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Abstract: For their energy needs, cancer cells require large amounts of glucose, since they use the 

inefficient glycolytic pathway (Warburg effect), producing only two moles of lactate and two moles 

of adenosine triphosphate for each mole of glucose consumed. By contrast, normal cells consume 

glucose via glycolysis and utilize its end-product, lactate, as the substrate of the oxidative 

mitochondrial tricarboxylic acid cycle and it’s coupled oxidative phosphorylation. This process is 18 

times more efficient in producing adenosine triphosphate than glycolysis alone. It is hypothesized 

here that lactate, produced by cancer cells, is preferentially used oxidatively by normal cells 

surrounding those cancer cells, bypassing glycolysis and sparing glucose, which is readily available 

for the glucose-craving cancer cells. Moreover, especially where gliomas are concerned, their ability 

to secrete glutamate, which excites glutamatergic neurons, drives the latter to consume even more 

lactate and spare more glucose. Such symbiotic exchange, especially at the early stages of malignancy, 

assures the budding cancer cells an ample glucose supply ahead of the development of additional 

vasculature. This hypothesis focuses on brain cancers but may also apply to other cancer types. 
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Introduction 

A century ago, Otto Warburg showed that cancer cells consume large amounts of glucose and 

secrete excessive lactate [1]. This hallmark of malignancy, known as Warburg’s effect, has been cited 

over 28,700 times since 1926, and over 5,200 times in the first 5 months of 2025, according to Google 

Scholar search. The main impetus for this activity has always been the pursuit of possible anti-cancer 

therapy by understanding this phenomenon. Nevertheless, Warburg’s observation of glucose 

utilization without oxygen by cancerous cells occurred more than a decade prior to the revelation in 

1940 of the metabolic sequence of the glycolytic pathway. The general notion that lactate is a useless 

end-product of fermentation that also could be, at high levels, poisonous to normal cells, has 

prevailed for years. Our knowledge about the relationships between cancer cells and the normal cells 

that surround them has grown significantly over the past half a century. However, most published 

studies are focused mainly on the routes by which cancerous tissue utilizes its surrounding healthy 

tissue to proliferate and survive [2–5]. Many studies on the interactions between these cell 

populations deal with brain cancers i.e., gliomas and glioblastomas. While we have a better 

understanding of the benefits the different brain cancer types gain from their surrounding neurons, 

very little is known about any possible benefits that neurons may gain from those brain cancers. 

Where glycolysis is concerned, significant discoveries over the past four decades have brought about 

a paradigm shift of this pathway [6–10]. Accordingly, glycolysis should not be divided into ‘aerobic’ 

and ‘anaerobic’ pathways with two different outcomes, but rather being described without any 

prefix, just ‘glycolysis,’ the cytosolic pathway that hydrolyzes glucose to lactate, where its last 

reaction, the conversion of pyruvate to lactate is catalyzes by cytosolic lactate dehydrogenase (cLDH), 

independently of the presence or absence of oxygen or mitochondria (Figure 1). Lactate, in turn, can 

enter the mitochondrion via a monocarboxylate transporter (MCT), where it is converted back to 

pyruvate via a specific mitochondrial lactate dehydrogenase (mLDH). The latter then enters the 

mitochondrial tricarboxylic acid (TCA) cycle via acetyl CoA [11–14]. The idea that lactate is an 

oxidative energy substrate for neurons has slowly gained acceptance. It is plausible that lactate is a 
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favored mitochondrial substrate over glucose, since glucose requires an investment of two moles of 

adenosine triphosphate (ATP) before it is converted to lactate. By contrast, the oxidative utilization 

of lactate does not require any investment of ATP, and where one mole of lactate produces 17 moles 

of ATP through the mitochondrial TCA cycle, the electron transport chain and its coupled oxidative 

phosphorylation (OXPHOS). Does lactate, secreted by glioma cells, could be used as an oxidative 

mitochondrial substrate for ATP biosynthesis by neurons? 

 

Figure 1. The paradigm shift of glycolysis that took place over the past four decades presents the first metabolic 

pathway to be elucidated as a series of 11 enzymatic reactions that begin with glucose and end with lactate, not 

pyruvate, independently of the presence or absence of oxygen or mitochondria. As such, it also guarantees the 

continuous supply of reducing power in the form of nicotinamide adenine dinucleotide (NADH), preserving the 

cyclical nature of the pathway. 

