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ABSTRACT
The mechanisms behind the Warburg effect in mammalian cells, as well as for the similar Crabtree effect in
the yeast Saccharomyces cerevisiae, are still a matter of debate: why do cells shift from the energy-efficient
respiration to the energy-inefficient fermentation at high sugar concentration?
This review reports on the strong similarities of these phenomena in both cell types, discusses the
current ideas, and provides a novel interpretation of their common functional mechanism in a dynamic
perspective. This is achieved by analysing another phenomenon, the sugar-induced-cell-death (SICD)
occurring in yeast at high sugar concentration, to highlight the link between ATP depletion and cell death.
The integration between SICD and the dynamic functioning of the glycolytic process, suggests that the
Crabtree/Warburg effect may be interpreted as the avoidance of ATP depletion in those conditions where
glucose uptake is higher than the downstream processing capability of the second phase of glycolysis.
It follows that the down-regulation of respiration is strategic for cell survival allowing the allocation of
more resources to the fermentation pathway, thus maintaining the cell energetic homeostasis.

KEYWORDS
Aerobic glycolysis; ATP
balance; cell metabolism

1. Introduction

It is not surprising that fermentation is maintained in most
cells, allowing their proliferation also in anoxic environments.
Not so obvious, instead, is the occurrence of fermentation in
aerobic conditions, that is the predominance of a fermentative
metabolism at high glucose concentration even with available
oxygen.

Aerobic fermentation leading to lactate in proliferating
mammalian cells is commonly known as Warburg effect, a trib-
ute to Otto Warburg, who was the first to observe it in the
1920s [1–4]. This phenomenon has also been extensively stud-
ied in the yeast Saccharomyces cerevisiae, the unicellular model
eukaryote, and is commonly referred to as Crabtree effect. The
term derives from the early observations by Herbert Crabtree
in his studies on tumour cells [5] and then extended to yeasts
[6]. Indeed, the metabolic shift from an energy-efficient to an
energy-inefficient pathway with the apparent spilling of energy
resources is not restricted to yeast and (tumour and non-
tumour) mammalian cells [7–11], since it has been also
observed in many unicellular organisms growing at high sub-
strate concentration [12].

Furthermore, the Warburg effect is considered a hallmark of
cancer development and for this reason, nowadays, is subjected
to very intensive investigations and focus of attention [13].

In this review, considering the strong similarities of aerobic
fermentation in both yeast and mammalian cells [9,10], we will
use the term Crabtree/Warburg effect to indicate the aerobic
fermentation in general, whereas Crabtree effect and Warburg
effect alone will indicate the phenomenon exclusively in the
case of yeast or mammalian cells, respectively. Instead, we con-
sider misleading the terms “aerobic glycolysis” and “glycolytic
cells”, often reported in the literature to indicate aerobic
fermentation and fermentative cells in aerobic conditions,
respectively. Indeed, the glycolytic pathway is shared by both
fermentation and respiration and so, it cannot be exclusively
associated to the Crabtree/Warburg effect. The latter, indeed,
can only be related to the enhanced glycolytic flux, as we will
discuss below.

During aerobic fermentation, the occurrence of active mech-
anisms to reduce or even suppress respiration in favour of a less
efficient catabolic pathway, suggests the existence of a fitness
advantage for the cell [14]. However, notwithstanding the
intense interest about the Crabtree/Warburg effect, a clear
explanation of the benefits associated to this phenomenon still
remains elusive [15,16]. Why is the energy-inefficient fermenta-
tion pathway preferred to the more energy-efficient respiration
process even in conditions suitable for the latter? Which fitness
advantage does it provide?

CONTACT Stefano Mazzoleni stefano.mazzoleni@unina.it Lab Applied Ecology and System Dynamics, Dip. Agraria, Universit�a di Napoli “Federico II”, Portici
(NA), Italy.
* These authors contributed equally to the work.

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

CELL CYCLE, 2018
VOL. 17, NO. 6, 688–701
https://doi.org/10.1080/15384101.2018.1442622

http://crossmarksupport.crossref.org/?doi=10.1080/15384101.2018.1442622&domain=pdf
mailto:stefano.mazzoleni@unina.it
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/15384101.2018.1442622
http://www.tandfonline.com


In this paper, we discuss the several proposals emerged over
the years (reviewed by [12,14–16]) to explain the apparent par-
adox [17] of cells switching to a less efficient metabolism when
exposed to high sugar concentration.

In yeast, another phenomenon occurring at high sugar con-
centration which may seem unrelated to the Crabtree effect is
the so-called sugar-induced cell death (SICD), which refers to
the rapid loss of viability of stationary cells of S. cerevisiae
when transferred to a medium containing only glucose [18–21].

Here, by a punctual analysis of the cases of SICD reported in
the literature, we highlight the link between ATP depletion and
cell death; then we propose a novel interpretation of the
Crabtree/Warburg effect based on the integration between the
phenomenon of SICD and the functioning of the glycolytic
process.

Logical reasoning on the dynamics of the glycolytic pathway
shows the relevance of the different rates of the glycolytic reac-
tions in relation to the ATP homeostasis of the cell and pro-
vides an interpretation of the Crabtree/Warburg effect as a
fitness advantage in terms of a basic survival strategy for cells.

2. Respiration and fermentation in yeast and
mammalian cells

Starting from glucose, the two energetically different pathways
of respiration and fermentation in Saccharomyces cerevisiae
and mammalian cells, are schematically depicted in Figure 1.
Both fermentation and respiration start with glycolysis (from
glucose to pyruvate), which yields 2 ATP and 2 NADH moles
per mole of glucose in all cell types. In the yeast fermentative
pathway, pyruvate is transformed to acetaldehyde by pyruvate
decarboxylase (Pdc) and then acetaldehyde to ethanol by alco-
hol dehydrogenase (Adh), resulting in the re-oxidation of
NADH to NAD+. In mammalian cells, pyruvate is directly fer-
mented to lactate by lactate dehydrogenase (Ldh), and concom-
itantly NADH is re-oxidized to NAD+, with the same ATP yield
per glucose mole as in yeast.

