate kinases, respectively. Pyruvate is taken up into mitochondria, converted into 

acetyl coenzyme A (Acetyl-CoA) and can then enter into the TCA cycle. Pyruvate can also be 

reduced to lactate by LDH-A, which is a target gene of c-Myc and hypoxia-inducible factor 

(HIF-1α) [23]. Simultaneously, LDH-A regenerates nicotinamide adenine dinucleotide (NAD+) 

molecules to meet the high energy demand of a cancer cell [24]. The LDH family of enzymes 

consists of five isoforms, which are tetrameric structures with distinct catalytic activities [25]. 

LDH-A has been proven to be associated with cell proliferation, survival, angiogenesis, 
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invasion and metastasis, as well as immune escape [25–28]. Its clinical importance is reflected 

by its high expression in many types of solid cancers [29] and its overexpression has been 

established as a prognostic factor in renal [30], pancreatic [31], liver [32], lung [33] and breast 

cancer [34]. The reverse function, conversion of lactate to pyruvate, is mainly led by LDH-B 

isoform, which converts lactic acid to pyruvate and regenerates nicotinamide adenine 

dinucleotide (NADH) molecules. In cancer, due to the high levels of extracellular lactic acid, 

LDH-B is mostly expressed in surrounding tissue and tumor microenvironment [35]. Most 

importantly, disruption of both isoforms has been shown to enhance OXPHOS signaling [35], 

which eventually can be blocked by electron transport chain (ETC) inhibitors, leading to cancer 

cell death [36]. These results underline the need of new drugs specifically targeting different 

enzymes of the cancer glycolytic metabolism, as discussed in the following paragraphs.  

 

[Position figure 1] 

 

Cancer metastasis: role of glycolytic metabolism  

Over a century ago, Stephan Paget described cancer metastasis as the seed and soil 

phenomenon, where cancer cells represent the seeds that find a new soil (other organ 

microenvironments) for further growth [37,38]. Paget emphasized that metastasis is dependent 

on both the characteristics of the cancer cell and the responses of the soil. The circulating cancer 

cell should survive the multiple steps of metastasis and find an organ that can host (‘function 

as the soil’) this cancer cell. Importantly, not all organs can serve as hosts, and most frequently 

metastasis are found in the brain, lungs, liver and bone. Interestingly, an increasing extent of 

evidences supports the hypothesis that metabolic flexibility is a key determinant for the success 

of the metastatic process as well as in the interaction with the metastatic microenvironments of 

specific organs [39].  
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Cancer metastasis to distant organs is initiated by tumor cells that disseminate from primary 

heterogeneous tumors, invade surrounding tissue, and enter the circulation. The circulating 

tumor cells establish pre-metastatic niches in distant organs usually in a dormant state, and 

require activation stimuli from the primary tumor to produce micro-metastases [6]. Cancer cells 

that shed from a primary tumor need to overcome the energy deficit to survive and form 

metastases, and it has been suggested that most of them might acquire a glycolytic phenotype 

[40]. The oxidation of glucose into lactate indeed offers a crucial growth advantage. Though 

with glycolysis the cancer cells produce less ATP/mol glucose compared to cells using the citric 

acid cycle and the respiratory chain, this production is about 100 times faster due to the much 

shorter reaction pathway [41]. In addition, because of the glycolytic switch and increase of the 

“waste” product lactate, the cancer cells can influence the microenvironment by stimulating 

angiogenesis, via activation of HIF1α and upregulation of the vascular endothelial growth factor 

(VEGF) and VEGF receptors [42] as well as increased extracellular acidification, which 

contributes to evading surveillance by the immune system [43]. For instance, breast cancer cells 

metastasizing to the liver had a dominant aerobic glycolytic metabolic phenotype, compared to 

lung and bone metastases, which were more dependent on OXPHOS [44]. 

However, a number of studies have reported differing metabolic changes underlying metastasis, 

showing for instance that the KISS1 metastasis suppressor protein reverses the Warburg effect 

by shifting from glycolysis to mitochondrial beta-oxidation, but also that enhanced tumor 

invasiveness is associated with elevated ATP production, pyruvate uptake, and oxygen 

consumption [45]. These controversial findings can be explained by the fact that even within a 

hypoxic tumor mass where most cancer cells rely only on glycolysis, a small percentage (5-

10%) of glucose is still used for the OXPHOS via the mitochondria and the respiratory chain 

[46]. Accordingly, preclinical models of breast cancer and melanoma preclinical models 

showed that some metastatic cancer cells have a high oxidative metabolism, which increases in 



Jo
ur

na
l P

re
-p

ro
of

9 
 

parallel to the progressive acquisition of metastatic traits [47,48]. In particular, Porporato and 

collaborators [48] described a different “metabolic switch” affecting mitochondria, which 

involves overload of the ETC or partial ETC inhibition associated with enhanced superoxide 

production. These phenotypes result in superoxide-dependent cancer cell migration, invasion, 

and metastasis.  

