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ORIGINAL PAPER

Glycolytic enzyme upregulation and numbness of mitochondrial
activity characterize the early phase of apoptosis in cerebellar
granule cells

A. Bobba • G. Amadoro • G. La Piana •

P. Calissano • A. Atlante

� Springer Science+Business Media New York 2014

Abstract Alzheimer’s disease (AD) and cancer proceed

via one or more common molecular mechanisms: a meta-

bolic shift from oxidative phosphorylation to glycolysis—

corresponding to the activation of the Warburg effect—

occurs in both diseases. The findings reported in this paper

demonstrate that, in the early phase of apoptosis, glucose

metabolism is enhanced, i.e. key proteins which internalize

and metabolize glucose—glucose transporter, hexokinase

and phosphofructokinase—are up-regulated, in concomi-

tance with a parallel decrease in oxygen consumption by

mitochondria and increase of L-lactate accumulation.

Reversal of the glycolytic phenotype occurs in the presence

of dichloroacetate, inhibitor of the pyruvate dehydrogenase

kinase enzyme, which speeds up apoptosis of cerebellar

granule cells, reawakening mitochondria and then modu-

lating glycolytic enzymes. Loss of the adaptive advantage

afforded by aerobic glycolysis, which occurs in the late

phase of apoptosis, exacerbates the pathological processes

underlying neurodegeneration, leading inevitably the cell

to death. In conclusion, the data propose that both aerobic,

i.e. Warburg effect, essentially due to the protective

numbness of mitochondria, and anaerobic glycolysis, rather

due to the mitochondrial impairment, characterize the

entire time frame of apoptosis, from the early to the late

phase, which mimics the development of AD.

Keywords Alzheimer �Warburg � Apoptosis � Glycolytic

pathway � Mitochondria � Dichloroacetate

Introduction

In the last decade, apoptosis was considered the main cause

of neuronal death in some human neurodegenerative dis-

orders, such as Alzheimer’s disease (AD). More than a

decade ago, Calissano’s research group hypothesized a

possible tight link between improper activation of apoptosis

in cerebellar granule cells (CGCs) and events related to AD.

CGCs survive and differentiate in vitro in the presence of

depolarizing concentrations of KCl (25 mM) without

additional need for neurotrophic factors [1]. If the serum is

removed and the concentration of KCl is kept below

depolarizing levels (5 mM), the majority of CGCs die by an

apoptotic process [2], following a general scheme that we

have extensively characterized in recent years (for a review

see [3] ). Briefly, in early apoptosis (0–3 h after induction)

the rate of glucose oxidation by CGCs decreases [4],

mitochondria are subjected to time-dependent uncoupling

[4] and elevated production of reactive oxygen species

(ROS) occurs [5]. Cytochrome c (cyt c) is released from the

mitochondria while still coupled [5, 6] and an increase in

the ATP level occurs [7]. In late apoptosis (3–8 h after

induction), an alteration of the adenine nucleotide translo-

cator (ANT-1) occurs, with ANT-1 becoming a component
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of the mitochondrial permeability transition pore; the latter

is dispensable for occurrence of apoptosis [8]. Furthermore,

during the onset of CGC apoptosis, several molecular

events reminiscent of AD are induced. An amyloidogenic

process is activated with an increased production of Ab
which initiates a sort of autocrine toxic loop [9] and, con-

textually, Tau protein, which is the main constituent of AD

neurofibrillary tangles, is cleaved by the concerted action of

calpain and caspases with the production of toxic fragments

[10, 11]. The mechanism of action of a Tau toxic fragment

as well as of Ab1-42 has been recently elucidated and two

mitochondrial proteins, i.e. ANT-1 and complex I, have

been identified as the specific targets of such peptides,

respectively [12, 13].

More recently, nerve cells selected for resistance against

Ab toxicity exhibit a shift in metabolism to favour L-lactate

(L-LAC) production [14, 15] by expressing increased levels

of pyruvate dehydrogenase kinase 1 (PDK1) accompanied

by increased lactate dehydrogenase A (LDHA) activity and

lactate production, when compared to control cells [14, 15].

All these changes are linked to increased glucose uptake

and flux through the glycolytic pathway [16]. This switch

in metabolism from mitochondrial respiration to aerobic

glycolysis is a common phenotype of cancer cells and is

driven in part by the hypoxia-inducible factor 1a subunit

(HIF-1a) [17], whose activation induces transcription of

glucose transporters, glycolytic enzymes, and LDHA,

thereby increasing the conversion of glucose to lactate [18,

19]. Furthermore, HIF-1 suppresses mitochondrial respi-

ration by upregulating PDK1. These findings indicate that

although activation of aerobic glycolysis confers resistance

to Ab, cells adopting this metabolism still require a func-

tional mitochondrial electron transport chain (ETC). The

significance of this paradoxical observation is unknown but

may indicate that a functional ETC is required for efficient

mitochondrial oxidation of lactate and ATP production [20,

21]. Collectively, these findings indicate that PDK1- or

LDHA-mediated aerobic glycolysis protects against Ab
toxicity while maintaining cellular ATP levels. Inefficiency

of these proteins may contribute to the cognitive decline

and nerve cell death observed in AD (see [15]). A recent

PET imaging study, which measured both glucose con-

sumption and oxygen utilization, revealed a strong corre-

lation between the spatial distribution of elevated aerobic

glycolysis and Ab plaques in brain tissue from patients

with AD, as well as from normal individuals with high

levels of Ab deposition but without clinical manifestation

of the disease [22].

In the light of these observations, which point to the

activation of an aerobic glycolytic metabolism in the sur-

viving neurons of the AD brain [14, 15], and of our previous

studies, showing that both L-LAC production and phos-

phofructokinase (PFK) activity increased in CGCs en route

to apoptosis [20, 21]—as it occurs in invasive cancer cells

where this upregulation confers resistance to apoptosis [23,

24]—the aim of the present study was to evaluate in the

early as well in the late phase of apoptosis: (i) the expression

level and activity of glycolytic enzymes that have a key role

in the metabolism of glucose, (ii) the mitochondrial activity

and cell survival, either in the absence or presence of

inhibitors of mitochondrial and glycolytic enzymes, as well

as (iii) the glycolytic index (GI). Here we show that CGCs

upregulate Warburg effect-enzymes in a manner reminis-

cent of cancer cells, in the early phase of apoptosis, thus

mimicking the apoptotic resistance mechanism of surviving

neurons in the AD brain. Loss of the adaptive advantage

afforded by aerobic glycolysis, which occurs in the late

phase, may exacerbate the pathophysiological processes

associated with AD, inevitably leading neurons to death.

Materials and methods

Ethics statements

This study was performed in accordance with local ethics

committee and with the principles contained in the Dec-

laration of Helsinki as revised in 1996. All animals were

handled and cared for in accordance with EEC guidelines

(Directive 86/609/CEE). The animals were anesthetized

and insensitive to pain throughout the procedure.

Reagents

Tissue culture medium and fetal calf serum were purchased

from Gibco (Grand Island, NY, USA) and tissue culture

dishes were from NUNC (Taastrup, Denmark). All

enzymes and biochemicals were from Sigma Chemical Co.

(St Louis, MO, USA).

Cell cultures

Primary cultures of CGCs were obtained from dissociated

cerebella of 7-day-old Wistar rats as in Levi et al. [25].

Cells were plated in basal medium Eagle (BME) supple-

mented with 10 % fetal calf serum, 25 mM KCl, 2 mM

glutamine and 100 lg/ml gentamicin on dishes coated with

poly-L-Lysine. Arabinofuranosylcytosine (10 lM) was

added to the culture medium 18–22 h after plating to pre-

vent proliferation of non-neuronal cells.

