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Abstract

The Warburg effect, also known as ‘aerobic’ glycolysis, describes the preference of cancer cells to favor glycolysis over oxidative phos-
phorylation for energy (adenosine triphosphate-ATP) production, despite having high amounts of oxygen and fully active mitochondria,
a phenomenon first identified by Otto Warburg. This metabolic pathway is traditionally viewed as a hallmark of cancer, supporting rapid
growth and proliferation by supplying energy and biosynthetic precursors. However, emerging research indicates that the Warburg effect
is not just a strategy for cancer cells to proliferate at higher rates compared to normal cells; thus, it should not be considered an ‘enemy’
since it also plays complex roles in normal cellular functions and/or under stress conditions, prompting a reconsideration of its purely
detrimental characterization. Moreover, this review highlights that distinguishing glycolysis as ‘aerobic’ and ‘anaerobic’ should not
exist, as lactate is likely the final product of glycolysis, regardless of the presence of oxygen. Finally, this review explores the nuanced
contributions of the Warburg effect beyond oncology, including its regulatory roles in various cellular environments and the potential
effects on systemic physiological processes. By expanding our understanding of these mechanisms, we can uncover novel therapeutic
strategies that target metabolic reprogramming, offering new avenues for treating cancer and other diseases characterized by metabolic
dysregulation. This comprehensive reevaluation not only challenges traditional views but also enhances our understanding of cellular
metabolism’s adaptability and its implications in health and disease.
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1. Introduction

During a biochemistry course, I discussed that adeno-
sine triphosphate (ATP) is the energy currency of all types
of cells [1]. Healthy adults at rest produce their bodyweight
in ATP every day, and during maximal exercise, this num-
ber can increase to 0.5 to 1.0 kg per minute [2]. How-
ever, the human body contains less than 0.5 kg of ATP at
any time [2], because it cannot be stored and is continu-
ously recycled (from adenosine diphosphate, ADP) several
times each day [2]. ATP is regenerated through two primary
mechanisms: oxidative phosphorylation (OXPHOS) and
substrate-level phosphorylation [3]. OXPHOS involves the
conversion of ADP to ATP, harnessing energy from the ox-
idation of electron donors (e.g., nicotinamide adenine din-
ucleotide, NADH) in the mitochondrial respiratory chain.
This process utilizes a proton motive force to generate ATP
through an F-type ATP synthase [4]. In contrast, substrate-
level phosphorylation occurs via the direct transfer of high-
energy phosphoryl groups from high-energy compounds
(such as phosphoenolpyruvate, PEP) to ADP, producing
ATP. This process takes place in the cytoplasm during gly-
colysis andwithin themitochondria during the tricarboxylic
acid (TCA) cycle [5].

I subsequently explained that in differentiated eukary-
otic cells, carbohydrates, which degrade into monosaccha-
rides (such as glucose), remain the primary carbon source
for ATP production, despite the ability to use fatty acids

and proteins as alternative carbon sources [6]. The main
stages of aerobic respiration include glycolysis, the Krebs
(or TCA) cycle, and OXPHOS, collectively generating ap-
proximately 30 to 34 molecules of ATP [7]. On the other
hand, fatty acids are broken down into acetyl-CoA through
β-oxidation and directly enter the TCA cycle, which results
in the production of a significantly higher number of ATP
molecules [8]. For instance, palmitic acid, a 16-carbon sat-
urated fatty acid, is the most prevalent type, comprising 20–
30% of the total fatty acids in the human body [9], yields
over 100 molecules of ATP through its complete oxidation.
Proteins, depending on the side chains of the amino acids
from which they are composed, are converted to pyruvate,
acetyl-CoA, or intermediates of the TCA cycle, including
α-ketoglutarate, succinyl-CoA, fumarate, and oxaloacetate
[10].

I then explained that themain advantage of sugars over
fatty acids and proteins is that they produce ATP even in
the absence of oxygen. For example, some cells, such as
erythrocytes, which lack mitochondria, depend on ‘anaero-
bic’ glycolysis, a process similar to bacterial fermentation,
for energy (ATP) production [11]. In this process, pyru-
vate, the final product of glycolysis, remains in the cyto-
plasm, where the enzyme lactate dehydrogenase A (LDH-
A), converts it into lactate while it also regenerates NADH
to NAD+, a cofactor essential for sustaining the glycolytic
reactions. Notably, ‘anaerobic’ glycolysis is significantly
less efficient than OXPHOS, producing only 2 ATPs per
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molecule of glucose. This pathway, known as the Embden-
Meyerhof-Parnas pathway, developed before oxygen was
abundant in Earth’s atmosphere [12].

One of my students inquired whether this pathway is
also referred to as the ‘Warburg effect’. I explain that the
Warburg effect, named after Otto Warburg, is observed in
several cancer types that preferentially use glycolysis for
energy production, even in the presence of sufficient oxy-
gen. This process, known as ‘aerobic glycolysis’, is a hall-
mark of cancer cell metabolism [13,14]. Similar to ‘anaer-
obic’ glycolysis, in the Warburg effect, LDH-A converts
pyruvate to lactate, regenerating NAD+ for the continua-
tion of glycolysis [15]. The student asked why we need
to separate glycolysis into ‘aerobic’ and ‘anaerobic’ if both
processes are similar.

The above suggests that there are prevalent mis-
conceptions about anaerobic glycolysis/respiration, aero-
bic glycolysis/respiration and the Warburg effect. Notably,
this confusion poses a significant educational challenge.
Since oxygen does not participate in the process of glycol-
ysis, the distinction between aerobic and anaerobic glycol-
ysis is unnecessary. However, according to most biochem-
istry books, cells use glucose to regenerate ATP via aero-
bic and/or anaerobic respiration. During aerobic respira-
tion (in the presence of oxygen), glycolysis concludes after
ten enzymatic steps with the formation of pyruvate, which
then enters the mitochondria for further processing in the
TCA cycle. On the contrary, during ‘anaerobic’ respira-
tion, glycolysis extends one step further to produce lactate
[6]. Notably, over the years, lactate was considered merely
a waste product of anaerobic metabolism, further support-
ing the distinction of glycolysis into ‘aerobic’ and ‘anaero-
bic’ processes.

Later that day, I was searching PubMed trying to ad-
dress the above issue when I found the excellent opinion
paper by Schurr [16] titled ‘How the ‘aerobic/anaerobic
glycolysis’ meme formed a ‘habit of mind’ which impeded
progress in the field of brain energy metabolism’, where the
author states that the distinction between ‘anaerobic’ and
‘aerobic’ glycolysis persists among scientists, clinicians,
and educators despite overwhelming evidence against such
categorization. The author also highlights that glycolysis
is a singular pathway and that pyruvate may not be the fi-
nal product of glycolysis, even in normal cells. Importantly,
lactate is probably produced at the end of glycolysis regard-
less of the presence of active mitochondria and sufficient
amounts of oxygen [17].

Moreover, the perception of the ‘reverse Warburg ef-
fect’ has recently been introduced to explain the alterations
in glucose metabolism in tumor cells [18]. According to
this model, communication occurs between interstitial tis-
sue and adjacent epithelium, where pyruvate is converted
into lactate in the fibroblastic tumor stroma rather than
in the epithelial cancer cells themselves. Epithelial can-
cer cells trigger the Warburg effect (aerobic glycolysis) in

nearby stromal fibroblasts, leading these fibroblasts to dif-
ferentiate into myo-fibroblasts. As a result, these cancer-
associated fibroblasts produce lactate and pyruvate as en-
ergy metabolites through aerobic glycolysis. The epithelial
cancer cells absorb these energy-rich metabolites and uti-
lize them in the mitochondrial TCA cycle, enhancing ATP
production through OXPHOS which increases their prolif-
erative capacity. In this alternative model of tumorigenesis,
the epithelial cancer cells instruct the normal stroma to con-
vert into a wound-healing stroma, creating an energy-dense
microenvironment that promotes tumor growth and angio-
genesis [19].

Thus, the fundamental questions that arose were
whether the Warburg effect is exclusive to cancer cells, if
lactate is indeedmerely ametabolic byproduct, andwhether
a distinction between ‘aerobic’ and ‘anaerobic’ glycolysis
should exist. In the past, it was assumed that the Warburg
effect refers to the preference of cancer cells to produce en-
ergy via glycolysis even in the presence of sufficient oxy-
gen, which differs from the traditional ‘anaerobic’ glycoly-
sis seen in cells without mitochondria [20]. However, some
cells, such as retina and immune cells, produce ATP using a
process that resembles theWarburg effect; i.e., they convert
pyruvate to lactate despite having fully active mitochondria
and a sufficient amount of oxygen [21]. Moreover, erythro-
cytes lack mitochondria, but they have abundant oxygen.
Thus, another question to be answered is whether erythro-
cytes utilize the ‘anaerobic’ or ‘aerobic’ glycolysis for ATP
regeneration.

Inspired by my student’s questions and the insightful
opinion paper by Schurr [16], this review explores the sig-
nificance of the Warburg effect, examining how tumor cells
adapt to their microenvironment and respond to oncogenic
and tumor suppressor gene signaling. Moreover, this re-
view highlights that the Warburg effect is not a privilege of
cancer cells only and that normal cells may produce ATP
mainly via glycolysis, despite having active mitochondria
and abundant oxygen, a process similar to the Warburg ef-
fect. This review also contends that glycolysis is a singular
pathway, with the key difference lying in the fate of pyru-
vate, which is considered the ‘end product’ of glycolysis.
The fate of pyruvate determines the extent to which normal
and cancer cells utilize the Warburg effect [22]. Finally, it
discusses recent advancements in targeted therapies based
on metabolic alterations observed in the Warburg effect. To
avoid any further confusion in this review, ‘aerobic glycoly-
sis’ will be referred to as theWarburg effect orWarburg-like
glycolysis.