In both cell types, respiration is compartmentalized in the
mitochondrion, and consists in the conversion of pyruvate into
acetyl-CoA by pyruvate dehydrogenase (Pdh), followed by a
complete oxidation to CO2 in the Krebs cycle; NADH produced
during glycolysis is re-oxidized by oxidative phosphorylation
(OXPHOS) in the mitochondrion, where ATP is formed. Over-
all, the ATP gain of respiration is 18 and 36 ATP moles per
mole of glucose in S. cerevisiae [22] and mammalian cells [23],
respectively. The difference in ATP efficiency between fermen-
tative and respiratory metabolism also leads to different bio-
mass yields: in yeast, it has been ascertained that five-fold
increase in biomass yield is achieved by respiration [24].

When glucose is abundant, fermentation is the main cata-
bolic pathway even in the presence of oxygen (Crabtree/
Warburg effect). Some yeast species do not display a significant
Crabtree effect and are commonly designated as Crabtree-nega-
tive yeasts, their metabolism being predominantly respiratory,
even in the presence of high glucose concentration [25,26].

In yeast metabolism (Figure 1) the ethanol produced by fer-
mentation, once glucose is depleted, can be recycled and
respired in the mitochondrion via acetyl-CoA [27]. Similarly,
the lactate produced by mammalian cells, transiently excluded
from the cell, can be afterwards gradually taken up and con-
sumed by respiration (Figure 1) [28–31]. In such latter process,
the occurrence of monocarboxylate transporters (MCTs) in the
inner mitochondrial membrane, and a specific isoform of Ldh
ensures the direct conversion of lactate into the mitochondrial
pool of pyruvate [32,33]. Differently from yeast, some cancer
cells, producing lactate in presence of high glucose concentra-
tion, are concomitantly able to respire it [29,30], thus showing
a metabolic plasticity crucial for their adaptive success.

3. Warburg effect in cancer cells

The fermentation of glucose to lactate (the Warburg effect) was
the first biochemical trait assigned to cancer already in the
1920’s. Warburg assumed that mitochondria were not

Figure 1. Schematic representation of respiration and fermentation pathways and related ATP production in yeast and mammalian cells. Pdc, pyruvate decarboxylase;
Pdh, pyruvate dehydrogenase; Aldh, acetaldehyde dehydrogenase; Acs, acetyl-CoA synthetase; Adh, alcohol dehydrogenase; Ldh, lactate dehydrogenase. Adh1 and
Adh2, Ldh1 and Ldh2 indicate different isoforms of alcohol dehydrogenase and lactate dehydrogenase, respectively.

CELL CYCLE 689



functional in cancer cells, but this idea has been largely ques-
tioned because some tumour cell line have been reported to dis-
play oxidative metabolism [34] with many studies indicating
that also mitochondrial activity and oxidative phosphorylation
may support tumour growth [35,36].

Tumour consists of a complex milieu of malignant and non-
malignant cell types with distinct metabolic features, differen-
tial consumption of nutrients and symbiotic relationship
among cells [37–39]. It has been shown that, besides glucose, a
panoply of fuels (glutamine, fatty acids and lactate) can be uti-
lized by tumour cells, thus contributing to their metabolic func-
tion and plasticity [40]). As lactate recycling is concerned, it has
been shown that oxidative tumour cells (near the blood vessels)
are able to consume the lactate secreted by tumour cells which
perform aerobic glycolysis [41]. A so-called “reverse Warburg
effect” has been also described with respect to the metabolic
interplay between glycolytic stromal cells surrounding a
tumour and oxidative tumour cells, with the former cells feed-
ing the tumour with lactate [42]. Moreover, fibroblasts sur-
rounding a tumour can exchange nutrients and signals via
exosomes with the adjacent tumour cells, surprisingly inhibit-
ing their oxidative phosphorylation [43].

Very recently, it has been shown that normal fibroblasts of
individuals born with inherited mutation in BAP1 (BAP1+/¡),
(BAP1 is a deubiquitylase BRCA1-associated protein) display a
typical Warburg effect, with enhanced glycolysis, increased lac-
tate production and reduced mitochondrial respiration, com-
pared with BAP1wt cells [44]. Since BAP1+/¡ mutation has a
critical relevance for cancer predisposition, the originality of
this finding relies on the fact that the Warburg effect might
facilitate cancer transformation rather than being an adaptive
process following malignancy [45].

Indeed, the Warburg effect has been traditionally associated
to uncontrolled cell proliferation. Instead, it is worth remarking
that not all proliferative cells use aerobic glycolysis [46] as
already mentioned in the case of some tumour cells displaying
oxidative metabolism. Conversely, some non-dividing cells
such as quiescent human fibroblasts [47], as well as anoxic
hematopoietic stem cells [48], preferentially rely on glucose fer-
mentation to generate ATP.

High proliferating cells (both tumour and non-tumour),
described as Warburg positive, are usually characterized by
high rates of glycolysis, lactate production and also increased
macromolecular biosynthesis [7,8]. In this context, the prolifer-
ative “advantage” of the Warburg effect, should consist in the
ability to provide fast ATP production as well as the building
blocks for biosynthesis. As discussed later in this review (see
Section 5), we argue that there is no causal relationship between
metabolic activity (either fermentation or respiration) and the
proliferative status of the cell. The often-reported observation
of correlation between Warburg and proliferation is, rather, a
consequence of the conditions of high nutrient availability.