Induction of apoptosis

Apoptosis was induced at 6–7 days in vitro (DIV): cells

were washed and switched to a serum-free BME, containing

5 mM KCl and supplemented with 2 mM glutamine and
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100 lg/ml gentamicin for the indicated times [26]. Apop-

totic cells are referred to as S-K5 cells or as x-time-S-K5 to

indicate the different ‘x’ time after apoptosis induction at

which the cells are processed. In some experiments various

compounds were also added simultaneously to the induc-

tion, with exposure terminated by removal of the com-

pound-containing medium, double washing of the cell layer

and replacement with fresh media. Control cells were

treated identically but maintained in serum-free BME

medium supplemented with 25 mM KCl for the indicated

times; they are referred to as S-K25 cells. The occurrence of

apoptosis was checked by measuring DNA laddering and

prevention of death due to the addition of the transcriptional

inhibitor actinomycin D (Act D), as in [5, 26].

CGC suspension, homogenate and cytosolic fraction

preparation

The culture medium was removed and the plated CGCs

were repeatedly washed with phosphate-buffered saline

(PBS), containing 138 mM NaCl, 2.7 mM KCl, 8 mM

Na2HPO4, 15 mM KH2PO4 pH 7.4, and then collected to

obtain a CGC suspension. Cell integrity was quantitatively

assessed by the inability of cells to oxidize externally

added succinate, and by the ability of ouabain (OUA) to

block glucose transport [27]. CGC homogenate was

obtained from a cell suspension by ten strokes with a

Dounce homogeniser at room temperature and appropriate

checks were made to ensure the complete rupture of the

plasma membrane and, at the same time, the integrity of

the mitochondrial ones. The functionality of mitochondria

was verified for their coupling by measuring the respiratory

control index, i.e. (oxygen uptake rate after ADP addition)/

(oxygen uptake rate before ADP addition) which reflects

the ability of mitochondria to produce ATP, and for their

intactness by measuring in the post-mitochondrial super-

natant the activities of adenylate kinase (ADK, E.C.2.7.4.3)

and glutamate dehydrogenase (GDH, E.C.1.4.1.3), essen-

tially as in [5, 8]. Cytosolic fractions of both control and

S-K5 CGCs (about 30 9 106cells in 1 ml) were obtained

after homogenization and centrifugation at 15,0009g for

15 min. The supernatant was indicated as cytosolic frac-

tion. Protein content was determined, according to [28],

with bovine serum albumin used as a standard.

Brain material and tissue preparation

Human brain material was provided via the rapid autopsy

program of the Netherlands Brain Bank (NBB), which

provides post-mortem specimens from clinically well

documented and neuropathologically confirmed cases. All

research involving them was conducted according to them

ethical declaration of the NBB. All cases were

neuropathologically confirmed, using conventional bio-

chemical and histopathological techniques (see [29]), and

diagnosis performed using the Consortium to Establish a

Registry for AD criteria. Healthy controls had no history or

symptoms of neurologic or psychiatric disorders and were

clinically no demented. To minimize the considerable

regional differences in pathology, we selected hippocam-

pus in all tested AD patients and relative control. The PBI-

Shredder, an auxiliary high-resolution respirometry (HRR)

Tool, was used to prepare homogenate—in 0.2 M phos-

phate buffer (pH 8.0)—of frozen tissue specimens [30],

with high reproducibility of mitochondrial function as

evaluated with HRR by means of Oxygraph-2 k OROB-

OROS�. All assays were performed on freshly homoge-

nized tissue samples.

Assessment of neuronal viability

Viable CGCs were quantified by counting the number of

intact nuclei in a haemocytometer, after lysing the cells in

detergent-containing solution [31]. Cell counts were per-

formed in triplicate and are reported as mean ± standard

deviation (SD). The data are expressed as the percentage of

intact nuclei in the control cultures at each time point.

Apoptosis was expressed as the percentage of intact cells

with respect to control cells (%C) kept under the same

respective experimental conditions. In control experiments

95–97 % integrity was found after 24 h. In some experi-

ments, a variety of compounds were added at the induction

time at the concentrations selected to avoid any possible

interference with cell viability.

Polarographic measurements

O2 consumption It was measured polarographically by

means of a Gilson 5/6 oxygraph using a Clark electrode, as

in [4, 8]. Cells were suspended in PBS (about 0.2 mg

protein) and incubated in a thermostated (25 �C) water-

jacketed glass vessel (final volume 1.5 ml). Since the

incubation chamber required continuous stirring to allow

O2 to diffuse freely, the design included a magnetic stirring

system which did not damage the cells in suspension.

Oxygen uptake was initiated by adding glucose to the cell

suspension.

Cyt c release In order to detect polarografically the cyt

c presence in the extramitochondrial phase, the capability

of cell homogenate to oxidise ascorbate was checked, as in

([32] and refs therein).

Glucose uptake In order to study the transport of glucose

into cell, an experimental stratagem, which allows to per-

form the measurement under very physiological conditions,
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was adopted. Briefly, glucose uptake has been followed by

measuring oxygen consumption, which started by adding

glucose to the cell suspension, in the absence or presence

of phloretin (PHLO), a specific inhibitor of glucose trans-

port [33]. The rate of oxygen consumption in the absence

of inhibitor was lower than the one obtained as intercept at

zero inhibitor concentration, showing that the inhibited step

of the measured process, i.e. the glucose transport across

the cell membrane, is not a limiting step. Thus, the activity

of glucose transporter (GLUT) was obtained by calculating

the reciprocal of the intercepts to the ordinate axis at the

different apoptosis-times considered (for details, see

‘‘Results’’ section and Fig. 2B), essentially as reported in

[34]. The rate of oxygen uptake was measured from the

tangent to the initial part of the progress curve and

expressed as natom O min-1 mg-1 protein. The sensitivity

of the instrument was set so as allow rates of O2 uptake as

low as 0.5 natom min-1 mg-1 protein to be measured.

Superoxide anion detection

O2
2. was detected by using the MitoSox Red (for refs see

[35]), a specific mitochondrial dye—highly and exclusively

sensitive to superoxide, but not to other reactive oxygen/

nitrogen species—which is selectively targeted to mito-

chondria where it accumulates as a function of mitochon-

drial membrane potential and exhibits fluorescence upon

oxidation by superoxide and subsequent binding to mito-

chondrial DNA. Cell homogenate in PBS was preincubated

with succinate (10 mM) plus ADP (2.5 mM) for 2 min at

25 �C. After addition of 1 lM MitoSOX Red and further

15 min incubation, fluorescence spectra (kex = 396 nm;

kem range: 500–700 nm) were recorded using a Perkin-

Elmer LS-50B Luminescence Spectrofluorimeter.

Enzyme assays

The activities of enzymes, such as hexokinase (HK) [36–

38], PFK (for refs see [7, 38]), pyruvate dehydrogenase

complex (PDC) [39], cytosolic L-lactate dehydrogenase

(cLDH) [for refs see 21], were assayed spectrophotomet-

rically at 340 nm (e334nm = 6.22 mM-1 cm-1), using a

Jasco double-beam/double-wavelength spectrophotometer

UV-550, under Vmax conditions according to procedures

briefly described below. Enzyme activities were obtained

as the tangent to the initial part of the progress curves and

expressed, on the basis of protein present in the specific

sample, i.e. cell homogenate, lysate or cytosolic fraction, as

nmol/min (=mU) per mg of protein, where 1 unit of

enzyme activity (U) is defined as lmole/min and the spe-

cific activity as U/mg protein. All assays, performed at

least in duplicate, were at 25 �C and pH 7.2 to mimic

intracellular pH.

The activity of HK—which catalyses the reaction ATP ?

glucose ? glucose-6-phosphate (G6P) ? ADP—was assayed

through a coupled reaction with glucose-6-phosphate dehy-

drogenase (G6PDH), following the NADP reduction at

340 nm. The mix contained: 5 mM MgCl2, 8 mM ATP, 1 mM

NADP, 0.1 U/ml of G6PDH and 0.5 mg cell homogenate.

After 10 mM glucose addition to cell homogenate (0.5 mg

protein), the activity of HK was determined by following

the conversion of NADP to NADPH of the coupled reaction

in which G6P is further oxidized to 6-phosphogluconate

via G6PDH: G6P ? NADP ? ? 6-phosphogluconate ?

NADPH ? H? (for refs see [36–38]).