Another pivotal process enabling metastasis is the cell-biological program named epithelial-

mesenchymal transition (EMT), by which epithelial cells lose their polarity and cell-cell 

adhesion, while gaining migratory and invasive properties to become more mesenchymal. 

Notably, analysis of the metabolic gene expression signature in 20 different tumor types showed 

that metastasis correlated with downregulation of mitochondrial genes, which was also 

associated with EMT [49]. Similar results were reported in a metabolite profiling approach in 

pancreatic cancer cells, which showed that the subpopulation enriched for glycolytic-related 

metabolites is characterized by a mesenchymal phenotype. Furthermore, pancreatic cancer cells 

exposed to EMT inducers, such as transforming growth factor β (TGF-β) and tumor necrosis 

factor-α (TNF-α) increased glucose uptake and lactate secretion, without affecting OXPHOS 

metabolism [50]. However, other studies described a metabolic signature characterized by 

reduced glycolysis and increased consumption of glucose through the TCA cycle for ATP and 

glutamate production in lung cancer mesenchymal cells [51]. 

Recently, Zhu and collaborators [52] reported the inhibition of cancer cell apoptosis and 

metastasis xenografts by Kudingcha, a Chinese traditional medicine, in triple negative breast 

cancer cell lines (MDA-MB-231 and HCC1806) and in immune-competent and -deficient mice 

bearing HCC1806 xenografts. Kudingcha treatment increased protein expression of apoptosis 

markers cleaved PARP, cleaved caspase-3 and decreased Bcl-2 levels, which was prevented by 

apoptosis inhibitor Z-VAD-FMK. Moreover, it inhibited cell migration and down-regulated the 

protein expression of beta-catenin, snail and vimentin, which are commonly overexpressed in 
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metastasis. To explain these results Zhu and collaborators propose that ROS production upon 

treatment modulates cell death and inhibits EMT. Remarkably, Kudingcha induced metabolic 

changes, where key components of glycolysis HK2, PKM2, phopshofructosekinase and 

transporters GLUT1 and GLUT2 protein expression was decreased after treatment, while 

lactate production was diminished. 

Surrounding stromal cells contribute to feedback mechanisms prompting the acquisition of pro-

invasive metabolic features. In particular, the conversion of glucose leads to an increase of 

lactate that is secreted mainly by hypoxic cells and taken up by neighboring cells via 

bidirectional MCTs, where it can fuel anabolic pathways. Cancer-associated fibroblasts can also 

serve as a source of lactate, and play a role in the activation of the NF-kB signaling pathway 

and epigenetic reprogramming [53]. Interestingly, in an immunodeficient murine system, 

lactate promoted breast cancer stem cell (CSC)-like properties that could be reverted by vitamin 

C, a LDH-A lowering agent [54], supporting further studies to unravel new mechanisms 

underlying the still controversial anti-cancer property of vitamin C.  

Of note, glycolytic metabolism has also been associated with a CSC phenotype, which is 

involved in both tumor relapse and invasion in several cancer types [26]. However, different 

studies in CSC showed a glycolytic or OXPHOS addicted metabolic phenotype in various 

tumor types and even within different cell lines of the same tumor type. For instance, in breast 

cancer cells MDA-MB-231 and lung cancer H1299 cells, CSC related RNA binding protein 

LIN28B promoted aerobic glycolysis and increased lactate secretion [55]. LIN28B knockdown 

by shRNA led to inhibition of glycolysis and conversely an increase in OXPHOS. Moreover, 

shLIN28B-MDA-MB-231 cells injected in mice formed smaller tumors with low levels of lactic 

acid, and produced less metastatic sites in the lung compared to wild type cells. Breast cancer 

stem cells, identified by a high aldehyde dehydrogenase 1 (ALDH1) expression and grown as 

spheroids, showed a higher glycolytic capacity compared to non-spheroid cells and lactate 
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increased the number of MDA-MB-231 cells with high expression of ALDH or CD44+CD24- 

MCG-7, promoting migration. Briefly, in this study lactate or low pH contributed to cancer-

associated stemness in breast cancer cells and LIN28B increased glycolysis via the MYC/miR-

34a-5p axis. Conversely, the same MDA-MB-231 cells, as well as SUM159PT, MCF-7, and 

T47D breast cancer cell lines propagated as mammospheres. Therefore models enriched in 

CSCs produced less lactate and are much more dependent on OXPHOS than their differentiated 

progeny [56]. Similarly, KRAS ablation-resistant lung and pancreatic cancer cells displaying 

CSC traits were less dependent on glycolysis than on OXPHOS [57]. However, a resistant 

subpopulation of pancreatic cancer CSC clones showed reduced sensitivity to mitochondrial 

targeting with metformin because of a peculiar intermediate glycolytic/respiratory phenotype 

[58]. These results underline the metabolic plasticity of cancer cells, and support further studies 

on combinations of metabolic inhibitors. 