2. Elucidating the Warburg Effect
To understand the Warburg effect and its role in can-

cer and normal cell metabolism, I would like to begin with
a brief overview of glucose metabolism. The human body
utilizes various metabolic processes and carbon sources, in-
cluding sugars, lipids, and amino acids, to produce ATP,
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Fig. 1. An overview of adenosine triphosphate (ATP) production from glucose. Glucose enters the cell via glucose transporters
(GLUT) and is used as a primary substrate for ATP production. The metabolic process begins with glycolysis, which consists of 10
enzymatic steps. Initially, glucose undergoes glycolysis where hexokinase (HK) and phosphofructokinase (PFK) each consume one ATP
to trap glucose in the cytoplasm and destabilize it. This results in the formation of two triose molecules, dihydroxyacetone phosphate
(DHAP) and glyceraldehyde-3-phosphate (GAP). DHAP is converted to GAP by the triose phosphate isomerase, allowing two GAP
molecules to proceed to the payoff phase. Here, GAP dehydrogenase (GAPDH) converts GAP into 1,3-bisphosphoglycerate (1,3 BPG)
while reducing nicotinamide adenine dinucleotide (NAD+) to NADH. The payoff phase yields four ATP molecules through substrate-
level phosphorylation, catalyzed by phosphoglycerate kinase (PGK) and pyruvate kinase (PK). Thus, from one glucose molecule, two
molecules of pyruvate, two ATPs, and two NADHs are produced. Pyruvate’s fate varies depending on the cell type, ATP demand, and
other factors, as discussed within the text. In normal cells, usually pyruvate enters the mitochondrion, where it is converted to acetyl-CoA
by the pyruvate dehydrogenase complex (PDHc). This acetyl-CoA enters the tricarboxylic acid cycle (TCA), generating high-energy
electrons transferred to the electron transport chain (ETC) via NADH and flavin adenine dinucleotide (FADH2) (not shown). Electron
flow from complexes I (from NADH) and II (from FADH2) to complex IV in the ETC drives proton pumping from the mitochondrial
matrix to the intermembrane space. Protons return to the matrix through ATP synthase (AS), driving the phosphorylation of adenosine
diphosphate (ADP) to ATP in a process known as oxidative phosphorylation, while also regenerating NAD+ (from the oxidation of
NADH) for use by NAD+-dependent dehydrogenases. In contrast, erythrocytes, which lack mitochondria, and certain cancer cells or
normal cells under specific conditions, keep pyruvate in the cytosol where lactate dehydrogenase A (LDH-A), convert it to lactate,
regenerating NAD+ for the continuation of glycolysis. This production of lactate from glucose even in the presence of oxygen is termed
the ‘Warburg effect’. The reasons (when) specific normal cell in different organ (where) follow the Warburg effect (why) are extensively
discussed within the text. Only the enzymes participating in the ATP/ADP cycle are shown (in blue). NADH, nicotinamide adenine din-
ucleotide; PEP, Phosphoenolpyruvate.

adapting to the available metabolic conditions. As men-
tioned above, carbohydrates are the primary source of en-
ergy and their metabolism begins with the digestion of food
in the gastrointestinal tract, followed by the absorption of
carbohydrates as monosaccharides (sugars) by enterocytes.

These monosaccharides (including glucose) are then trans-
ported to cells, where they are utilized for ATP synthesis,
via the pathway of glycolysis, either in the presence or in
the absence of oxygen [6].
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The pathway of glycolysis, comprises 10 enzyme-
catalyzed reactions that divided into two phases: the
preparatory phase, where hexokinase (HK) and phospho-
fructokinase (PFK) consume two ATP molecules, and the
pay-off phase, where glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), phosphoglycerate kinase (PGK), and
pyruvate kinase (PK) collectively produce four ATP and
two NADH molecules (Fig. 1). Thus, the net yield from
glycolysis is two ATP molecules per glucose molecule.
NADH production occurs at the GAPDH stage, the mid-
point of glycolysis [23]. Importantly, the pathway of
glycolysis does not involve or regulated directly by oxy-
gen [6]. In the majority of normal differentiate cells, the
two molecules of pyruvate enter the mitochondria, where
they are converted into acetyl-CoA by the pyruvate dehy-
drogenase complex (PDHc). Acetyl-CoA then enters the
Krebs cycle where more high-energy molecules (NADH
and flavin adenine dinucleotide, FADH2) are produced,
which then donate electrons to the electron transport chain
(ETC) in the inner mitochondrial membrane, ultimately
driving the production of the bulk ofATP throughOXPHOS
[7,24]. Complete oxidation of glucose in the mitochondria
yields 30–34 ATPs, while NADH is converted to NAD+

which is essential for the continuation of aerobic respira-
tion (Fig. 1).

In the 1920s, Otto Warburg discovered a distinctive
metabolic phenomenon in cancer cells known as the War-
burg effect, where these cells preferentially produce ATP
through glycolysis (via substrate level phosphorylation) de-
spite the presence of ample oxygen [25]. This process leads
to increased glucose consumption and lactate production.
Unlike most normal tissues, tumors exhibit a high rate of
glucose fermentation to lactate, bypassing oxidation via res-
piratory pathways [26]. Although less efficient than OX-
PHOS, this pathway supports rapid ATP production, mark-
ing a key aspect of proliferative metabolism across many
kingdoms of life [27]. The Warburg effect is evident in var-
ious tumor types, including colorectal cancer, breast can-
cer, lung cancer, and glioblastoma, which consume high
amounts of glucose and primarily ferment it to lactate in-
stead of oxidizing it [28].

Notably, certain cell types, such as erythrocytes lack
mitochondria, and therefore convert pyruvate to lactate via
LDH-A recycling NADH to NAD+ which is essential for
the activity of GAPDH and the continuation of glycolysis
a process similar to bacterial fermentation and the Warburg
effect (Fig. 1). Interestingly, under specific conditions, nor-
mal cells (such as muscle cells, the brain, and retina) can
sometimes utilize glycolysis to regenerate ATP and produce
lactate even in the presence of sufficient oxygen and active
mitochondria, a process similar to the Warburg effect [17].

However, following Warburg’s observations, the con-
version of glucose to lactate in the presence of oxygen has
been closely associated with cancer cells. Over the previ-
ous decades, the terms ‘aerobic glycolysis’ and ‘anaerobic

glycolysis’ have been used to distinguish between lactate
production in the presence of oxygen and lactate forma-
tion under low oxygen conditions, respectively. Notably,
these distinctions are based on the various fates of pyru-
vate, which depend on cell type, external and internal sig-
nals, the cell’s energy status, and its developmental stage
(discussed further below). Therefore, there is only one gly-
colytic pathway, and the terms ‘aerobic’ or ‘anaerobic’ gly-
colysis should not be overstated. Lactate can be the final
product of this pathway regardless of oxygen presence, not
only in cancer cells but also in normal cells [16,17].

Historically, the Warburg effect was thought to be ex-
clusive to cancer cells. Warburg’s observations were based
on the fact that ATP can be derived from glucose through
two primary pathways: fermentation and aerobic respira-
tion [29]. Both pathways start with glycolysis, breaking
down glucose into two molecules of pyruvate, yielding two
ATP and two NADH molecules. In fermentation, NADH
is used to convert pyruvate into lactate (via LDH-A), re-
sulting in a net production of two ATPs and two lactate
molecules per glucose molecule, typically occurring in the
absence of oxygen. Conversely, in ‘aerobic’ respiration,
NADH and pyruvate from glycolysis are transported to the
mitochondria, where they participate in reactions that gen-
erate substantial amounts of ATP [29]. Furthermore, the
‘Pasteur effect’ indicates that low oxygen levels favor fer-
mentation, while higher oxygen concentrations inhibit it,
promoting aerobic respiration and reducing pyruvate con-
version to lactate [30]. This mechanism supports efficient
energy usage and carbon utilization for synthesis processes.
When NADH is transported into the mitochondria and ox-
idized, it suppresses lactic acid production. However, dur-
ing hypoxia, NADH cannot be oxidized via the respiratory
chain, leading pyruvate to serve as a hydrogen acceptor, re-
ducing to lactate [31].

Warburg discovered that, in contrast to normal tissues,
cancer cells often convert glucose into lactate through ‘fer-
mentation’ evenwhen there is an adequate supply of oxygen
[32]. This hypothesis received foundational support from
the Nobel Prize-winning work of Hans Adolf Krebs on the
TCA cycle, also known as the Krebs cycle. Krebs and his
colleague Johnson [33] proposed that pyruvic acid (pyru-
vate), a product of glycolysis, combines with oxaloacetic
acid to form citric acid. This marks a pivotal step in aerobic
metabolism, where pyruvate enters the TCA cycle [33,34].
It should be noted, however, that the TCA cycle was formu-
lated three years before the glycolytic pathway, influencing
the prevailing concepts regarding the roles of certain sub-
strates and products of glycolysis [21]. This understand-
ing led to the differentiation of glycolysis into ‘aerobic’ and
‘anaerobic’ forms. As also discussed above, a misconcep-
tion that has influenced the distinction between aerobic and
anaerobic glycolysis is the belief that lactate is merely a
metabolic waste, leading to the erroneous view that pyru-
vate is beneficial while lactate is detrimental.

4

https://www.imrpress.com


Table 1. Definitions of key terms related to glucose metabolism that are often a source of confusion.
Term Description

Glycolysis The metabolic pathway that breaks down glucose into pyruvate, producing two molecules of ATP
and NADH. It occurs in the cytoplasm and does not require oxygen. However, recent evidence
suggests that lactate may be the final product of glycolysis.

Fermentation (Anaerobic glycolysis) A form of glycolysis that occurs when oxygen is scarce or in cells lackingmitochondria, including
microbes, leading to the conversion of pyruvate into lactate (or ethanol). This process allows for
the regeneration of NAD+, enabling glycolysis to continue.

Aerobic respiration Cells oxidase further pyruvate in the mitochondria through the TCA cycle and oxidative phos-
phorylation, yielding ∼32 molecules of ATP, water, and carbon dioxide.