The activity of PFK—which catalyzes the phosphory-

lation of fructose-6-phosphate by ATP to fructose-1,6-

diphosphate—was assayed in a standard coupled assay,

essentially as in [7, 38]. The reaction mixture contained

5 mM KCl, 5 mM MgCl2, 0.2 mM NADH, 2 mM ATP,

0.4 unit/ml aldolase, 2.5 units/ml triose-phosphate isom-

erase, 0.4 unit/ml 3-glycerophosphate dehydrogenase and

0.5 mg cell homogenate. The reaction was initiated by

adding 5 mM fructose 6-phosphate. In the assay used,

fructose-1,6-diphosphate is measured by the conversion to

dihydroxyacetone phosphate through the aldolase and tri-

ose phosphate isomerase reactions. The dihydroxyacetone

phosphate is then reduced by the action of a-glycero-

phosphate dehydrogenase, oxidizing NADH to NAD.

The activity of cLDH was measured, as in [21], by fol-

lowing the absorbance changes reflecting either NADH

oxidation or NAD? reduction resulting from PYR or L-LAC

addition, respectively, as a function of time. For the assays,

cytosolic fraction (0.02 mg of protein) was incubated in the

presence of NADH (0.2 mM) or NAD (1 mM) and the

appropriate substrate was then added to start the reaction.

The activity of PDC was measured, essentially as in

[39], by following NAD reduction in the presence of

10 mM KC1, 5 mM MgCl2, 10 mM KH2PO4 (pH 7.8) and

0.1 % Triton X-100 to which was added 0.5 mM NAD?,

200 lM Coenzyme A (CoA), 1 mM cysteine, 200 lM

thiamine pyrophosphate (TPP). The presence of oxamate

(OXA, 10 mM), a competitive inhibitor of the LDH,

allowed the measurement of a linear rate of PDC without

interference from LDH, both cytosolic and mitochondrial.

The reaction was started by adding 0.4 mM pyruvate.

It was confirmed that none of the compounds used

affected the enzyme activities.

Each assay was also performed at least in duplicate by

using human brain postmortem specimens from clinically

well documented and neuropathologically confirmed cases,

which were kept frozen (-80 �C), before assays, and

prepared at ice-melting temperature by homogenization of

frozen tissues using the PBI-Shredder, an auxiliary HRR

tool, in an assay medium consisting of Phosphate-Tris

50 mM and EDTA 2 mM pH 7.4.
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Immunoblot analysis

Cell extracts for Western blot analysis were prepared by

washing cells twice with PBS and lysing them in 1 % Triton

X-100, 150 mM NaCl, 20 mM TrisHCl, 1 mM EGTA,

1 mM EDTA, 1 mM DTT pH 7.2, for 10 min at 4 �C in the

presence of protease and phosphatase inhibitor cocktails.

Lysates were immediately processed by western blot or kept

frozen until assayed. Protein concentrations of the samples

were estimated by the Bradford method. Equivalent amounts

of proteins per sample were subjected to electrophoresis on

11 % Tricine-SDS-polyacrylamide gels [40]. The gels were

then blotted onto PVDF membranes and equivalent loading

of protein in each lane was assessed by brief staining of the

blots with 0.1 % Ponceau Red. The following antibodies

were used for analysis: anti-GLUT1, anti-GLUT2, anti-

HKI, anti-HKII polyclonal antibodies (Cell Signaling

Technologies, Danvers, MA, USA), monoclonal anti-PFK

antibody (Chemicon) and monoclonal anti-b-actin (Sigma).

HRP-conjugated secondary antibodies (Ge Healthcare, UK)

were used for detection followed by enhanced chemilumi-

nescence development (Luminata Crescendo, Millipore

EMD, Darmstadt, Germany). Each membrane was stripped

and re-probed with mouse anti-b-actin antibody that served

as a loading control. Relative optical densities and areas of

bands were quantified using a GS-700 Imaging Densitom-

eter implemented with Molecular Analyst Software (Bio-

Rad Laboratories, Hercules, CA, USA).

Measurement of L-lactate production

Cells were plated in 9-cm diameter dishes (15 9 106 cells/

dish) and, after 7 DIV, apoptosis was induced, as described

above. At different apoptosis times (see figure legends)

aliquots of the medium were collected and the extracellular

L-lactate concentrations were measured by the method of

Brandt [41]; these give a reliable estimate of L-LAC pro-

duction inside the cells [21, 42].

Fluorescence emission spectra of CGCs

Cell suspension (0.5 mg protein) was incubated at 25 �C in

2 ml of PBS and fluorescence emission spectra (excitation

wavelength 334 nm, emission range 400–550 nm) were

recorded, as in [21], using an LS50B Luminescence

Spectrophotometer (Perkin-Elmer Applied Biosystems).

Determination of glycolytic activity

The cellular glycolytic activity under various experimental

conditions was evaluated by measuring the GI, which was

calculated by the formula: GI ¼ L� Gð Þ=O, where L is the

cellular lactate generation rate, G is glucose uptake rate, and

O is the oxygen consumption rate. To determine the cellular

lactate production, cells were washed and incubated with

fresh medium for the indicated times. Aliquots of the cul-

ture medium were removed for the analysis of L-LAC

content as reported above. Cellular glucose uptake was

measured essentially as reported above. To determine

oxygen consumption, cells were suspended in PBS (about

0.2 mg protein), incubated in a thermostated (25 �C) water-

jacketed glass vessel (final volume 1.5 ml) and then added

with glucose. The oxygen content in the cell suspension

medium was constantly monitored and oxygen consump-

tion rate was determined as described previously [4, 8].

Statistical analysis and computing

All statistical analyses in this study were performed by

SPSS software. The data were representative of at least

three independent neuronal preparations (with comparable

results) each one in independent measurements (in each

figure legend the number of measurements is reported) and

are reported as the mean with the SD. Statistical signifi-

cance of the data was evaluated using the one-way analysis

of variance (ANOVA) followed by post hoc Bonferroni

test. p \ 0.05 was considered as significant for all analyses.

Experimental plots were obtained using Grafit (Eritha-

cus software); CorelDRAW graphics program was used to

create the artworks.

Results

Insensitivity of apoptotic cells to mitochondrial

inhibitors

Increasing amounts of mitochondrial function-affecting

compounds (MFCs), including rotenone (10 ng/ml, ROT),

antimycin (1 ng/ml, AA), cyanide (1 mM, CN-), oligo-

mycin (20 ng/ml, OLIGO) or the uncoupler carbonyl cya-

nide p-(trifluoromethoxy) phenylhydrazone (3 lM, FCCP)

were separately added to cultured S-K25 cells and survival

was measured 24 h after drug administration. A concen-

tration-dependent decrease in survival was observed, with

100 % death found (not shown) in all treated neurons, in

good accordance with Bobba et al. [43]. Surprisingly, when

MFCs, affecting either electron flow or ATP synthesis as

well as mitochondrial coupling, were added to CGCs

undergoing apoptosis, i.e. S-K5 cells, at the lowest con-

centration which induced 100 % death in control cells, no

effect on cell survival was observed (Fig. 1A). As expec-

ted, a full recovery in survival of both S-K5 and MFC-

treated S-K5 cells (not shown) was accomplished in the

presence of Act D, the inhibitor of transcription which

blocks apoptosis [26].
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Glucose transporter, Hexokinase, Phosphofructokinase

and mitochondrial respiratory activities in cells

undergoing apoptosis

The data of Fig. 1, i.e. the S-K5 cells unresponsiveness to

mitochondrial inhibitors, together with the observed

increase in L-LAC production and PFK activity [20, 21],

beyond the fact that activities of the glycolytic enzymes are

elevated [44] while some mitochondrial enzymes involved

in cellular respiration [45–47] are reduced in AD brain,

have led us to investigate whether glycolytic enzymes are

up-regulated en route to apoptosis and, if so, when and

how. We approached this issue essentially by using CGC

homogenate as a model system. Indeed, it contains intact

and coupled mitochondria (for refs see [8]) and provides a

‘physiological’ environment for the investigation of flux of

glucose through the glycolytic pathway in situ: this allows

for simultaneously monitoring the glycolytic and mito-

chondrial machineries, which are closely interlinked.