Moreover, co-culturing of renal cancer cells (786-O) with human vascular endothelial 

(HUVEC) cells showed an enhanced proliferation, migration and invasion compared to single 

cell type culturing [59], supporting the notion of cancer cell promoting interactions with TME. 

In this study the MCT inhibitor 7AAC1 reduced the increased viability of the co-cultured cells, 

their migratory ability and invasion. 

Similarly, patient-derived CAFs co-cultured with primary lymphoma cells increased cell 

viability and supported tumor cell survival, whereas mono-cultured primary lymphoma cells 

with a higher yH2A.X and caspase-3 expression could not survive [60]. Moreover, less ROS 

production was measured in the co-culture. 
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Anti-cancer agents targeting the Warburg Effect 

Many small inhibitory molecules that target glycolysis have been discovered, but most of these 

molecules are still in pre-clinical phase (Table 1). So far, the main targets include glucose 

uptake (mediated mostly by GLUT-1), glucose retention (through HK), and lactate production 

(catalyzed by LDH-A). Therefore, we describe in the following paragraphs the most important 

studies on GLUT-1, HK and LDH-A inhibitors, reporting, when available, the findings on 

modulation of cancer cells invasion/migration and metastasis. 

[Position figure 2] 

 

GLUT-1 inhibitors 

Due to high proliferative and glycolytic rate, cancer cells have high glucose consumption rate 

[16]. In order to compensate this consumption, enzymes and transport proteins involved in 

glucose uptake and glucose metabolism are upregulated in cancer cells. In particular, the 

glucose transporter GLUT-1, also known as solute carrier family 2, facilitated glucose 

transporter member 1 (SLC2A1), is overexpressed in various tumor types [61,62]. Normally 

present in red blood cells, GLUT-1 is a rate limiting glucose transporter that enables cancer 

cells to accumulate glucose to fulfill their metabolic requirements [63]. 

A large number of studies have demonstrated the pivotal role of GLUT-1 in carcinogenesis in 

a wide array of tumors. Most importantly, increased expression of GLUT-1 has also been linked 

to invasive behavior and increased metastatic features [62,64,65]. For instance, it has been 

directly linked to vessel density and a higher degree of vascular invasion in esophageal 

carcinoma [64]. The clinical implication of GLUT-1 emerged in several clinical studies. GLUT-

1 over-expression was significantly associated with poor prognosis in breast cancer, salivary 

gland tumor, ovarian cancer, bladder cancer, colorectal cancer, esophageal cancer and oral 

squamous cell carcinoma [64]. However, it should be noted that other studies have failed to 

find a similar correlation [62]. Nevertheless, due to the abundant evidence of the Warburg effect 
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in cancer, it can be concluded that there is high chance that GLUT-1 plays a critical role in 

cancer aggressive behavior. 

Only a few GLUT-1 inhibitory agents have been tested, including STF-31 and WZB117 

(Figure 2) [66,67]. STF-31 was effective in reducing glucose uptake, inhibiting tumor 

progression and inducing apoptosis in von Hippel-Lindau (VHL) deficient renal cell carcinoma. 

However, this study used cells lacking VHL while cancer cells with functional VHL survived 

the treatment. Therefore, STF-31 has a narrow therapeutic potential due to molecular restriction 

[66]. WZB117 has been tested against human ductal breast carcinoma and non-small cell lung 

cancer cells with promising results [67]. WZB117 effectively inhibits glucose uptake, 

proliferation, and tumor progression both in vitro and in vivo. However, despite its efficacy, 

up-regulation of several glycolytic enzymes and autophagy should be taken into consideration 

as these may reflect the compensative mechanism of the tumor cells towards a decreased supply 

of glucose. 

More recently, new oxime-based inhibitors, originally designed as estrogen receptor (ER) 

ligands,  proved to be able to efficiently hinder glucose uptake and cell growth in H1299 lung 

cancer cells [68]. Of note, one of these compounds was able to restore the repression of aerobic 

glycolysis induced by inhibitors of the PI3K/mTOR pathway in primary pancreatic cancer 

resistant cells, supporting their synergistic interaction with cytotoxic compounds [69]. These 

results should prompt additional studies to unravel the role of cell metabolism in resistance to 

new anti-signaling therapies and to identify innovative metabolic promising inhibitors that 

might be exploited by combination therapies. 

 

Hexokinase Inhibitors 

The aforementioned HK is considered one of the most promising potential targets for anti-

glycolytic therapies and one compound developed against HK already managed to enter clinical 
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trials. This compound, 2-deoxy-D-glucose (2-DG, Figure 2), acts as competitive inhibitor for 

glucose due to its structural similarity[70–73]. However, instead of being processed via the 

glycolytic pathway, 2-DG is trapped in its phosphorylated form and accumulates in the 

cytoplasm and inhibits HK, leading to depletion of glucose supply and ATP [71,74,75].  

