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Inhibition of respiration by glucose, known as the Crabtree effect, has been observed
in several tumours and some other highly glycolytic cells and tissues. Among
mechanisms proposed to explain this effect were: competition between glycolysis and
respiration for ADP or for inorganic phosphate, change of intracellular pH, change in
the permeability of mitochondrial membranes, specific regulatory behaviour of
glycolytic enzymes, and specific enzyme topography within the cell. None of these
proposals alone seems satisfactory. The present article describes the research carried
out in the author’s laboratory, pointing to the role of Ca®* in the mechanism of the
Crabtree effect. This supposition is based on the following observations: (1) in Ehrlich
ascites tumour cells glucose elicits a steady increase of the cytoplasmic concentration
of free Ca’*; (2) isolated Ehrlich ascites mitochondria and mitochondria within
digitonin-permeabilised cells, preloaded with Ca®*, exhibit a depression of State 3
respiration and lowering of the rate of ATP synthesis; (3) ATPase activity of
toluene-permeabilised Ehrlich ascites mitochondria becomes substantially inhibited
at micromolar concentrations of Ca?*; (4) Ca®* potentiates the effect of the inhibitory
subunit of F1Fo-ATPase, These results allow to hypothesize on the following sequence
of events: (1) glucose elevates the cytoplasmic concentration of Ca™; (2) this elicits an
increased accumulation of Ca®* in mitochondria; (3) loading of mitochondria with
Ca”* leads to an increased association of the inhibitory subunit with F1Fo which results
in (4) the inhibition of coupled respiration. The importance of these mechanisms for
glycolytic and rapidly proliferating cells is discussed.

A peculiar response of malignant tissues to
glucose was first observed by Herbert G. Crab-
tree [1] in 1929 and since then is known under
his name as the “Crabtree effect”. He found
that, in contrast to normal tissues like liver and
kidney where glucose slightly increased the
respiration of tissue slices or was without effect,
the rate of oxygen uptake by sarcomas, carcino-
mas and other malignant cells and tissues was
inhibited by some 10%. This effect was con-
firmed by other authors [2-8] who observed
even a higher inhibition, in some cases exceed-

ing 50% (for an early review see [9]). It has been
subsequently shown that the Crabtree effect is
not a peculiarity of malignant tissues, as it has
also been observed in some normal tissues like
spermatozoa [10, 11], proliferating thymocytes
[12], intestinal mucosa [13] and, interestingly,
mammalian embryos at their very early devel-
opmental stage [14]. A common feature of all
these tissues, both malignant and normal, is a
high proliferation rate and /or high glycolysis.

Application of the polarographic method for
studying cellular respiration revealed that in-

*The work carried out in the author’s laboratory was supported by grants from the State Committee for

Scientific Research.
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hibition of respiration following glucose addi-
tion was often preceded by a short-lasting in-
crease of oxygen uptake [15]. A typical picture
isillustrated in Fig. 1. The increase of O, uptake
immediately following addition of glucose
could be explained by rapid phosphorylation
of this hexose inside the cell, resulting in an
increase of cellular ADP concentration and a
shift towards the active state (“state 3”) respir-
ation [16, 17]. However, the nature of the inhibi-
tion of oxygen uptake which followed
thereafter and was more or less permanent has
been a subject of numerous speculations.
First attempts to explain its mechanism
pointed to the competition between respiration
and glycolysis for precursors of ATP produc-
tion, in particular for ADP [16, 17] and inor-
ganic phosphate [8, 18, 19]). However, this
explanation is not satisfactory since deoxyglu-
cose, which is phosphorylated in the cytoplasm

20 ng atom oxygen
[mg protein

Fig. 1. Effect of glucose on the respiration of Ehrlich
ascites tumour cells.

The incubation medium contained 140 mM NaCl, 3 mM
KCl, 0.6 mM MgClz, 2mM CaClz, 1.5 mM phosphate and
10mM Hepes (Na salt), pH 7.6. Glucose (Gluc) was added
to 3 mM final concentration. The temperature was 30°C.

but is not further metabolized and therefore
does not generate ATF, produced a similar, or
even higher, inhibition of respiration as did
glucose [6] and since phosphate transport into
the cell has been shown to be fast enough [6].
Other attempts to explain the mechanisms of
the Crabtree effect included a shift of intracel-
lular pH [9], a change of permeability proper-
ties of the inner mitochondrial membrane [20],
specific isoenzyme pattern of the glycolytic
pathway and regulatory behaviour of key
enzymes of this pathway [21], and specific to-
pography of enzymes in rapidly growing tu-
mours, in particular of membrane-bound
hexokinase [22]. However, none of these propo-
sals provides a fully satisfactory explanation of
how glucose (and deoxyglucose) may inhibit
oxygen consumption in some tissues.

