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1. Introduction

Clotrimazole (CTZ; 1-[(2-chlorophenyl)-diphenyl-methyl]i-
midazole) is a therapeutically important imidazole-derived
anti-mycotic agent that is clinically safe and readily tolerated
by humans [1,2]. Its anti-mycotic effect is due to the
inhibition of ergosterol synthesis, which makes the plasma
membrane of fungi leaky [1]. It has amultiplicity of effects on
a variety of cellular targets, including the sarcoplasmic

reticulum Ca2+ pump [3], the capacitative Ca2+ channel [4]
and normal and cancer cells in vitro and in vivo [5], where it
interferes with cellular Ca2+ homeostasis [6]. Recently, CTZ
was recognized as a calmodulin (CaM) antagonist [7,8]. The
present work was undertaken in response to the discovery
that CTZ has potent effects on the viability of human cancer
cells because it alters cytoskeleton-associated glycolytic
enzymes, inhibiting cell glycolysis and ATP production
[9–13].
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a b s t r a c t

Clotrimazole is an antifungal azole derivative recently recognized as a calmodulin antago-

nist with promising anticancer effects. This property has been correlated with the ability of

the drug to decrease the viability of tumor cells by inhibiting their glycolytic flux and

consequently decreasing the intracellular concentration of ATP. The effects of clotrimazole

on cell glycolysis and ATP production are considered to be due to the detachment of the

glycolytic enzymes from the cytoskeleton. Here, we show that clotrimazole directly inhibits

the key glycolytic enzyme 6-phosphofructo-1-kinase (PFK). This property is independent of

the anti-calmodulin activity of the drug, since it is notmimicked by the classical calmodulin

antagonist compound 48/80. However, the clotrimazole-inhibited enzyme can be activated

by calmodulin, even though calmodulin has no effect on PFK activity in the absence of the

drug. Clotrimazole alone induces the dimerization of PFK reducing the population of

tetramers, which is not observed when calmodulin is also present. Since PFK dimers are

less active than PFK tetramers, this can explain the inhibitory effect of clotrimazole on the

enzyme. Additionally, clotrimazole positively modulates the association of PFK with ery-

throcyte membranes. Altogether, our data support a hitherto unrecognized action of

clotrimazole as a negative modulator of glycolytic flux through direct inhibition of the

key enzyme PFK.

# 2007 Elsevier Inc. All rights reserved.
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Abstract

Background: Clotrimazole is an azole derivative with promising anti-cancer effects. This drug interferes with the activity of
glycolytic enzymes altering their cellular distribution and inhibiting their activities. The aim of the present study was to
analyze the effects of clotrimazole on the growth pattern of breast cancer cells correlating with their metabolic profiles.

Methodology/Principal Findings: Three cell lines derived from human breast tissue (MCF10A, MCF-7 and MDA-MB-231)
that present increasingly aggressive profiles were used. Clotrimazole induces a dose-dependent decrease in glucose uptake
in all three cell lines, with Ki values of 114.3611.7, 77.167.8 and 37.864.2 mM for MCF10A, MCF-7 and MDA-MB-231,
respectively. Furthermore, the drug also decreases intracellular ATP content and inhibits the major glycolytic enzymes,
hexokinase, phosphofructokinase-1 and pyruvate kinase, especially in the highly metastatic cell line, MDA-MB-231. In this
last cell lineage, clotrimazole attenuates the robust migratory response, an effect that is progressively attenuated in MCF-7
and MCF10A, respectively. Moreover, clotrimazole reduces the viability of breast cancer cells, which is more pronounced on
MDA-MB-231.

Conclusions/Significance: Clotrimazole presents deleterious effects on two human breast cancer cell lines metabolism,
growth and migration, where the most aggressive cell line is more affected by the drug. Moreover, clotrimazole presents
little or no effect on a non-tumor human breast cell line. These results suggest, at least for these three cell lines studied, that
the more aggressive the cell is the more effective clotrimazole is.