The results of preclinical studies of 2-DG were convincing and a phase I dose-escalation trial 

of combination of 2-DG and docetaxel in 34 patients with metastatic or advanced solid tumors 

reported that the clinically tolerated dose for 2-DG was 63 mg/Kg [71]. Eleven of the thirty-

four (11/34) patients had stable disease that remained until the 4th cycle while 22/34 patients 

progressed. Only 1 out of 34 patients experienced partial response (PR), but this patient had 

previously received intensive treatments. Hyperglycemia was the most common side effect, 

whereas gastrointestinal bleeding and QT prolongation (measured by electrocardiogram) were 

less frequent [71]. Another phase I dose-escalating study evaluated the effective dose and 

efficacy of 2-DG in castration resistant prostate cancer by monitoring the level of p62 protein 

to determine the tumor burden [72]. This study recommended a lower clinical dose (i.e., 45 

mg/Kg) due to prominent QT prolongation in patients who received 60 mg/Kg 2-DG. The level 

of p62 protein was decreased in all subjects but no other examination was reported [72]. 

2-DG also has been studied in glioma multiforme in combination with radiotherapy [73]. In this 

study, the patients were treated with four weekly fractions of oral 2-DG (200 mg/kg body 

weight) followed by whole brain irradiation (5 Gy). Nausea and vomiting were observed during 

the days of combined therapy in 50% of the patients. However, no significant brain tissue 

damage was reported, and all the twenty patients completed the treatment without interruption, 

with seven patients surviving more than 18 months.  

Overall, the application of 2-DG needs to be further evaluated due to difference in clinically 

recommended dose as well as side effects such as hypoglycemia [71–73]. The clinical efficacy 

of this agent is also still questionable due to lack of response [71,72]. However, a recent report 
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from Cheong and collaborators support the continuation of 2-DG application in clinical setting. 

These researchers indeed reported that the combination of 2-DG with metformin increased 

AMPK activation, which enhanced apoptosis induction in gastric cancer, esophageal cancer, 

osteosarcoma, and breast cancer, both in vitro and in vivo [76–78]. However, no clinical 

evidence is yet available to justify this combination in the clinical setting. Of note, a preclinical 

study in glioma cells suggested that 2-DG treatment activated the anti-apoptotic protein kinase 

B (Akt) signaling that might, in turn, reduce its clinical efficacy [79]. In this context, 

simultaneous inhibition of the NADPH oxidase 4/Akt signaling enhanced 2-DG-induced 

suppression of glycolysis. In addition, this combination reduced migration, and invasion of 

glioma cells in vitro and induced anti-angiogenic effects in vivo, suggesting a role of this 

therapeutic strategy in reducing cancer metastasis.  

 

Historical overview of LDH inhibitors 

LDH is the primary glycolytic enzyme that catalyzes the synthesis of lactate from pyruvate and 

vice versa. This enzyme plays a key role in the interaction between tumor and stroma. For 

instance, CAF-induced lactate production increases activity of sirtuin 1 (SIRT1) with 

consequent deacetylation/activation of peroxisome proliferator-activated receptor gamma 

coactivator (PPARG) 1 alpha, a master regulator of mitochondrial biogenesis, involved in EMT 

and invasion of prostate cancer cells [80]. A seminal study showed that silencing of LDH 

impaired tumor initiation and progression [81]. Thus, several different classes of LDH 

inhibitors have been described or synthesized, and here we present an overview of these 

compounds (Figure 2), with special emphasis on the potential role of small molecule inhibitors 

in targeting LDH activity and modulating cancer metastatic behavior. 

To develop LDH inhibitors, the chemists have used different approaches including fragment-

based lead generation coupled with X-ray crystallography, molecular dynamics and 
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simulations, receptor-based pharmacophore modeling and structure-based virtual screening, as 

recently reviewed [82].  

One of the first inhibitors of LDH is penicillic acid, a mycotoxin produced by different species 

of Penicillum. This fungal toxin showed antibiotic activity and toxicity against animals, and 

had a carcinogenic effect in rats and mice [83,84]. In vitro studies on rabbit-muscle LDH 

highlighted that penicillic acid is a competitive inhibitor of LDH-A [85].  

