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ABSTRACT

The second leading cause of death in the United States, cancer is the rapid proliferation of abnormal cells that grow
and spread beyond their usual boundaries in the body. A significant part of cancer research has focused on elucidating
the nature of tumorigenic cells to determine viable treatment therapies and prevention methods for cancer development
and metastasis. One of the major hallmarks of cancer is tumor cell glycometabolism, where cancer cells rewire their
metabolism to promote their growth, survival, maintenance, and proliferation. This aberrant metabolism is character-
ized by increased glycolysis even in the presence of oxygen, a phenomenon known as the ‘Warburg Effect’. Several
prominent characteristics of the Warburg Effect have been observed over the last century, including increased glucose
uptake, lactate accumulation, and induced acidosis in the tumor microenvironment. This review examines the Warburg
Effect, its role in tumorigenesis, and current anticancer therapeutics that have arisen from related studies.

Introduction

Awareness that the metabolic phenotype of tumorigenic cells differs from that of non-tumorigenic cells has grown in
the last decade. Tumors reprogram their nutrient acquisition and glycometabolism pathways to meet the bioenergetic,
biosynthetic, metabolic, and redox needs of malignant tumor cells. Cancer cells generally metabolize glucose, lactate,
pyruvate, and fatty acids at significantly higher rates than their nontumor counterparts [1]. Recent experimental evi-
dence suggests that tumorigenic metabolic activity can induce cancer progression and metastasis. Therefore, targeting
the metabolic differences between tumor and non-tumor cells may be a promising anticancer strategy.

In 1924, German scientist Otto Warburg observed that cancer cells consumed greater amounts of glucose
when compared to normal cells [2]. His subsequent research discovered that cancer cells metabolize glucose substrate
in an unusual manner and accelerated rate compared to cells in normal, healthy tissue [3]. Unlike non-tumorigenic
cells, tumorigenic cells were found to produce ATP (adenosine triphosphate) by fermenting glucose into lactate with
overactive glycolysis despite having sufficient oxygen [4]. This unusual shift from respiration to fermentation became
known as the Warburg Effect. Although characteristics of the Warburg Effect can be found in many cancers, different
tumor types have different bioenergetic alterations that enable them to meet their specific energy requirements [3].
Therefore, although the Warburg Effect is not consistent across all cancer types, it is still a valuable model to discover
potential anticancer therapeutic candidates by studying its primary characteristics: increased glucose uptake, lactate
production and accumulation, and induced acidosis [6].

Characteristics Of the Warburg Effect

Glucose Uptake

The basis of cancer cell metabolism highlights an increased glucose uptake in tumorigenic cells due to increased
protein production and membrane translocation of facilitative glucose transporters (GLUTs) that allow cancer cells to
take up extracellular glucose [7,8]. To produce sufficient ATP through glycolysis, cancer cells upregulate GLUTS,
increasing intracellular glucose uptake [9]. Out of these transporters, GLUT1, GLUT3, GLUT4, and GLUT6 are
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upregulated in cancer tissue [10,11]. GLUT expression and localization changes in response to nutrient deprivation.
In non-cancer cells, nutrient deprivation causes GLUT1 to internalize and undergo lysosomal degradation to decrease
metabolism before the induction of apoptosis. However, cancer cells overexpress GLUT1 after nutrient deprivation to
maintain glucose metabolism. As a result, the cancer cell becomes resistant to induced apoptosis [12]. GLUT1 over-
expression is also activated during hypoxia conditions resulting from overactive glycolysis and encourages the ex-
pression of several cell survival genes, including vascular endothelial growth factor (VEGF) [13,14]. GLUT1 overex-
pression has been discovered in several cancer types, including breast, brain, pancreatic, prostate, renal, lung, and
endometrial. Increased GLUT1 expression has also been associated with unfavorable prognosis, poorly differentiated
tumors, larger tumor size, and positive lymph node metastasis [15,16,17].

Its prominent function in supporting cancer metabolism implies that GLUT1 may be an ideal prognostic
biomarker and potential therapeutic target in various cancers. Resveratrol (RSV) is a natural compound that has gained
much attention in the cancer field with its anticarcinogenic, anti-inflammatory, cardioprotective, and antiproliferative
properties [18,19]. RSV has also been found to inhibit glucose uptake in human leukemic cell lines by directly inter-

acting with GLUT1 [20,21]. RSV has been an especially attractive candidate for cancer therapy because of its ability
to wield concentrated short-term effects of metabolism through the mTOR/AMPK signaling pathway [20]. One study
concluded that elevated levels of RSV lead to tumor regression and widespread cancer cell death in human neuroblas-
toma [22]. RSV can also reverse multidrug resistance in cancer cells and sensitize cancer cells to standard chemother-
apeutic drugs when combined with clinically used pharmaceuticals [23]. However, there have been several controver-
sial reports of RSV due to its photosensitivity. Therefore, it must be handled carefully and used at precise dosages
according to cell type and metabolic state. Moreover, while all cells need glucose to survive, partial inhibition of
GLUT1 as monotherapy has been unsuccessful [20]. Thus, combinatorial strategies that use GLUT1 inhibitors like
RSV with anticancer conventional drugs seem more promising. Other GLUT1 inhibitors like SMI277 and BAY-876
have also shown promising results and are undergoing further testing [24,25,26,27].