4. Short- and long-term Crabtree/Warburg effects

In S. cerevisiae, a short-term Crabtree effect has been clearly
distinguished from a long-term one (Figure 2). According to
Pronk et al. [49], the short-term Crabtree effect is defined as
the immediate onset of alcoholic fermentation upon addition

of excess sugar to sugar-limited respiratory yeast cultures. This
phenomenon has been well explained as an “overflow” in glu-
cose metabolism, which outpaces the maximal velocity of pyru-
vate oxidation, the latter caused by a limited respiratory
capacity due to physical and/or biochemical constraints
(Figure 2B) [49–51]. So, the number of mitochondria and/or
the mitochondrion capacity itself may constitute a “bottleneck”
for respiration which soon becomes evident when sugar con-
centration is high. Moreover, the different kinetic properties of
the two main enzymes of fermentation and respiration, pyru-
vate decarboxylase (Pdc) and pyruvate dehydrogenase (Pdh)
respectively, have to be considered: at low pyruvate concentra-
tions, respiration is favored due to the higher affinity of Pdh
towards pyruvate; contrarily, at high pyruvate concentrations,
fermentation predominates since the Vmax of Pdc is higher
than that of Pdh [49].

On the other hand, the long-term Crabtree effect, which is
defined as the aerobic alcoholic fermentation which establishes
under steady-state conditions at high glucose concentration
[27], is reported to be related to repression of genes involved in
oxidative metabolism, and linked to the composite phenome-
non of glucose repression [52,53]. The latter involves the
down-regulation of oxidative metabolism related proteins
(including Pdh), in addition to the enhanced transcription of
glucose transporters and glycolytic enzymes. Further, accumu-
lation of fructose-1,6-biphoshate has been shown to induce a
decrease in the activity of mitochondrial complexes III and IV
in both yeast and rat liver isolated mitochondria [54]. Several
models of yeast growth have been developed since 1980s con-
sidering the “bottleneck/overflow” concept and the glucose
repression phenomena [55–57]. Recently, a system dynamics
model of yeast growth well reproduced the occurrence of both
the “bottleneck/overflow” (short-term) and the glucose repres-
sion (long-term) Crabtree effect as a function of different glu-
cose feeding conditions [58].

The distinction between a short and a long-term effect has
been also reported in fermentative proliferating mammalian
cells [9,10]. In this case, short-term indicates the reversible shift
from respiration to fermentation and it is referred to as “Crab-
tree” effect, while the long-term metabolic re-programming is
named tout courtWarburg effect, thus considering the Crabtree
effect as an early event, leading to the establishment of the
Warburg effect. The same literature also claims that the short-
term effect in both tumour cells and yeast is determined by the
same mechanisms: competition for ADP and Pi between glycol-
ysis and mitochondria, reduced permeability of the mitochon-
drial outer membrane, role of Ca2+ in decreasing respiration,
and fructose-1,6-diphosphate mediating down-regulation of
respiration. It is worth noting that the reduced permeability of
the mitochondrial membrane observed in tumour cells indeed
may correspond to the “bottleneck” responsible for the short-
term effect in yeast. Instead, the role of fructose-1,6-diphos-
phate levels down-regulating respiration may be considered as
a long-term effect.

Interestingly, Curi et al. [59] reported that in proliferative
mammalian cells, the glycolytic flux may exceed the Vmax of
Pdh by more than one order of magnitude, which can be seen
as further evidence of the respiration “bottleneck”. The authors
speculate that to avoid accumulation of pyruvate, the cell
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rapidly starts producing lactate that can be easily secreted by an
Ldh over-expressing cell.

In conclusion, short- and long-term effects have been recog-
nized in both yeast and mammalian cells. Indeed, these cell
types share most, if not all, the biochemical and regulatory fea-
tures of the metabolic shift to fermentation: enhanced expres-
sion of glucose transporters and glycolytic enzymes, down-
regulation of respiratory metabolism, and over-expression of
the enzymes metabolizing pyruvate in the cytoplasm (either
Pdc or Ldh) [9,10,60].

5. Current ideas and their controversies

A rather speculative explanation for the occurrence of the
Crabtree effect in yeast is the ecological perspective of the
Make-Accumulation-Consume (MAC) hypothesis (a warfare
strategy, according to the definition by [14]). This assumes that
some individual cells may exploit the ethanol toxicity to defend
sugar rich resources from competitors, so justifying the sacrifice
of some energy for this apparent advantage. This hypothesis
derives from the observation that the whole genome duplica-
tion (WGD) event in yeast evolution coincides with the diversi-
fication of angiosperms, so that post-WGD lineages of yeasts
have a significant Crabtree effect [26,61], and from studies on
the kinetics properties of ancestral Adh [62]. Main arguments
against MAC hypothesis are that ethanol is produced also at
low, non-toxic concentrations, many other examples of meta-
bolic shifts that involve end-products not as toxic as ethanol
exist, and, above all, the observation that in monoculture labo-
ratory populations, where there is no need for competition, aer-
obic fermentation is fully maintained [14].

A similar ecological perspective has also been evoked as a
possible explanation for the Warburg effect in relation to the
tumour microenvironment, since acidosis due to lactate pro-
duction may alter the surrounding healthy cells, favouring the
tumour cells [16]. It is interesting that the main argument
against this view of Warburg effect was referred to yeast mono-
cultures (conditions completely isolated from the environment)
in glucose-limited chemostats at high dilution rates, where aer-
obic fermentation is not lost [16].

Not only the useful impact of by-products of the inefficient
metabolism, but also the negative impact of by-products of

respiration, the reactive-oxygen-species (ROS), has been con-
sidered to explain the metabolic shift to aerobic fermentation,
though this idea does not explain why cells still respire during
growth [12]. The negative impact of ROS leading to aerobic
glycolysis has been particularly explored in the case of tumour
cells [63] and also in yeast [64] demonstrated that in colonies
of S. cerevisiae, repression of respiration and ROS-scavenging
via glutathione inhibited apoptosis and conferred a survival
advantage.