Citation: Furtado CM, Marcondes MC, Sola-Penna M, de Souza MLS, Zancan P (2012) Clotrimazole Preferentially Inhibits Human Breast Cancer Cell Proliferation,
Viability and Glycolysis. PLoS ONE 7(2): e30462. doi:10.1371/journal.pone.0030462

Editor: Andrei L. Gartel, University of Illinois at Chicago, United States of America

Received June 28, 2011; Accepted December 20, 2011; Published February 8, 2012

Copyright: ! 2012 Furtado et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from Conselho Nacional de Desenvolvimento Cientı́fico e Tecnológico (CNPq), Fundação de Amparo à Pesquisa do
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Introduction

Among the physiological hallmarks of cancer, altered glucose
metabolism is perhaps the most common. The Warburg effect has
been observed in approximately 90% of human tumors and the
biochemical origins of this phenomenon have been extensively
studied [1–4]. Aerobic glycolysis may be required for new biomass
formation [5]. In fact, proliferation of cancer cells is accompanied
by activation of glycolysis [6], which occurs even at normal oxygen
concentrations. Moreover, glycolysis may confer tumor cells with
the ability to adapt to new microenvironments or cope with stress
during tumor progression and metastasis [7].

Observations suggest that blocking glycolysis might diminish
tumor progression and enhance the efficacy of chemo- and
radiotherapy. However, inhibition of glycolytic enzymes is
expected to have secondary effects on cell physiology, due to the
additional functions of these proteins. Clotrimazole, an antifungal
drug, has been successfully used to diminish the size and
development of intracranial gliomas (C6 and 9L), prolonging
survival in rodents [8]. Moreover, the drug also affects glycolytic

enzymes decreasing hexokinase (HK) binding to the outer
mitochondrial membrane [9] and detaching phosphofructoki-
nase-1 (PFK-1) and aldolase from the cytoskeleton [10–12].
Indeed, clotrimazole is able to trigger apoptosis, which is directly
correlated with its ability to displace HK from mitochondria [9]
and PFK-1 and aldolase from the cytoskeleton [12]. The location
of these glycolytic enzymes within the intracellular milieu is an
important feature of glycolysis regulation [13] and thus, altering
the intracellular distribution of these enzymes, clotrimazole is
probably affecting the glycolytic flux.

The aim of this study was to analyze the effects of the
clotrimazole on viability, growth, mobility and glycolytic profile
of three human breast cell lines: MCF10A, MCF-7 and MDA-
MB-231. The MCF10A human mammary epithelial cell is a
normal strain, while MCF-7 and MDA-MB-231 cells are human
breast-derived cell lines with tumorigenic and metastatic
profiles, respectively. Here we present evidences that clotrima-
zole presents more pronounced effects on the tumorigenic and
metastatic cells, while presenting minimal effects over the non-
tumoral cell strain.
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Summary

6-Phosphofructo-1-kinase (PFK) and aldolase are two se-
quential glycolytic enzymes that associate forming heterote-
tramers containing a dimer of each enzyme. Although free PFK
dimers present a negligible activity, once associated to aldolase
these dimers are as active as the fully active tetrameric confor-
mation of the enzyme. Here we show that aldolase-associated
PFK dimers are not inhibited by clotrimazole, an antifulgal az-
ole derivative proposed as an antineoplastic drug due to its in-
hibitory effects on PFK. In the presence of aldolase, PFK is not
modulated by its allosteric activators, ADP and fructose-2,6-bis-
phosphate, but is still inhibited by citrate and lactate. The asso-
ciation between the two enzymes also results on the twofold
stimulation of aldolase maximal velocity and affinity for its sub-
strate. These results suggest that the association between PFK
and aldolase confers catalytic advantage for both enzymes and
may contribute to the channeling of the glycolytic metabo-
lism. ! 2011 IUBMB

IUBMB Life, 63(6): 435–445, 2011
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INTRODUCTION
6-Phosphofructo-1-kinase (PFK; phosphofructokinase; EC