First, the ability of S-K25 cells to oxidize glucose by

monitoring the oxygen uptake that occurs when glucose is

added to the cell suspension, according to [4], was inves-

tigated. Externally added glucose (5 mM) causes oxygen

consumption (v = 25 natom O/min 9 mg cell protein) as

a result of a multistep process consisting of glucose

transport across the cell membrane, entry into the glyco-

lytic pathway, pyruvate uptake by mitochondria where

oxidative decarboxylation via the PDC occurs, citric cycle

and oxidative phosphorylation. The subsequent addition of

cyanide (1 mM), which inhibits mitochondrial cytochrome

oxidase activity, totally abolished the oxygen uptake

(Fig. 2Aa), therefore showing that, besides to complete

inhibition of the respiratory activity, any involvement of

CN--insensitive glucose oxidase activity [48] was exclu-

ded. When the measurement of oxygen consumption was

carried out in the presence of PHLO (50 lM), a competi-

tive inhibitor of GLUT [49, 50], 3-bromopyruvate (BP,

100 lM), a fast and powerful specific glycolytic inhibitor

that affects cells by targeting HK [51, 52], or OUA

(0.5 lM), a specific inhibitor of Na?-K? sensitive ATP-

ase associated transport [27], a decrease of oxygen uptake

(7.5, 8.6 and 11 natoms/min 9 mg protein, respectively)

was recorded in S-K25 cells (Fig. 2Ab), showing that

glucose oxidation exclusively occurs by the glycolytic

pathway and that cell membranes are intact. Interestingly,

making use of an experimental strategy, it has been pos-

sible to measure the activities of GLUT, HK and mito-

chondrial respiratory chain (mRC) in the same experiment.

Applying the control strength criterion and using each of

the three specific inhibitors (see above) at different con-

centrations (Fig. 2B), we observed that the rate of oxygen

consumption in the absence of inhibitor was lower than the

value corresponding to the straight line that intercepts the

Y-axis at zero inhibitor concentration—obtained by inter-

polating the experimental points of oxygen consumption

rate in the presence of inhibitor—thus showing that the

inhibited step of each measured process is not a limiting

step. This was true for all the considered times of apoptosis

(not shown). Then, to determine the activities of GLUT and

HK in S-K5 cells taken at different times after apoptosis

induction, the reciprocals of the intercept to the Y-axis

were analysed and showed an increase in the activity of

each enzyme which starts as soon as 30 min after apoptosis

induction (Table of Fig. 2). It is worth nothing that, while

GLUT activity proved to be constantly higher than that

measured in S-K25 cells at all the investigated times, the

increase in HK activity underwent a partial reduction at

Fig. 1 Sensitivity of cell survival to various compounds in cells

undergoing apoptosis. Rat CGCs (2 9 106/well) at 7 DIV were

incubated either in high potassium (S-K25) or in low potassium (S-

K5) serum-free culture medium. Where indicated MFCs, i.e. rotenone

(10 ng/ml, ROT), antimycin (1 ng/ml, AA), cyanide (1 mM, CN-),

oligomycin (20 ng/ml, OLIGO) or the uncoupler carbonyl cyanide

p-(trifluoromethoxy) phenylhydrazone (3 lM, FCCP) (in A);

3-bromopyruivate (0.1 mM, BP), Citrate (CITR) or DCA (0.1 mM)

(in B) were added separately to cultured S-K5 CGCs and survival was

measured 24 h after drug administration as compared to that of

control cells treated with vehicle only. Cell viability, determined by

counting the number of intact nuclei, is expressed as the percentage of

the S-K25 cells taken as 100 %. Control values were 100 %. Results

are mean ± SD of triplicate measurements and representative of six

different experiments carried out with different cell preparations from

different groups of animals. Statistical analysis was by ANOVA and

Bonferroni test: **p \ 0.01; ***p \ 0.001 when compared the

sample with S-K5 cell (None). The lack of asterisk indicates no

statistically significant differences
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8 h, even so remaining at a value still high when compared

to S-K25 cells. In the same experiment, the mitochondrial

respiratory activity, i.e. O2 consumption rate, was mea-

sured, in the absence of inhibitor/s, at different times after

apoptosis induction in S-K5 cells, and it was proved to

progressively decrease (Table of Fig. 2), consistently with

[4]. On the contrary, no significant change in the glucose

oxidation rate was found in CGCs of parallel cultures

exposed to high [K?] over the same time periods (not

shown).

Direct determination of both HK and PFK activities

confirmed that the enzyme activities were higher in S-K5

than S-K25 cell homogenate already 30 min after apoptosis

induction. The maximum enzyme activity increase in S-K5

cell homogenate (about 55 and 42 %, respectively) was

measured 3 h after potassium shift, with progressive

reduction up to 8 h, when the residual activity was still

25–30 % higher for both HK and PFK with respect to

control cells (Table 1a) (see Scheme 1A–C). To further

confirm that our model of apoptosis represents a very

valuable tool of survey, as it faithfully mimics what hap-

pens in AD, we have also performed parallel experiments

in which the activities of glycolytic enzymes were mea-

sured in homogenates from autopsied brain regions of AD

patients, which are endowed with Ab accumulation and

increased markers of oxidative damage [53, 54]: increased

HK and PFK activities (42 and 35 %, respectively) were

found (Table 1b).

In order to verify whether the increased activity of

GLUT, HK and PFK was due to post-translational mech-

anisms or to modulation in protein expression, Western

blot analyses were performed on cell homogenates by

using specific antibodies. The protein levels of the two

predominant GLUT isoforms found in mammalian brain,

i.e. GLUT 1 and GLUT 3, were reported in Fig. 3A and B

respectively. Consistently with results of the activity assay,

Fig. 2 Glucose oxidation: GLUT, HK and mRC activity determina-

tion. A S-K25 CGC suspension was incubated (0.2 mg cell protein) at

25 �C in a water-jacketed glass vessel and the consumption of O2 was

monitored polarographically. Glucose (GLU, 5 mM), CN- (1 mM),

PHLO (50 lM), BP (100 lM) and OUA (0.5 lM) were added to

plate at the indicated times. Numbers along the curves are rates of

oxygen uptake expressed as natom O/min 9 mg cell protein. B
S-K25 CGC suspension was incubated (0.2 mg cell protein) at 25 �C

in a water-jacketed glass vessel and the consumption of O2 by glucose

(5 mM) was polarographically monitored either in the absence (open

triangle) or in the presence of BP (filled circle), OUA (filled triangle)

and PHLO (filled square) at the indicated concentrations. Reported

values are the mean of three independent neuronal preparations (with

comparable results) each one in triplicate with the standard deviation.

C The activities of GLUT, HK and mRC, calculated at different times

after apoptosis induction and expressed as % of control, are reported

(for details see the ‘‘Results’’ section)
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GLUT proteins showed a time-dependent increase in S-K5

cells which was significantly higher in the case of the

GLUT3 isoform, reaching about 60 % increase over con-

trol at 3 h and remaining rather constant thereafter. The

Western blot analysis of the HK-1 isoform (Fig. 3C) con-

firmed that the increased activity of this enzyme went along

with a sharp increase in its protein level (59 % over control

cells) as soon as 30 min after potassium shift. The same

applied also to the PFK-1 protein (Fig. 3D) with about 2.0-

fold increase over S-K25 cells, at 3 h after apoptosis

induction.

NADH, glucose-6-phosphate and L-lactate levels

in cells undergoing apoptosis

Considering that glycolysis, Krebs cycle and the respiratory

chain are functionally closely coupled, any defects of mito-

chondrial respiration (see Fig. 1A and Table of Fig. 2A), as

well as the upregulation of pathways regulating the uptake of

glucose and its utilization (Figs. 2 and 3), may lead to accu-

mulation of reduced nicotinamide adenine dinucleotide

(NADH) and then to increased level of both G6P—the product

in which glucose, after entry within the cell and phosphory-

lation, is trapped—and L-lactate, according to [21]. The

inability of oxidizing cytosolic NADH was confirmed by

following the cell pyridine nucleotide redox state during

apoptosis. Cell emission fluorescence spectra of both control

and S-K5 cells (Fig. 4A) were carried out. Fluorescence

spectra of S-K5 cells showed an increase of the fluorescence

emission close to the wavelength of 456 nm, corresponding to

the NADH peak, due to a time-dependent increase in intra-

cellular NADH concentration. On the contrary, no change in

the NADH fluorescence emission spectra was found in control

cells. Such results are consistent with the mitochondrial

activity alteration, already suggested by the results of Figs. 1

and 2.