Glioma Neuron Symbiosis (GNS) Hypothesis: Exchanging Lactate for Glucose 

It is hypothesized that neurons regularly benefit from the endless supply of glioma-produced 

lactate, the preferred neuronal oxidative mitochondrial energy substrate over glucose, especially at 

the initial stages of malignancy, just as much as glioma cells benefit from the neuronal machinery. 

Moreover, the neuronal preference of lactate over glucose spares the latter, making it readily available 

to the glucose-craving glioma cells. Such symbiotic relationships would explain the tendency of 

cancerous cells (gliomas) to flourish in the vicinity of the more active brain regions [5]. Contrary to 

the established thinking, according to which cancerous cells almost parasitically utilize normal cells 

to propagate and survive, the GNS hypothesis postulates that both cell types benefit from each other, 

i.e., they have a symbiotic relationship. 

The GNS hypothesis has been culminated following a four-decade long research of brain energy 

metabolism. That research established lactate as the end-product of the brain glycolytic pathway, 

independent of the presence or absence of oxygen, demonstrating the preference of neurons, 

especially glutamatergic ones, to utilize it as the oxidative mitochondrial substrate. In addition, the 

metabolic relationship between astrocytes and neurons as laid out by the astrocyte neuron lactate 

shuttle (ANLS) hypothesis [15], and the possible origin of glioma cells from stem cells of the 

oligodendroglial type, both lend support to a postulated symbiotic relationship between glioma cells 

and neurons. 
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Evolution of the Hypothesis 

The discovery in 1988 that lactate can both support survival of brain tissue and its function in 

vitro [7], despite the skepticism it faced for years, is now accepted universally [8–14]. The astrocyte 

neuron lactate shuttle (ANLS) hypothesis was published in 1994 [15]. According to this hypothesis, 

the excitatory neurotransmitter glutamate, after activating glutamatergic neurons, is taken up by 

astrocytes, a function that requires the participation of the Na+/K+- ATPase pump [16]. The ATP that 

the pump consumes for its action is produced by a glycolytic pathway dedicated to this function. The 

lactate thus produced is transported out of astrocytes through membranal monocarboxylate 

transporters (MCT1 and MCT4), and into neurons via MCT2, where it is consumed oxidatively [17–

23]. Our own study demonstrated that glial cells are the source of lactate consumed by neurons [24]. 

Although the ANLS hypothesis is still being debated among its supporters and detractors, ample 

evidence supports its central concept: Neurons oxidatively consume lactate mitochondrially as the 

substrate of the TCA cycle and its coupled OXPHOS, the main source of ATP needed for neuronal 

function [25–56]. Neuronal preference for lactate over glucose has been documented both in vitro and 

in vivo [40,41,44–47]. Taking into consideration the above-cited studies, it is reasonable to extrapolate 

from neuronal preference for lactate as the oxidative energy substrate to the hefty amounts of lactate 

glioma cells produce. Moreover, neuronal glucose spared using lactate can be easily transported and 

made available for use by glioma cells. Much understanding has been gained over the past two 

decades demonstrating the gliomas’ ability to hijack neuronal mechanisms [3,56–58], flourish in the 

neuronal microenvironment [4], and especially interact with active glutamatergic neurons [5]. While 

the origin of glioma cells is still being deliberated, accumulated evidence points at “neural stem or 

precursor cells of the oligodendroglial type” [5 and refs. within], which could explain the ability of glioma 

cells to manipulate neurons for their growth needs, the very needs that are specifically provided by 

active neurons [5,59]. Clearly, in all the studies on the topic, the prevailing message is that glioma 

cells take over the neuronal machinery necessary for their own proliferation, a one-way relationship, 

where these cells take all and give nothing back. However, the probable glial origin of glioma cells 

could indicate that their interactions with neurons are like those demonstrated between astrocytes 

and neurons, where these two cell types have, in essence, a symbiotic relationship [15,17,19]. 

Astrocytes take up the neurotransmitter glutamate following its activation of neurons, an uptake that 

requires the activity of the astrocytic Na+/K+-ATPase pump, the ATP for which its supplied by its own 

dedicated glycolytic pathway. The glycolytic product, lactate, is transported to neurons, where it is 

utilized as a substrate for their oxidative mitochondrial ATP production. Therefore, like astrocytes, 

glioma cells could supply neurons, especially glutamatergic ones, with lactate. In return, the glucose 

spared by neurons due to their preference for lactate, is readily consumed by the glucose-craving 

glioma cells. Moreover, evidence shows that glioma cells can secrete glutamate, which excites 

glutamatergic neurons [59–62]. Such excitation should increase neuronal lactate consumption and 

spare even more glucose for consumption by glioma cells (Figure 2). While direct communications 

between glioma cells and neurons have been described, including the formation of synaptic 

connections between the two cell types, no reports exist on possible benefits neurons may gain 

through their interactions with glioma cells. A single review article [63] alludes to the possibility that 

neurons interact with astrocytoma cells, where similarly to astrocytes, they extrude the lactate 

produced glycolytically, making it available for neuronal use. Therefore, the present hypothesis 

evolved with this information in mind. It proposes that neurons regularly benefit from the endless 

supply of glioma-produced lactate, the preferred neuronal oxidative energy substrate over glucose. 