Warburg effect The observation that cancer and normal cells preferentially produce energy through glycolysis
followed by lactate production in the cytoplasm, even in the presence of sufficient oxygen. ATP
is regenerated via substrate level phosphorylation.

The precise molecular mechanisms initiating the War-
burg effect in cancer remain elusive. Warburg initially
posited that mitochondrial damage and dysfunction in the
OXPHOS chain might trigger this preference for glycol-
ysis, potentially causing cancer [35]. However, a subse-
quent study by Pedersen [36] revealed that cancer cells have
functional mitochondria and sufficient oxygen, debunking
Warburg’s initial theory. These findings suggest that the
Warburg effect stems not from hypoxia but from metabolic
reprogramming during early carcinogenesis. Such repro-
gramming includes the loss of tumor suppressor functions,
altered signaling pathways, and oncogene activation, all of
which foster cell proliferation and malignancy [37]. The
prevalence of the Warburg effect in various cancers is in-
fluenced by factors including oncogene activation, tumor
suppressor loss, mitochondrial DNAmutations, and the tis-
sue of origin [38]. Furthermore, cancers are highly hetero-
geneous diseases, each with unique metabolic traits. Within
even a single cancer type, cells exhibit a wide range of
metabolic phenotypes [26].

A key feature of cancer cells is their altered
metabolism, which significantly affects tumor growth,
spread, and interaction with the tumor microenvironment
(TME) [39]. While hypoxia contributes to cancer biol-
ogy, cancer cells often exhibit glycolytic metabolism even
in oxygen-rich environments, as seen in leukemic cells
in the bloodstream and lung tumors during tumorigene-
sis. This indicates that tumor hypoxia, although signifi-
cant, may not be the primary driver of the switch to the
Warburg effect in cancer cells [37,40]. Tumor suppressors
like tumor protein 53 (p53) and oncogenes such as proto-
oncogene tyrosine-protein kinase Src (SRC), protein kinase
B (AKT), and RAS often influence key transcription factors
like the hypoxia-inducible factor (HIF) and the oncogenic
transcription factor MYC proto-oncogene BHLH transcrip-
tion factor (MYC), which regulates many glycolytic en-
zymes through hypoxia-response elements (HRE) in their
promoters [41]. HIF is typically degraded under normal
oxygen conditions but stabilizes under hypoxia [42]. Addi-
tionally, gene mutations, TME remodeling, and interactions

with the immune system all contribute to the Warburg ef-
fect, which involves heightened glycolysis over OXPHOS
[43]. Moreover, mutations in oncogenes and tumor sup-
pressor genes influence cancer metabolism by regulating
metabolic enzyme activities—for example, MYC enhances
glutamine uptake, and TP53 controls lipid metabolism [44].

The diversity in enzymes and transporters, includ-
ing overexpressed LDH, particularly the LDH-A subunit
with its high affinity for pyruvate, suggests potential new
treatment strategies. LDH-A is linked to tumor progres-
sion, invasion, and drug resistance [39]. Despite func-
tional mitochondria, many cancer cells ferment glucose into
lactate rather than oxidizing it, possibly because of mito-
chondrial overload. This shift suggests that mitochondrial
metabolism in cancermight increase to a point of saturation,
promoting lactate release [45]. Abnormal levels of LDHs
have been observed in various tumors, such as those found
in pancreatic, breast, nasopharyngeal, gastric, bladder, and
endometrial cancers (reviewed in [46]). Blocking LDH-A
to inhibit the conversion of pyruvate to lactate reduces tu-
morigenicity and disrupts cancer cell metabolism without
affecting normal tissue, highlighting glycolysis’s essential
role in cancer energy production and offering a promising
therapeutic avenue [47].

Notably, it is now recognized that the Warburg ef-
fect is not exclusive to tumor cells. Extensive research
has shown that many non-tumor cells and tissues in condi-
tions such as pulmonary hypertension, fibrosis, heart fail-
ure, atherosclerosis, and polycystic kidney disease also ex-
hibit this metabolic pattern. Conditions like trauma, in-
fection, or myocardial infarction induce aerobic glycolysis,
leading to lactate production, even when oxygen is ample.
This observation challenges the conventional dogma that
in aerobic respiration glycolysis strictly ends with pyruvate
entering the mitochondria for further energy production in
the presence of oxygen [21].

Therefore, the short answer to the question ‘What is
the Warburg effect?’ is that it refers to the phenomenon
where glycolysis ends in lactate production and ATP is
regenerated via substrate level phosphorylation even in
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Table 2. The primary metabolic fates of pyruvate.
Pathway Function

The Lactate Dehydrogenase Converts excess pyruvate into lactate or recycles lactate back into pyruvate for use
as an energy source or biosynthetic substrate.

The Alanine Synthesizes alanine and other amino acids.
The Pyruvate Dehydrogenase Complex Generates acetyl-CoA, the starting substrate for the TCA cycle.
The Pyruvate Carboxylase Reaction Anaplerotically supplies oxaloacetate.
The Malic Enzyme Links glycolysis to the TCA cycle and produces NADPH to aid in lipid biosynthesis.
The Acetate Biosynthetic Converts pyruvate directly to acetate.

the presence of sufficient oxygen and active mitochondria.
This phenomenon is observed not only in specific types of
cancer cells but also in normal cells. Before continuing
with the discussion on the Warburg effect and examining
when, where, and why ‘Warburg-like effects’ occur in nor-
mal cells, it is beneficial to clarify some potentially confus-
ing terms related to glucose metabolism (Table 1).

3. The Warburg Effect is Not Exclusive to
Cancer Cells

As aforementioned, the Warburg effect, has been tra-
ditionally linked with cancer metabolism, however, this
metabolic shift is not confined solely to cancer cells; it
is also observed in various non-cancerous cells under cer-
tain physiological or pathological conditions. Moreover,
Abdel-Haleem et al. [48] noted that the Warburg effect
is prevalent in rapidly dividing cells under both normal
and pathological conditions, prompted by a range of inter-
nal and external signals. These observations highlight the
metabolic flexibility of cells to adapt to specific energy re-
quirements and environmental stressors. Additionally, the
principles and mechanisms of the Warburg effect are ap-
plicable across a diverse spectrum of cellular contexts, em-
phasizing the adaptive capacity of cellular metabolism [49].
Recent research on non-proliferating cells has significantly
enhanced our understanding of metabolic pathways in dif-
ferentiated tissues [32].

Nearly a century later, the use of the term ‘Warburg ef-
fect’ has broadened to encompass any instance where cells
use glucose and produce lactate despite ample oxygen avail-
ability [21]. The Warburg effect extends beyond cancer,
influencing various cell types involved in immunity, an-
giogenesis, pluripotency, and pathogen infections, such as
malaria. This raises critical questions about the cellular
mechanisms that determine whether glycolysis concludes
with pyruvate or lactate, suggesting that lactate may be an
inevitable end product of the glycolytic pathway, indepen-
dent of oxygen and mitochondrial involvement. This in-
sight fundamentally changes in viewing lactate solely as
a waste product to recognizing its broader role in cellular
metabolism under various physiological and pathological
conditions [50]. Notably, it has been suggested that the
metabolic fate of pyruvate is central to determining the ex-

tent to which cells utilize the Warburg effect [51] as dis-
cussed in the following paragraph.

3.1 Pyruvate is a Key Regulator of the Warburg Effect

As the end-product of glycolysis, pyruvate serves as a
crucial juncture between glycolysis in the cytosol yielding
lactate and TCA cycle in the mitochondria [52]. The tran-
sition of pyruvate into the TCA cycle is facilitated by the
PDHc, which enables the entry of pyruvate carbons into
the cycle. PDHc activity is negatively regulated by pyru-
vate dehydrogenase kinases (PDKs), viz. phosphorylation
inactivates PDHc. Inhibiting PDK can suppress the War-
burg effect, favoring the oxidation of glucose carbons in
the TCA cycle over fermentation. Genetic suppression of
PDKs has been demonstrated to decelerate the growth of
cancer cells both in culture and in tumor models [53,54].
Besides being converted into lactate or entering the mito-
chondrion for further oxidation, the two molecules of pyru-
vate produced during glycolysis can have different fates.
Prochownik andWang [22] recently reviewed themetabolic
pathways of pyruvate, emphasizing that its fate is deter-
mined by various intrinsic and extrinsic factors. Intrinsic
factors include cell type, redox state, ATP levels, metabolic
demands, and the activity of other metabolic pathways. Ex-
trinsic factors encompass extracellular oxygen levels, pH,
and nutrient availability, all controlled by vascular supply.
In this context, Table 2 (Ref. [22]) outlines six pathways
that affect pyruvate content and utilization.

Regarding energy (ATP) production, pyruvate has two
main fates in cells [55]: it is converted to (i) lactate via
LDH-A or (ii) acetyl-CoA in mitochondria via the PDHc
to enter the TCA cycle. These fates are regulated but not
limited by cell type, ATP status, and several intrinsic and
extrinsic factors as follows:

i. In normal differentiated eukaryotic cells, pyruvate en-
ters the mitochondrion, where it is converted into acetyl-
CoA by the PDHc. This conversion initiates the TCA cy-
cle, followed by OXPHOS, where oxygen serves as the
final electron acceptor from NADH and FADH2. This
step is crucial as it reoxidizes NADH to NAD+, essential
for the continuation of glycolysis, the TCA cycle, and the
conversion of pyruvate to acetyl-CoA (Fig. 1). Thus, un-
der aerobic conditions, glycolysis and subsequent OX-
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PHOS are the preferred pathways for ATP production,
with the majority of ATP being generated through mito-
chondrial oxidative activity.
ii. In rapidly contracting skeletal muscle cells, when
the energy demand exceeds what OXPHOS can pro-
vide alone, pyruvate remains in the cytoplasm and the
Warburg-like glycolysis becomes a vital alternative for
rapid ATP production. Glycolysis can produce ATP ap-
proximately 100 times faster than OXPHOS. Under hy-
poxic conditions, the glycolysis product, pyruvate, is
converted into lactate by LDH-A to sustain ATP pro-
duction. This shift to lactate production is regulated by
hypoxia-inducible factor-1 (HIF-1), a transcription fac-
tor that plays a critical role in oxygen homeostasis and
is upregulated in response to low oxygen levels through
various signaling pathways. Thus, it can be assumed that
muscle cells under specific conditions employ the War-
burg effect to produce ATP [56].
iii. In cells that completely lack mitochondria, such as
mature erythrocytes, pyruvate cannot undergo OXPHOS
regardless of oxygen availability. Consequently, these
cells rely solely on the ‘Warburg effect’ to produce ATP
as oxygen is abundant in erythrocytes [57].
iv. In specific tissues like the inner medulla of the kid-
ney, which is poorly vascularized, pyruvate remains in
the cytosol and is converted to lactate. Despite having
mitochondria, these tissues rely largely on fermentation
of glycolysis for energy production due to limited oxy-
gen availability [58].