This article summarizes our studies, carried
outduring the last few years, which shed a new
light on the mechanism of the Crabtree Effect
involving a possible role of intracellular Ca®*
Using the intracellular fluorescent calcium
probe, Fura-2, we observed an increase of free
calcium ion concentration in the cytoplasm
shortly after supplementing the incubation me-
dium with glucose or deoxyglucose [23-25].
This increase was observed in both cell suspen-
sions (Fig. 2) and in single cells using the video
imaging system (Fig. 3). As clearly shown :n
Fig. 2, the increased level of C)rloplasmicCa
was observed independently DE whether the
external medium contained Ca * or was nomi-
nally Ca®*-free (ie. in the presence of 2 mM
EGTA), although it was higher in Ca2*-contain-
ing media. Therefore, it can be concluded that
this increase of cytnpiasnuc{:a concentration
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Fig. 2. Effect of glucose and deoxyglucose on cytoplasmic Ca®* in Ehrlich ascites tumour cells.

The concentration of

cytoplasmic Ca {[Ca li) was measured by Fura-2 fluorescence at various Ca** concentrations in

the medium {ICaz"IuJ Glucose (Gluc) and deoxyglucose (DOG) were added to 10 mM final concentration. From [23]

with permission.
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Fig. 3. Effect of glucose (A) and deoxyglucose (B) on cytoplasmic Ca®* concentration in single Ehrlich ascites

tumour cells.

Each panel shows traces for three individual cells. The incubation medium contained 0.1 mM CaClz. Other conditions
were as in Fig. 2. Gluc, glucose; DOG, deoxyglucose. From [24] with permission.

occm're:i primarily at the expense of intracellu-
lar Ca®* stores. It was also shown [23-25] that
depletion of the endoplasmic reticulum cal-
cium sharesb}r thaps:garglm a specific inhibitor
of Ca®* -pumping ATPase [26], substantially
diminished the Ca?* increase which followed
the addition of glucose or deoxyglucose (Fig. 4).
A further support to the concept that m-
creased cytoplasmic concentration of free Ca®*
is responsible for the Crabtree effect in Ehrlich
ascites tumour cells was provided by the fol-
lowing observations (Wojtczak ef al., unpub-
lished). Firstly, the inhibition of O2 uptake
following glucose addition was significantly
reduced when the cells were pre-loaded with
the calcium chelator, 1,2-bis(c-aminopheno-
xy)ethane-N, N N',N'-tetraacetic acid (BAPTA).
Secondly, the Crabtree effect was enhanced in
parallel with th;e replemshment of intracellular
stores with CaZ* by preincubation of ﬁ'eslﬂ}r
isolated cells for various periods of time in

Ca®* -cnntauung
Increased Ca”* cuncentratmn in the cyto-
plasm may have several important consequen-
ces for the cell metabolism. Since cell
respiration mainly depends on the status of
mitochondria, we focused our attention on the
400,

response uf E'.hrhch ascites mitochondria to
elevated Ca?* concentration. It appeared [27]
that a single pulse of micromolar Ca”* resulted
in a decrease of ADP phosphorylation and of
the uncoupler-stimulated ATPase activity in
isolated Ehrlich ascites tumour mitochondria
(Fig. 5, compare traces A and B). It also de-
creased the response of the mitochondrial
membrane potential to ADP addition (Fig. 5,
traces C and D). The dependence nf the degree
of inhibition on the amount of Ca** added is
shown in Fig. 6. It has to be stressed that under
these conditions Ca”* was rapidly taken up by
mitochondria as illustrated by a rapid return of
the membrane potential to its steady-state high
value (Fig. 5, traces C and D).

Similar effects could be observed when mito-
chondria (in this case in permeabilised Ehrlich
ascites tumour cells), instead of being exposed
to a single pulse of micromolar CaZ*, were sub-
jected in a prolonged way to submicromolar
calcium concentrations [27]. In that case all im-
portant parameters of energy coupling, like
oxygen uptake in state 3 (but not in state 4),
respiratory control, ATP synthesis and the re-
sponse of the membrane potential tu ADP, be-
came dramatically affected at Ca’* concen-

Fig. 4. Effect of thapsigargin on
deoxyglucose-induced increase of
cytoplasmic Ca®* concentration in
Ehrlich ascites tumour cells.