The other notable view on the Crabtree effect in yeast is the
so-called rate/yield trade off hypothesis (RYT) [65]. Starting
from the assumptions that growth rate maximization is a selec-
tive advantage for the population and growth rate is propor-
tional to the ATP production rate, RYT is based on
fundamental thermodynamic constraints of ATP production,
which show that maximal ATP production rates are attained at
intermediate yields of ATP [66]. Consequently, maximal
growth rate is achieved at intermediate ATP yields, so giving
reason for the existence of energy-spilling metabolic strategies,
such as aerobic fermentation. The question is to account for
the maintenance of an energy-efficient metabolism (the exact
contrary of the MAC hypothesis). So, the authors hypothesize
that the energy-efficient metabolism is active in structured
environments such as solid substrates, where selection for yield
instead of growth rate may constitute a selective advantage.
The coexistence of energy-efficient and inefficient cells was
shown by MacLean and Gudelj [67] in their competition
experiments with different yeast mutants, and has been consid-
ered as a strong support for RYT [15].

However, the main weakness for RYT (as for MAC), is rep-
resented by the metabolic strategies adopted by monocultures.
In fact, contrarily to RYT previsions, the prolonged glucose-
limited chemostat cultures at low dilution rates still maintain
the energy-efficient metabolism of respiration [68].

The idea that growth rate maximization is the main objec-
tive of the population also underlies the “economical approach”
by Molenaar et al. [14], which is based on the concept of
resource allocation to optimize growth. The metabolic shift is
viewed as the result of a trade-off between energetic efficiency
of a pathway and the costs invested in synthesizing enzymes
for the pathway. Based on these assumptions, they develop a
model, which takes into account that efficient pathways need

Figure 2. Simplified representation of carbon flux and mitochondrial “bottleneck” at different levels of glucose concentration: (A) respiration; (B) short- and (C) long-term
Crabtree/Warburg effects. The key enzymes involved in pyruvate handling are indicated: Pdh (pyruvate dehydrogenase), Pdc (pyruvate decarboxylase) in yeast, and Ldh1
(lactate dehydrogenase) in mammalian cells.
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more cellular machinery to operate (e.g. the mitochondrion in
yeast), so that, at low substrate concentrations, efficient metab-
olism leads to lower growth rate, and at high substrate concen-
trations inefficient metabolism leads to a higher growth rate.
Following a similar approach, based on the hypothesis that
cells are constrained by the allocation of protein mass, recently
Nilsson and Nielsen [69] have proposed a stoichiometric model
that quantitatively predicts the Crabtree effect. Moreover,
according to this model, the protein content of the Crabtree-
negative yeast Kluyveromyces marxianus (up to 72% of cell
mass, compared with only about 46% in S. cerevisiae) [70]
could explain the absence of the Crabtree effect in this yeast,
since the Crabtree effect is only predicted to occur if proteins
are limiting.

Notwithstanding the “economical approach” is able to pre-
dict the metabolic shifts in several cases, it remains to demon-
strate if metabolic costs of different pathways are indeed so
different. The same authors report the case of Lactococcus lactis,
where protein costs do not explain the shift from mixed acid to
homo-lactic fermentation [14].

Another proposal, taken in great consideration especially in
the case of the Warburg effect, is that the latter would represent
an adaptation mechanism to support the biosynthetic require-
ments of fast proliferation. According to this view, the high gly-
colytic flux associated to fermentation conveys large amounts
of glucose to the anabolic processes needed to sustain rapid
population growth [8]. In particular, the branching biosyn-
thetic patterns from glycolysis intermediates of PPP (Pentose
Phosphate Pathway), hexosamine and serine synthesis path-
ways have been reported in this context [71]. The concept of an
efficient allocation of resources for biosynthesis has been
extended to the case of metabolic shift in E. coli with support
by quantitative proteomic analyses [72,73]. However, some
recent studies demonstrate that the cost of protein production
for aerobic glycolysis is huge, whereas biosynthetic programs in
cell require lower amount of proteins [74]. Consequently, the
major limitation of the interpretation of Warburg effect as opti-
mization of biosynthesis resides in the fact that most of the car-
bon is indeed excreted in the form of lactate as end-product
and not retained [75]. Moreover, it is also widely accepted that
mitochondria play a role for the biosynthetic program of prolif-
erating cells with Krebs cycle acting as another hub for biosyn-
thesis [40]. In light of these considerations, the idea that the
Warburg effect can be only explained by the necessity to feed
the branching pathways of biosynthesis does not seem fully
justified.

It is worth noting that the above-mentioned ideas, proposed
to explain the Crabtree/Warburg effect, often base their attrac-
tiveness on the apparent correlation between aerobic glycolysis
and cell proliferation together with accelerated biosynthetic
pathways. However, the phenomenological observation that
fast proliferating cells are fermentative usually derives from the
incorrect idea that fermentation per se is equal to high prolifer-
ation rates (as well as high biosynthetic rates). Indeed, accord-
ing to the Monod model [76], the proliferation rate of a cell
population is the direct consequence of the availability of
nutrients. So, when the glucose uptake rate is high, a high
growth rate is observed corresponding to higher biosynthetic
rates as well. In addition, since the physical constraint

represented by the respiration “bottleneck” exists (Figure 2B),
the excess glucose (overflow) is unavoidably channelled along
the fermentation pathway. In conclusion, the occurrence of the
fermentative metabolism at high growth rates is not the cause,
but merely a consequence of the metabolic shift under high
nutrient conditions, as also indicated by the weak correlation
found between ethanol production rate and growth rate in the
case of yeasts [77] (Figure 3).

So, if the short-term effect is rather easy to explain, basically
due to the physical constraint represented by the mitochondrial
processing capacity, it remains to elucidate the fitness advan-
tage of the active mechanisms that repress, in the long-term,
the energy-efficient respiration.

6. Sugar-induced cell death: history and proposed
mechanisms

Yeast cells enter a stationary phase (G0) when essential
nutrients are depleted [78,79], but resume a new proliferative
phase when nutrient conditions turn favourable. Aiming at
identifying the nutrients and signals determining the new pro-
liferative phase, in 1991, Granot and Snyder [18] described the
singular phenomenon of a rapid loss of cell viability, when the
stationary cells were incubated in the presence of glucose only,
in the absence of additional nutrients to support growth.
Instead, the same cells, when transferred to water, remained
viable for weeks (Figure 4). The phenomenon was termed
sugar-induced cell death (SICD), and observed in several yeast
strains, in spores, at temperatures ranging from 25 to 37 �C,
and also in the presence of other carbon sources [18,19].

