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The common observation that cancer cells present higher glycolytic rates when compared
to control cells leads to the proposal of glycolysis as a potential target for the development of
anti-tumoral agents. Anti-inflammatory drugs, such as acetylsalicylic acid (ASA) and sal-
icylic acid (SA), present anti-tumoral properties, inducing apoptosis and altering tumor
glucose utilization. The present work aims at evaluating whether ASA could directly
decrease cell glycolysis through inhibition of the major regulatory enzyme within this
pathway, 6-phosphofructo-1-kinase (PFK). We show that ASA and SA inhibit purified PFK in
a dose-dependent manner, and that this inhibition occurs due to the modulation of the
enzyme quaternary structure. ASA and SA promote the dissociation of the enzyme active
tetramers into quite inactive dimers, a common regulatory mechanism of this enzyme. The
inhibitory effects of ASA and SA on PFK are fully reversible and can be prevented or reverted
by the binding of the enzyme to the actin filaments. Both drugs are also able to decrease
glucose consumption by human breast cancer cell line MCF-7, as well as its viability, which
decrease parallelly to the inhibition of PFK on these cells. In the end, we demonstrate the
ability of ASA and SA to directly modulate an important regulatory intracellular enzyme,
and propose that this is one of their mechanisms promoting anti-tumoral effects.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

clotrimazole, have been demonstrated to decrease cancer cells
viability through inhibition of glycolytic enzymes [3,10,11,4].

Cancer cells are highly dependent on glycolysis even under
normoxia, in a phenomenon called “Warburg effect” [1].
Glycolytic inhibitors, depriving cancer cells for their energy
supply, are under discussion for a new class of anticancer
drugs [2-6]. It has been shown that classical anticancer drugs,
such as vinblastine [7], vincristine [8] and paclitaxel [9], also
modulate glycolytic enzymes activity and cellular distribution,
contributing to their effects on tumor cells viability. Other
drugs with potential anticancer activity, such as the antifungal
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Acetylsalicylic acid (ASA), the acetylated derivative of
salicylic acid (SA), is one of the leading non-steroidal anti-
inflammatory drugs, which can behave as an apoptosis-
inducing agent in animal cancer cells [12,13]. The anticancer
action of ASA has been attributed to it effects on cycloox-
ygenases (COx) [13]. However, COx negative colon cancer cell
line SW480 undergoes apoptosis upon ASA action, revealing
that other mechanisms different from COx inhibition may also
be triggered by ASA, resulting in cell apoptosis [14].

Abbreviations: ASA, acetylsalicylic acid; SA, salicylic acid; PFK, 6-phosphofructo-1-kinase, phosphofructokinase.
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Recently, it has been demonstrated that apoptosis is closely
related to glycolysis, since the pro-apoptotic protein BAD
associates to hexokinase [15] and to 6-phosphofructo-1-kinase
(PFK, phosphofructokinase) [16], playing a crucial role on these
enzymes modulation by external signals. Conversely, anti-
apoptotic signals that modulate BAD increase the glycolytic
rate through BAD-mediated activation of PFK [16]. Moreover,
inhibition of PFK activity in human breast cancer cell line MCF-
7 decreases the cells viability inducing apoptosis [3]. The
present study aims at evaluating the effects of ASA and SA on
surviving, glucose consumption and PFK activity of tumor
cells, as well as on the purified enzyme.

2. Materials and methods
2.1. Materials

ATP, ADP and F6P were purchased from Sigma-Aldrich Brasil
Ltda (S&o Paulo, SP, Brazil). The human breast cancer cell line
MCF-7 was obtained from Cell Bank of Hospital Universitario
Clementino Fraga Filho, UFRJ], Brazil, and maintained in
Dubelcco’s modified Eagle’s medium (DMEM, Gibco, Invitrogen,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco, Invitrogen, USA). Other chemicals were of the highest
purity available. [**P]H,PO, were purchased from Instituto de
Pesquisa em Energia Nuclear (IPEN, Brazil) and were used to
prepare [y->?P]ATP as described elsewhere [17]. PFK was purified
from rabbit skeletal muscle according to Ref. [18], with the
modification introduced by Ref. [19]. Muscle homogenates were
prepared according to Ref. [20] and erythrocytes membrane
according to Ref. [21]. All protein concentration determinations
were performed according to Ref. [22].

