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Abstract

A long-standing question in cancer biology has been why oxygenated tumors ferment the majority 

of glucose they consume to lactate rather than oxidizing it in their mitochondria, a phenomenon 

known as the ‘Warburg effect’. An abundance of evidence shows not only that most cancer 

cells have fully functional mitochondria but also that mitochondrial activity is important to 

proliferation. It is therefore difficult to rationalize the metabolic benefit of cancer cells switching 

from respiration to fermentation. An emerging perspective is that rather than mitochondrial 

metabolism being suppressed in tumors, as is often suggested, mitochondrial activity increases 

to the level of saturation. As such, the Warburg effect becomes a signature of excess glucose being 

released as lactate due to mitochondrial overload.
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Warburg’s paradox

Glucose is primarily metabolized via glycolysis in the cytosol of mammalian cells, which 

produces two moles of pyruvate and two moles of NADH for every mole of glucose. 

The pyruvate and NADH derived from glucose have two major fates. Either they can be 
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transported into mitochondria to support respiration, or pyruvate can be reduced by NADH 

to produce lactate and NAD+. The former is generally referred to as ‘glucose oxidation’ and 

yields on the order of 30–38 ATP per molecule of glucose [1]. The latter can occur in the 

absence of oxygen and is called ‘fermentation’. The transformation of glucose into lactate 

produces only a net gain of 2 ATP and, because lactate is generally assumed to be excreted 

from the cell, prevents the use of glucose carbon for biomass.

Proliferation is a defining characteristic of cancer development and progression [2]. For 

a cell to proliferate, it must replicate its contents. Amino acid synthesis is required for 

proteins, lipid synthesis for membranes, and nucleotide synthesis for genetic material. This 

anabolic burden and its associated energetic demands would appear to be best supported 

by glucose oxidation. A century ago, however, Otto Warburg made the seminal discovery 

that oxygenated slices of tumor tissue ferment most of the glucose they consume rather 

than oxidizing it [3]. Identifying biochemical mechanisms to explain Warburg’s seemingly 

counterintuitive observations has been the focus of much research and discussion. One 

argument put forward is that, although the yield is lower, fermentation of glucose produces 

ATP faster than oxidation of glucose in mitochondria [4,5]. Alternatively, the limited 

physical volume of a cell might make fermentation of glucose a more spatially efficient way 

to produce ATP than oxidation of glucose [6]. These possibilities and many others have been 

reviewed in detail elsewhere [7,8]. The goal of the current article is to highlight findings 

from recent years that support the idea of a ‘respiratory bottleneck’ [9], where glucose 

fermentation occurs in oxygenated cancer cells as a result of mitochondrial pathways being 

saturated.

The Warburg anachronism

Warburg initially used the term ‘aerobic glycolysis’ to describe the tendency of tumors to 

transform glucose into lactate in the presence of oxygen [3], a phenomenon that was later 

called the ‘Warburg effect’ [10]. Although the expression aerobic glycolysis continues to be 

widely used today, it should be recognized as an anachronism. At the time of Warburg’s 

early studies using Flexner-Jobling rat carcinoma in the 1920s [3], the molecular details 

of glycolysis and respiration had not yet been elucidated [11]. The word “glycolysis” was 

used to indicate production of lactate from glucose, a process that would more specifically 

be called fermentation in most modern biochemistry textbooks. Accordingly, we refer to 

the Warburg effect as ‘aerobic fermentation’ here rather than ‘aerobic glycolysis’. Indeed, 

the reduction of glucose-derived pyruvate in the presence of oxygen is commonly called 

‘aerobic fermentation’ in other fields [12] and, by 1956, Warburg himself was using the term 

[13].