When glucose enters the living cell, HK-catalyzed

phosphorylation, which prevents any transport of glucose

out from the cell, occurs. The resulting molecule G6P,

besides inhibiting hexokinase in an allosterical way [55],

enters into metabolic pathways, so that the uptake of glu-

cose by cells is dependent on the rate by which G6P is

metabolized. In order to substantiate the assumption that

G6P level, a major biosynthetic precursor essential for

synthesizing cell building blocks, increases when down-

stream steps are inhibited, we have measured its level in

S-K5 cell homogenate (Fig. 4B), as described [56]. A

gradual accumulation of G6P was observed in S-K5 cells

with a percentage increase ranging from 5 to 50 % up to

8 h of apoptosis with respect to control cells (102 pmol/106

S-K25 cells) (Scheme 1B).

Regarding L-LAC, we have already shown that L-LAC

increases in the course of apoptosis and also that mito-

chondria can use the cytosolic L-LAC being endowed with

specific carriers for L-LAC transport into mitochondria as

well as with a LDH isoform [21]. Besides confirming the

overall increase in L-LAC level (Fig. 4C), we carried out

the assay of activity of cLDH in the same samples in which

Table 1 (a) Determination of HK and PFK activities in CGCs undergoing apoptosis and (b) Determination of HK, PFK and PDC activities in

Alzheimer post-mortem brains

(a)

Time after apoptosis induction in CGCs Enzyme activity (mU/mg cell protein)

Hexokinase (%C) Phosphofructokinase (%C)

C 135 ± 11 100 52 ± 5 100

300 179 ± 20 132 58 ± 4 111

1 h 196 ± 22 145 63 ± 4 121

3 h 210 ± 25 155 74 ± 5 142

8 h 171 ± 15 126 67 ± 4 129

(b)

Enzyme activity (mU/mg postmortem specimens protein) Age-matched controls AD brains p (% increase)

Hexokinase 4.0 ± 0.2 5.7 ± 0.7 \0.05 42

Phosphofructokinase 0.95 ± 0.07 1.28 ± 0.14 \0.05 35

(% decrease)

Pyruvate dehydrogenase complex 1.34 ± 0.09 0.7 ± 0.02 \0.05 48

Enzyme activity values, determined as reported in ‘‘Method’’ section, were the mean ± standard deviation obtained from five separate

experiments carried out by using three different cell preparations (in a) or 5 and 7 different healthy cerebral samples from age-matched control

and AD post-mortem cases (in b)

ANOVA and Bonferroni test: Statistically significantly differences when p \ 0.05 (see ‘‘Materials and methods’’ section)
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NADH and G6P were measured. Results, reported in

Table 2, clearly showed an increase in Vmax value of the

reaction measured in the direction of production of L-LAC

from Pyruvate. Also in this case—as for GLUT, HK and

PFK—a drop in activity was found at 8 h after apoptosis

induction. No difference in Vmax of the inverse reaction,

i.e. Lactate to pyruvate, was highlighted. Both the Km

values were unaffected.

Dichloroacetate (DCA) speeds up apoptosis of CGCs

‘‘reawakening’’ mitochondria and then modulating

glycolytic enzymes

Having established that, in the early phase of apoptosis,

glucose metabolism is enhanced, i.e. key enzymes which

metabolize glucose are up-regulated, in concomitance with

a parallel decrease in oxygen consumption by mitochondria

Scheme 1 Time course of

apoptosis: aerobic, i.e. Warburg

effect, due essentially to the

protective numbness of

mitochondria, and anaerobic

glycolysis, due rather to the

mitochondrial impairment,

characterize the entire time

frame of apoptosis including

the—so called—early phase, i.e.

0–3 h, (see B) and late phase,

i.e. 3–8 h (see C). In A, the

condition of healthy neuron is

represented. For details see text
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[see 21], and taking the cue from what happens in tumor

cells when Warburg effect is triggered (for refs see [15]),

we have investigated on the activity of the mitochondrial

PDC—which in the presence of oxygen, converts pyruvate

into acetyl-CoA within the mitochondria [17]—in the

absence or presence of DCA, a chemical inhibitor of PDK

[23, 57], which regulates glucose metabolism by switching

off the E1a subunit of pyruvate dehydrogenase (PDH) [58].

In this regard, it is known that the activity of PDC is

reduced in the cerebral cortex of AD patients [23, 45–59],

being likely inhibited by Ab [60]. PDC activity, as mea-

sured in lysates from S-K5 cells, showed a drastic decrease

(up to about 40 % at 8 h) with respect to S-K25 cells

(15.2 nmol AcetylCoA produced/min x mg cell protein)

(Fig. 5A). These data were corroborated by the decrease of

PDC activity found in brain autoptic samples (Table 1b).

Furthermore, when DCA (100 lM) was added to cell

culture medium, the ‘presumed’ inhibition of PDK, as

Fig. 3 GLUT 1, GLUT 3, HK I

and PFK 1 protein expression.

Cell lysates from either control

(S-K25) or apoptotic CGCs

(S-K5) were analyzed by

Western blotting analysis with

anti-GLUT 1 antibody, as

described in ‘‘Materials and

methods’’ section. Antibodies

against b-actin were used to

normalize the protein amount

loaded onto the gel. In each

panel, protein content was

expressed, after normalization

with respect to b-actin, as a

percentage of the content in

control cells to which a value of

100 was given. Values represent

the mean (±SD) of six

independent measurements with

the standard deviation. ANOVA

and Bonferroni test. A Western

Blot analysis with anti-GLUT 1

antibody. *p \ 0.05,

**p \ 0.001; B Western Blot

analysis with anti-GLUT 3

antibody. *p \ 0.05,

**p \ 0.01; C Western Blot

analysis with anti-HK I

antibody. *p \ 0.01; D Western

Blot analysis with anti-PFK 1

antibody. *p \ 0.05,

**p \ 0.001
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described in [61], partially restores the enzymatic activity

of the mitochondrial complex in S-K5 cells where a further

increase up to a maximum of about 20 % was detected. On

the other hand, DCA treatment was without effect on

S-K25 sample.

It should be highlighted that, since the spectrophoto-

metric assay of PDC requires appropriate cofactors as well

as experimental tips based on the known properties of PDC

[62], the following checks were always performed to make

the enzymatic assay in good faith:

(i) Addition of pyruvate, CoA, and NAD was

obligatory for the detection of PDC activity;

(ii) Omission of TPP led to significantly decreased

enzyme activity (Fig. 5B);

(iii) Specificity of PDC activity was confirmed by

complete inhibition with the specific inhibitor

3-fluoropyruvate (FluoroPYR, 5 mM) [63]

(Fig. 5B);

(iv) That NADH oxidation was due exclusively to

PDC was verified by measuring the complex

Fig. 4 NADH, Glucose-6-phosphate and L-lactate levels. A NADH

production in CGCs undergoing apoptosis. Cell suspension was

incubated at 25 �C in 2 ml PBS, with protein concentration adjusted

to 0.25 mg/ml. The spectra of NADH fluorescence emission

(kex = 334 nm) of both control (a) and S-K5 cells, at different

times of apoptosis, i.e. 30 min, 1, 3 and 8 h (b–e), were recorded as

reported in ‘‘Materials and methods’’ section. The experiment was

repeated four times with different cell preparations, giving values

with 5–10 % variation. Fluorescence intensity is reported in arbitrary

units (a.u.). B Glucose-6-phosphate production in CGCs undergoing

apoptosis. The amounts of G6P was measured in cell homogenate of

S-K25 and S-K5 cells at different times of apoptosis induction. The

value was expressed as % of control (S-K25) to which value 100 was

given. C L-Lactate production in CGCs undergoing apoptosis. The

amount of L-lactate was determined as a function of potassium shift

time for both S-K25 (circle) and S-K5 cells (filled circle). Reported

values are the mean of four independent neuronal preparations (with

comparable results) each one in triplicate with the standard deviation.