Oxamic acid (Oxamate) is a pyruvate competing inhibitor of LDH-A (Ki = 136 μM) [86] and 

LDH-B (Ki = 94.4 μM) [87]. Nevertheless, oxamate showed better affinity with Plasmodium 

falciparum pfLDH (IC50 = 94 μM) than human LDHs, thus leading to the development of new 

oxamic acid analogues as potential anti-malaria agents [88]. In addition, oxamic acid also exerts 

an inhibitory activity on aspartate aminotransferase (AAT), an enzyme involved in the malate-

aspartate shuttle, showing better inhibition of AAT than LDH-A. Interestingly oxamate 

suppressed tumor metastasis in an orthotopic renal xenograft model [89]. However, this 

compound is characterized by non-enzyme specific inhibition, weak potency, and poor cellular 

uptake due to its high polarity, which requires the use of high oxamate concentrations in order 

to obtain the inhibition of aerobic glycolysis and tumor cell proliferation in vitro [90–93], 

limiting its further development. 

Gossypol (reported as (R)-(−)-Gossypol in the Figure 2) is a natural structure extracted from 

the cotton seeds [94,95]. Gossypol exists as two enantiomers and some preliminary studies 

highlight that the bioactivity of gossypol is influenced by its chirality. (R)-(−)-gossypol induces 

dose-dependent cytotoxic effects on a series of cancer cell lines including melanoma, breast, 

lung, leukemia and cervix with a mean IC50 value of 20 μM, and it is more potent than the (S)-

(+)-gossypol [96]. Despite the importance of the chirality on gossypol activity, most of the 

biological assays reported in literature have evaluated both enantiomers. Gossypol mainly acts 

on dehydrogenase enzymes such as LDH-A but can also inhibit GAPDH [97]. Gossypol non-
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selectively inhibits LDH-A and LDH-B by competing with NADH, exhibiting Ki values of 1.9 

and 1.4 μM, respectively [98]. Moreover, gossypol can chelate metal ions [99], resulting in non-

specific toxicity that leads to side effects such as cardiac arrhythmias, hypokalemia, renal 

failure, muscle weakness, fatigue and occasionally paralysis [100]. The first dose escalation 

clinical trials were conducted with patients with metastatic adrenal cancer and malignant glioma 

[101,102]. Flack and collaborators reported that gossypol was generally well tolerated by 

metastatic adrenal cancer patients with minor side effects, but the response rate was 

considerably low [101]. The trial in malignant glioma conducted by Bushunow and 

collaborators reported similar findings of a well-tolerated drug with minor side effects, but low 

response rate (only 2 of 15 subjects showed partial response and 4 subjects stable disease) [102]. 

Another Phase I/II clinical trial conducted in metastatic breast cancer patients, refractory to 

anthracyclin and taxane, reported similar findings. However, this study also found that gossypol 

modulates retinoblastoma (Rb) and cyclin D1 expression [103]. Of note, Rb has a key role in 

the control of cell adhesion and how aberrations in these adhesive features of cancer cells may 

drive metastasis [104]. 

In these clinical studies, oral doses ranged from 30 to 70 mg/day, without correlation between 

dose and adverse effects and it has therefore been difficult to develop promising anticancer 

agents with gossypol as lead compound. 

Among 2,3-dihydroxy-1-naphtoic acid derivatives structurally related to gossypol, FX11 

(Figure 2) was previously developed as antimalarial agent and further selected as potential 

anticancer agents, because it preferentially inhibits LDH-A [105]. Further studies on purified 

human liver LDH-A showed that FX-11 efficiently inhibits LDHA with a Ki value of 8 μM in 

competition with NADH. FX-11 also negatively affects cellular energy supply, decreases 

cellular production of lactate, induces oxidative stress and finally provokes cell death. FX-11 

reduces cancer cell growth in lymphoma and pancreatic cancer cell and xenograft models 
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[23,106]. Remarkably, it has also been tested against more aggressive pancreatic xenograft 

LZ10.7 in vivo and proved to be effective even as single agent [23]. Moreover, inhibition of 

LDHA activities by FX11 inhibited migration and invasion of different cancer cells, such as 

PC-3 and DU145 cells [107]. However, to date, no clinical trial is yet conducted to evaluate the 

clinical activity of FX-11.  

NADH-competing agent quinoline-3-sulfonamide (Figure 2) has great selectivity against 

LDH-A over LDH-B with an effective concentration of 2-3 nM [108]. In vitro experiments of 

this agent in the hepatocellular carcinoma cell line Snu398 showed a significant decrease in 

lactate production, whereas oxygen consumption, glycolytic rate and TCA metabolites were 

elevated. Unfortunately, due to the low clearance rate of quinoline-3-sulfonamide, in vivo 

experiments were not performed [108,109]. 