The medium contained 0.1 mM CaCls.
Thapsigargin (Th) was added to 0.25

pM final concentration and deoxyglu-
cose (DOG) to 10 mM. From [23] with

permission.
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Fig. 5. Effect of Ca”* on ATP synthesis and hydrolysis and on changes of the membrane potential upon
state 4 /state 3 transition in Ehrlich ascites tumour mitochondria.

Traces A and B illustrate ADP phosphorylation and ATP hydrolysis in isolated mitochondria measured as alkalisation
and acidification, respectively, of the medium. Traces C and D show changes of the membrane potential (AW), measured
with a tetraphenylphosphonium electrode, in mitochondria “in situ”, i.e,, in digitonin-permeabilised cells. The amount
of added CaClp, where indicated by the arrows, was 50 nmol /mg mitochondrial protein. Numbers at the traces indicate
the rate of H* (in nmol/min per mg protein) taken up (downward deflection) or liberated (upward deflection). CCCF,
carbonyl cyanide m-chlorophenylhydrazone. From [27 and 28] with permission**, combined and modified.
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Fig. 6. Dependence of the rates of ADP phosphory-
lation and ATP hydrolysis in Ehrlich ascites tumour
mitochondria on Ca** concentration.

The reactions were followed, as in Fig. 5, by measuring
the uptake or the release of H* during ADP phosphoryla-
tion (@) or ATP hydrolysis (O), respectively. The amount
of mitochondria corresponded to 1 mg/mi and hence the
numbers at the abscissa correspond to nmol Ca’*/mg
protein. From [28] with permission®*.

trationof about 0.3 uM (Fig. 7). It has to be noted
that glucose and deoxyglucose elicited in intact

cells an increase of Ca®* concentration above
the level of 0.3 uM (Figs. 2 and 3).

All these results clearly point to a lesion in
either the coupling machinery or ATP/ADP
translocation across the inner mitochondrial
membrane. The former possibility was sub-
stantiated by the experiment in which the Ca**
effect on mitochondrial ATPase activity (i.e. the
reversal of ATP synthesis catalysed by the same
enzyme system, the F{F, complex) was com-
pared in intact and permeabilised mitochon-
dria. It was shown [28] that hydrolysis of ATP
was also inhibited in toluene-permeabilised
mitochondria (Fig. 8), thus indicating that the
permeability factor was not involved and that
excessive loading of Ehrlich ascites tumour mi-
tochondria with Ca®* may affect functioning of
the ATP synthesizing assembly.

One of possible mechanisms of this effect
might be a reversible association/dissociation
of the natural inhibitory subunit, the Pullman-
Monroy inhibitor. To check this possibility, the
effect of Ca®* on the ATPase activity in submi-
tochondrial “inside-out” particles prepared
from Ehrlich ascites tumour mitochondria was

**Elsevier Science — NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
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Fig. 7. Dependence of the respiration, the respiratory control, the rate of ATP synthesis and the decrease of
the mitochondrial membrane potential upon ADP addition in permeabilised Ehrlich ascites tumour cells

incubated at submicromolar Ca®* concentrations.
From [27] with permission.

examined [28]. It was found that this activity
was strongly ml'ublted by micromolar concen-
trations of CaZ* (Fig. 9), half inhibition being
attained at about 15 uM R . However, when
the particles were depleted of the inhibitory
subunit by alkali treatment and Sephadex fil-
tratmn, ATPase activity became insensitive to a
Ca®* concentration as high as 100 pM. Sup-
plementation of the particles with the inhibi-
tory subunit isolated from beef heart mito-
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Fig. 8. Effect of Ca®* on ATPase activity in toluene-

permeabilised Ehrlich ascites tumour mitochondria.

From [28] with permission**.

chondria restorec[ the original high sensitivity
towards Ca®* (Fig.9). This experiment convinc-
ingly shows that functional re-association of
the inhibitory subunit with the F;F, complex in
Ehrlich ascites tumour mitochondria makes it
highly sensitive to calcium ions. It has to be
mentioned that ATPase activity of rat lwer mi-
tochondria was also inhibited by Ca?*. How-
ever, in submitochondrial particles from these
mitochondria compa:abie inhibition was ob-
tained with Ca’* concentrations ten times
higher than in the case of particles from tumour
mitochondria.