2.7.1.11) is the major regulatory glycolytic enzyme and acts as

the pacemaker of glycolysis (1). This highly regulated enzyme

exists in diverse oligomeric conformations, including mono-

mers, dimers, tetramers, and hexadecamers (1). The transition

between dimers and tetramers is highly relevant for the

enzyme’s regulation because the former have very low catalytic

activity, whereas the latter have been described as fully active

(1–3). Several allosteric modulators of PFK affect the equilib-

rium between dimers and tetramers; the inhibitors citrate and

lactate favor the formation of dimers, and the activators ADP

and fructose-2,6-bisphosphate (F2,6BP) stabilize tetramers (4–
8). Moreover, the association of PFK with aldolase or calmodu-

lin stabilizes PFK in a dimeric conformation that has a catalytic

activity equivalent to that of the tetramers (4, 9–11).
Aldolase (EC 4.1.2.13), the sequential enzyme to PFK on

glycolysis, cleaves the product of the PFK reaction, fructose-

1,6-bisphosphate (F1,6BP), into glyceraldehyde-3-phosphate

and dihydroxyacetone phosphate. The association between PFK

and aldolase contributes to the channeling of glycolysis,

increasing the rate of this pathway (12–15). Aldolase and PFK

associate with the cytoskeleton (9, 16–23), especially in tumor

cells (19, 20), which increases their activity and the channeling

of glycolysis (14). This event is directly correlated to the War-

burg effect, conferring invasive metastatic properties to the tu-

mor (24, 25). The down-regulation of both PFK and aldolase

has been reported to drastically decrease tumor cell viability

(20).
Clotrimazole (CTZ) is an antifungal derivative azole with

calmodulin antagonist properties and described as a potential

antineoplasic drug due to its ability to decrease tumor cell gly-

colysis (20, 26–28). We have previously reported that this drug

decreases the association of PFK and aldolase with the tumor

cell cytoskeleton, thus decreasing tumor viability (20). More-

over, CTZ directly inhibits PFK by promoting the dissociation

of PFK tetramers into dimers (23) and by augmenting the inhib-

itory effectiveness of ATP (29).
The present work aimed to evaluate whether the interaction

of PFK and aldolase interferes with their catalytic activities and

the inhibition of the enzymes by CTZ.
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Abstract

Background
Although demonstrated as a selective anticancer drug, the clinical use of clotrimazole
(CTZ) is limited due to its low solubility in hydrophilic fluids. Thus, we prepared a water-solu-
ble nanomicellar formulation of CTZ (nCTZ) and tested on the human breast cancer cell line
MCF-7 biology.

Methodology/Principal Findings
CTZ was nanoencapsulated in tween 80 micelles, which generated nanomicelles of,
approximately, 17 nm of diameter. MCF-7 cells were treated with nCTZ and unencapsulated
DMSO-solubilized drug (sCTZ) was used for comparison. After treatment, the cells were
evaluated in terms of metabolism, proliferation, survival and structure. We found that nCTZ
was more efficient than sCTZ at inhibiting glycolytic and other cytosolic and mitochondrial
enzymes. Moreover, this increased activity was also observed for lactate production, intra-
cellular ATP content, ROS production and antioxidant potential. As a consequence, nCTZ-
treated MCF-7 cells displayed alterations to the plasma membrane, mitochondria and the
nucleus. Finally, nCTZ induced both apoptosis and necrosis in MCF-7 cells.

Conclusions/Significance
MCF-7 cells are more sensible to nCTZ than to sCTZ. This was especially evident on regard
to antioxidant potential, which is an important cell defense against drugs that affect cell
metabolism. Moreover, this water-soluble formulation of CTZ strengths its potential use as
an anticancer medicine.

PLOS ONE | DOI:10.1371/journal.pone.0130555 June 22, 2015 1 / 20
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a  b  s  t  r  a  c  t