Galloflavin (Figure 2) is a product of oxidation of gallic acid, identified as an inhibitor of both 

human isoforms LDH-A and LDH-B. In vitro studies on hepatocellular carcinoma PLC/PFR/5 

cells showed inhibition of aerobic glycolysis, decreased lactate production, ATP levels and cell 

growth. In addition, the anti-tumor effect of galloflavin has been shown in various breast cancer 

cell lines [110], representing the different pathological subtypes of this tumor: MCF-7 (well 

differentiated form), MDA-MB-231 (aggressive triple negative tumor) and MCF-Tam 

(tamoxifene resistant sub-line of MCF). Although MDA-MB-231 and MCF-Tam showed 

higher LDH levels and glucose uptake and had a lower capacity to consume oxygen, galloflavin 

exerted similar growth inhibition effects, suggesting its potential in inhibiting more aggressive 

cancer cells. Moreover, this study showed that blocking the oxidative stress function drove 

growth inhibition of MCF-Tam and MDA-MB-231 cells. These important results should 

encourage the further development of galloflavin as a promising antitumor agent. However, it 

is important to consider that galloflavin has a more complex mechanism of action [111]. It 

primarily binds to free LDH-A and, thus, blocks glycolysis but also interferes with LDH-
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A/ssDNA in a lesser extent and inhibits RNA synthesis in vitro. Further testing is needed to 

confirm its efficacy, including anti-metastatic activity and possible side effects in vivo. 

Novel LDH inhibitors  

A new class of N-hydroxyindole based compounds were reported as selective LDHA inhibitors 

with inhibition values in the low micromolar range by competing with both the substrate 

pyruvate and the cofactor NADH, as demonstrated by modeling studies [112]. The most 

representative N-hydroxyindole based compounds are reported in Figure 2. The carboxylic acid 

derivative NHI-1 inhibited LDH-A with a Ki value of 8.9 µM with respect to the cofactor 

NADH and 4.7 µM with respect to the substrate pyruvate, [113]. Interestingly, its methyl ester 

analogue NHI-2 was more effective in cell-based assays due to its better cellular permeability 

and efficient lactate production reduction in cancer cells [114]. However, both compounds NHI-

1 and NHI-2 were effective in reducing highly glycolytic CSC in glioblastoma multiforme, 

triggering apoptosis and cell differentiation [115], though the anti-proliferative effect exerted 

by the two compounds was transient. These two compounds were also  particularly effective in 

hypoxic models of pancreatic cancer, where they induced apoptosis, affected invasiveness, 

spheroid-growth and reduced expression of metalloproteinases [9]. Of note, their synergistic 

interaction with gemcitabine was attributed to modulation of gemcitabine metabolism, 

overcoming the reduced synthesis of phosphorylated metabolites in hypoxia. 

A recent development of this class of derivatives includes the glucose-conjugated methyl ester 

NHI-Glc-2, which is a weaker inhibitor (Ki value of 37.8 µM) than the N-OH methyl ester NHI-

2 (Ki value of 5.1 µM) on the isolated enzyme [116]. However, NHI-Glc-2 exploits the GLUT-

1 overexpression, leading to an increased cellular uptake and proved to reduce lactate 

production and decreased cancer cell proliferation. In a recent study, NHI-Glc-2 was combined 

with deoxynyboquinone (DNQ) creating the simultaneous generation of superoxide and 

hydrogen peroxide which caused synergistic cancer cell death [117]. An increased OXPHOS 
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was the result of LDH-A inhibition by NHI-Glc-2 leading to the generation of hydrogen 

peroxide, while DNQ was reduced by NAD(P)H quinone oxidoreductase 1 (NQO1), 

simultaneously forming superoxide. These results suggest that simultaneous exposure to 

reactive oxygen species (ROS)-inducing agents can be a powerful and selective anticancer 

strategy for preventing metastatic progression [118]. Moreover, it should prompt further studies 

on the role of OXPHOS in modulating LDH-A inhibition, as described in the following chapter. 

[Position Table 1] 
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LDH-A inhibition, oxidative stress and the potential role of vitamin C 

In pre-clinical studies, LDH-A inhibitors have shown to successfully impair tumor growth 

mostly by enhancing oxidative stress [23,119]. However, resistance has been linked to 

OXPHOS and off-target effects are not yet described [24]. Le and collaborators showed that 

LDH-A inhibition increased oxidative and bioenergetics stress by enhancing mitochondrial 

oxygen consumption and ROS levels in lymphoma and pancreatic cancer cell lines [23]. 

Interestingly, adding the antioxidant N-acetylcysteine (NAC), which diminished cell death, 

restored this oxidative stress. 

It is also well-known that cancer cells switch from glycolysis to OXPHOS signalling to cope 

with high oxidative stress levels and produce enough energy to survive. Remarkable research 

in the field demonstrates that this metabolic plasticity is essential for tumor progression and 

metastasis development, where mitochondrial activity plays a key role [6,120,121]. Cancer cells 

also use this metabolic flexibility to sense changes occurring in the tumor microenvironment, 

such as hypoxia, as well as to interact and exchange metabolites, such as lactate, with 

stromal/epithelial cells and others [122,123]. In addition, accumulation of these onco-

metabolites in the cytosol and in the mitochondrial matrix has a tremendous effect on ROS 

homeostasis and antioxidant response, angiogenesis and EMT induction (Figure 1) [39,120]. 