SICD was confirmed in another paper by Granot et al. [20],
who showed that glucose induced rapid apoptosis in stationary
yeast cells, the latter characterized by production of ROS and
other typical apoptotic markers. The authors claimed that ROS
were not sufficient for SICD commitment, since yeast cells
were still able to survive when transferred back to water. SICD
was observed to occur also in the case of the bottom fermenting
yeast Saccharomyces pastorianus, not only in aerobic but in
anaerobic conditions as well [80].

More recently, Lee et al. [21] using the same experimental
conditions to induce SICD in stationary yeast cells (37 �C, aero-
biosis), measured a higher O2 consumption rate and ROS

Figure 3. Ethanol production rate vs. growth rate of several strains of S. cerevisiae
in different environmental conditions (Data from [77]).
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production in glucose/water incubated cells than in stationary
cells in water (0.86 vs. 0.26 mmol O2 g

¡1 cells h¡1). According
to the authors, the precocious death of glucose/water cells was
because glucose, in the absence of other nutrients, failed to
down-regulate respiration (this explaining the high O2 con-
sumption and consequent ROS production) in contrast to what
generally observed when glucose exerts both short and long-
term Crabtree effect. Further, the same authors showed that
addition of phosphate to the cells in glucose/water significantly
delayed SICD (Figure 4). With addition of phosphate, it was
observed an increase in the synthesis of fructose-1,6-diphos-
phate and a decrease both in O2 consumption (down to a value
of 0.24 mmol O2 g

¡1 cells h¡1) and ROS accumulation. Accord-
ing to the authors, this evidenced that fructose-1,6-diphosphate
could down-regulate respiration ad so delay SICD.

Further, in 2012 Santos and co-authors [81] described a
phenomenon of loss of viability similar to SICD but induced by
NH4

+ upon transfer of aged Saccharomyces cerevisiae cells in

water containing only ammonium sulphate. The toxic effect of
NH4

+ was positively correlated with its concentration and par-
ticularly significant for cells starved for auxotrophic-comple-
menting amino acids. The data indicated that NH4

+ in water
inhibited induction of autophagy, but this inhibition was not
the cause of cell death. The authors claimed that cell death was
initially apoptotic, but followed by extensive necrosis, the latter
accompanied by ATP depletion. About the mechanism
involved in ammonium-induced-cell-death, the authors pro-
vide results indicating that in amino acids starved cells, NH4

+

activates PKA and TOR signalling cascades.
In summary, the above mentioned literature state: i) the

attribution of SICD to ROS production, due to the enhanced
O2 consumption [21]; ii) the occurrence of SICD also in anaer-
obic conditions [80] (a strong argument against the role of
ROS produced during respiration as the only responsible for
SICD); iii) the protective role of phosphate towards SICD [21];
iv) the involvement of the nutrient signalling cascades (PKA/
TOR) in the case of ammonium-induced-cell-death; v) the
observation that cell death was predominantly necrotic and
accompanied by ATP depletion [81].

We believe that the different cases of SICD should be seen as
outcomes of a common functional mechanism related to the
integrated effects of the nutrient signalling cascades PKA/TOR
on ATP balance. As known, cAMP/Ras/PKA pathway occupies
a crucial position in the response to glucose and other essential
nutrients such as ammonium [82]. Moreover, the TOR path-
way (TORC1) is thought to integrate the overall nutritional
and energy status of the cell [83,84]. Therefore, borrowing the
evidences by Santos et al. [81] on ammonium-induced-cell-
death, we suggest that also sugar-induced cell death may be
mainly due to ATP depletion, this explaining the case of SICD
occurring in anaerobiosis [80].

Figure 4. S. cerevisiae cell viability under different conditions: cells incubated in
pure water (open circles); in water and glucose (closed circles); in water, glucose
and phosphate (open triangles). Data from [18] and [21].

Figure 5. Schematic simplified representation of S. cerevisiaemetabolic activity in the different conditions of Fig. 4 (A) water; B) glucose; C) glucose + NaH2PO4) and corre-
sponding days of survival until complete loss of viability. Glu, glucose; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F1,6BP, fructose 1,6-biphosphate; GA3P, glyc-
eraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; Pyr, pyruvate; Eth, ethanol; Ac-CoA, acetyl-coenzyme A; ROS, reactive oxygen species.
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ATP depletion is a common mechanism leading to cell
death in several scenarios [85–87]. Cell death due to ATP
depletion can occur through necrosis or apoptosis [88], and is
mainly related to calcium homeostasis [89–91]. The control of
the low levels of intracellular calcium is mainly exerted by
plasma membrane Ca2+-ATPase (PMCA), in an ATP depen-
dent manner [90]. Upon ATP depletion, Ca2+ will accumulate
in the mitochondria and activate cell death [90,91].

Figure 5 depicts our integrated view of the processes
involved in the death of yeast cells under the three conditions
reported in Figure 4: water (no nutrients), glucose only, glucose
and phosphate, respectively.

Water (no nutrients) (Figure 5A) – Stationary-phase yeast
cells incubated in water at 37 �C show a slow, but progressive
loss of viability that leads to complete death of the population
after approximately 20 days (Figure 4, open circles). The com-
plete lack of nutrients inhibits the activation of the PKA/TOR
nutrient signalling cascade (for a complete review of nutrient
sensing and signalling see [92,93]) which, on the one hand,
reduces all the metabolic processes to the minimum required
for cell survival and, on the other hand, induces the activation
of the autophagy pathway which starts the recycling of reserve
compounds to satisfy the cell requirements and maintain active
respiration (O2 consumption rate after 6 h of incubation is
0.26 mmol g¡1 h¡1). Since the available resources are limited,
the cell population slowly loses viability until autophagy is able
to supply resources for the basic maintenance requirements.