Clotrimazole  (CTZ)  has  been  proposed  as an  antitumoral  agent  because  of  its  properties  that  inhibit  gly-
colytic  enzymes  and  detach  them  from  the  cytoskeleton.  However,  the  broad  effects of  the drug,  e.g., acting
on different  enzymes  and  pathways,  indicate  that  CTZ might  also  affect  several  signaling  pathways.  In  this
study,  we  show  that CTZ  interferes  with  the  human  breast  cancer  cell  line  MCF-7  after  a  short  incubation
period  (4 h), thereby  diminishing  cell  viability,  promoting  apoptosis,  depolarizing  mitochondria,  inhibi-
ting  key  glycolytic  regulatory  enzymes,  decreasing  the  intracellular  ATP  content,  and  permeating  plasma
membranes.  CTZ  treatment  also  interferes  with  autophagy.  Moreover,  when  the  incubation  is performed
under  hypoxic  conditions,  certain  effects  of  CTZ  are  enhanced,  such  as  phosphatidylinositol-3-phosphate
kinase  (PI3K),  which  is  inhibited  upon  CTZ  treatment;  this  inhibition  is  potentiated  under  hypoxia.  CTZ-
induced  PI3K  inhibition  is not  caused  by  upstream  effects  of CTZ  because  the  drug  does  not  affect  the
interaction  of the  PI3K  regulatory  subunit  and  the  insulin  receptor  substrate  (IRS)-1.  Additionally,  CTZ
directly  inhibits  human  purified  PI3K  in a dose-dependent  and  reversible  manner.  Pharmacologic  and
in  silico  results  suggest  that CTZ  may  bind  to the  PI3K  catalytic  site.  Therefore,  we conclude  that  PI3K
is  a novel,  putative  target  for the  antitumoral  effects  of  CTZ,  interfering  with  autophagy,  apoptosis,  cell
division  and  viability.

© 2015  Elsevier  Ltd.  All rights  reserved.

1. Introduction

Cancer cells are characterized by a unique energetic metabolic
profile, conducting constant, highly activated fermentative glycol-
ysis, even with a normal oxygen supply (Yeung et al., 2008; Zheng,
2012). Simultaneously, these cells catabolize glutamine, used not
only to generate a redox potential but also as a major carbon source
(Zu and Guppy, 2004). This entire phenomenon is known as the
Warburg effect because it was first described by Otto Warburg more
than 50 years ago (Bayley and Devilee, 2012). Currently, most of
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1 Both authors contributed equally to this work.

these metabolic alterations are a consequence of the stable activa-
tion of hypoxia induced factor 1 (HIF-1), even in the presence of
oxygen (Yeung et al., 2008). Additionally, it is well accepted that
aerobic, fermentative glycolysis is the major energy furnisher to
these cells, whereas glutamine is mainly used to generate sub-
strates to biosynthesize amino acids, lipids and carbohydrates (Zu
and Guppy, 2004). Thus, many studies have aimed at interfering
with this altered metabolism and, therefore, with cancer viability
(Parks et al., 2013).

Although the Warburg effect does not depend on the oxygen
supply, it is known that cancer cell metabolism changes during
hypoxic conditions (Parks et al., 2013), which most likely occurs
because cancer cells are even more dependent on fermentative gly-
colysis as a source of energy under hypoxia (Semenza, 2008). In
this context, HIF-1 is a key participant, triggering the intracellu-
lar effects of hypoxia (Semenza, 2013). Therefore, HIF-1 has been
proposed as a target to interfere with cancer metabolism and con-
trol proliferation (Semenza, 2003). However, HIF-1 interferences
occur at the expression level, making both the interference and the

http://dx.doi.org/10.1016/j.biocel.2015.03.004
1357-2725/© 2015 Elsevier Ltd. All rights reserved.
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a b s t r a c t

Clotrimazole (CTZ) has been proposed as a potential anti-neoplastic agent, which inhibits glucose metab-
olism. The present work aimed to evaluate the effects of CTZ on the kinetic mechanism of 6-phosphofr-
ucto-1-kinase (PFK). We show that CTZ promotes a dose-dependent inhibition of PFK, presenting a Ki of
28 ± 2 lM. Inhibition occurs through the dissociation of the enzyme tetramers, as demonstrated through
fluorescence spectroscopy and gel filtration chromatography. Moreover, the affinities of the enzyme for
ATP and fructose-6-phosphate are reduced 50% and 30%, respectively. Furthermore, the affinity of PFK for
ATP at the inhibitory site becomes 2-fold higher. Altogether, the results presented here suggest that PFK
inhibition by CTZ involves a decrease in the affinity of PFK for its substrates at the catalytic site with the
concomitant potentiation of the inhibitory properties of ATP.