2.2, Cell viability assay, glucose consumption and lactate
production

MCEF-7 cells were grown in DMEN medium supplemented with
10% FBS until confluence was achieved. The medium was
removed and fresh medium containing the desired concentra-
tions of ASA or SA was added and cells were returned to the
incubator for 24 h. After this incubation, the medium was
removed and used to evaluate the glucose consumption and
lactate production, while the remaining cells were used for cell
viability evaluation through MTT assay. Glucose consumption
was performed as described previously [23,3], assessing the
glucose content that remained in the culture media using a
coupled enzyme system containing glucose oxidase/catalase
(Glucox 500, Doles Ltda, GO, Brazil). Lactate production was
evaluated as described previously [3] assessing the lactate
content in the culture media incubating the media in the
presence of lactate dehydrogenase and NAD", and measuring
the formation of NADH spectrophotometrically at 340 nm. As
for MTT assay, cells were washed twice with PBS and 20 pl of
5mg/ml MTT reagent (3,4,5-dimethiazol-2,5-diphenyltetrazo-
lium bromide, Sigma-Aldrich Co., MA, USA) was added. After
3 hattheincubator, thereagent was removed and the formazan
crystals formed were dissolved in 200 pl DMSO. Afterwards, the
formazan content was evaluated in a microplate reader set at
560 nm and subtracting the background at 670 nm.

2.3. Radioassay for PFK activity

PFK activity was assessed through the radiometric method
developed by Sola-Penna et al. [24] with the modifications
introduced by Zancan and Sola-Penna [25,26]. Briefly, PFK
was assayed in a medium containing 50 mM Tris-HCI (pH 7.4),
5 mM MgCl,, 5 mM (NH,),SO4, 1 mM F6P, 1 mM [y->?P]ATP and,
otherwise specified, 5 pg/ml purified PFK. Reaction was initiated
by the addition of the enzyme and aliquots were withdrawn at
increasing reaction times and transferred to tubes containing
activated charcoal in 0.1 M HCl to interrupt the reaction and
adsorb the unreacted [y-’P]JATP. After centrifugation,
[y->?P]ATP-adsorbed activated charcoal was pelleted, and
aliquots of the supernatant containing [1->?P]fructose-1,6-
bisphostate (F1,6BP) were withdrawn and the radioactivity
evaluated in aliquid scintillation counter. Blanks in the absence
of F6P were run in parallel and subtracted from the data to
correct the ATP hydrolysis. The amount of F1,6BP (nmol)
measured in each condition was plotted against reaction time,
and the linear coefficient of the curve was used to express PFK
activity (mU).

2.4.  Spectrophotometric assay for PFK activity

PFK activity was assayed as described previously [20] in a
medium containing: 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,,
5 mM (NH,),SO4, 1 mM fructose 6-P, 1 mM ATP, 0.5 mM NADH,
2 mU/ml aldolase, 2 mU/ml triosephosphate isomerase, 2 mU/
ml a-glycerophosphate dehydrogenase and 50 pg/ml of protein
in a final volume of 200 pul. Other reagents used are indicated for
each experiment. Reaction was started by the addition of
protein and NADH oxidation was followed by measuring the
decreasein absorbance at 340 nm in a microplate reader. Blanks
in the absence of the coupled enzymes were performed to
control non-specific NADH oxidation.

2.5. Intrinsic fluorescence measurements

PFK intrinsic fluorescence measurements were performed as
described previously [27], in the same conditions described for
the radioassay. Excitation wavelength was fixed at 280 nm and
fluorescence emission was scanned from 300 to 400 nm. The
center of mass of the intrinsic fluorescence spectra (c.m.) was
calculated using:

AL

=5,

where 1 is the wavelength and I, is the fluorescence intensity at
a given A. Center of mass is used to evaluate PFK oligomeric
state, since the dissociated enzyme presents its tryptophans
more exposed to the aqueous milieu and thus the fluorescence
emitted by these tryptophans is of lower energy. Consequently,
the center of mass of a population of tetramers is smaller than
the parameter measured for a population of dimers, which has
been confirmed in many recent publications [4,23,27-30].

cm.