ANOVA and Bonferroni test: statistically significantly different with

*p \ 0.05, **p \ 0.01, ***p \ 0.001 when comparing S-K5 with the

respective S-K25 samples at the same time
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activity in the presence of either 2-n-ecylquina-

zolin-4-yl-amine (DQA, 1 lM) [64] or OXA

(10 mM) [65], inhibitors of complex I and LDH,

enzymes able to oxidize NADH. Both inhibitors

proved to have no effect on PDC activity

(Fig. 5B).

The target of DCA inhibition, PDK, acting to maintain

PDH in a catalytically active state, induces an increase in

mitochondrial pyruvate consumption and then a reactiva-

tion of mitochondrial activity. In order to verify these

plausible consequences, we have measured L-LAC and

ROS levels by using DCA-treated S-K5 samples. As

expected, the production of L-LAC in the presence of DCA

significantly decreased (not shown) while the level of ROS

produced by mitochondria raised (Fig. 5C), thus causing a

decrease of the oxygen consumption rate due to glucose

oxidation (Fig. 5D). The level of cyt c in the extramito-

chondrial phase—a ROS-depending event [5]—is also

strongly increased (not shown).

Since the mRC is the major source of ROS in most cells

[66], we verified whether DCA was able to induce mito-

chondrial production of ROS when added to culture S-K5

cells. In order to do this, a method sensitive only to

superoxide of mitochondrial origin, which utilizes MitoS-

OX, a fluorogenic dye that selectively targets mitochon-

dria, was adopted (see ‘‘Methods’’ section). In a typical

experiment, emission fluorescence spectra, which exhibited

a peak close to 580 nm, due to the O�2� dependent MitoS-

OX oxidation, were carried out (Fig. 5C) essentially as in

[35]. Cell homogenate (0.2 mg protein/ml), which contains

respiring mitochondria in State 3 (i.e. in the presence of

10 mM succinate plus 2.5 mM ADP), was incubated with

1 lM MitoSox with stirring at 25 �C. Mitochondrial O�2�
production, measured as increase in the fluorescence

emission spectra, increased in the presence of glucose,

DCA or—much more—glucose plus DCA. This effect was

almost completely prevented by superoxide dismutase

(SOD, 5 U/ml). No significant MitoSox oxidation occurred

when homogenate was incubated in the absence of SUC-

C ? ADP, nor when DCA was added to homogenate

incubated with MitoSOX (not shown). As a control, it was

verified that fluorescence level increased in the presence of

antimycin A (AA, 0.15 lM), added after 1 min to stimulate

O�2� generation by Complex III, and this effect was

reversed by SOD addition (not shown). Figure 5D shows

the effect of DCA on oxygen consumption caused by

glucose metabolism in S-K5 cells. In a typical experiment

the oxygen uptake rate, due to glucose (10 mM) oxidation,

was approximately 55 natoms O/min per mg cell protein in

a control sample (to which a value of 100 was given); in

S-K5 cells a decrease (about 20 %) in the oxygen con-

sumption rate was already detectable at 30 min followed

by a progressive increase up to 75 % at 8 h after apoptosis

induction, consistently with Fig. 2 and according to [4].

DCA (100 lM), previously added to the plate, was able to

worsen the situation, causing a more severe decrease of

glucose oxidation rate: at 8 h the oxygen consumption was

reduced more than 90 %. No significant change was found

in CGCs of sister cultures exposed to high [K?] over the

same time periods, either in the absence or presence of

DCA (not shown).

This scenario led us to examine the effect of DCA on

cell viability. So, in the same experiment the responsive-

ness of S-K5 cells to DCA (0.1 mM), as well as to BP

(0.1 mM) and citrate (10 mM), inhibitors of HK and PFK

respectively, was checked at 24 h (Fig. 1B). In the pre-

sence of BP or citrate, survival was unaffected, whereas an

acceleration of death was observed in the presence of DCA,

which, on the contrary, was without effect on the survival

of control cells, as well BP and CITR (not shown).

Table 2 Lactate dehydrogenase activity assay in cells undergoing apoptosis

Cytosolic LDH

Time after apoptosis

induction in CGCs

KmL-LAC

(mM)

Vmax (lmol/min 9

mg protein)

KmPYR

(mM)

Vmax (lmol/min 9

mg protein)

C 0.070 ± 0.006 0.57 ± 0.01 0.16 ± 0.03 36.8 ± 2.4

300 0.046 ± 0.007 0.56 ± 0.02 0.17 ± 0.03 37.7 ± 2.6

1 h 0.053 ± 0.005 0.53 ± 0.04 0.24 ± 0.08 47.2 ± 6.7*

3 h 0.071 ± 0.002 0.59 ± 0.01 0.23 ± 0.05 78.3 ± 7.4**

8 h 0.076 ± 0.009 0.56 ± 0.02 0.21 ± 0.05 64.9 ± 5.3**

S-K25 or S-K5 cytosolic fractions (0.05 mg protein) were incubated at 25 �C in phosphate buffer 0.1 M pH 7.6 to a final volume of 1 ml. The

assay was reported in the ‘‘Methods’’ section. The rate of absorbance increase (decrease), measured as the tangent to the initial part of the

progress curve, is expressed as lmol of NADP? reduced (NADPH oxidized)/min 9 mg of mitochondrial protein. Results are means with the

standard deviation (±SD) of triplicate measurements and representative of at least 5 different experiments carried out with different cell

preparations prepared from different groups of animals

ANOVA and Bonferroni test: statistically significantly different with *p \ 0.05, **p \ 0.01, when comparing S-K5 with the respective S-K25

samples at the same time
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Glycolytic index gives indication of the metabolic

switch between mitochondrial respiration and aerobic

glycolysis in the early phase of apoptosis

The drop in oxygen consumption (Fig. 2), the increase in

glucose uptake (Figs. 2 and 3) and the L-LAC accumula-

tion (Fig. 4), observed in the early phase of apoptosis,

irreducibly indicate that the glycolytic pathway is highly

active in S-K5 cells. Using these three major biochemical

variables, we calculated the GI, i.e. the proportion of glu-

cose converted to lactate under aerobic condition, which

gives indication about the metabolic switch between

mitochondrial respiration and aerobic glycolysis. The GI

value, obtained from the formula: (L 9 G)/O, where L is

the cellular lactate produced, G is glucose uptake rate, and

O is the oxygen consumption rate, was 0.65 in S-K25 cells

over the whole time range. On the other hand, as shown in

Fig. 6A, GI became 0.9 in S-K5 cells already at 10 min

after apoptosis induction and increased up to 11 at 8 h. A

collapse of the GI, i.e. the reversal of the glycolytic phe-

notype, in the presence of DCA was predictable: a reduc-

tion of almost 50 % at 8 h, i.e. GI8h = 5.8, was observed

(not shown)

In order to confirm the correlation between the GI and,

for example, the % increase of NADH—with the latter (see

Fig. 4) reflecting the metabolic phenotype of the cell—the

correlation value was calculated. A positive and highly

significant correlation was found with R2 = 0,95,

Fig. 5 DCA reawakens mitochondria and modulates glycolytic

enzymes. A PDC enzymatic activity determination. The activity of

PDC, measured in S-K25 and S-K5 cell lysates, at different times

after apoptosis induction, either in the absence or presence of 0.1 mM

DCA, and expressed as % of control to which value 100 is given, are

reported (for details see the ‘‘Results’’ section). B Check of the

validity of the PDC activity assay. Measurement of PDH activity in

S-K25 lysates, expressed as % of control, were made in the absence

(NoAddition) or presence of 5 mM FluoroPYR, 1 lM DQA, 10 mM

OXA or with the omission (w/o) of 0.2 mM TPP, are reported (for

details see the ‘‘Results’’ section). C Mitochondrial ROS production.