For instance, accumulation of succinate, fumarate and D-2-HG inhibits ten-eleven translocation 

(TET) enzyme function, inducing EMT gene expression and thus, promoting cell migration.  

Due to the high metabolic heterogeneity of tumors, new combination strategies are needed to 

target not only the rapid proliferating and glycolytic cells, i.e. LDH-A/B inhibitors, but also the 

OXPHOS-dependent tumor cells, i.e. metformin, and NQO1 inhibitors [124]. A re-emerging 

anti-cancer compound, known to induce cancer cell death by boosting oxidative stress and 

interfering with cancer metabolism, is high-dose intravenous vitamin C (IVC) [125–129].  



Jo
ur

na
l P

re
-p

ro
of

22 
 

Clinical studies have shown that high IVC allows plasma peak concentrations of ~ 20 mM, 

needed for cancer cell killing [130,131]. Interestingly, preclinical studies show vitamin C 

concentrations below 5 mM are sufficient to successfully impair cancer cell growth in most 

cancer cells [132,133]. Moreover, recent studies show vitamin C to have a beneficial and 

epigenetic effect in some tumors by acting as a co-factor for TET dioxygenases, influencing 

cancer cell migration [134–136]. 

The exact mechanisms of vitamin C hydrogen peroxide (H2O2)-mediated cytotoxicity and 

cancer susceptibility have not yet been revealed. A great number of studies have shown redox 

balance, iron and energy metabolism, hypoxia, epigenetics and chromatin remodelling to play 

a key role in the response to high dose vitamin C. Several studies have explored the immediate 

vitamin C effects on cancer cell metabolism [137]. Researchers showed that vitamin C 

interfered with glycolysis and the TCA cycle, hindering the energy flux and thus inhibiting ATP  

and NADPH production [137] (Figure 1). It is known that high levels of ATP are crucial for 

circulating tumor cells, which use their antioxidant mechanisms, such as Nrf-2 signalling, and 

thus produce high levels of NAPDH [6]. Due to its pro-oxidant capacity, vitamin C might be 

able to impair survival of circulating tumor cells by reversing ROS scavenging and thus 

preventing metastatic niche formation (Figure 1). In addition, reduction in pyruvate and 

glutathione (GSH) has also been observed. By boosting ROS levels, vitamin C also reduces 

cancer cell motility and extracellular matrix remodelling mainly by increasing E-cadherin 

expression, by decreasing Snail expression and through the inhibition of matrix 

metalloproteinases (MMPs) [138,139].  

In cancer cells, mitochondrial dysfunction can lead to increased invasiveness.  H2O2 interferes 

with Fe-S proteins, which are involved in processes such as DNA replication and maintenance, 

TCA cycle, ATP synthesis, mitochondrial respiration (i.e. mitochondrial ETC complexes I-II) 

and fatty acid oxidation. Based on previous research, vitamin C can be hypothesized to also 
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disrupt OXPHOS signalling and thus impair cell invasion (Figure 1). If glycolysis is then 

blocked by simultaneous exposure to LDH inhibitors, cancer cells would no longer be able to 

meet the high energy demand, leading to cell death. Keeping with this hypothesis, increasing 

evidence supports tumor cell efficacy of the combination of glycolytic inhibitors and vitamin 

C in several cancer types [140], mainly due to a heightened oxidative stress and DNA 

fragmentation.  

A number of studies also show reliable safety and tolerance [141,142] improved patient survival 

[127], selective cancer toxicity and potential efficacy of IVC [128,132,143]. For instance, 

clinical testing in combination with gemcitabine in a Phase I/IIa study showed potential 

synergism and reduced chemo-toxicity in pancreatic cancer patients. Currently, a total of 36 

clinical trials -active, completed or terminated- are assessing IVC treatment outcome 

(https://clinicaltrials.gov/), and further studies on combination of IVC with LDH inhibitors are 

warranted. 

 

Conclusions 

Metabolic reprograming is a common mechanism of cancer cells to cope with the high energy 

demand. In particular, the glycolytic pathway is described in many cancer types to be 

upregulated and contributing to cancer cell development and metastasis.  

Over the years, various small molecules are tested for the inhibition of the components of the 

glycolytic pathway, however only a small portion made it into the clinical trials, warranting 

novel preclinical and clinical development strategies, which should focus on the anti-metastatic 

properties of anti-glycolytic compounds. 

In the preclinical setting, studies on both ortothopic patient-derived xenografts, reproducing 

clinical metastatic routes, as well as in immunocompetent animal models will help in better 

understanding the molecular interaction among tumor, tumor microenvironment and distant 

https://clinicaltrials.gov/
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metastasis, including analysis of immune modulation. These studies should guide rational drug 

development, which should also consider both the main features of metastatic cancers and 

tumor metabolic plasticity and heterogeneity.  