PI3K/Akt signaling regulates glucose uptake by facilitating GLUT1 membrane localization, thus augmenting
the rate of glycolysis. Many studies have revealed a gain of function of PI3Ks and hyperactive PI3K/Akt signaling
several cancer types [28]. Hence, reducing activity along the PI3K/Akt signaling pathway poses a new approach for
targeted cancer therapy [29]. Various PI3K isoform-specific inhibitors have undergone clinical testing, including
ACP-319, BYL719, and Serabelisib. However, most of the monotherapies have failed to produce promising results.
Thus, recent clinical trials are attempting to use a combination of two inhibitors of different signaling transduction
pathways to target parallel pathways. So far, a combination of 7-hydroxystaurosporine and topotecan hydrochloride
has been used to treat patients with small-cell lung cancer, and ONC201 is being studied in phase II clinical trials for
metastasized breast cancer and advanced endometrial carcinoma [30].

Lactate Production

Lactate is the product metabolite of glycolysis. Therefore, overactive glycolysis in tumorigenic cells leads to increased
lactate production and accumulation in cancer tissue. Cancer cells export lactic acid out of the cell to prevent intracel-
lular acidification. The subsequent accumulation of extracellular lactate can contribute to several effects and hallmarks
of cancer. First, lactate stimulates hyaluronan production and CD44 expression, reducing cell adherence and contrib-
uting to malignant progression and metastasis in cancer tissue [31,32]. Lactate also acts as a signaling molecule for
the G-protein-coupled receptor GPR81. Excessive lactate production activates GPR81 on cancer cells and immune
cells, which promotes angiogenesis and chemoresistance in tumors. Moreover, lactic acid acts as a pro-inflammatory
and immunosuppressive molecule that dampens the immune response to cancer in a concentration-dependent manner
[33,34]. In this process, lactic acid dissociates into lactate and H+ ions that are exported into the extracellular tumor
microenvironment (TME). The exported H+ ions lower the pH in the TME and consequently undermine the T-cell
response to cancer, allowing immune escape to occur [35]. Tumor-derived lactate has also been shown to promote T-
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cell apoptosis by inhibiting FIP200 protein [36]. Finally, tumor-derived lactate contributes to inhibiting the anticancer
functions of natural killer cells (specialized white blood cells that destroy infected and cancerous cells) [37,38].

As demonstrated by a number of experimental studies, the overproduction of lactate and its entry into the
TME by transporter complexes contributes greatly to several cancerous mechanisms. Although it has proven difficult
to directly reduce lactate production in cancer cells without endangering cancer patients, it has been speculated that
targeting lactic acid transporter complexes may be a potential therapeutic strategy in cancer trials. MCT4, known for
its high affinity for lactate, is a lactic acid transporter that is primarily expressed in highly glycolytic cells. MCT4
expression is upregulated in hypoxia conditions and in many cancer types. Additionally, MCT4 expression is strongly
associated with lymph node metastasis, distant metastasis, and for colorectal and hepatic cancers [39,40,41,42]. There-
fore, selective inhibition of MCT4 may effectively undermine cancer progression to metastasis. One study in 2018
demonstrated that selective inhibition of MCT4 decreased cell growth and reduced induction of apoptosis in invasive
urothelial carcinoma [43]. Another study in 2015 showed that MCT4 depletion caused an increased dependence of
cancer cells on mitochondrial respiration and glutamine metabolism, effectively undermining their capacity to prolif-
erate in a 3D matrix or as multilayered spheroids [41]. Another lactate transporter of the same protein family, MCT1,
has also been considered as an anticancer therapeutic candidate. AZD3965 is an MCT1 inhibitor that is currently
undergoing Phase I clinical trials [44]. Syrosingopine, an anti-hypertensive drug, is a dual MCT1 and MCT#4 inhibitor
(with a 60-fold higher potency on MCT4) that prevents lactate and H+ efflux [45]. Syrosingopine also sensitizes
cancer cells to killing by metformin and phenformin. Therefore, combining syrosingopine with other codrugs seems
to be a promising therapeutic strategy for cancer treatment [46].

Induced Acidosis

We have discussed that the tumorigenic microenvironment of a cancer cell is acidic due to the cell’s high glycolic rate
and subsequent increase in lactate that accumulates in the interstitial space to lower the extracellular pH. This phe-
nomenon occurs because cytotoxic T lymphocytes co-transport H+ and lactate to the extracellular space to maintain
intracellular pH while producing cytokines [47]. Moreover, since the cancerous overproduction of lactate decreases
intracellular pH, PFK-1 (6-phosphofructo-1-kinase) — a rate-limiting enzyme in glycolysis — is inhibited. This process
encourages glycolysis, making lactate production a positive feedback control mechanism in aberrant cancer metabo-
lism [10].