2.6.  Statistical analyses

Statistical analyses and non-linear regression were performed
using the software SigmaPlot 10.0 integrated with SigmaStat
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3.1 packages (Systat, CA, USA). Otherwise indicated, Student’s
t-test was used. P values <0.05 were used to consider
statistically different mean values.

3. Results

Due to the reported apoptotic effects of ASA on some cancer
cells [12,14], we decided to evaluate the effects of ASA, as well
as its precursor SA, on the viability of human breast cancer
cell line MCF-7. Both drugs decrease MCF-7 cells viability in a
dose-dependent manner, in spite of presenting distinct
effectiveness (Fig. 1A). It can be observed that SA is more
potent than ASA decreasing cells viability, since 1 mM SA
diminishes MCF-7 cells viability and similar effects are
observed only with 4 mM ASA (Fig. 1A). Moreover, this
difference in effectiveness remains up to 10 mM, when both
compounds present similar effects on MCF-7 cells viability
(Fig. 1A). These results are comparable to the effects of ASA
and SA on MCF-7 glucose consumption, where, although, in a
lesser extent, SA is also more effective than ASA inhibiting
MCF-7 glucose consumption (Fig. 1B). Here, differences
between the two drugs are observed only up to 2 mM, since
at higher concentrations both compounds present similar
inhibitory effects on glucose consumption by the cells

120

(Fig. 1B). Similar results are observed assessing lactate
production (Fig. 1C), suggesting that the glycolytic flux is
inhibited by the drugs. Furthermore, the major glycolytic
regulatory enzyme, PFK, is also inhibited by ASA and SA when
MCF-7 cells are incubated in the presence of the compounds
and PFK activity is measured 24 h after incubation (Fig. 1D).
Altogether, these results confirm that ASA and SA affect
cancer cell viability and support evidences that they inhibit
cell PFK as well as the whole glucose utilization.

Recently we have observed similar effects of those
presented in Fig. 1 promoted by another compound, the
antifungal clotrimazole, which also decreased MCF-7 cell
viability, glucose utilization and PFK activity [3]. After that, we
demonstrated that the effects of clotrimazole occurred
through a direct action of the compound over PFK, altering
its quaternary structure, intracellular distribution and cata-
lytic activity [4]. This encouraged us to investigate the effects
of ASA and SA directly on the purified PFK activity and
quaternary structure. Initially, we evaluated the effects of ASA
directly on PFK activity, assessed through the direct radio-
metric method [24], which does not use auxiliary enzymes and
allows the observation of the effects on PFK without inter-
ference of other proteins (Fig. 2). Similarly to the whole cell
system, ASA inhibited purified PFK in a dose-response
manner, presenting an I s of 2.3 + 0.2 mM (Fig. 2A). Although

r 1.2

(A) T m— ASA (©) —— ASA
= ] /3 SA I —] L
5 100 « T * . d g SA 10 s
‘g T I T * * g
=3 804 i x DB g Los B
=% ¥ a
B¢ * by
2% 604 i LR F06 T
Z > - # * ©
o3 * * ©
C8 40 * 4 -
: :
* * @
< 20+ o2 &
U L | | | LI
0 05 1 2 4 6 8 10 o 05 1 2 4 6 g8 10
[ASA or SA] (mM) [ASA or SA] (mM)
12 120
- ) m— ASA (©) — ASA
2 10 ad == SA HE == SA 100
= # & *
E ¥ * *
= # * # s
2 08 X fox, T 5 Fe0 =
5] * % ZE
o X oxx x * % 36
2 06 60 &8
g E2
= 1 <
> 04 40
2
3 021 20
4
0.0 - = 0
0o 05 1 2 4 6 8 10 0 3 8 10
[ASA or SA] (mM) [ASA or SA] (mM)