Cell homogenate (0.2 mg protein/ml), preincubated with 10 mM

succinate plus 2.5 mM ADP for 2 min, was added with 1 lM

MitoSOX with stirring at 25 �C. Fluorescence emission at 580 nm

was recorded after 15 min in the absence (trace a) or presence of

0.1 mM DCA (trace b), 5 mM glucose (trace c), glucose plus DCA

(trace d) and in the presence of 5 units/ml SOD (trace e).

Fluorescence spectra (kex = 396 nm; kem range: 500–700 nm)

intensity is reported in arbitrary units (a.u.). The experiment was

repeated four times giving values with 5–10 % variation. D Glucose

oxidation. CGC suspension was incubated (0.2 mg cell protein) at

25 �C in a water-jacketed glass vessel and the consumption of O2 by

10 mM glucose was monitored polarographically in either S-K25 or

S-K5 at the indicated times, in the absence or presence of 0.1 mM

DCA. Reported values, expressed as % of control, are the mean of

four independent neuronal preparations (with comparable results)

each one in triplicate with the standard deviation
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indicating that the % increase of NADH level is strictly

related to the increase in enzyme activities and mitochon-

drial impairment observed in S-K5 (Fig. 6B).

Discussion

The conventional view of central nervous system metabo-

lism is based on the assumption that glucose is the main

fuel source for active neurons and is processed in an

oxidative manner. However, since the early 1990s [21, 67],

L-lactate, which was thought of as a waste metabolite, has

emerged as a central player in the maintenance of neuronal

function and long-term memory. Interestingly, nerve cells

selected for resistance against Ab toxicity exhibit a shift in

glucose metabolism to favour lactate production [14]:

changes are linked to increased glucose uptake and flux

through the glycolytic pathway [16]. This switch to pro-

mote aerobic glycolysis is an essential phenotype of cancer

cells and is driven in part by the hypoxia-inducible factor

1a subunit (HIF-1a) [16]. Until now, evidences suggesting

that a Warburg effect may also exist in AD were only based

upon the observation that: (i) elevated levels of HIF-1a
have been detected in two Ab-resistant-nerve like cell

lines, i.e. PC12 and B12 [14], as well as in the brains of AD

transgenic mice as compared to controls [14]; and (ii) HIF-

1a stimulates expression of GLUTs and glycolytic

enzymes in Ab-resistant cells [16], thereby increasing the

conversion of glucose to pyruvate, and induces the tran-

scription of LDHA, resulting in an increase in the lactate

production when compared to control cells [14]. As a

result, mitochondrial-derived ROS, which are closely

associated with Ab toxicity [13], are markedly diminished

in resistant-with respect to sensitive-cells [14]. Consis-

tently, the reduction of various mitochondrial enzymes

involved in cellular respiration has been observed in AD

brain [45–47] and measurements of ATP showed that its

synthesis by OXPHOS is decreased in 7WD4 and 7PA2

cells by *25 %, with this loss being partly compensated

by glycolysis [68].

Understanding how nerve cells become resistant to Ab
toxicity is the focal point for understanding how some nerve

cells, within the AD brain, are able to survive while large

number of cells die. In parallel, the question arises as to why

decreased mitochondrial respiration in Ab-resistant cells

would be advantageous [14]. In order to give an adequate

explanation to this question, we have chosen to use CGCs as

experimental model because, during the onset of apoptosis,

several molecular events reminiscent of AD, such as acti-

vation of the amyloidogenic process, cleavage of tau and

production of toxic fragments, are induced (see [69] and

refs therein). The starting point that prompted us to perform

this study has been the observation that mitochondrial

inhibitors, i.e. OXPHOS inhibitors, administered at the time

of apoptosis induction—while killed control cells [43]—

had no effect on S-K5 cell survival (Fig. 1A), just as though

mitochondria of these cells were anesthetized.

The strength of this paper relies on some strategic

experimental conditions used to measure the activities, as

well as the protein levels, of the glycolytic enzymes, both

cytosolic and mitochondrial, at different times during the

apoptosis progression, i.e. in the early and late phases which

correspond to the mild and severe AD stages (see

Fig. 6 A Glycolytic index determination and its B correlation with

NADH level. The glycolytic index, i.e. the proportion of glucose

converted to lactate under aerobic condition, determined by the

formula: GI ¼ L � Gð Þ=O, where L is the cellular lactate produced,

G is glucose uptake rate, and O is the oxygen consumption rate, has

been calculated for either S-K25 or S-K5 cells at the indicated times.

Reported values are the mean of three independent neuronal

preparations (with comparable results) each one in triplicate with

the standard deviation. ANOVA and Bonferroni test: statistically

significantly different with *p \ 0.05, **p \ 0.01, ***p \ 0.001

when comparing S-K5 with the respective S-K25 samples at the same

time
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Scheme 1A–C) respectively. The results, herein reported,

shed light and clarify, once for all, whether a bioenergetic

mechanism may be the keystone responsible for the meta-

bolic dysregulation which associates cancer and AD. That

the cells, subjected to an apoptotic stimulus, activate a

Warburg effect-like mechanism, i.e. suppression of OX-

PHOS combined with activation of aerobic glycolysis as the

main pathway for ATP synthesis [70, 71], is suggested by

the results of Figs. 2, 3, 4 and 6, in which an up-regulation

of GLUT, HK, PFK and cLDH together with an increase of

GI value are observed, and of Fig. 5, where a reduced PDC

activity, partially restored by DCA, is reported.

These points will be discussed separately.

Glucose transporter

Regardless of the ultimate fate of glucose within brain, the

initial step in glucose metabolism is the passage across the

cell membrane. Glucose, in fact, is transported into cells by

facilitative transporters and then trapped intracellularly by

phosphorylation [72]. Thus, the first objective of this paper

has been to study the glucose transport: as described in

Fig. 2, an increase in activity of GLUT was detected in the

early phase of apoptosis, which is accompanied by an

upregulation of GLUT1 and, even more, GLUT 3 protein

levels (Fig. 3), the two isoforms mainly expressed in the

brain (reviewed in [73]). In the late phase of apoptosis a

plateau is reached with no further increase in both activity

and protein levels. In this regard, the doubt that the reduced

glucose uptake was due to neuronal loss was eluded by

in vitro studies suggesting that Ab inhibition of neuronal

glucose uptake precedes neuronal degeneration [74, 75], as

well by the evidence that low cerebral glucose uptake in

individuals genetically at risk for developing AD was

observed [76–78].

Hexokinase and phosphofructokinase

An increase, followed by a drastic collapse of the activities

as well as, although to a less extent, of the protein levels

depending on the progression of apoptosis, was found in

the case of HK and PFK (Fig. 2; Table 1), the more

important glycolytic enzymes which play a critical role in

ATP production. As in the early phase of apoptosis,

increased activities of enzymes involved in glycolysis have

also been observed in malignant cells and tissues [79–81]

and, furthermore, they are higher in metastases than in

primary tumors, suggesting an association between gly-

colysis and tumor progression [82]. More puzzling are the

data on HK: its decreased activity has been reported in

brain, fibroblasts, leukocytes and microvessels of patients

with AD (for refs see [44]); Mortilla and Sorbi [83] found

no differences in its activity between AD and control

patients while Iwangoff et al. [84] observed an increased

activity of the enzyme, consistent with our results (see

Table 1). All to say that results are not just remarkably

bizarre and controversial but, as stressed by Bigl et al. [85],

have to be considered with caution because the experi-

mental conditions for the preparation of cell-free extracts

and activity determination may not be optimal and may

lead to instability of enzymes after tissue disintegration.

The same applies to PFK: although in several studies the

activity of PFK has been found to be strongly diminished in

postmortem AD brains (for refs see [44]), contrarily to our

results (see Table 1), but consistently with Bigl et al. [85]

who reported up to a 90 % reduction of PFK activity in

frontal and temporal cortex of AD patients, and Pla et al.

[86] who found a decrease in the rat brain PFK activity

during a period of 24 h after death preceded by an early

increase after 1 h, in certain areas of the brain of AD

patients the increased activity of PFK was found to be

associated with an increased steady state mRNA level of

PFK. The increased expression of the gene of a key gly-

colytic enzyme does not simply fit with the decreased

cerebral metabolism in AD (reviewed in [87]), but, as

recently stated by several authors, could suggest that the

pathophysiology in AD may be more complex than pre-

viously thought.