! 2010 Elsevier Inc. All rights reserved.

Introduction

Clotrimazole (CTZ1) is an antifungal imidazole derivative, which
has been described as a potential anti-neoplastic drug [1–6]. Its anti-
neoplastic properties are associated with its ability to decrease
glucose consumption and energy metabolism in tumor cells [1,2].
There are several proposed targets for the action of CTZ on cell
metabolism, and many of them concern the glycolytic pathway
[6,7]. We have previously described that this drug decreases the via-
bility of breast cancer cells by inhibiting the glycolytic pathway [3],
and that this inhibition is probably due to a direct effect of CTZ on
the major glycolytic enzyme, 6-phosphofructo-1-kinase (PFK; phos-
phofructokinase-1; EC 2.7.1.11) [4].

PFK is the key enzyme regulating glycolysis; therefore, it under-
goes a complex regulation by several metabolites and cellular
signals [8]. Among the molecular mechanisms regulating PFK
activity is the stabilization of PFK in distinct oligomeric conforma-
tions, where the transition between fully active tetramers and
quite inactive dimers appears to be the major step [9,10]. This tran-
sition is involved in the regulation of PFK activity by several mod-
ulators, such as its substrates [11,12], allosteric ligands [13],

hormones [14–16], other intracellular proteins [8,17–22] and
drugs [4,23–26].

The aim of the present work was to understand the mechanism
by which CTZ inhibits PFK and therefore to contribute to the eluci-
dation of its property to decrease cell glucose consumption and
energy metabolism.

Materials and methods

Materials

ATP, fructose-6-phosphate and CTZ were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). 32Pi was purchased from Institu-
to de Pesquisas Energéticas e Nucleares (São Paulo, Brazil).
[c-32P]ATP was prepared according to Maia et al. [27]. Purified
PFK was obtained from rabbit skeletal muscle according to the
method developed by Kemp [28]. All other reagents were of the
highest quality available.

Radiometric assay for PFK activity

PFK activity was measured by the method described in [29]
with the modifications introduced in [16,30], using a reaction med-
ium containing 50 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 5 mM
(NH4)2SO4, 1 mM [c-32P]ATP (4 lCi/nmol), 1 mM fructose-6-
phosphate (F6P) and 1 lg/ml purified PFK. Modifications to pH
and the concentrations of ATP, F6P and PFK are specified for each
experiment in the figure legends. The reaction was stopped by

0003-9861/$ - see front matter ! 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2010.03.013
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also promote the detachment of the enzyme from the cytoskele-

ton (14, 38, 40, 41). As a consequence, these drugs counteract

the Warburg effect on tumor cells, that is, the increased glyco-

lytic rate, even in the presence of oxygen, decreases their prolif-

eration and viability (14, 38, 40, 41).AQ2 Other drugs such as vin-

blastine, paclitaxel, lidocaine, and bupivacaine mainly affect the

association of the enzyme with the cytoskeleton (46, 48, 49).
Paclitaxel, because of its stabilizing properties on microtubules,

decreases PFK activity and enhance the fraction of the enzyme

bound to this ultrastructure (46, 49). On the other hand, lido-

caine and bupivacaine detach PFK from f-actin, decreasing this

fraction of the enzyme and, consequently, its activity and the

entire glycolysis process (48). Regardless of whether they pro-

mote attachment to microtubules or the detachment from f-

actin, all of these drugs inhibit PFK activity, glycolysis, and tu-

mor cell viability (11, 12, 14, 19, 24, 38, 39, 46–49). Less is

known whether these mechanisms are involved on the clinical

usage of these drugs. However, it is a possible explanation for

some of their effects.