Fig. 1 - Effects of ASA and SA on MCF-7 cells viability, glucose consumption, lactate production and PFK activity. MCF-7 cells
were grown to confluence in DMEM as indicated under Section 2. After that, the grown medium was removed and fresh
medium containing the desired concentrations of ASA or SA was added and cells were incubated for 24 h under these
conditions. Treated cells were used to evaluate viability (panel A), glucose consumption (panel B), lactate production (panel
C) and PFK activity (panel D) as indicated under Section 2. For PFK activity, the spectrophotometric method was used.
Plotted values are mean =+ standard errors of at least five independent experiments (n > 5). *P < 0.05 comparing to control, in
the absence of drugs. *P < 0.05 comparing to the same concentrations of ASA. Student’s t-test was used to evaluate

statistically significant differences between the values.
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Fig. 2 - Effects of ASA on catalytic activity of purified PFK.
Enzyme activity was evaluated as described under Section
2 through the radiometric assay, in the presence of the
desired concentrations of ASA. Panel A: dose-response
curve for the effects of ASA on PFK activity. Panel B: time
course of PFK activity in the absence and in the presence of
3 mM and 10 mM ASA. Panel C: PFK titration curve of
enzyme-specific activity in the absence and in the
presence of 10 mM ASA. Plotted values are

mean + standard errors of at least five independent
experiments (n > 5).

these experiments were performed without pre-incubation of
PFK with the drug, inhibition occurs since the first moment of
reaction, decreasing the rate of the products formation during
all the recorded time (Fig. 2B). Moreover, ASA is able to inhibit
PFK in a broad range of the enzyme concentrations (Fig. 2C).
Particularly, enzyme concentration curves have been used as

indicative of the oligomerization state of PFK in many recent
publications [27,29,30]. This is possible due to the distinct
catalytic rates of the major oligomeric conformations of PFK:
the quite inactive dimers and the fully active tetramers [29,30].
Since the equilibrium between the oligomers is shifted to the
more complex structures at higher concentrations of enzyme,
itis observed that the specific activity of the enzyme increases
when the tetramers are stabilized at high PFK concentrations.
This have allowed us to predict the more stable structure
calculating the transition between a conformation with lower
specific activity (dimers) and high specific activity (tetramers)
in a PFK concentration curve of the enzyme-specific activity
[29,30], as presented in Fig. 2C. It can be seen that, in the
presence of 10 mM ASA, the specific activity is not altered up to
3 pg/ml PFK, differing from the control experiments, where
specific activity augments gradually as PFK concentration
increases (Fig. 2C). This is a strong indication that ASA is
stabilizing the dimeric conformation of PFK, and so inhibiting
the enzyme.

Aiming at evaluating the effects of ASA and SA on PFK
oligomeric structure, we assessed the effects of the com-
pounds on the center of mass of the intrinsic fluorescence
spectra of PFK. We have validated that tetramers present this
parameter more shifted to the blue region (higher energy,
lower wavelength) of the spectrum, when compared to
dimers, due to the lower exposition of the tryptophans
presented in the interface of interaction between two dimers
to form a tetramer [4,23,27,29,30]. Moreover, when dimers are
formed, it can be observed a small (2-3 nm in average) shift of
the center of mass to the red region (lower energy, higher
wavelength). Here we show that ASA and SA promote a red-
shift of the center of mass of intrinsic fluorescence spectra of
PFK (Fig. 3A), which occurs parallelly to the inhibition of the
enzyme activity (Fig. 3B), strongly suggesting that ASA and SA
stabilize the dimeric conformation of PFK and thus inhibit the
enzyme. These results corroborate the findings of Fig. 2C,
reported above. Furthermore, in these experiments SA was
also more efficient than ASA, corroborating the results
presented in Fig. 1, and indicating that the inhibitory effects
of the ASA are not dependent on the acetylation of PFK, since
SA, thatis not able to acetylate proteins, promotes similar and
even more potent effects. This encouraged us to test the
reversibility of the effects of ASA and SA on purified PFK. Fig. 4
shows the PFK activity of the enzyme pre-incubated for 1 h in
the presence of 1 mM or 10 mM ASA and SA, and then assayed
for catalytic activity immediately or after 24h dialysis to
remove the compounds. It is clear that after removal of ASA or
SA, PFK recover the same activity as control, revealing that the
inhibitory effects of ASA and SA are fully reversible.