The acidic microenvironment is a potent driver of cancer development, progression, and metastasis as it
encourages cell proliferation, acid-induced cell motility, extracellular matrix degradation, attenuated immune re-
sponses, modified cellular and intracellular signaling, and — as previously mentioned — further glycolysis. The low pH
facilitates local invasion, where H+ ions are transported into adjacent non-cancerous tissue via the concentration gra-
dient. The H+ ions cause tissue remodeling that permits local invasion [48]. This proton concentration gradient can
also act as a driving force for proton-coupled transporters in cancer cells to maintain the supply of selective nutrients
that the cell requires for additional growth and proliferation [33]. Non-tumourigenic cells cannot tolerate the acid
microenvironment of tumourigenic cells. So when non-tumorigenic cells are close or adjacent to tumorigenic cells,
their surrounding extracellular matrix is eventually degraded due to the activity of proteinases, an increase in VEGF,
and the inhibition of immune response to tumor antigens from cell migration and metastasis [10,49]. Studies have also
revealed that the acidic TME in cancer tissue promotes tumorigenesis and tumor cell dormancy as the low pH increases
angiogenesis, promotes tumor cell invasion, inhibits T-cell mediated immune surveillance, and increases cell re-

sistance to the induction of apoptosis and autophagy [50,51]. Finally, the acidic TME decreases the intracellular con-
centration of chemotherapy drugs -- including anthraquinones and vinca alkaloids -- by ion trapping mechanisms,
resulting in drug resistance [52].

Genetic instability and epigenetic changes represent another prominent driver in the development of most
cancers as well as key determining factors in the transition from normal, healthy tissue to preneoplastic tissue (a
critical stage in cancer development) [53,54]. Recent studies have suggested that a strongly acidic microenvironment
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can be clastogenic and cause double-stranded breaks in DNA through acid-induced damage on topoisomerase 11
[55,56]. Repairing sublethal DNA damage is also inhibited at acidic pH levels, resulting in the accumulation of chro-
mosomal aberrations [57]. Taken together, acidic stress in a preneoplastic setting may augment genetic instability in
precancerous conditions and increase a patient’s risk of transitioning to cancer.

Investigating the detrimental effects that TME pH dysregulation has on cancer development and prognosis
has given scientists new paths of exploration in anticancer therapeutic drug development. Numerous experiments have
proven that neutralizing the pH in the acidic TME can restore immune-cell function and improve antitumor responses
to immunotherapy [58,59,60,61]. The most notable therapeutic strategy developed from such experiments seems to
be oral buffer therapy. Neutralizing tumor microenvironment acidity in mice with bicarbonate monotherapy impaired
the growth of cancers associated with increased T-cell infiltration. Combining bicarbonate therapy with anti-CTLA-
4, anti-PD1, or adoptive T-cell transfer also improved antitumor responses [39]. Several other buffers have decreased
tumor acidity and inhibited invasion and metastasis, including PDAC, L-DOS47, and imidazole effectively. However,
despite the experimental promise of some of these buffer therapies, translating them into clinical trials has been chal-
lenging. Phase I/II trials for PDAC failed to escalate beyond the second dose levels, leading to poor compliance. On
the other hand, L-DOS47 was well-tolerated and dose escalated in a phase I/II trial in non-small cell lung cancer.
Some tumor models show that metastasis is not inhibited by buffers, regardless of the buffer used. Murine melanoma,
murine lung, and human colon tumors are resistant to treatment with lysine buffer therapy, whereas metastasis is
effectively inhibited by lysine buffers in human breast and prostate tumors. The observed buffer-resistant cell lines
displayed constitutive secretion of matrix-degrading proteases without elevated glycolysis, and further characteriza-
tion of these models is required for future therapeutic development [62]. The field is currently exploring alternatives
to some of these anticancer buffer therapeutics that may indirectly neutralize acidosis by targeting proton transport
mechanisms that contribute to lowering TME pH. Such alternatives include carbonic anhydrase-9 (CA-IX) and mon-
ocarboxylate transporters (MCT1/4) [63].

Conclusions

When it comes to developing viable pharmaceuticals for anticancer therapies and treatments, the Warburg Effect has
been a major tool and influence in cancer research for the past century and continues to be applicable to experimental
models today. Although still in its exploratory stage, targeting the Warburg effect has already led to promising results
and several successful clinical trial phases in drug development. By aiming to reach a full understanding of tumor cell
metabolism, effective research can be conducted to target those mechanisms to antagonize tumor cell pathways and
improve chemotherapeutic differential targeting strategies.
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