CONCLUSIONS
Muscle type PFK is a multiregulated enzyme and its activity

drives the rate of glycolysis. Therefore, PFK plays a central

role in metabolism and in various other cell functions, such as

cell growth and viability. Despite the fact that several regulatory

properties of this enzyme are well described in biochemistry

textbooks, some of its physiologically important characteristics

have been neglected. Among them, the inhibition of the enzyme

by lactate and its activation by CaM in response to Ca21 fluctu-

ations should be highlighted. Lactate is the final product of an-

aerobic glycolysis and of aerobic glycolysis, that is, the War-
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Figure 1. Schematic model of PFK activity and oligomeric structure modulation. PFK monomer illustration is a schematic model

and does not represent the actual structure of the enzyme.
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aerobic glycolysis [21,22]. Here, we demonstrate that clotrimazole
inhibits glucose uptake (Fig. 3A) and mitochondrial activity
(Fig. 3C) more efficiently in the tumorigenic cell lines. These
effects result in alterations in ATP content that are also more
pronounced in the tumorigenic cell lines. However, it seems that
this later effect is more related to the inhibition of glycolysis, since
mitochondrial activity is not reduced by 50 mM clotrimazole,
while glucose consumption and ATP content are affected by even
lower concentrations of the drug. These data highlight the
importance of aerobic glycolysis for energy production in
tumorigenic cells. The increased content of ATP measured in
MCF-10A cell upon clotrimazole treatment might be the result of
clotrimazole effects on this cell metabolism and proliferation.
Comparing clotrimazole effects on cells proliferation and metab-
olism one can observe that the drug blocks the proliferation of
MCF-10A cells (Fig. 2B), decreases its glucose consumption
(Fig. 3A) and do not affect its mitochondrial activity (Fig. 3C).
Similar results are observed for the tumorigenic cell lines but with
lesser extent on proliferation and greater extent on metabolism.
Since proliferation if the highest ATP-consuming cellular process,
the resultant ATP content of MCF-10A cells increases upon
clotrimazole treatment.

It is important to mention that the lack of clotrimazole effects on
MCF10A cell line cannot be attributed to fact that this cell line is
grown in a different medium (DMEM/F12 with 5% FHS, instead
of DMEM with 10% FBS used for MCF-7 and MDA-MB-231).
We have performed control experiments assaying the effects of
clotrimazole on cell viability and enzymes activity of MCF-10A
cells grown in DMEM/F12 but incubated with DMEM for
24 hours during the clotrimazole treatment and the results were
not different from those presented here. We decided to perform all
the experiments using DMEM/F12 for the MCF10A cell to assure
that all the cells would be at optimal growing conditions (MCF-
10A does not grow well in DMEM with 10% FBS).

Many human tumors display a high rate of aerobic glycolysis, de
novo fatty acid synthesis, and nucleotide biosynthesis [23,24].
Previous findings suggest that the increased glucose metabolism
promotes lipogenesis and nucleotide biosynthesis, and enhances

tumor cell growth and proliferation by providing essential
synthetic and bioenergetic requirements [25–29]. Although the
metabolic alterations might not be initiating events in oncogenesis,
recent success in blocking carcinogenesis by targeting tumor
metabolism suggests that aerobic glycolysis plays an important role
in sustaining tumor growth [27–33].

After 24 hours of incubation, clotrimazole promote a pheno-
type-dependent inhibition of the key glycolytic enzymes: HK,
PFK-1 and PK. The results always present the same pattern:
MCF10A cells are less responsive to clotrimazole, whereas MCF-7
and MDA-MB-231 are sensitive to the increasing concentration of
the drug (Fig. 4). More importantly, the metastatic cell line
presents the highest clotrimazole-induced inhibition of glycolysis.
These observations are accompanied by the dose-dependent
inhibition of G6PDH, the enzyme responsible for the first
irreversible reaction of the PPP (Fig. 4D). We have not observed
differences between the effects of clotrimazole on enzymes activity
of MCF-7 and MDA-MB-231 cell lines. The drug appears to be
more effective inhibiting tumoral than non-tumoral enzymes,
without distinction on the aggressiveness of the tumoral cell line.
However, this can be an underestimated result, since here we
measured the whole enzyme activity. These measurements were
achieved under optimal substrate concentration and other reaction
conditions, which can mask some fine regulatory properties of
these enzymes, such as their association with cellular macromo-
lecular structures, described as important to cancer increased
glycolytic rates [34]. However, in order to assess these possibilities,
a profound study of the effects of clotrimazole on glycolytic
enzyme kinetics and cellular distribution should be performed,
which was not the objective of the current work.