Glucose only (Figure 5B) – Cells incubated in a solution at
high glucose concentration show a sudden loss of viability lead-
ing to complete death after only 2 days (Figure 4, closed
circles). In this case, the presence of glucose activates the PKA/
TOR nutrient signalling cascade. This event results in the acti-
vation/acceleration of several anabolic and catabolic pathways
and in the inhibition of autophagy. Such conditions induce a
very rapid depletion of the available energy resources (ATP)
which cannot be replenished due to lack of phosphate. More-
over, at high glucose concentration, a high rate of oxygen con-
sumption (0.84 mmol g¡1 h¡1 after 6 h of incubation) and
production of ROS are observed [21]. Since the glycolytic reac-
tions downstream GA3P are not possible due to the lack of
phosphate, the higher O2 consumption can be explained only
by the glycerol-3-phosphate (Gly-3-P)/dihydroxyacetone phos-
phate (DHAP) shuttle which provides NADH produced in the
cytosol to the mitochondrial electron transport chain [94].

Glucose and phosphate (Figure 5C) – The addition of phos-
phate to the glucose solution effectively increases the survival
of the yeast culture, showing complete death of the population
after 8 days (Figure 4, open triangles). Differently from the pre-
vious case, the presence of inorganic phosphate in the medium
allows the cells to regenerate ATP. The GA3P downstream
reactions are now possible, so that pyruvate can be respired:
oxygen consumption is the same as in the case A after 6 h of
incubation [21]. Due to the presence of the “bottleneck”, the
pyruvate overflow is also channelled along the fermentation
pathway. Fructose-1,6-biphoshate (F1,6BP) concentration
results three-fold higher than in case A, so it is likely that it
may induce down-regulation of respiration in the long term
[54]. However, the concomitant activation of the PKA/TOR
nutrient signalling cascade by glucose accelerates the metabolic

flux leading to ATP consumption similar to case B, but con-
trarily to this latter, ROS production is not enhanced. The
result is in an increased viability than with glucose alone.

Overall, the analysis of all these experiments shows that cell
death can be ascribed to the same causal mechanism, with
different timings related to different rates of ATP exhaustion.
Differently from Lee et al. [21], who ascribes the pro-survival
function of the Crabtree effect to the down-regulation of respi-
ration, and consequently to a lower production of ROS, we pro-
pose that the reduction of ROS may only be a side-advantage.

In this context, it is interesting that caloric restriction
(growth in the presence of low glucose) seems not to affect the
longevity of the Crabtree-negative yeast Kluyveromyces lactis,
but significantly increases that of the Crabtree-positive S. cere-
visiae [95]. Indeed, SICD in Crabtree-negative yeasts, which are
able to control glucose uptake [25,26], results significantly
delayed if compared to S. cerevisiae (2016 personal observation
by E de Alteriis, unreferenced).

We suggest that the rationale behind our SICD interpreta-
tion can be relevant also to explain the Crabtree/Warburg
effect.

7. Glucose flux dynamics

Both yeast and mammalian cells displaying aerobic fermenta-
tion are characterized by high glycolytic fluxes, which in turn
are generated by high glucose uptake rates [96,97]. In these
conditions, both cell types exhibit an enhanced expression of
glucose transporters. For example, in some tumour cells, over-
expression of different glucose transporters have been reported
[98–102]. Regarding the glycolytic flux modulation, the main
enzymes controlling the three irreversible reactions in the gly-
colytic sequence, namely hexokinase (HK), phosphofructoki-
nase (PFK) and pyruvate kinase (PK), have been shown to be
overexpressed in a number of tumour cells as well as in fer-
menting yeast [10]. Indeed, there are some controversies on the
rate of the last committed step of glycolysis, catalysed by PK,
which in some tumour cells results to be attenuated (due to the
occurrence of the isoform PKM2) despite the overall increased
glycolysis rate [71]. However, such contradiction is solved by
taking into account other alternative reactions converting PEP
into pyruvate [103] thus compensating the above-mentioned
attenuation [9].

In the case of yeast, it is known that glycolytic flux is readily
increased when yeast cells are exposed to excess of glucose both
in chemostat and in batch culture [104]. The increased glyco-
lytic flux in response to glucose excess shows many metabolic
similarities with the increase following oxygen depletion [105].

The correlation between Crabtree effect and glucose-uptake
rate has been strictly elucidated in quantitative terms by Huberts
et al. [77] in yeasts, analysing data from an extensive number of
cases reported in the literature. They found a very significant
correlation between ethanol production rate and sugar uptake
rate (Figure 6). Noteworthy, the correlation between fermenta-
tion and glucose uptake rates holds independently of culturing
methods (chemostat, batch), sugar concentration in the
medium, type of sugar (glucose, maltose, galactose, sucrose),
strain used, environmental conditions (pH, temperature, aerobi-
osis, anaerobiosis), and it is also maintained in the case of both
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Crabtree-positive and negative species. This suggests that Crab-
tree-negative yeasts have simply a lower sugar import rate, in
line with what was suggested earlier [25,106].

In the case of mammalian cells, some evidence of a simi-
lar correlation between glucose uptake and fermentation
rates is also present in the literature, as shown by Hanson
and Parsons [107] during their experiments on in vitro prep-
arations of rat small intestine (Fig 6B). As far as we know,
no clear studies on this particular subject have been per-
formed with proliferative cancer cell. However, Wang et al.
[108] in their study on colorectal cancer cell cultures,
reported a correlation between glucose consumption and
LdhA activity, which can be assumed as a proxy of the lac-
tate production rate. Furthermore, it is well known that in
mammalian cell culture technology, the glucose-limited fed-
batch technique can be used to significantly reduce the for-
mation of lactate [109].

Coming back to yeasts, already in 1992, Fiechter and
Seghezzi [25], discussing the different behaviour of Crabtree-
positive and negative yeasts, emphasized the necessity to think
in terms of glucose flux dynamics rather than static concentra-
tions, pointing out the relevance of glucose uptake rate, in turn
determining the “overflow” metabolism. Recently, Hagman
and Piskur [26], in their evolutionary study on the appearance
of Crabtree effect in yeast species, grouped them in either Crab-
tree-positive (respiro-fermenting) or -negative (purely respir-
ing) based on a cut-off value for glucose uptake rate.