Mitochondria support proliferation

Although Warburg originally postulated that tumors have impaired respiration due to 

dysfunctional mitochondria, we now know that not to be the case for the majority of 

cancers [14]. In fact, the body of evidence supporting functional mitochondria in cancer 

cells is so extensive that we are unable to provide a complete review of all relevant studies 

here and point those who wish to obtain additional information to other resources [14–18]. 
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Most directly, respirometry experiments dating back to Warburg show that cancer tissues 

do consume oxygen from their environment [19]. Similarly, by administering isotopically 

labeled tracers to cancer cells in culture, carbon from glucose has been tracked into 

mitochondrial pathways such as the tricarboxylic acid (TCA) cycle [20,21]. In recent years, 

isotopically labeled tracers have been given to animal models and human patients with 

cancer, with results similar to in vitro experiments being obtained from mass spectrometry 

and NMR analysis of resected tumors [22,23]. These studies and many others have 

demonstrated that cancer cell mitochondria oxidize not only glucose but also other nutrients, 

such as glutamine [24–27], fatty acids [28,29], acetate [30,31], and lactate [32–34]. The 

data are consistent with a multitude of other reports that indirectly support mitochondrial 

activity in cancer cells on the basis of changes in transcriptional networks and mitochondrial 

dynamics [35,36].

Interestingly, for some proliferating cells, recent data indicate that mitochondrial activity 

might be more important for the production of macromolecular precursors than for the 

generation of ATP [37]. Pathways for the biosynthesis of fatty acids, cholesterol, amino 

acids, and nucleotides all have one or more nodes in mitochondria [38]. Aspartate, in 

particular, is made through transamination of the TCA cycle intermediate oxaloacetate and is 

required for the synthesis of proteins, purines, and pyrimidines. Aspartate could theoretically 

be consumed from the tumor microenvironment, but levels of free aspartate in the circulation 

are low, and aspartate transport is inefficient in most mammalian cells [39–41]. As such, an 

essential function of mitochondrial respiration in proliferating cancer cells is to support 

aspartate synthesis [37,39]. The sensitivity of cancer cells to respiratory inhibitors is 

inversely correlated with intracellular aspartate levels, and supplying supraphysiological 

concentrations of exogenous aspartate to cancer cells in which respiration has been impaired 

is sufficient to restore normal proliferation rates [37,42]. Moreover, in vivo studies suggest 

that reduced aspartate availability might limit the growth of some tumors during hypoxia 

[42].

Although there is increasing recognition that oxidative metabolism persists in most cells 

exhibiting the Warburg effect, the amount of mitochondrial activity that is present has 

remained less clear. Conventionally, based on the pioneering work of Louis Pasteur in 

the 19th century, it is assumed that introducing oxygen to cells in a previously anaerobic 

environment will inhibit fermentation so that the majority of glucose is oxidized [15]. This 

raises the question of why most of the glucose consumed by proliferating cells undergoes 

fermentation in oxygenated conditions. One argument often made is that tumors reprogram 

their metabolism such that mitochondrial activity is suppressed, thereby reversing the 

regulatory mechanisms underlying Pasteur’s observations. Accordingly, even though cancer 

cells theoretically have the capacity to oxidize all of the glucose consumed, they do not. The 

rate of respiration that is needed to produce sufficient levels of ATP and/or macromolecular 

precursors during proliferation is not well defined. High levels of respiration may not be 

required to fulfill the energetic and anabolic demands of a cancer cell, thus enabling the 

majority of glucose consumed to be diverted away from mitochondrial oxidation without 

decreasing tumor growth. A potential outcome of reduced respiration might be that cancer 

cells are less reliant on oxygen and therefore can better endure intermittent hypoxia, which 

is a common feature of most tumors [43,44]. This model of functional but deactivated 
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mitochondria is consistent with experimental evidence of respiration, and it also aligns with 

elements of Warburg’s original thinking by invoking a “switch” to a glycolytic phenotype 

where proliferating cells ‘prefer’ to ferment glucose rather than oxidize it.

Saturated mitochondrial activity

Starting with Warburg a century ago, researchers have sought to explain why tumors employ 

distinct mechanisms of metabolic regulation compared with most other cells and tissues. 