That preference spares neuronal glucose, making it readily available to the glucose-craving glioma 

cells. The latter ability to secrete glutamate, which excites glutamatergic pyramidal neurons, increases 

neuronal consumption of lactate, sparing more glucose for gliomas’ consumption. Such a symbiotic 

relationship, at least at the beginning of gliomas’ proliferation, benefits both cell types equally. This 

attraction between the two cell types is probably driven by both the glucose-hungry glioma cell and 

the lactate-preferred neuron. The fundamental appetite of normal and malignant cells alike for 

continuous supply of energy substrates could be at the basis of other types of cancer interaction with 
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the normal tissue they invade. Recognizing the ability of certain cell types in other tissues and organs 

to efficiently utilize lactate, the glycolytic end-product of cancer cells (Warburg’s effect), could 

explain the tendency of certain cancer types to relocate to and proliferate in other locations. 

 

Figure 2. A schematic illustration of the glioma neuron symbiosis (GNS) hypothesis, presented as a relationship 

between a glioma cell and a glutamatergic pyramidal neuron. The glioma cell secretes the neurotransmitter 

glutamate, which activates the neuron. As the glioma cell consumes glucose glycolytically to produce ATP, it 

also generates lactate, which is transported via monocarboxylate transporters (MCTs) from the glioma cell to the 

neuron. The neuron consumes lactate as its preferred substrate of oxidative energy metabolism, sparing its own 

glucose supply, making it available for the glioma cell. 

Testing the Hypothesis 

This GNS hypothesis could be tested in vitro, using glioma cell lines [62] alone or preferentially, 

when combined with neuronal cell lines, by measuring lactate and/or glucose transport through the 

manipulation of MCTs activity. Such manipulation can be achieved via the use of known MCT 

inhibitors, such as α-cyano-4-hydroxycinnamate [64,65], where the transport of lactate, extruded 

from cancerous cells, could be blocked. This blockade would prevent neuronal utilization of glioma 

lactate. It could most likely also block lactate transport into neurons and their mitochondria, 

consequently preventing any neuronal glucose-sparing. An alternative in vitro approach would be 

the exposure of glioma cell lines to the glial metabolic toxin fluorocitrate (FC) [24,66]. This toxin 

specifically impairs the flow of carbon through the glial TCA cycle [66]. Considering the similarity 

between glial cells and glioma cells, it is possible that glioma cells would respond to FC in the same 

manner that glia cells do. Under conditions when neurons are incubated with glioma cells, where the 

former mainly depend on glioma-released lactate as their oxidative energy substrate, FC should 

indirectly diminish neuronal survival due to the toxin-induced death of glioma cells. 
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Implications 

The hypothesized symbiosis between glioma cells and neurons first implies that there is a facet 

of the interactions between these two cell types that, so far, has not been considered, let alone 

investigated. Establishing such a symbiotic relationship between glioma cells and neurons could 

explain their reciprocated attraction and possible mutual dependency. Second, if such a symbiosis 

exists, it could open a new direction in the development of anti-cancer treatments, especially if said 

symbiosis is crucial for the survival of one or both cell types. 

Conclusions 

The GNS hypothesis proposes that neurons regularly benefit from the endless supply of glioma-

produced lactate, the preferred neuronal oxidative energy substrate over glucose. That preference 

spares neuronal glucose, which becomes readily available for use by the glucose-craving glioma cells. 

The latter’s ability to secrete glutamate, which excites glutamatergic pyramidal neurons, increases 

neuronal consumption of lactate, and sparing more glucose for consumption by glioma cells. Such a 

symbiotic relationship, at least at the beginning of a glioma’s proliferation, benefits both cell types 

equally. Therefore, the attraction between the two cell types could be driven by both, the glucose-

demanding glioma cell and the lactate-favored neuron. The ability of glioma cells to secrete glutamate 

should enhance its symbiosis with neurons. Two possible in vitro experimental procedures are 

offered to test the hypothesis and predicted implications of the hypothesis, if confirmed, are also 

included here. 
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