Besides the apparent relevance of sugar uptake in modulat-
ing the fermentation process, Huberts et al. [77] also underline
the importance of the glycolytic flux, driven by sugar uptake
rate, in determining the Crabtree effect. They report that both
the glycolytic flux between glucose-6-phosphate (G6P) and
fructose-6-phosphate (F6P) and the concentration of fructose-
1,6-biphoshate (F1,6BP) are strongly correlated with the sugar
uptake rate, identifying F1,6BP as the glycolytic intermediate
able to regulate the metabolic shift between respiration and
fermentation. In fact, a glucose pulse to a glucose-limited
chemostat induces an increased influx rate, higher F1,6BP con-
centration, and concomitant onset of ethanol production
[110,111]. Furthermore, very recently, comparative study of
yeast and cancer cells pointed out how high levels of F1,6BP
couple the glycolytic flux to the activation of Ras regulating cell
proliferation [112].

In general, in yeast, in conditions of high glycolytic fluxes,
the upper glycolytic intermediates (G6P, F6P, F1,6BP) and
pyruvate increase, whereas the lower metabolites, 2-phoshogly-
cerate (2PG), 3-poshoglycerate (3PG), and phosphoenolpyr-
uvate are relatively less abundant [105]. However, it is
interesting to point out that, in contrast to the observed
increases of glucose fluxes and related FBP levels, the concen-
trations of ATP, ADP and AMP do not show any clear trend
related with the sugar uptake rate. Also, the redox balance
NAD/NADH has a limited role in the establishing the Crabtree
effect, since changes in NAD+ has only minor effects on the
correlation between glycolytic flux and ethanol production rate
[77,113–115].

8. A dynamic perspective of the Crabtree/Warburg
effect

To summarize all the topics reported above, on the one hand
we evidenced how the Crabtree/Warburg effect is strongly asso-
ciated to an enhanced glucose uptake rate and consequent high
glycolytic flux; on the other hand, we described the phenome-
non of SICD as consistently caused by ATP crisis. In our opin-
ion, the two seemingly unrelated phenomena of Crabtree/
Warburg effect and SICD, when considered together, are the
key to provide a plausible explanation for the fitness advantage
of the former effect, thus resolving the apparent paradox of the
active repression of the energy-efficient respiration in favour of
the energy-inefficient fermentation. This becomes clear if the
effect, rather than in static conditions, is analysed within a
dynamic representation of the main metabolic fluxes with the
related ATP balance per unit of time at either low or high levels
of glucose uptake (Figure 7).

The usefulness to describe dynamically the metabolic net-
work of a cell has been clearly recognized by the early work on
Metabolic Flux Analysis [116] and by the so-called “fluxomic”
that, within the more general context of Systems Biology, spe-
cifically refers to the study of rates of metabolic fluxes [117].
This approach provides a dynamic view of otherwise tradition-
ally static metabolomic data [118], being based on the balance
of fluxes influencing intracellular metabolites stoichiometrically
determined by different advanced techniques (e.g. steady/non-
steady state analysis, isotopic flux balance using 13C-labeled
tracers) [119].

Figure 6. (A) Ethanol production rate vs. sugar uptake rate in different S. cerevisiae cultures (dataset from [77]); (B) Lactate production vs. sugar uptake rate in in vitro
preparations of rat small intestine (data from [107]).
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In full agreement with the necessity of a dynamic perspec-
tive in the study of cell metabolism, here we propose a descrip-
tion of glycolysis according to the approach of System
dynamics (sensu Forrester [120]), i.e. a model based on stocks/
compartments representing the value (or state) of the consid-
ered variables (i.e. metabolites) over time and flows/arrows rep-
resenting the rates of increase or decrease of the same variables,
including the feedback loops between the different components
of the system. In particular, this approach is useful to empha-
size the nonlinear behaviour of complex systems due to feed-
back effects following changing input levels. For example, SD
models were found to be useful to represent transient metabo-
lism dynamics in both plants [121] and yeast [58].

In Figure 7 we focus on the key reactions and metabolites
upstream of pyruvate, the latter being the central metabolic
hub at the crossroads between respiration and fermentation. It

is evident how different reactions rates (i.e. flows) result in
changing levels of intermediate compounds. In other words,
the balance between in- and out-fluxes around each metabolite
defines its accumulation/depletion, thus influencing the
upstream and downstream reactions by feedbacks like, for
instance, substrate induction or product repression of reactions.

In this context, the critical point is represented by the dif-
ferent nature of the reactions that compose the glycolytic
pathway. During the first phase of glycolysis (GLY I), the
reactions catalysed by hexokinase and phosphofructokinase
which lead to glucose-6P (G6P) and fructose-1,6-BP (F1,6BP),
respectively, are irreversible, whereas the reactions of the sec-
ond phase of glycolysis (GLY II) that lead to pyruvate are
reversible, with the exception of the last one catalysed by
pyruvate kinase. It is relevant that the reversible reactions of
the pathway are very sensitive to changes in the