On the basis of these results we can propose
the following sequence of events leading to a
partial inhibition of cell respiration following
supplementation of the medium with glucose
[28]. Firstly, glucose gives rise to a release of
calcium from its intracellular stores, presum-
ably the cndoflasnuc reticulum. Secondly, the
increased Ca’" concentration in the cytoplasm
results in an increased accumulation of these
ions in mitochondria. And this leads, in turn, to
the association of the inhibitory subunit with
the ATP synthase complex, thus inhibiting ADP
phosphorylation and, consequently, the
coupled respiration.
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Fig. 9. Effect of Ca®* on ATPase activity in submi-
tochondrial particles (SMP) from Ehrlich ascites
tumour.

ATPase was measured spectrophotometrically in the
ATP-regenerating system. From [28] with permission®®.

Although this scheme is supported by the
available experimental data, a number of
points remain to be answered. Firstly, the mech-
anism of the hexose-induced increase of cyto-
plasmic Ca®* has to be clarified. It seems likely
that denxyglumse may inhibit active removal
of Ca’* from the cytoplasm due to a rapid
depletion of cytoplasmic ATP [29]. However,
such an explanation does not hold for glucose
which, on the contrary, can only increase ATP
production (except, occasionally, for a very
short period immediately after glucose sup-
plementation [17, 30]). The second important
point to be Elumdated is the difference in sus-
ceptibility to Ca®* of the association between
the inhibitory subunit and the F{F, complex in
normal and malignant or highly glycolytic tis-
sues. [t can be thought that this difference may
be related to differences in the phospholipid
environment or different properties of FF,
complexes.

Finally, it has to be stressed that in most mam-
malian cells the increased concentration of cy-
toplasmic Ca”* and the resulting increase of the
level of these ions in the mitochondrial matrix
elicit an increase, and not a decrease, of cellular
respiration mainly as a result of activation of
several dehydrogenases [31]. A strikingly dlf-
ferent response to elevated cytoplasmic Ca®*
concentration by highly glycolytic tissues is
therefore intriguing and raises the question of

possible biological importance of the Crabtree
effect. One can speculate that one of the advant-
ages of switching from respiration to anaerobic
energy production, which occurs in glycolytic
cells under conditions of plentiful glucose sup-
ply, is the protection of the cell from deleterious
effects of oxygen free radicals generated as “by-
products” of the aerobic energy metabolism.

Recently, we have obtained indications that
the Crabtree effect may also affect phos-
pholipid metabolism. The so called base ex-
change reaction occurs in the endoplasmic
reticulum and is the only pathway of phos-
phatidylserine synthesis in animal cells (for
review see [32]). This process requires milli-
molar concentrations of Caz*', and it has been
recently demonstrated [33, 34] that this reac-
tion proceeds on the luminal side of the mem-
brane or, at least requires a high concen-
tration of Ca”" inside the endoplasmic reticu-
lum cmtems As a result, depletion of intracel-
lular Ca®* stores in glioma cells, e.g. by tha-
psigargin, resulted in an inhibition of phos-
phatidylserine synthesis [35]. We found [36]
that in Ehrlich ascites tumour cells synthesis
of phosphatidylserine was inhibited by glu-
cose and deoxyglucose, though to a smaller
degree than by thapsigargin (Table 1). This
observation confirms the previously formu-
lated com:]usmn that glucose and deoxyglu-
cose release Ca>* from the endoplasmic reti-
culum stores. Since phosphatidylserine is a
well known activator of protein kinase C [37],
decreased formation of this phospholipid in
the presence of glucose may have far reaching
metabolic consequences.

Table 1
Effect of glucose, deoxyglucose and thapsigargin
on the incorporation of [ 4C]SET‘!H£ into
phospholipids.

[“ClSerine incorporation in the control (without
additions) amounted to 95 + 27 (6) pmol /15 min per 50
million cells, All values are means 5D for the number of
experiments indicated in parentheses. From [38] with

permission.
[“ClSerine
Addition incorporation
| (% of the control)
Glucose (10 mM) 69 + 14 (6)
| Deoxyglucose (10 mM) 42+ 7(6)
Thapsigargin (0.2 M} 18+4(3)
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