After elucidating the central role of pyruvate in ATP
production and Warburg-like glycolysis, the subsequent
paragraphs will present and discuss examples of non-
carcinogenic cells that employ Warburg-like glycolysis for
energy production.

3.2 Non-Carcinogenic Cells that Employ the Warburg
Effect for ATP Regeneration

As mentioned above, under certain conditions, nor-
mal cells may temporarily or constantly exhibit a pref-
erence for Warburg-like glycolysis. This phenomenon is
also observed during rapid cell division, activation of im-
mune cells, or during the regeneration phase of tissue re-
pair, where cells rely more heavily on glycolysis for energy.
Overall, the microenvironment of the cell determines the
fate of pyruvate following the initial ten steps of glycolysis.
Recent studies have revealed significant roles for Warburg-
like glycolysis in various proliferative cell types, including
pluripotent stem cells [59] and angiogenic endothelial cells
[60].

Examples of non-carcinogenic cells (where) that em-
ploy the Warburg effect for ATP production under spe-
cific conditions (when) highlight the metabolic flexibility
of cells (why) are summarized in Fig. 2 and further explored
in the subsequent paragraphs.

3.2.1 Proliferating Cells Need Energy and Precursors for
Growth

One might assume that a dividing cell would require
a large amount of energy. However, many unicellular or-
ganisms proliferate using the Warburg effect, showing that
this metabolism can provide sufficient energy for cell pro-
liferation [32]. This raises the question of why proliferat-
ing cells select less efficient metabolism. Despite its in-
efficiency, Warburg-like glycolysis provides a special ad-
vantage for rapidly dividing cells, as seen across various
species, suggesting a link between this energy generation
method and cell proliferation. Beyond basic energy needs
for cellular functions, growth and cell division require the
synthesis of new cellular components [32]. The Warburg
effect might represent an ancient evolutionary strategy that
balances ATP production with the generation of necessary
components for new cell mass. The underlying reasons why
many proliferating cells exhibit the Warburg effect remain
elusive. One possible explanation is that inefficient ATP
production becomes an issue only when resources are lim-
ited, which is not the case for proliferating mammalian cells
that have a steady supply of glucose and nutrients [61]. It is
speculated that this effect could enable cells to sustain sub-
stantial reserves of glycolytic intermediates. Such reserves
could promote the activation of the pentose phosphate path-
way and other biosynthetic pathways derived from glycoly-
sis [62]. This benefit might persist even when a significant
portion of the glycolytic flow results in the secretion of lac-
tate. Recent studies on actively proliferating cells indicate
that ATP may never be limiting. Regardless of how much
they are stimulated to divide, cells using aerobic glycolysis
exhibit high ATP/ADP and NADH/NAD+ ratios [63,64].

Minor alterations in the ATP/ADP ratio can hinder
cell growth, and cells lacking sufficient ATP often undergo
apoptosis [65,66]. In normal proliferating cells, ATP pro-
duction from glucose is crucial, and if compromised, they
may experience cell cycle arrest and re-engage in catabolic
metabolism. Signaling pathways are in place to monitor
and respond to the cell’s energy status. Proliferating cells
not only need to produce ATP but also require substantial
amounts of nucleotides, amino acids, and lipids for biomass
replication. Metabolic pathways are tailored to support
these demands; for example, the palmitate synthesis, a key
component of cellular membranes, needs elevated levels of
ATP and acetyl-CoA derived from glucose [67]. This un-
derscores a broader view of metabolism where glucose is
not solely used for energy but also serves as a critical build-
ing block for cell growth and function.

Notably, embryos display a metabolic phenotype dis-
tinct from differentiated somatic cells, similar to rapidly
proliferating cancer cells [68]. This adaptation steers pyru-
vate away from the TCA cycle, favoring its conversion to
lactate, which leads to an accumulation of glycolytic inter-
mediates. Although this method of ATP generation is in-
efficient, it satisfies other crucial metabolic needs, such as
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Fig. 2. Occurrences of the Warburg effect in non-carcinogenic cells. The Warburg effect, a hallmark of proliferating cells, including
fetal cells, is essential as glycolysis provides intermediates for the synthesis of important biomolecules necessary for growth and division.
In addition to fetal cells, normal differentiated cells, including muscle cells, retina, immune cells, and brain cells, show a preference for
glycolysis over oxidative phosphorylation to meet their energy and biosynthetic demands.

biomass production and redox balance, providing prolifer-
ating cells with a selective growth advantage. This model
advances our understanding of embryo metabolism, high-
lighting a complex network of metabolic processes that im-
pact viability, which contrasts with the prevailing belief that
carbohydrate metabolism primarily occurs through oxida-
tive phosphorylation. A better grasp of embryo metabolism
can enhance embryo viability in vitro and prevent embryos
from having to adjust to less-than-ideal culture conditions,
thereby reducing potential harm to their future growth and
development [68].

3.2.2 When Muscles Cells Require High Amounts of ATP

To meet the increased energy demands of exercise,
skeletal muscle activates various metabolic pathways to
produce ATP both anaerobically (without oxygen) and aer-
obically from the onset of exercise, aligning precisely with
the requirements of the exercise situation [69]. During
high-intensity exercise, physiological conditions can lead
to increased lactate production due to oxygen limitations,
resembling the Warburg effect [70]. However, this increase
is largely due to an oxygen supply-demand mismatch rather
than the intrinsic metabolic preference observed in cancer
cells. The continual supply of ATP is crucial for skele-

tal muscle contraction during exercise, vital for sports per-
formance in events lasting from seconds to several hours
[71]. As muscle stores of ATP are limited, pathways such
as phosphocreatine breakdown, muscle glycogen degrada-
tion, and OXPHOS, using reducing equivalents from car-
bohydrate and fat metabolism, are activated to sustain ATP
resynthesis. The contribution of these pathways varies pri-
marily with the intensity and duration of the exercise [70].

3.2.3 Retina: An Example of a High-Energy Demanding
Organ

Cells in high-energy demanding organs, such as the
retina [72], may shift to Warburg-like glycolysis under
stress or specific physiological demands. Notably, the
retina is one of the most energy-intensive organs, surpass-
ing even the brain in metabolic rate. In response to these
high energy demands, blood vessels in the retina dynami-
cally grow and regress, leading to elevated lactate levels de-
spite adequate oxygen availability and increased mitochon-
drial activity [21].

The retina houses two types of photon-absorbing re-
ceptors: rods, which are crucial for vision in dim light,
and cones, necessary for daylight and color vision [73].
These photoreceptors are encapsulated by a plasma mem-
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brane that includes disc membranes loaded with rhodopsin,
a light-absorbing G-protein coupled receptor. Daily, ap-
proximately 10% of the outer segment tips of these photore-
ceptors are shed and ingested by neighboring retinal pig-
ment epithelial (RPE) cells. This material is partially recy-
cled back to the photoreceptors and other retinal cells in a
process known as phagocytosis [74], which is essential for
the continuous provision of critical nutrients like glucose
and oxygen for the survival andmaintenance of photorecep-
tor cells [75]. The synthesis of new membrane discs (disc
biogenesis) is crucial for maintaining the structural integrity
of photoreceptor cells and effective RPE-photoreceptor in-
teractions, suggesting that theWarburg effect might be vital
for photoreceptor membrane biosynthesis [76].

Additionally, the retina is a post-mitotic neuronal tis-
sue comprising seven layers of cells, including the highly
metabolic rod and cone photoreceptor cells. These cells
have an energy expenditure nearly equivalent to that of can-
cer cells. Glycolysis is indispensable for the survival of
photoreceptor cells; its ablation leads to retinal degener-
ation [71], whereas upregulation is neuroprotective [77].
Warburg-like glycolysis is crucial for normal rod function
and helps prevent cone degeneration in retinitis pigmentosa
[78], while it also facilitates the synthesis of cone outer seg-
ments [79].

3.2.4 The Immunologic Warburg Effect

Emerging research underscores a significant
metabolic parallel between activated inflammatory
immune cells and glycolytic tumor cells. Upon activation,
cells such as macrophages, dendritic cells, and T cells
undergo a dramatic shift from OXPHOS to Warburg-like
glycolysis [80]. This metabolic reconfiguration is cru-
cial, as it facilitates rapid ATP production and generates
necessary metabolic intermediates for the biosynthesis of
immune and inflammatory proteins, thereby equipping
these cells to swiftly respond to pathogens or injury
[81,82].

This shift is characterized by an increased accumula-
tion of specific TCA cycle intermediates, particularly cit-
rate and succinate [83]. Citrate is strategically rerouted
from the TCA cycle to support lipid biosynthesis, which is
vital for maintaining the structural integrity and signaling
functions of immune cell membranes. This lipid synthesis
also plays a role in creating lipid-based signaling molecules
that are essential for initiating and regulating inflammatory
responses [84]. Disruption of citrate metabolism not only
affects cell membrane integrity but can also severely im-
pair the ability of dendritic cells to activate T cells, thereby
dampening the adaptive immune response [85].