The ability of PFK to interact with actin filaments (f-actin)
within cell cytoskeleton has been recognized as an important
issue of the enzyme regulatory mechanism, participating on
the regulation of glycolysis by metabolites [23,25,27,29-32],
drugs [3,4], hormones [33,20,34,26] and in diseases [2-4,32,35].
The interaction of PFK and f-actin promotes an increase in the
enzyme-specific activity and thus in the whole glycolytic rate,
due to the stabilization of the tetrameric (fully active)
conformation of PFK [33,20,23]. Hence, the presence of f-actin
is able to shift the equilibrium between PFK dimers and
tetramers towards the formation of the later [23]. Therefore,
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Fig. 3 - Effects of ASA and SA on PFK function-structure
relationship. Purified PFK was incubated for 1 h in the
presence of the concentrations of ASA or SA indicated in
each panel. The treated enzyme was used to evaluate its
quaternary structure, assessing the center of mass of the
intrinsic fluorescence spectra (panel A), and the catalytic
activity, through the spectrophotometric assay (panel B),
as indicated under Section 2. Plotted values are

mean =+ standard errors of at least four independent
experiments (n > 4). *P < 0.05 comparing to control, in the
absence of drugs. *P < 0.05 comparing to the same
concentrations of ASA. Student’s t-test was used to
evaluate statistically significant differences between
values.

we decided to test whether the presence of f-actin would
prevent the inhibitory effects of ASA and SA on PFK or not.
This hypothesis proved right, as shown in Fig. 5, where it can
be clearly seen that the presence of 0.1 mg/ml f-actin totally
prevents PFK from inhibition promoted by ASA (Fig. 5A) and SA
(Fig. 5B). This result definitely establishes that ASA and SA
inhibit PFK through inducing the dissociation of the active
tetrameric conformation of the enzyme into less active
dimers, as well as confirm the reversibility of the effects of
the drugs. However, a question rose from this last result:
would the f-actin presentin cells prevent the inhibitory effects
of the drugs? At first sight, we could answer that the drugs
inhibit PFK in f-actin containing cells, since we have already
observed this inhibition in MCF-7 cells, where we have
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Fig. 4 - Reversibility of the effects of ASA and SA on purified
PFK activity. Purified PFK was incubated for 1 h in the
presence of the concentrations of ASA or SA indicated in
each panel. After incubation, an aliquot of the samples
were subjected to dialysis for 24 h to remove the dugs. PFK
catalytic activity was assayed immediately after the
treatment with the drugs (before dialysis) and after
removal of the drugs (after dialysis). Plotted values are
mean = standard errors of at least five independent
experiments (n > 5). *P < 0.05 comparing to control, in the
absence of drugs. *P < 0.05 comparing to the same
condition, before the dialysis. Student’s t-test was used to
evaluate statistically significant differences between the
values.

previously proved that PFK interacts with f-actin being
activated [3]. Aiming to discard any doubts about the
inhibitory properties of ASA and SA in a cell presenting high
f-actin content, we tested the effects of the drugs on PFK
activity of mouse skeletal muscle homogenates. These
experiments reveal that both ASA and SA inhibit PFK activity
in a dose-dependent manner, even in cellular systems
containing high amounts of f-actin, such as skeletal muscle
(Fig. 5C). Furthermore, we observed very similar effects of
these compounds in intact human erythrocytes, which
present low f-actin content (data not shown).

4, Discussion

The relationship between cancer and glucose metabolism has
recovered its importance due to some relevant recent
publications [36-41,6]. It is clear from the literature the
necessity of tumors to use glucose as the major source of
energy, as well as the close correlation between glucose usage
and tumor aggressiveness [36,37,2]. Despite the necessity of
finding some therapeutic selectivity without affecting normal
cell, when searching for new drugs and strategies for cancer
control, glycolysis has been proposed as a promising target for
the development of new anti-tumoral drugs [38-41].

Within glycolytic pathway, there is a consensus that the key
regulatory role is played by PFK, probably the most complex
regulatory enzyme in this pathway [18,42-44]. PFK is regulated
by a series of physiological and non-physiological ligands
including metabolites [44,23,29,30], proteins [33,20,27,34,16] and
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in the presence of 0.1 mg/ml f-actin. PFK activity was
evaluated through the radiometric method, as indicated
under Section 2. Plotted values are mean + standard errors
of at least three independent experiments (n > 3). *P < 0.05
comparing to each control, in the absence of drugs. *P < 0.05
comparing to the same concentrations of drugs in the
absence of f-actin. Panel C: muscle homogenates were
treated for 1 h in the presence of the drugs and PFK activity
was evaluated through the spectrophotometric assay, as
indicated under Section 2. Plotted values are
mean * standard errors of at least four independent
experiments (n > 4). *P < 0.05 comparing to control, in the
absence of drugs. *P < 0.05 comparing to the same
concentrations of ASA. Student’s t-test was used to evaluate
statistically significant differences between the values.