Anyway it should be noted that unlike from the results

of the enzymatic activity assays, which tend to decrease

after 8 h when compared to the values reached at 3 h (see

Scheme 1C), the levels of HK and PFK proteins do not

decrease significantly with the progression of apoptosis

(Fig. 3), leaving assume that a regulatory mechanism,

beyond the level of the two proteins, could be responsible

for the final modulation of the enzyme activities.

Mitochondrial function and glycolytic index

That the CGCs in the early phase of apoptosis, like several

cancer cells [88], mainly use glycolysis—as evinced by the

upregulation of glycolytic enzymes (see above) (Scheme 1

compare a with b)—is suggested also by the ‘apparent’

numbness of mitochondria, mentioned above. The impair-

ment of mitochondrial metabolism in AD has already been

well documented (for refs see [15]), but this is the first time

that the mitochondrial quiescence is experimentally

declared. Regarding this, it has been shown that the mito-

chondrial inhibitors failed to kill cells depleted of mito-

chondrial DNA and, hence, lacking an intact respiratory

chain (for refs see [71]), suggesting that mitochondria are

sent into quiescence in the early phase of apoptosis in the

fruitless attempt of cells to oppose the forthcoming death.

However, although activation of aerobic glycolysis

renders mitochondria unresponsiveness to inhibitors, cells

which adopt this metabolism still require a functional

Apoptosis

123

Author's personal copy



mitochondrial ETC both for Ab to elicit a toxic effect [13,

14] and for efficient mitochondrial oxidation of L-LAC [21]

whose level rises (Fig. 4), along with that of G6P and of

the NADH/NAD? ratio (Fig. 4), as is fitting. The increase

in G6P deserves a deep discussion which, however, need to

be postponed (manuscript in preparation). It is widely

known, in fact, that the association between HK and the

Voltage-dependent anion channel (VDAC), as well the

high cellular concentrations of the reaction product G6P,

causes a conformational change of the HK enzyme,

resulting in its detachment from VDAC and modulation of

its activity. This scenario, greatly affecting the progression

of apoptosis, has prompted us to investigate the molecular

mechanism responsible for the entire process in a dedicated

study.

That aerobic glycolysis is the cause of L-LAC accumu-

lation in cancer cells, due to the elevated levels of cLDH,

converting pyruvate to lactate (for refs see [89]), has been

also proved in our model (Table 2). In contrast no effect on

mitochondrial LDH was found in S-K5 cells [21].

The calculation of GI value for the S-K5 cells has shown

that it already increases 10 min after apoptosis induction,

with a decisive jump at 3 h, a time at which the peak of

increased activity of the tested glycolytic enzymes is

found. The GI further increases 8 h after apoptosis starts,

i.e. in the late phase, when the protective glycolytic phe-

notype is already lost. Similar biochemical alterations,

indicative of highly increased glycolysis, were also

observed in the q- cell clones derived from Raji cells [90].

It is worthy to be noted that, considering our previous

results on the ATP level and its synthesis [7, 8], when the

OXPHOS was completely blocked by OLIGO, a decrease

in the ATP content was found, but nonetheless cells still

died by apoptosis. In this case, ATP was provided by

anaerobic glycolysis, as suggested by the large increase of

L-LAC production [7]. Therefore we would dare to pro-

pose, in the light of old and new results, that both aerobic,

i.e. Warburg effect, due essentially to the protective

numbness of mitochondria, and anaerobic glycolysis, due

rather to the mitochondrial impairment, characterize the

entire time frame of apoptosis including the—so called—

early phase, i.e. 0–3 h, (see Scheme 1B) and late phase, i.e.

3–8 h (see Scheme 1C).

Consistent with this hypothesis, the inhibition of PDK,

i.e. activation of PDH (Table of Fig. 5), using the chemical

inhibitor DCA, was shown to reverse the glycolytic phe-

notype—which characterizes the early phase in our model

of apoptosis—lowering lactate level and raising, as

expected, mitochondrial ROS (Fig. 5C) production, which

is associated with the enhanced consumption of oxygen in

the OXPHOS reaction—ironically, the awakening of

mitochondria is responsible for an acceleration of their

impairment, i.e. like a dog chasing its tail—which is

ultimately responsible for the speeding up of the death

(Fig. 1b), without any effect on control cells. The DCA-

dependent Warburg effect reversal, as already documented

in a number of cancer cell lines [91], has been also sub-

stantiate by the GI value which is lowered by approxi-

mately 50 % in the presence of DCA. DCA data suggest

that the glycolytic phenotype of cell undergoing apopto-

sis—in the early phase of the cascade events—plays a

protective role towards mitochondria, just falling asleep

them.

This picture, which sees the concerted involvement of

activated glycolytic enzymes, depression of the mito-

chondrial function and consequently accumulation of L-

LAC, NADH and G6P, reflects the metabolic condition of

Ab-resistant cells. Recent neuroimaging studies have

shown that the spatial distribution of aerobic glycolysis in

the brains of AD patients strongly correlates with Ab
deposition. Interestingly, clonal nerve cell lines selected for

resistance to Ab exhibit increased glycolysis as a result of

activation of the transcription factor HIF1, in a manner

reminiscent of cancer cells [92]. In particular, Ab-resistant

nerve cell lines showed elevated PDK1 expression in

addition to an increase in LDH activity and lactate pro-

duction when compared to control cells. In addition,

mitochondrial derived ROS were markedly diminished in

Ab-resistant but not in sensitive cells, thus suggesting that

a change in ROS metabolism is a key component of Ab
toxicity as well as an element responsible for the phenotype

of the Ab-resistant cells [13, 93].

In this regard, we need to point out that the measurement

of biochemical activities in AD brain is a measurement

only restricted to viable Ab-resistant cells (see [93]), and

not to dying cells as is frequently assumed. Based upon the

observations collected with Ab-resistant cell lines, it would

be predicted that AD brain would have elevated glycolytic

activities, consistently with [16], as also confirmed in our

assays on post-mortem samples (Table 1). On the other

hand, there have been claims that some glycolytic enzyme

activities are decreased in AD brain (see, for example,

[94]), but these contradictory data could be due to a

delayed time to autopsy or different cryopreservation

techniques.

Now, although the Warburg-phenotype may contribute

to the implementation of apoptotic resistance mechanisms

in surviving neurons of the AD brain, only some cells

resist, so as to oppose the neurodestructive wave, i.e. the

irreversible late phase. Consistently, Minervini et al. [95]

found that glutamate caused cytotoxicity in embryonic CGs

although there was an increase in glucose uptake, sug-

gesting that the increase was insufficient to ensure the

survival.

The scenario which comes out from the research in

object suggests that the development of AD and of many
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cancers may proceed via one or more common molecular

mechanisms: a metabolic shift from OXPHOS to glycolysis

occurs in both diseases. This means that a shift from OX-

PHOS to glycolysis in AD neurons would only be a tran-

sient attempt to rescue neurons; contrariwise, cancer cells

shut down OXPHOS and mitochondria-mediated apoptotic

signalling, making themselves resistant to apoptotic cell

death and independent from mitochondrial ATP produc-

tion. The activities of glycolytic enzymes are increased in

cancer cells, and the ATP produced is sufficient for cell

survival. In both types of diseases, the mitochondrial

function is impaired: the difference is that cancer cells

evolve to survive without OXPHOS while neurons can

neither function properly nor survive without OXPHOS,

with the exception of those cells that, by virtue of ‘majeure

force’, safeguard the Warburg phenotype, contributing to

resistance against Ab toxicity and becoming Ab-resistant

cells. Understanding how nerve cells become resistant to

Ab toxicity will be central to understanding how some

nerve cells, within the AD brain, are able to survive while

the majority die. However, although the physiological

relevance of these findings in an in vivo AD model remains

unknown, the characterization of the mechanisms by which

glycolysis is upregulated in Ab resistant cells could reveal

possible targets for drug therapy in the treatment of AD.
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