Moreover, succinate serves as a crucial signaling
molecule that modulates the activity of hypoxia-inducible
factor-1 alpha (HIF-1α), a transcription factor that pro-
motes the expression of genes involved in inflammatory re-
sponses under both hypoxic and normoxic conditions [86].

The accumulation of succinate during metabolic shifts thus
enhances the inflammatory capacity of immune cells, link-
ing metabolic states to immune functionality [87].

However, the advantages of this metabolic shift come
with inherent challenges, notably the induction of lactic
acidosis, which can profoundly impair immune cell func-
tion [88]. The accelerated glycolysis seen in activated im-
mune cells leads to significant production of lactate and pro-
tons. To manage this, cells upregulate lactate transporters
like MCT1 and MCT4, which are critical for exporting
these byproducts to maintain glycolytic flux [89]. How-
ever, in the sites of chronic inflammation (similar to the
tumor TME), an adverse lactic acid gradient can develop,
leading to the reuptake of lactate and protons by immune
cells. This results in a lowered intracellular pH, which can
significantly hamper further glycolytic activity and, conse-
quently, impair the functionality of monocytes and T cells,
reducing their ability to defend against pathogens and in-
flammation [90,91].

However, regulating immune responses extends be-
yond a simple balance between glycolysis and OXPHOS,
encompassing a broad spectrum of interacting metabolic
pathways that influence immune function [88,92]. Addi-
tionally, pro-inflammatory stimuli induce metabolic repro-
gramming in both myeloid and lymphoid cells, causing an
upregulationWarburg-like glycolysis that regulates the bal-
ance between inflammatory and regulatory immune pheno-
types [93]. The understanding of these complex metabolic
adaptations opens avenues for novel therapeutic interven-
tions. By targeting the metabolic pathways engaged during
the Warburg effect in immune cells, it might be possible to
modulate their activity—either enhancing their response in
conditions where immune activation is needed or suppress-
ing it in diseases characterized by excessive inflammation,
such as autoimmune diseases. Potential strategies could in-
volve pharmacological inhibitors of key glycolytic enzymes
or transporters, as well as dietary interventions like glucose
restriction or ketogenic diets, which have been shown to
affect glycolytic metabolism and could thereby influence
immune cell function [94].

3.2.5 The Unique Brain Metabolism

Research on brain energy metabolism has lagged be-
hind that of muscle metabolism, yet striking parallels ex-
ist between these two tissues. In both cases, two types of
neighboring cells interact during periods of heightened ac-
tivity: neurons and astrocytes in the brain, and type I and
II fibers in skeletal muscle. Research focusing on muscle
have more thoroughly explored glycolytic metabolism than
those studying the brain cells. For instance, Pedersen et
al. [95] debunked the long-held belief that lactate causes
muscle fatigue. Instead, they suggest that lactate is a pre-
dominant product of glycolysis in the brain, occurring in
both aerobic and anaerobic conditions within neuronal and
astrocytic cells. This notion is central to the ongoing de-
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bate over the primacy of glucose versus lactate, positing
that both are essential—glucose as the initial glycolysis sub-
strate and lactate as a fuel for the mitochondrial TCA cycle.
Furthermore, it is suggested that lactate is the primary prod-
uct of cerebral glycolysis and thus a major substrate for the
TCA cycle [50].

In their study, Mächler et al. [96] observed that lac-
tate in the blood is more readily absorbed by astrocytes
and neuronal cells, with higher concentrations in astro-
cytes, supporting the transfer of lactate from astrocytes to
neurons via monocarboxylate transporters (MCTs). Re-
search by Suzuki et al. [97] found that lactate release in
the hippocampus is linked to memory formation in rats,
noting that blocking MCT1 expression in astrocytes im-
pedes long-term memory formation, highlighting the crit-
ical role of astrocyte-neuron metabolic coupling in neuro-
logical disorders, including memory impairment and cog-
nitive deficits like Alzheimer’s disease (AD) [98,99]. No-
tably, lactate is predominantly formed in astrocytes from
glucose or glycogen in response to neuronal activity, illus-
trating tight metabolic coupling between neurons and astro-
cytes. It is transferred from astrocytes to neurons to meet
energetic needs and modulate functions such as excitability,
plasticity, and memory consolidation. Lactate also plays a
role in various homeostatic functions, setting the ‘homeo-
static tone’ of the nervous system [99].

A recent review by Barros et al. [98] highlights fur-
ther the role of the Warburg effect in brain tissue, where
glucose is metabolized to lactate even in the presence of
ample oxygen, particularly during high neuronal activity.
This suggests a strategic metabolic adaptation rather than
mere inefficiency. The study emphasizes that astrocytes,
not neurons, primarily exhibit the Warburg effect. Their
robust glycolytic activity, facilitated by the stabilization of
the enzyme PFKFB3, is crucial for meeting the dynamic
metabolic demands of the brain. Astrocytes also demon-
strate the Crabtree effect—the suppression ofmitochondrial
oxidativemetabolism by glycolysis, driven primarily by ex-
tracellular potassium (K+), enhancing lactate production
to maintain energy supply to neurons. Factors such as ni-
tric oxide (NO) and ammonium (NH4

+) further inhibit mi-
tochondrial respiration in astrocytes, boosting glycolysis.
In contrast, neurons maintain a balance between glycolysis
and respiration, regulated by the Na+/K+ ATPase pump, to
ensure efficient ATP production. During extreme neuronal
activity or excitotoxicity, neurons may shift to producing
lactate due to mitochondrial failure, underscoring a sophis-
ticated metabolic interplay that is critical for maintaining
brain function and health.

Together, the data presented above indicate that
Warburg-like glycolysis is an alternative strategy that nor-
mal cells employ to satisfy their energy needs and maintain
homeostasis. Importantly, the above highlights that lactate
is not merely a metabolic waste product; rather, it plays a
central role inmetabolism, particularly inWarburg-like gly-

colysis, where it serves as the final product. The pivotal role
of lactate in the Warburg effect is further discussed in the
following section.

3.3 Elucidating the Role of Lactate in the Warburg Effect

Lactate, often misunderstood since its discovery in
1780 as merely a metabolic waste product, has undergone
a significant reevaluation of its biochemical and physio-
logical roles [99]. Initially thought to be associated with
harmful effects under hypoxic conditions, lactate is now ac-
knowledged as a versatile and crucial metabolite in various
biological processes, challenging conventional views of its
function under both aerobic and anaerobic conditions [100].
However, much of our knowledge on the formation and fate
of lactate originates from previous investigations on mus-
cular exercise [101].

Introduced by Brooks [102], the lactate shuttle hy-
pothesis has been pivotal in reshaping our understanding of
lactate. This hypothesis elucidates lactate’s roles in trans-
porting oxidative and gluconeogenic substrates and its in-
volvement in cellular signaling mechanisms. Contrary to
previous beliefs, Brooks’ research demonstrated that lac-
tate formation and utilization occur under completely aer-
obic conditions, establishing it as a significant modulator
in coordinating systemic metabolism. This hypothesis pro-
poses (the ‘lactate shuttle’ concept), that lactate, actively
shuttled between tissues, serves dual roles: as a fuel con-
sumed by mitochondria for energy production and as a sig-
naling molecule that communicates metabolic status be-
tween cells. For example, lactate produced in muscle dur-
ing intense exercise is transported to neurons or heart cells,
where it is utilized as a primary energy source. This intra-
cellular and intercellular shuttle system optimizes energy
resources under various physiological conditions, ranging
from intense physical activity to changes in metabolic de-
mand due to diet or fasting. The hypothesis also empha-
sizes lactate’s role in cell signaling, suggesting that it trig-
gers adaptations in metabolism based on the energy needs
and functional status of different tissues. Brooks’ research
showed that this shuttling mechanism is a fundamental as-
pect of metabolism, challenging the traditional view of lac-
tate as merely a byproduct of anaerobic metabolism and es-
tablishing it as a significant modulator in coordinating sys-
temic metabolism. This paradigm shift has profound impli-
cations for understanding energy distribution and utilization
in the body, highlighting the metabolic versatility of lactate
beyond its conventional roles.

In the area of neuroscience, lactate is recognized as an
essential supplementary energy source for the brain, partic-
ularly when glucose levels are insufficient [103]. It sup-
ports neuronal activity, notably maintaining the function
of proopiomelanocortin neurons, integral to the body’s en-
ergy balance. This underscores lactate’s importance beyond
mere energy supply, highlighting its role in neural function
and brain health [104]. A recent study by Cerina et al. [105]
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have further shown that lactate can enhancememory forma-
tion and recovery from nerve injury, underscoring its neu-
roprotective effects.

Moreover, lactate serves as a major promoter of the
TCA cycle, especially in conditions such as fasting or in-
tense physical activity. It can exceed glucose concentra-
tions in the bloodstream, reflecting its role as a primary fuel
source [106]. Lactate’s significant contribution to the TCA
cycle in specific tissues, including those affected by lung
and pancreatic cancers, emphasizes its pivotal role in cellu-
lar metabolism and as a potential target in cancer treatment
[107].

Lactate’s regulatory functions are evident through its
accumulation, which inhibits glycolysis via a feedback
mechanism [108]. It also facilitates the release of magne-
sium from the endoplasmic reticulum, linking it to essen-
tial metabolic feedback loops and mitochondrial bioener-
getics. These processes illustrate lactate’s central role in
energy regulation and stress response at the cellular level
[109].

Despite the traditional view that lactate signifies
anaerobic metabolism, it is continuously produced and uti-
lized across various cells and tissues under fully aerobic
conditions, including during rest. This production is evi-
dent in physiological states such as exercise, high altitude
exposure, trauma, and cardiac events, challenging outdated
notions that glycolytic flux is directed solely to mitochon-
drial respiration through pyruvate [29].