Blocking LDH could also help in designing future complementary therapies. Monotherapy 

activity might indeed not be a realistic expectation for these agents, because cells driven by 

glycolytic metabolism represent only a subpopulation, though critically important, in most 

tumors. These agents should then have long half-lives to exploit fluctuating metabolism or for 

efficient bystander killing. However, inhibition of molecular targets in cells with glycolytic 

metabolism should offer a more benign and distinct toxicity profile, compared to the toxicity 

profile of conventional cytotoxic therapy, and therefore have greater opportunity for 

combination with current standards of care or with other agents, such as IVC, enhancing 

intratumoral ROS levels and thereby affecting cancer cell survival and invasion. 
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FIGURES 

 

Figure 1. Targeting tumor-metabolism and metastatic progression  

Oncometabolites such as glucose or lactate, play a crucial role in tumor progression 

and metastasis and are reported to induce cell recruitment and migration, extracellular 

matrix (ECM) remodeling and epithelial-to-mesenchymal transition (EMT).  Small-

molecule inhibitors such as STF-31, WZB117, 2-DG and Oxamate could hinder the 

metastatic progression by targeting glucose transporter 1 (GLUT1), hexokinase (HK) 

and lactate dehydrogenase (LDH-A), respectively, leading to a decreased glucose 

uptake, lower production of glucose-6-phosphate (G6P) and a decrease of lactate 

production. Another potential inhibitor of invasiveness, cell migration and metastasis is 

high dose vitamin C, which can be imported into the cell as its oxidized form (DHA) via 

the GLUT-1 transporter and its dehydrogenated form (AscH-) by the sodium-ascorbate 

co-transporter (SVCT). Vitamin C can prevent metastatic niche formation mostly by 

increasing reactive oxygen species (ROS), which disrupt the high energy demand of 

tumor cells by hindering ATP and NAPDH formation.  Other observed effects of vitamin 

C on the glycolytic pathway are: an increase of the first glucose metabolites G6P, 

fructose-6-phosphate (F6-P) and fructose-1,6-biphosphate (F1,6BP) and a decrease 

of downstream intermediates, such as 3-phosphoglycerate (3PG), 

phosphoenolpyruvate (PEP), pyruvate and lactate, and the crucial enzyme LDH-A, 

probably via HIF-1 degradation. To note, vitamin C might reverse the epithelial-to-

mesenchymal transition (EMT) by increasing and reducing E-cadherin/VIM and Snail 

expression, respectively, and also by inhibiting matrix metalloproteases (MMPs) 

activity. 

 

 

Figure 2. Glycolytic pathway inhibitors. Chemical structures of small molecules targeting the 

glycolytic pathway. The key chemical moieties necessary for the inhibition of the targets are 

highlighted for each molecule. 

 

Table 1. List of agents targeting Warburg effect in cancer.  
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Figure 2.  
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Table 1.  

Drug typee Compound 

Name 

Cancer type Study 

Phase 

Drawback Reference 

GLUT-1 

Inhibitor 

     

 STF-31 Renal 

Carcinoma 

Preclinical Narrow therapeutic 

range 

[66] 

 WZB117 Ductal breast 

carcinoma, 

non-small cell 

lung cancer 

Preclinical Early phase study, 

lack of evidence 

[67] 

Hexokinase 

Inhibitor 

     

 2-deoxy-d-

glucose (2-

DG) 

Advanced 

Solid Tumor, 

Prostate 

Cancer, 

Glioma 

Multiforme 

Phase I 

Clinical 

Trial 

Low response rate, 

variability in 

recommended dose 

[71–73] 

Lactate 

Dehydrogen

ase 

Inhibitors 

     

Pyruvate 

Competitive 

Agent 

Oxamate 

 

Cervical 

Cancer, 

Gastric 

Cancer 

 

Preclinical 

 

Poor membrane 

penetration 

 

[92,144]  

NADH-

competitive 

agent 
 

Gossypol 

 

Metastatic 

breast cancer, 

malignant 

glioma, 

metastatic 

adrenal cancer 

Phase I/II 

clinical 

trial 

 

Low response rate [101–103] 

 FX-11 Adrenal 

cancer 

Preclinical 

 

Reactive catechol 

moiety 

[23,106,145

] 

 Quinoline 3-

sulfonamide 

 

Lymphoma, 

Pancreatic 

Cancer 

 

Preclinical 

 

Low clearance rate 

 

[108]  

Pyruvate 

and NADH-

competitive 

agent 

N‐
hydroxyindole

s (NHI) 

Hepatocellula

r carcinoma 

 

Preclinical 

 

Early phase study, 

lack of evidence 

 

[9,113] 

Free LDH-A 

Binding 

Agent 
 

Galloflavin Pancreatic, 

breast cancer, 

hepatocellular 

carcinoma 

Preclinical Early phase study, 

lack of evidence 

[110,111,14

6] 

 