Specifically, investigators have aimed to understand why the effect first observed by Pasteur, 

namely inhibition of fermentation by oxygen, appears to be reversed in proliferating cells 

[15]. A number of intriguing theories have been proposed to rationalize why such an 

adaptation, though wasteful, might benefit cancer cells. Here, we offer a different opinion. 

We maintain that, rather than actively suppressing glucose oxidation as a means to support 

proliferation, the rate of glycolysis in cancer cells exceeds the maximum rate at which 

glucose can be oxidized. Hence, pyruvate and NADH are generated in the cytosol faster than 

they can be transported into and used by mitochondria. The result is fermentation, which is 

not a preferred metabolic phenotype of cancer cells but instead a secondary consequence of 

mitochondrial saturation. Lactate production is used as an overflow channel to allow NAD+ 

levels to be replenished (Figure 1).

The idea that mitochondrial activity is saturated during proliferation is conceptually 

straightforward but challenging to prove experimentally. A complication is that tumors are 

composed of a mixed population of cells, some of which are not proliferating. Additionally, 

tumors often contain regions of necrosis and hypoxia. It is therefore difficult to discern the 

absolute level of respiration originating from oxygenated cancer cells in the proliferative 

state by metabolic analysis of bulk tumor tissue, and experimental purification of specific 

cell types from the tumor is not feasible, because processes such as cell sorting cause major 

perturbations in metabolism [45]. A simpler strategy is to apply in vitro models where 

proliferation can be controlled as an independent variable. Using fibroblasts that undergo 

reversible quiescence due to contact inhibition, respiration was found to be almost twofold 

higher during proliferation than in the quiescent state [35]. Transformation of the cells with 

H-Ras caused respiration to increase even further during proliferation [35]. Analysis of 

cultured T cells has led to similar conclusions [46]. In one notable study, when resting T 

cells were stimulated to induce proliferation, respiration increased by ~70% [47].

It is important to point out that glucose is not the only substrate that fuels respiration in 

proliferating cells. Thus, changes in respiration alone cannot be used to assess changes 

in glucose oxidation. It is possible, for example, to have increased oxidation of glucose 

without an accompanying increase in respiration when oxidation of a nonglucose substrate 

simultaneously decreases. An approach better suited to quantifying the flux of glucose 

oxidation is to trace labels from 13C-glucose into the TCA cycle. Using this technique, 

cell-culture studies have shown increased oxidation of glucose during proliferation relative 

to quiescence [48]. More impressively, multiple investigations of human lung tumors 

from patients administered 13C-glucose have yielded consistent results [49,50]. Despite the 

potential limitation of labeling in the TCA cycle being diluted by nonproliferating, necrotic, 
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and hypoxic cells from bulk tumors, these cancerous tissues still show enhanced glucose 

oxidation compared with adjacent benign tissue.

The above reports demonstrate that cell proliferation promotes glucose oxidation in various 

settings. Nevertheless, most of the glucose consumed by proliferating cells is still fermented 

in the presence of oxygen. Assuming that lactate production is not a metabolic driver of cell 

proliferation and that oxidation is the preferred fate of glucose, what, then, constrains the 

amount of glucose that is used to fuel respiration? One possibility that has been suggested is 

that glycolysis produces pyruvate faster than the pyruvate dehydrogenase complex (PDHc) 

can oxidize it [51]. PDHc catalyzes the conversion of pyruvate to acetyl-coenzyme A, which 

is used as an intermediate to transfer glucose carbon into the TCA cycle. In some cells, 

the maximum rate of glycolysis may exceed the Vmax of PDHc by as much as 20-fold. 

Intriguingly, activation of PDHc reduces cancer cell proliferation and tumor growth [52–54]. 