Figure 7. Conceptual representation of glycolysis and associated ATP production balance according to glucose availability. (A) At low glucose uptake rate, the metabolism
is fully respiratory, and the ATP balance is positive. (B) Following an increase in glucose availability and consequent higher glucose uptake rate, in the short term, the irre-
versible reactions of the first phase of glycolysis (GLY I) induce a higher rate of ATP consumption, compared to the ATP production rates during the second phase of gly-
colysis (GLY II); pyruvate is respired, but its surplus (“overflow”) is fermented. The brown line represents the reduced affinity of the enzyme pyruvate dehydrogenase for
high concentrations of pyruvate (“bottleneck”). (C) In the long term at high glucose concentration, the respiration is down-regulated (red dashed line, long term inhibi-
tion, LTI) by the accumulation of F1,6BP. Concomitantly, fermentation is increased allowing for a faster conversion of pyruvate which, in turn, increases the flows of the
second phase of the glycolysis (GLY II), thus leading to the restoration of a positive balance of ATP production. RESP, respiration; FERM, fermentation; G6P, glucose 6-phos-
phate; F6P, fructose 6-phosphate; F1,6BP, fructose 1,6-biphosphate; GA3P, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3BPG, 1,3-bisphosphogly-
cerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate.
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concentrations of the pathway intermediates [23]. This differ-
ent reaction kinetics determine continuous adjustments of
flow directions and rates. On the contrary, the two irreversible
reactions of GLY I, being not down-regulated by product
concentration levels, produce unavoidable accumulation of
F1,6BP, when the glucose uptake rate happens to be greater
than the outflow from the F1,6BP stock to the downstream
GLY II pathway.

Starting from a condition of low glucose uptake and conse-
quent generally low glycolytic flux (Figure 7A), the mitochon-
drial machinery is able to process all produced pyruvate
without any accumulation and/or overflow setting. Under such
conditions, cells can be considered in a sustainable energetic
balance because the ATP production occurs at low rate, but
high efficiency (the metabolism is fully respiratory). The rate of
ATP production DATP/Dt) in this case is positive and capable
to maintain the costs of the biosynthetic pathways, mostly
branching from G6P (Figure 7A).

Higher glucose concentrations determine higher glycolytic
flux which overtakes the mitochondrial processing capability
(“bottleneck”), thus producing pyruvate accumulation. In the
short-term, this condition produces the co-occurrence (“over-
flow”) of respiration and fermentation (Figure 7B, see also
Figure 2B). Under such conditions, the energetic balance
becomes negative, because of the unbalanced rate of GLY I
and GLY II. In fact, the high glucose uptake rate accelerates
the reactions catalysed by hexokinase and phosphofructoki-
nase during GLY I, thus proportionally increasing the rate of
ATP consumption. On the other hand, the ATP production of
GLY II is limited by the lowering rates of the reversible reac-
tions due to the accumulation of pyruvate and, consequently,
of the upstream intermediates. Also, a higher energetic cost
under such conditions is due to the increased flux to the bio-
synthetic pathways branching from G6P (Figure 7B). More-
over, the ATP production capacity of the mitochondria is
saturated.

This condition is clearly unsustainable in the long-term
because it would induce SICD by ATP depletion. Then, the rea-
sons for the onset of “long-term inhibition of respiration”
become evident as a restoration of ATP balance. This is possi-
ble by the down-regulation of respiration allowing an increased
allocation of cell resources to fermentation (Figure 7C). In fact,
in this way, the rate of pyruvate removal can be increased per-
mitting higher fluxes in GLY II, with corresponding increased
ATP production rates which compensate the higher consump-
tion in GLY I at high glucose concentration.

In full agreement with this view, following exposure to
excess glucose and increased glycolytic flux, an initial drop in
the ATP level has been reported [122]. Later, the concentration
of ATP is restored due to an increase in the specific ATP pro-
duction rate (qATP) [123]. This suggests the occurrence of
feedback mechanisms to keep constant the ATP level in the cell
[77]. As mentioned in a previous section, Curi et al [59]
reported in proliferative mammalian cells an increase of the
glycolytic flux greatly surpassing the Vmax of Pdh and com-
mented that the consequent production of lactate could be a
way to avoid accumulation of pyruvate. In our view, the accu-
mulation of pyruvate is not harmful per se, but it triggers a
chain reaction that leads to the build-up of the upstream

glycolytic intermediates that slows down the ATP-producing
reactions of GLY II.

In conclusion, the fitness advantage of aerobic fermentation
under high glucose concentrations results evident if the ATP
balance at high glycolytic fluxes is taken into account. Such log-
ical reasoning on the system dynamics suggests that the Crab-
tree/Warburg effect may be interpreted as the avoidance of
ATP depletion in those conditions where glucose uptake is
higher than the downstream processing capability of the second
phase of glycolysis. It follows that the down-regulation of respi-
ration is strategic for cell survival allowing the allocation of
more resources to the fermentation pathway, thus maintaining
the cell energetic homeostasis.

9. Conclusions

Focusing on the dynamics of the glycolytic flux, this study
shows how the Crabtree/Warburg effect may be interpreted as
an escape strategy from death, the latter due to the ATP deple-
tion determined by glucose excess.

More generally and once again, glucose reveals to play a cen-
tral role in cell longevity, with the functional mechanism
behind such role indeed mediated by the maintenance of ATP
homeostasis.

A general tendency exists to shift from an energy-efficient
pathway to an energy-inefficient one, since it has been observed
that several microorganisms growing at high substrate concen-
tration divert a considerable amount of glucose to incompletely
oxidized end-products. In analogy to what discussed for the
Crabtree/Warburg effect in yeast and mammalian cells, it is
presumable that these metabolic shifts may represent the sur-
vival strategy selected for its fitness advantage in glucose rich
environments.

Besides the Crabtree/Warburg effect, organisms may have
evolved other strategies to avoid the ATP crisis due to unbal-
anced fluxes, for example the upstream regulation of glucose
uptake observed in Crabtree-negative yeasts. Indeed, the regu-
lation of glucose uptake seems to play a very significant role
also in mammalian cells: in non-proliferative cells the low
expression of glucose transmembrane transporters is observed,
whilst in different cancer models, glucose transporters are over-
expressed in the tumour cells, but downregulated in the healthy
surrounding tissues. Such differential behaviour could provide
key insights to devise treatment strategies to preferentially tar-
get cancer cells over healthy cells.

In conclusion, this interpretation of the Warburg effect rein-
forces the need to focus on glucose metabolism as a therapeutic
target. Moreover, a thorough investigation of glycolytic fluxes
and their dynamic modelling bears major interest to identify
critical points for a metabolic therapy producing differential
effects on healthy and tumour cells.
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