In oncology, lactate’s role is crucial for cancer cell
survival and proliferation. The acidic environment cre-
ated by lactate production facilitates the breakdown of the
basement membrane, enhancing cancer cell access to blood
vessels and promoting metastasis. This aspect of lactate
metabolism in cancer underscores its potential as a thera-
peutic target. Lactate’s influence extends even to altering
the immune environment around tumors, making it a key
player in the immune response to cancer [110].

Lactate is also integral in exercise physiology, where
it serves as a rapid fuel source for muscles during intense
physical activity [110,111]. This challenges the oldmiscon-
ception that lactate production during exercise is a marker
of anaerobic metabolism and muscle fatigue. Instead, lac-
tate acts as a critical energy reservoir, particularly for heart
and skeletal muscles, supporting sustained high-energy ac-
tivities [112].

Furthermore, lactate plays a significant role in adapt-
ing to chronic conditions, such as heart failure, where it
can indicate alterations in metabolic processes [113]. El-
evated lactate levels may reflect a compensatory mecha-
nism in response to decreased cardiac output, suggesting
its potential as a biomarker for assessing disease severity
and progression [114]. Lactate’s implications in medical re-
search are profound. It is increasingly recognized as a cru-
cial biomarker in critical care settings, where its levels are
monitored to assess the severity and progression of condi-

tions like sepsis and multiorgan failure. The rate of lactate
clearance is used to guide therapeutic interventions, high-
lighting its importance in clinical diagnostics and treatment
strategies [100].

In summary, the understanding of lactate has evolved
from viewing it as a simple byproduct of metabolic distress
to recognizing it as a versatile and indispensable metabolite
with complex roles in cellular metabolism, signaling, and
pathophysiological conditions. This shift in perception has
debunked long-held dogmas and opened new avenues for
biomedical research and therapeutic applications. Lactate
now stands as a central figure in the link between glycolytic
and aerobic pathways, highlighting its multifaceted roles in
health and disease.

Having elucidated the diverse cellular contexts in
which the Warburg effect manifests, as well as the central
role of lactate in this pathway, the next section discusses
the implications of this metabolic phenomenon in clinical
realms. This includes its role in the treatment of cancer and
other diseases, and the potential for therapeutic targeting.

4. Targeting the Warburg Effect as a
Strategy to Fight Cancer and Other Diseases
4.1 Warburg Effect in Cancer Treatment

Stable glucose metabolism is crucial for cancer cell
survival and progression. Cancer cells depend on the War-
burg effect to satisfy their metabolic demands, while onco-
genic mutations trigger glycolytic enzymes [115]. Glu-
cose enters the cell via glucose transporters (GLUTs) trans-
porters and is phosphorylated by HKs in the cytoplasm,
trapping it inside the cell. Oncogenes like MYC, Kirsten
rat sarcoma viral oncogene homologue (KRAS), and yes-
associated protein (YAP) upregulate GLUT1 expression in
cancer cells [116–118]. YAP overexpression and p53 loss-
of-function mutations enhance GLUT3 expression, leading
to its accumulation in the plasma membrane [41]. In can-
cer cells, the hyperactivated hosphatidylinositol-3-kinase
(PI3K)/AKT pathway boosts HK2 activity by promoting
its association with mitochondria [119]. HIF-1α activates
LDH-A in hypoxic tumor environments [120], while LDH-
A is prevalently expressed in various cancer cells, favor-
ing the conversion of pyruvate to lactate [121]. A recent
study by Reinfeld et al. [122], indicated that myeloid cells
in the TME also exhibit significant glucose consumption.
Furthermore, cancer cells have been found to display an un-
usual reliance on the amino acid glutamine, which serves as
their primary source of nutrient intake [122].

Various subtypes of enzymes associated with the
Warburg effect are active in different cancer types, in
including glucose transporters (GLUTs) 1/2/3/4, HK
1/2/3, triosephosphate isomerase (TPI), GAPDH, al-
dolase A (ALDOA), glucose-6-phosphate isomerase
(GPI), phosphofructokinase-2/fructose-2,6-bisphosphatase
(PFKFB) 3/4, phosphoglycerate kinase 1 (PGK1), phos-
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phoglyceric acid mutase-1 (PGAM1), pyruvate kinase
M2 (PKM2), LDH A/B, monocarboxylate transporter 1
(MCT-1), hexose-6-phosphate isomerase (HPI), PFK-L,
aldolase (ALD)-A, and enolase (ENO)-α [43]. Notably,
some enzymes inhibit the Warburg effect and have anti-
cancer roles, including PDH, succinate dehydrogenase
(SDH), and 3-hydroxy-3-methylglutaryl CoA synthase-2
(HMGC). Additionally, transcriptional regulatory factors
and proteins such as forkhead box protein M1 (FOXM1),
p53, nuclear factor kappa light-chain-enhancer of activated
B cells (NF-κB), HIF-1α, and MYC also play a role in
cancer progression [43].

Non-coding RNAs, including lncRNAs, miRNAs,
and circular RNAs, directly regulate the Warburg effect
[123]. Gene mutations, TME remodeling, and immune sys-
tem interactions are closely associated with theWarburg ef-
fect. Rather than an OXPHOS-to-glycolysis switch, there
is an upregulation of glycolysis for biomass synthesis and
reducing equivalents, in addition to ATP production [124].
Significant glycolytic intermediates are diverted to the pen-
tose phosphate pathway (PPP) to produce NADPH, which
helps cancer cells cope with reactive oxygen species (ROS)
generation and oxidative stress, opening new avenues for
anticancer interventions [125].

Targeting the Warburg effect is considered a poten-
tial strategy to fight various types of cancer relying on gly-
colysis for ATP synthesis. This metabolic reprogramming
of cancer cells via the Warburg effect supports rapid cell
proliferation and creates vulnerabilities that can be targeted
therapeutically [126]. Insights into the Warburg effect have
led to innovative strategies to disrupt this pathway and stifle
cancer growth. Importantly, the development of drugs tar-
geting the Warburg effect shows promising potential in tu-
mor treatment [43]. Key target enzymes for potential ther-
apeutics include GLUTs, hexokinases (HKs), phosphofruc-
tokinases (PFKs), LDHs, and PKM2 [127].

Previous reviews have identified several compounds
that mediate the Warburg effect [128], including: (i) en-
hanced expression and uptake of glucose transporters, (ii)
increased NADPH production via the PPP pathway, (iii)
changes in glycolytic enzyme activity, such as HIF/MYC-
driven activation of HK2, LDH-A, and pyruvate dehydro-
genase kinase-1, along with a shift from the active pyru-
vate kinase isozyme M1 to the less active M2, and (iv)
elevated lactate production. Targeting these mechanisms
holds therapeutic promise. For example, blocking glucose
transport can reduce cancer cell glucose availability, trig-
gering apoptosis [129]. Studies have also explored the ef-
ficacy of GLUT inhibitors and the role of compounds like
2-deoxy-D-glucose (2-DG), dichloroacetate (DCA), and 3-
bromopyruvate (3-BP) in cancer treatment [128]. This re-
view does not cover therapeutics that target enzymes in-
volved in the Warburg effect, as these have been reviewed
recently. For example, in their review, Barba et al. [126]
discussed pharmacological strategies targeting glycolytic

enzymes, highlighting challenges in achieving therapeutic
efficacy and examining the Warburg effect’s utility as an
early diagnostic tool. Shimi [130] explored dietary regi-
mens targeting the Warburg effect, suggesting that combin-
ing cancer therapies with diet-based strategies may improve
treatment outcomes. Tran et al. [128] reviewed the research
efforts targeting theWarburg effect to sensitize chemoresis-
tant cancers to treatments, emphasizing metabolic plastic-
ity within the tumor microenvironment. Liao et al. [43]
reviewed the roles of regulatory enzymes in the Warburg
effect, presenting novel approaches for early diagnosis and
treatment. Poff et al. [131] focused on interventions in-
ducing ketosis to target the glycolytic phenotype of can-
cers, particularly for secondary chemoprevention of low-
grade gliomas, as evidenced by reductions in disease pro-
gression markers and clinical symptoms. Some examples
of drugs targeting enzymes implicated in the Warburg ef-
fect and their targets are summarized in Table 3 (Ref. [132–
135]).

4.2 Warburg Effect in the Treatment of Other Diseases

Increasing research indicates that the Warburg effect
plays significant roles not only in tumors but also in non-
tumor diseases such as inflammation [136], pulmonary hy-
pertension [137], idiopathic pulmonary fibrosis [138], and
structural remodeling in the heart [139]. A study by Abdel-
Haleem et al. [48], also suggested that the Warburg effect
is involved in other non-cancerous conditions such as neu-
rodegenerative diseases, including AD, where metabolic
dysfunction plays a crucial role. The Warburg effect may
also be central to the metabolism of rapidly proliferating
parasites, such as Plasmodium and Toxoplasma, and in
rapidly growing microbes like yeast and Escherichia coli
[48].