Although cancer cells are capable of carrying out oxidative
phosphorylation, they undergo the glycolytic shift because aerobic
glycolysis is advantageous for cell proliferation and tumorigenicity
[35]. The metabolism of cancer cells, and indeed all proliferating
cells, is adapted to facilitate the uptake and incorporation of
nutrients into the biomass needed to produce a new cell.
Supporting this idea are recent studies showing that (i) several
signaling pathways implicated in cell proliferation also regulate

Figure 5. Cellular viability decreases in breast cancer cells treated with clotrimazole. Data are presented as mean 6 SE of at least five
experiments. Panel A: lactate dehydrogenase (LDH) leaked to culture medium by clotrimazole-induced cellular lyse was evaluated as described in
Methods. * P,0.05 compared to MCF10A cells in the same clotrimazole concentration. Panel B: the percentages of cells that exclude trypan blue dye
were evaluated counting the total cells and those that were intracellularly stained with the dye. Cells were counted using a TC10 Automated Cell
Counter (Bio-Rad Laboratories, CA, USA). * P,0.05 compared to MCF10A in the same clotrimazole concentration. # P,0.05 compared to MCF-7 in
the same clotrimazole concentration.
doi:10.1371/journal.pone.0030462.g005
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tumorigenic cell lines: (1) cancerous cells accumulate clotrimazole
more readily and in an aggressiveness-dependent pattern, (2)
glycolytic enzymes in cancerous cells are more sensitive to the
effects of clotrimazole what could be due to an isoform expression
specificity, and (3) cancerous cells rely on glycolysis more heavily
and are therefore more sensitive, which is strongly supported by
the Warburg effect observed in tumoral and not in non-tumoral
cells. The first possibility is reasonably plausible, but we have not
evaluated it and therefore we cannot discuss it. The other two
possibilities seem to be supported by our results, although we
cannot unambiguously discriminate between them.

In non-tumoral cells, at least 90% of ATP production is
provided by mitochondrial oxidative phosphorylation, while in
tumor cells, approximately 50% is dependent on cytoplasmic,

Figure 4. Glycolytic enzymes activity and G6PDH activity are inhibited by clotrimazole. Cell lines were grown to confluence in the
indicated media as described in Methods. Cell lysates were used to evaluate HK, PFK-1, PK and G6PDH activities (panel A, B, C and D respectively) as
described in Methods. Plotted values are mean 6 standard errors of five independent experiments. (A) # P,0.05 compared to control in the absence
of clotrimazole; * P,0.05, compared to control in the absence of clotrimazole. (B) # P,0.05 compared to control in the absence of clotrimazole;
* P,0.05, compared to control and to MCF10A in the presence of clotrimazole. (C) The differences among the results obtained with the distinct
clotrimazole concentrations tested are statistically significant. * indicate differences between MCF10A and tumoral breast cell lines. (D) # P,0.05
compared to control in the absence of clotrimazole; * P,0.05, compared to control and to MCF10A in the presence of clotrimazole.
doi:10.1371/journal.pone.0030462.g004

Table 1. 3-BrPA effects on HK activity from breast cell lines.

Cell line
3 h treatment with 100 mM 3-BrPA
(% of control)

MCF10A 74.264.9

MCF-7 86.660.6

MDA-MB-231 105.961.9

doi:10.1371/journal.pone.0030462.t001
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a  b  s  t  r a  c  t