Until recently, these findings seemed to reinforce the notion that suppressing oxidative 

metabolism benefits cellular proliferation. A key discovery was made by Luengo and 

colleagues in 2021, however, that helped shed new light on the interpretation of these results 

[55]. The new work shifted the focus from glucose carbon to redox cofactors. In addition 

to decarboxylating pyruvate, PDHc reduces NAD+ to NADH. The electron transport chain 

(ETC) recycles NADH back to NAD+ through a series of redox reactions that are coupled to 

ATP synthesis. Both NAD+ and ATP are important to support proliferation [56]. The issue 

is that NADH production may outpace ATP synthesis in proliferating cells, especially upon 

PDHc activation. Luengo and colleagues argue that glucose oxidation in proliferating cells 

is limited by the activity of ATP synthase, and they suggest that lactate is produced as a 

compensatory mechanism to recycle NAD+ faster than ATP synthase allows.

One factor that constrains ATP synthase activity is slow turnover of ATP to ADP. In 

other words, when the rate of ATP synthesis is faster than the rate of ATP hydrolysis, 

eventually ADP levels become depleted and ATP synthesis can no longer occur. Relative to 

their corresponding healthy tissues, some tumors do have slower rates of ATP synthesis 

[57]. Decreased ATP production occurs because tumors downregulate ATP-demanding 

processes that are characteristic of the tissue of origin (e.g., pancreatic tumors decrease 

synthesis of digestive enzymes). Although shedding ATP demands associated with healthy 

tissue function could enable cancer cells to continue proliferating at times when nutrients 

are scarce, the trade-off might be that it leads to constrained ATP synthase activity and 

supercharged mitochondria at times when nutrients are abundant.

A complementary line of reasoning is that glucose oxidation is limited in the presence 

of oxygen due to saturation of the malate-aspartate shuttle (MAS) and the glycerol 3-

phosphate shuttle (G3PS) [58–62]. Glucose-derived NADH cannot be directly transported 

into mitochondria to fuel respiration. The MAS and G3PS provide an indirect mechanism to 

transfer its reducing equivalents to the mitochondrial ETC, while also replenishing cytosolic 

NAD+ so that glycolysis can continue. Prior work suggests that the rate of glycolysis in 

oxygenated tissues such as skeletal muscle [60], heart [59,61], and brain [62] can exceed the 

maximum speed at which the MAS and G3PS can operate. Computational and experimental 

analyses demonstrated that the same is true for oxygenated cancer cells [58,63]. Quantifying 

fluxes with glucose tracers, it was determined that glycolysis outpaces the activity of NADH 
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shuttles by as much as tenfold in transformed and non-transformed proliferating cells. When 

the rate of glycolysis was reduced, the majority of the glucose consumed by cancer cells was 

oxidized. Only once the rate of glycolysis was increased to exceed the maximum activity of 

the MAS and GSPS did fermentation become highly activated to replenish cytosolic NAD+, 

indicating that lactate production is a secondary result of saturating the mitochondrial shuttle 

systems. Of note, the maximum activities of the MAS and G3PS varied between cell lines. 

Furthermore, the activity of the MAS directly correlated with the amount of glucose that 

was oxidized across more than 50 different human cancer cell lines, suggesting that MAS 

activity might limit glucose oxidation for a wide range of cell types [58].

Concluding remarks

Pasteur’s observations in the 19th century led to the idea that glucose fermentation is 

inhibited by the presence of oxygen. Warburg’s work on tumors was puzzling because it 

appeared contrary to Pasteur’s findings in that his cancer cells continued to ferment most 

of their glucose in the presence of oxygen. Warburg originally explained his results by 

arguing that mitochondria are damaged in cancer. Although it is now widely accepted that 

Warburg’s hypothesis on the origin of cancer does not hold in most cases, a legacy of 

his thinking seems to have been the notion that mitochondrial metabolism is suppressed 

or deactivated in proliferating cells. A number of impressive studies have highlighted 

that mitochondria serve key functions during proliferation, but the level of mitochondrial 

activity required to fulfill them has been largely unexplored, and statements that cancer 

cells prefer glucose fermentation over oxidation continue to appear in the literature. 