The immunologicWarburg effect presents a promising
avenue for treating autoimmune diseases using both phar-
macological and dietary strategies [140]. Pro-inflammatory
signals can trigger a metabolic switch in both myeloid and
lymphoid cells, leading to the upregulation of glycolysis in
a manner similar to the Warburg effect observed in can-
cer cells [141]. This metabolic reprogramming occurs in
various cells of the innate and adaptive immune systems,
including lymphocytes, natural killer (NK) cells, dendritic
cells (DCs), and macrophages. In response to inflamma-
tory stimuli, these cells undergo a shift to Warburg-like
metabolism, characterized by increased glycolysis which
supports their rapid proliferation and functional demands
during immune responses [84]. Blocking the upregula-
tion of the Warburg-like effect diminishes inflammatory
responses, hinders the differentiation and function of pro-
inflammatory cell types, and fosters anti-inflammatory and
regulatory immune phenotypes [140]. However, the rea-
sons for glycolytic reprogramming in immune cells are not
fully understood, and the common assumptions linking it
to anabolic biomass production or ATP production kinetics
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Table 3. Examples of drugs targeting enzymes implicated in the Warburg effect as a strategy to fight cancer.
Drug name Target enzyme Status/Usage Reference
Lonidamine Hexokinase (HK) Used in some countries for cancer treatment; not approved

by the United States Food and Drug Administration (FDA)
[132]

Tebentafusp-tebn Pyruvate kinase M2 (PKM2) FDA approved for uveal melanoma as an immune therapy;
indirect relation to PKM2

[133]

Gossypol (AT-101) Lactate dehydrogenase A (LDH-A) In clinical trials for cancer therapy; not FDA approved as
LDH-A inhibitor

[134]

AZD3965 Monocarboxylate transporter 1 (MCT1) In clinical trials for cancer therapy; targeting lactate export [135]

have yet to be definitively proven. Therefore, further re-
search is essential to comprehensively understand the ne-
cessity of Warburg-like glycolysis for inflammatory im-
mune functions.

Moreover, inhibiting the Warburg effect is increas-
ingly considered as a therapeutic strategy for autoimmune
diseases. Notably, key insights include the role of the
glycolytic enzyme GAPDH in regulating cytokine mRNA
translation and the importance of glycolytic enzymes and
metabolites in controlling inflammatory transcriptional pro-
grams [83]. Pharmacologic inhibitors targeting key en-
zymes are among the strategies aiming at this pathway.
For instance, dimethyl fumarate (DMF), a derivative of fu-
marate, inactivates the catalytic cysteine of the glycolytic
enzymeGAPDH in animal models and humans, thereby ex-
erting anti-inflammatory effects through the inhibition of
Warburg-like glycolysis. DMF covalently attaches to cys-
teine residues in a process called succination and has been
used to treat autoimmune diseases such as psoriasis and
multiple sclerosis (MS) [142]. In 2013, the United States
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) approved DMF for the treatment
of relapsing forms of MS under the name Tecfidera [143].
Moreover, Kornberg [144] has recently reviewed the phar-
macologic and dietary approaches targeting theWarburg ef-
fect to treat immune system-related diseases, which will not
be discussed here.

Collectively, these insights suggest that Warburg-like
glycolysis, a common feature among inflammatory cell
types and a crucial regulator of immune function, is a
promising therapeutic target for treating immune dysreg-
ulation disorders without causing widespread toxicity to
normal tissues that depend on oxidative metabolism. Un-
like cancer treatments that require total eradication, man-
aging autoimmune diseases only necessitates modulating
the immune response. The mechanisms through which
Warburg-like glycolysis and the balance between glycoly-
sis and OXPHOS influence immune responses continue to
be explored, with significant advancements anticipated in
the future.

TheWarburg effect has been also implicated in cardio-
vascular diseases such as atrial fibrillation (AF)—the most
common sustained arrhythmia. In AF, the fibrillating atria
tend to prefer glucose over fatty acids due to a metabolic
shift towards a ‘fetal phenotype’ under pathological stress

[48]. This shift manifests as decreased fatty acid and pyru-
vate oxidation in mitochondria, coupled with an increase
in aerobic glycolysis, which generates two ATP molecules
per glucose molecule. Such metabolic alterations are ac-
companied by heightened atrial lactate production, upregu-
lated glycolytic enzymes, and downregulated PDHc echo-
ing the patterns observed in the Warburg effect. Further-
more, HIF-1α, a pivotal regulator of the Warburg effect,
plays a crucial role in AF by influencing gene expression
changes under ischemic stress, as observed in goat mod-
els of sustained AF. These changes support structural re-
modeling in the failing heart. Additionally, treatment with
DCA has shown promise in improving cardiac function and
mitochondrial oxidation in conditions like heart failure and
cardiac hypertrophy by suppressing PDK expression [145].
Thus, targeting theWarburg effect might not only interrupts
the self-perpetuating cycle of ‘AF-begets-AF’ but also of-
fers a novel therapeutic avenue for AF management.

Thus, targeting the Warburg effect as a therapeutic
strategy shows considerable promise in both cancer and
various non-tumor diseases. Cancer cells rely on the War-
burg effect for stable glucose metabolism, which supports
rapid proliferation and survival by upregulating key gly-
colytic enzymes and pathways. Oncogenic mutations fur-
ther enhance glycolysis, making these pathways attractive
targets for therapeutic intervention. This metabolic repro-
gramming presents vulnerabilities that can be exploited to
inhibit cancer growth, with drugs targeting enzymes such
as GLUTs, HKs, PFKs, LDHs, and PKM2 showing poten-
tial in preclinical and clinical studies. Beyond oncology,
the Warburg effect plays a crucial role in non-cancerous
conditions, including inflammation, pulmonary hyperten-
sion, idiopathic pulmonary fibrosis, and cardiovascular dis-
eases like atrial fibrillation. Inflammation and immune re-
sponses often involve Warburg-like metabolic reprogram-
ming in various immune cells, suggesting that inhibiting
aerobic glycolysis could mitigate inflammatory diseases
and autoimmune conditions. This reprogramming also oc-
curs in cardiovascular diseases, where it supports patholog-
ical structural remodeling and could be targeted to improve
heart function. Additionally, the Warburg effect is impli-
cated in neurodegenerative diseases such as Alzheimer’s,
where metabolic dysfunction is a key factor. The effect is
also central to the metabolism of rapidly proliferating par-
asites and microbes, indicating broader implications for in-
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fectious diseases. Overall, the Warburg effect represents a
multifaceted target for therapeutic strategies across a range
of diseases. Continued research into its mechanisms and
the development of drugs that inhibit key enzymes involved
in glycolysis will probably enhance treatment outcomes for
both cancer and other metabolic disorders.

5. The Other Side of the Story: The Reverse
Warburg Effect

Cancer cells show a notably distinct metabolic pro-
file compared to most normal tissues, characterized by
their high uptake of glucose and glutamine to fuel gly-
colysis. Besides the well-studied and characterized roles
of glutamine and glucose in cancer cell metabolism, N-
acetylaspartate (NAA), one of the most abundant brain
metabolites [146], emerges as a notable player in the
metabolic reprogramming associated with certain cancers
[147]. Derived in part through glutaminolysis, NAA is
synthesized within mitochondria from aspartate and acetyl-
CoA, akin to the synthesis of citrate from oxaloacetate and
acetyl-CoA [148]. Analogous to citrate, NAA is exported
from mitochondria and utilized in lipid biosynthesis—a
critical process for biomass accumulation in proliferating
cancer cells. Under normoxic conditions, cancer cells pre-
dominantly rely on glycolysis coupled with glutaminoly-
sis for their carbon sources [149]. However, under hy-
poxic conditions, the reliance shifts towards alternative sub-
strates like acetate for lipid synthesis, with NAA provid-
ing a significant source of acetate upon hydrolysis. Inter-
estingly, the biosynthetic enzyme for NAA, aspartate N-
acetyltransferase (gene: NAT8L), which is normally ex-
pressed in tissues known for high lipid turnover such as
adipose tissue and the nervous system, is also found up-
regulated in several cancers, including lung [150] ovarian
[151], and prostate [152] cancers. This upregulation sug-
gests a specialized adaptation of cancer cells to harness
NAA for metabolic needs beyond its conventional roles,
emphasizing the complexity and versatility of metabolic re-
programming in cancer pathophysiology.

However, the landscape of cancer metabolism show-
cases extreme heterogeneity, as each type of cancer not only
originates from different tissues but also exhibits unique
metabolic phenotypes [153]. Such diversity is evident even
within a single type of cancer, where individual cells within
the same tumor can display varying metabolic behaviors
[154]. It is worthwhile to mention that these metabolic
phenotypes are highly adaptable and show greater plastic-
ity than those observed in normal tissues, providing can-
cer cells with a robust mechanism to survive and thrive in
adverse conditions [155]. This adaptability allows cancer
cells to modify their metabolic strategies in response to dy-
namic changes in the microenvironment, thus offering them
a selective advantage in otherwise unfavorable conditions
[156].

The traditional concept of the Warburg effect does
not fully encapsulate the complexity of cancer metabolism
[157]. While theWarburg effect is prevalent inmanymalig-
nant tumors, OXPHOS still plays a crucial, and sometimes
dominant, role in the energy production of some cancers
[158]. Warburg’s observation that cancer cells produce lac-
tate while normal cells produce CO2 from glucose led to the
misconception that cancer cells rely on glycolysis due tomi-
tochondrial destruction. However, mitochondria in cancer
cells are intact, and their respiratory rate is higher than in
normal cells [159].

Contrary to earlier beliefs, research shows that the
ATP production in cancer cells can vary significantly; gly-
colysis can contribute as little as 1% to as much as 64%
of the total ATP production, with the majority often being
supplied by OXPHOS [27]. This variability has been con-
firmed by the study conducted by Zu andGuppy [38], which
highlight that the extent of ATP production from glycoly-
sis significantly differs across various cancer types, with
the remainder being sourced predominantly frommitochon-
drial OXPHOS. Furthermore, both OXPHOS and the War-
burg Effect are found to contribute to ATP production in
different extents, influenced by the specific tumor environ-
ment, such as conditions of normoxia or hypoxia [18]. Such
metabolic flexibility suggests that the Warburg effect is not
a universal characteristic of all cancers. Instead, it becomes
apparent that tumor cells within a single mass can exhibit
a diverse array of metabolic phenotypes [160,161]. Addi-
tionally, mutations in mitochondrial components like suc-
cinate dehydrogenase and metabolic enzymes such as isoc-
itrate dehydrogenase 1 have a significant impact on these
metabolic characteristics [162]. Disruption of mitochon-
drial OXPHOS by knocking down mitochondrial transcrip-
tion factor A decreases tumorigenesis in lung cancer models
[163]. Furthermore, Lee et al. [164] demonstrated that glu-
cose is not a major ATP source in cancer cells; instead, fatty
acid oxidation (FAO) and OXPHOS play key roles in ATP
production. NADH from FAO is used for ATP synthesis via
OXPHOS, and a calorie-balanced, low-fat diet significantly
reduces tumor formation, whereas a high-fat diet increases
it in pancreatic cancer models.