drugs [3,4,9,11,45-47]. Apparently, most of these signals
modulate PFK affecting the equilibrium between the two major
oligomeric conformations of the enzyme: the quite inactive
dimers and the fully active tetramers [4,20,23,27-30]. PFK
activity is increased in tumor tissues [2] and cells [3], and some
drugs able to decrease tumor cells growth also decrease PFK
activity, two phenomena that are probably correlated [3,9-
11,47]. More recently, it has been demonstrated that PFK is also
directly correlated to the control of apoptosis, binding to the
pro-apoptotic protein BAD, and causing its activity to decrease
when apoptosis initiates [16]. The role of PFK on apoptosis is still
unknown, but it is proposed that the decrease in its activity
would diminish the glycolytic pathway and ATP supply to the
cell, phenomena that occur simultaneously to apoptosis [16].
The recent finding that ASA induce apoptosis in tumor cell
lines [14,12] reinforces the use to non-steroidal anti-inflamma-
tory drugs (NSAID), such as ASA, as a treatment for cancer [48-
50]. In the present work, we demonstrate that ASA, as well as its
precursor SA, decrease the human breast tumor cell line MCF-7
viability, diminishingits glucose consumption and PFK activity.
Although PFK is very sensitive to pH changes, it is not the
inhibitory mechanism observed here, since the drugs were
diluted in buffered solutions and the final pH was monitored
before the experiments. Moreover, we also show that the drugs
are able to directly inhibit PFK, altering its quaternary structure
through a mechanism common to other modulators of
the enzyme. These findings might be directly correlated to
the pro-apoptotic effects of ASA, since modulation of PFK
quaternary structure (such as the effects of ASA and SA on
PFK) recognizably alters its association to other proteins
[20,23,27,4,29,30], and can also modulate its association to
BAD modulating apoptosis. It would not be the first time thatitis
observed thatinhibition of PFK is followed by cell death through
apoptosis, as it was observed upon treatment of MCF-7 with
clotrimazole [3]. Despite being speculative, it sounds reasonable
to correlate the inhibitory effects of ASA on PFK with its anti-
tumoral and pro-apoptotic activities, and certainly a lot of
studies and efforts mustbe done before proving this hypothesis.
On the other hand, the anti-tumoral properties of ASA could not
beignored, anditis strongly supported by a recent clinical study
where it was demonstrated that breast cancer risk dramatically
decreases with chronic use of ASA [51]. In this trial, it was
established that volunteers receiving low doses of ASA
(~100 mg/day) did not experience a reduction in breast cancer
risk, supporting that high doses of the drug are required for this
property [51]. The concentrations used in the present study are
very high, when compared to plasma concentrations achieved
upon oral administration of ASA or SA (<0.1 mM) [52]. However,
itis very difficult to determine the cellular concentration of the
drugs, since they can accumulate in the cytosol at concentra-
tions higher than those found in plasma [52]. Therefore, we
cannotinfer whether the concentrations used here are achieved
or not under therapeutic conditions, nor if these drugs could be
used as preventive drugs. Nevertheless, several studies eval-
uating the effects of ASA on cellular viability, apoptosis and
other properties have used the same concentrations found in
the present study, reinforcing our results [1,14,12,53,54].
Furthermore, our results show that SA is more effective
than ASA inhibiting PFK in purified system (Figs. 2 and 3),
muscle homogenate (Fig. 5), in MCF-7 cells (Fig. 1), as well as in
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intact human erythrocytes (data not shown). This difference
in effectiveness is also observed on the ability to modulate PFK
quaternary structure (Fig. 4), as well as in decreasing tumor
cells glucose consumption and viability (Fig. 1). This might be
due to the higher solubility of SA over ASA. This corroborates
our hypothesis that the effects of these compounds occur
(non-exclusively, but partially) over PFK that, being an
intracellular enzyme, is more susceptible to be affected by
small and soluble compounds that easily diffuse within the
cytosol. Finally, we can propose that not just ASA could be
used as an anti-tumoral agent, but also SA.
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