Here, we offer the opposite perspective, that glucose oxidation is preferred over glucose 

fermentation. Recent studies reveal that proliferating cells have increased glucose oxidation 

rates and overall mitochondrial activity compared with quiescent cells. Evidence from other 

reports demonstrates that glucose oxidation is constrained by the maximum flux at which 

mitochondrial pathways can recycle NAD+ from NADH. In proliferating cells, the rate at 

which glycolysis produces NADH is faster than the rate at which mitochondrial pathways 

can oxidize it. Lactate is produced during the Warburg effect, not because it is a requirement 

of proliferation, but because mitochondrial activity is saturated.

Some important questions still remain (see Outstanding questions). In particular, it is 

interesting to consider why proliferating cancer cells consume more glucose than their 

mitochondria can oxidize. One possibility is that glucose fermentation is beneficial to cancer 

cells because the accumulation of lactate modifies the tumor microenvironment [8,64]. 

Cancer cells with saturated mitochondria might have a fitness advantage because the lactate 

they excrete selectively disables the activation of cytotoxic cells, including natural killer 

cells. The challenge of exploring these types of mechanisms is that it requires assessing 

the metabolism of tumors within an organism. Historically, the most common approach 

to studying tumor metabolism in vivo has been to evaluate tissue in bulk. The results of 

such experiments, however, are difficult to interpret because nontransformed and hypoxic 

cells can produce lactate independent of mitochondrial saturation. As such, a critical step to 

advancing our knowledge of mitochondrial activity in cancer will be evaluating tumors with 

techniques that enable the metabolism of individual cells to be resolved. Already, we are 

making progress along that path. Using positron emission tomography tracers, for example, 
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it was recently determined that myeloid cells within some tumors consume more glucose 

than cancer cells [65]. Moving forward, it will be insightful to superimpose metabolic 

phenotypes across a tumor with corresponding measurements of available and consumed 

nutrients at the same points. We expect that the amount of glucose oxidized by cancer cells 

is determined not just by the maximum capacity of mitochondria but also by how much of 

that capacity is filled by other respiratory substrates, such as glutamine.
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Outstanding questions

Why do cancer cells consume more glucose than they can oxidize in their mitochondria?

What intrinsic and extrinsic factors determine mitochondrial capacity in cancer cells? 

What is the physiological purpose of controlling mitochondrial capacity?

Does the mitochondrial capacity differ between various types of proliferating cells, such 

as T cells and stem cells?

Are there any other factors that limit mitochondrial oxidation in proliferating cells, aside 

from ATP synthesis and NADH shuttles?

What determines which substrates are used to fuel respiration in different tumors across 

different settings, and how does this affect mitochondrial capacity?

What additional insights might be obtained from technologies capable of measuring 

NAD+/NADH in specific cellular compartments from intact cells (e.g., the cytosol and 

mitochondria)?
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Highlights

Proliferating cells have increased mitochondrial activity relative to quiescent cells.

Metabolic pathways in mitochondria are saturated in proliferating cells exhibiting the 

Warburg effect.

Mitochondrial activity is constrained by the flux of NAD+ turnover in proliferating cells.

The Warburg effect occurs in proliferating cells because glycolysis outpaces the 

maximum rate of glucose oxidation.
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Figure 1: 
Sink overflow drain analogy. Water dripping out of the faucet represents glucose 

consumption and glycolytic activity. When the rate of glycolysis is slow in quiescent cells, 

pyruvate is oxidized by the tricarboxylic acid cycle to produce energy. This is equivalent 

to a slow drip, where the water is drained through the bottom of the sink (left). When the 

rate of glycolysis produces NADH faster than mitochondrial pathways can regenerate NAD+ 

in proliferating cells, then lactate is produced (middle). This is equivalent to a fast drip, 

where the water accumulates in the sink faster than the bottom drain can remove it, and the 

overflow drain goes into effect. In this analogy, the diameter of the drain at the bottom of the 

sink is determined by the rate NAD+ can be turned over by mitochondrial pathways (i.e., the 

higher the turnover, the wider the drain). During hypoxia, by extension, the drain is closed 

(right). Abbreviations: αKG, alpha-ketoglutarate; CoA, coenzymeA; OAA, oxaloacetate.
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