To elucidate these contradictory phenomena further,
the concept of the ‘reverse Warburg effect’ was introduced
[165]. This model proposes a complex metabolic inter-
play between glycolytic and oxidative cells within the tu-
mor microenvironment. According to this model, Warburg-
like glycolysis predominantly occurs not in the cancer cells
themselves but in the stromal compartment surrounding
the tumor. Stromal cells, such as cancer-associated fi-
broblasts (CAFs), undergo glycolysis to produce pyruvate
and lactic acid, which are then transferred to cancer cells
[19,166]. These metabolites are utilized by cancer cells to
fuel their mitochondrial OXPHOS, thereby promoting effi-
cient ATP production and enhancing their proliferative ca-
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pacity. This metabolic coupling is facilitated by monocar-
boxylate transporters (MCTs), which efficiently transport
lactate and other high-energy fuels from the CAFs to the
cancer cells, sustaining the tumor’s energy demands under
both anoxic and aerobic conditions. In this way, epithelial
cancer cells induce aerobic glycolysis in neighboring stro-
mal fibroblasts, which then secrete lactate and pyruvate that
the cancer cells uptake for use in the mitochondrial TCA
cycle, leading to efficient ATP generation [167]. This host-
parasite relationship, where epithelial tumor cells ‘corrupt’
the normal stroma, resonates with Warburg’s initial obser-
vations of a metabolic shift towards aerobic glycolysis in
tumors, although in a reversed context [165].

Moreover, unbiased proteomic analysis and transcrip-
tional profiling of cancer-associated fibroblasts, particu-
larly those deficient in caveolin-1 (CAV-1), reveal an upreg-
ulation of myofibroblast markers and glycolytic enzymes
under normoxic conditions [19]. The loss of stromal CAV-1
in human breast cancers is associated with increased tumor
recurrence, metastasis, and poor clinical outcomes, sug-
gesting that it may serve as a potential biomarker for the re-
verseWarburg effect [19]. This underscores the critical role
of stromal interactions in the metabolic heterogeneity of tu-
mors, where some cells maintain a glycolytic phenotype
while others predominantly utilize oxidative phosphoryla-
tion. Therefore, the reverse Warburg effect describes a sce-
nario where glycolysis in the cancer-associated stroma sup-
ports the adjacent cancer cells metabolically. This catabo-
lite transfer allows cancer cells to generate ATP, increase
proliferation, and reduce cell death, playing a key role in
their metabolic adaptation and survival. Monocarboxylates
such as lactate, pyruvate, and ketone bodies are crucial in
this process. MCT4, regulated by HIF-1α and NF-κB, is
highly expressed in cancer-associated fibroblasts and in-
volved in the release of these monocarboxylates. Con-
versely, MCT1, expressed in a subgroup of cancer cells, is
essential for the uptake of these catabolites and is induced
by genes like MYC and TIGAR, highlighting the intricate
metabolic interactions within tumors [168].

Recent evidence underscores the critical role of
the TME in carcinogenesis and epithelial-mesenchymal
transition. The interactions between cancer cells and
cancer-associated fibroblasts (CAFs) significantly influ-
ence growth, metabolism, metastasis, and the overall pro-
gression of carcinoma [160,169]. The reverse Warburg
effect exemplifies how cancer cells and CAFs become
metabolically intertwined. Cancer cells secrete hydrogen
peroxide into the microenvironment, triggering oxidative
stress in CAFs. This stress prompts CAFs to undergo aero-
bic glycolysis, producing energy-rich fuels such as pyru-
vate, ketone bodies, fatty acids, and lactate. These sub-
strates are utilized by cancer cells to feed their mitochon-
drial OXPHOS, enhancing efficient ATP production. Loss
of Cav-1 in stromal cells amplifies oxidative stress and mi-
tochondrial dysfunction in CAFs, while upregulated mono-

carboxylate transporters (MCTs) facilitate the transfer of
these high-energy fuels from CAFs to cancer cells [170–
173].

Additionally, an increasing body of research indicates
that lactate, often produced by glycolysis under hypoxic
conditions in tumor cells or stromal cells, is not merely a
waste product. Instead, it can be taken up by oxygenated
tumor cells as a viable source of energy. Lactate is con-
verted back to pyruvate by LDH-B and then enters the mi-
tochondria to support OXPHOS, generating ATP [27]. This
metabolic symbiosis is not exclusive to cancer; similar in-
teractions are observed in normal physiological processes.
For example, in the brain, neurons depend on OXPHOS to
satisfy their energy needs, while astrocytes primarily uti-
lize glycolysis. The lactate produced by astrocytes is then
taken up by neurons, serving as an essential energy source
and forming the basis of the astrocyte-neuron lactate shuttle
(ANLS) [174]. This phenomenon illustrates howmetabolic
cooperation between different cell types supports various
tissue functions and energy demands.

Together, the above suggest that the Warburg effect
and the reverse Warburg effect underscores the complex
and heterogeneous nature of cancer metabolism. While the
Warburg effect highlights the prevalence of glycolysis in
cancer cells despite the presence of oxygen, the reverse
Warburg effect reveals a collaborative metabolic relation-
ship between cancer cells and their stromal environment.
These phenomena illustrate that cancer cell metabolism is
not uniformly glycolytic but can also significantly depend
on oxidative phosphorylation, facilitated by metabolic cou-
pling with the tumor microenvironment. Understanding
these metabolic strategies enhances our ability to design
targeted therapies that disrupt specific metabolic pathways
unique to cancer cells’ survival and proliferation. Future re-
search should focus on themolecularmechanisms that regu-
late metabolic flexibility in cancers and how these pathways
can be exploited to develop more effective, personalized
cancer treatments. By broadening our perspective beyond
the traditional views of cancer metabolism, we open new
avenues for research and treatment, challenging the long-
held misconceptions about cancer cells’ energy production.
This evolving understanding promises to refine therapeutic
strategies and improve outcomes for patients with diverse
types of cancer.

6. Conclusions
This review highlights that the Warburg effect, tra-

ditionally associated with cancer metabolism, also plays
a crucial role in non-cancerous cells under various condi-
tions, challenging the notion that it is inherently detrimen-
tal. Recent insights have revolutionized our understand-
ing of lactate formation; it is now recognized that lactate
can be produced even in the presence of sufficient oxygen,
debunking the old belief that it forms only during oxygen
scarcity [23].
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The metabolic reprogramming observed in cancer
cells, known as the Warburg Effect, influences tumor sig-
nal pathways and cellular responses far beyond genetic mu-
tations, making it a prime target for therapeutic interven-
tions. Emerging treatments are being developed to exploit
these cancer-specific metabolic traits, promising more se-
lective and effective strategies that could enhance clinical
outcomes with fewer side effects.

Importantly, the Warburg Effect is not exclusive to
cancer. It manifests in various cell types, reflecting a uni-
versal cellular strategy for energy production and adapta-
tion to environmental stresses. This effect involves metab-
olizing glucose to lactate despite ample oxygen, challeng-
ing the traditional view of lactate as merely a waste product
and recognizing its integral role in cellular metabolism un-
der both physiological and pathological conditions.

The distinction between aerobic and anaerobic gly-
colysis has traditionally been linked to cancerous and non-
cancerous states, respectively. However, this distinction is
overly simplistic, as both processes are manifestations of
the same glycolytic pathway. The fate of pyruvate—and
whether it leads to lactate or continues into themitochondria
for further oxidation—depends on various factors, includ-
ing cell type, signaling, energy needs, and developmental
stage.

Looking ahead, further research is needed to decode
the full spectrum of theWarburg effect’s implications across
various diseases. Identifying new metabolic markers that
differentiate between Warburg-driven metabolism in can-
cerous and non-cancerous cells could lead to more precise
diagnostics and targeted therapies. Moreover, exploring
how different cellular environments influence the Warburg
effect may unveil novel regulatory mechanisms that could
be manipulated for therapeutic gain.

Key enzymes such as GLUTs, HKs, PFKs, LDHs,
PKM2, and LDH-A play crucial roles in this metabolic
process. Their modulation offers promising avenues for
developing targeted therapeutics for cancer and other dis-
eases characterized by metabolic dysregulation. Addition-
ally, the expression of transcriptional regulatory factors like
FOXM1, p53, NF-κB, HIF1α, and MYC, along with the
activity of lncRNAs, miRNAs, and circular RNAs, sig-
nificantly influences cancer progression and the Warburg
effect. Furthermore, gene mutations, tumor microenvi-
ronment remodeling, and immune system interactions are
closely associated with this metabolic phenomenon, sug-
gesting that drugs targeting these pathways have shown
promising potential in tumor treatment [43,175,176].

Future studies should focus on therapeutic strategies
that specifically target these metabolic adaptations. In-
hibitors that modulate PKM2 activity, for instance, could
selectively disrupt cancer metabolism without affecting
normal cells. Understanding lactate’s role in signaling and
inflammation, and exploring metabolic rewiring that stimu-

lates glutamine consumption and lipid synthesis, could also
open new avenues for treatment.

These prospects highlight the necessity for innova-
tive research hypotheses that challenge existing paradigms
and push the boundaries of our understanding of cellular
metabolism. By proposing novel approaches to study and
manipulate the Warburg effect, researchers can continue to
uncover its vast implications for health and disease.

Aswe continue to unravel the complexities of theWar-
burg effect and its pervasive influence across various bio-
logical systems, these insights not only promise to redefine
therapeutic strategies but also challenge us to rethink fun-
damental aspects of cellular metabolism and disease.
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