Clotrimazole  (CTZ)  has  been  proposed  as an  antitumoral  agent  because  of  its  properties  that  inhibit  gly-
colytic  enzymes  and  detach  them  from  the  cytoskeleton.  However,  the  broad  effects  of  the  drug,  e.g., acting
on different  enzymes  and  pathways,  indicate  that  CTZ might  also  affect several  signaling  pathways.  In this
study,  we  show  that CTZ  interferes  with  the  human  breast  cancer  cell  line  MCF-7  after  a short  incubation
period  (4 h),  thereby  diminishing  cell  viability,  promoting  apoptosis,  depolarizing  mitochondria,  inhibi-
ting  key  glycolytic  regulatory  enzymes,  decreasing  the  intracellular  ATP  content,  and  permeating  plasma
membranes.  CTZ  treatment  also  interferes  with  autophagy.  Moreover,  when  the  incubation  is  performed
under  hypoxic  conditions,  certain  effects  of  CTZ  are  enhanced,  such  as  phosphatidylinositol-3-phosphate
kinase  (PI3K),  which  is  inhibited  upon  CTZ  treatment;  this  inhibition  is  potentiated  under  hypoxia.  CTZ-
induced  PI3K  inhibition  is not  caused by  upstream  effects  of CTZ  because  the  drug  does  not  affect  the
interaction  of the  PI3K  regulatory  subunit  and  the  insulin  receptor  substrate  (IRS)-1.  Additionally,  CTZ
directly  inhibits  human  purified  PI3K  in a dose-dependent  and  reversible  manner.  Pharmacologic  and
in  silico  results  suggest  that CTZ  may  bind  to the  PI3K  catalytic  site.  Therefore,  we conclude  that  PI3K
is  a novel,  putative  target  for the  antitumoral  effects  of  CTZ,  interfering  with  autophagy,  apoptosis,  cell
division  and  viability.

© 2015  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Cancer cells are characterized by a unique energetic metabolic
profile, conducting constant, highly activated fermentative glycol-
ysis, even with a normal oxygen supply (Yeung et al., 2008; Zheng,
2012). Simultaneously, these cells catabolize glutamine, used not
only to generate a redox potential but also as a major carbon source
(Zu and Guppy, 2004). This entire phenomenon is known as the
Warburg effect because it was first described by Otto Warburg more
than 50 years ago (Bayley and Devilee, 2012). Currently, most of

∗ Corresponding author at: Laboratório de Oncobiologia Molecular (LabOMol),
Departamento de Biotecnologia Farmacêutica (BioTecFar), Faculdade de Farmácia,
Centro de Ciencias da Saúde, Universidade Federal do Rio de Janeiro, Av. Carlos
Chagas Filho 373, CCS, Bloco Bss Sala 19, Ilha do Fundão, 21941-902 Rio de Janeiro,
RJ,  Brazil. Tel.: +55 21 2560 8438; fax: +55 21 2260 9192x203.

E-mail address: pzancan@ufrj.br (P. Zancan).
1 Both authors contributed equally to this work.

these metabolic alterations are a consequence of the stable activa-
tion of hypoxia induced factor 1 (HIF-1), even in the presence of
oxygen (Yeung et al., 2008). Additionally, it is well accepted that
aerobic, fermentative glycolysis is the major energy furnisher to
these cells, whereas glutamine is mainly used to generate sub-
strates to biosynthesize amino acids, lipids and carbohydrates (Zu
and Guppy, 2004). Thus, many studies have aimed at interfering
with this altered metabolism and, therefore, with cancer viability
(Parks et al., 2013).

Although the Warburg effect does not depend on the oxygen
supply, it is known that cancer cell metabolism changes during
hypoxic conditions (Parks et al., 2013), which most likely occurs
because cancer cells are even more dependent on fermentative gly-
colysis as a source of energy under hypoxia (Semenza, 2008). In
this context, HIF-1 is a key participant, triggering the intracellu-
lar effects of hypoxia (Semenza, 2013). Therefore, HIF-1 has been
proposed as a target to interfere with cancer metabolism and con-
trol proliferation (Semenza, 2003). However, HIF-1 interferences
occur at the expression level, making both the interference and the

http://dx.doi.org/10.1016/j.biocel.2015.03.004
1357-2725/© 2015 Elsevier Ltd. All rights reserved.
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Fig. 4. CTZ inhibits autophagy, MAPK and PI3K. Cells were grown and treated as described in Section 2 in the absence or presence of 50 !M CTZ, 50 !M resveratrol, 1 !M
Wortmannin or 1 !M PD98059. Panel (A): autophagy induction assay evaluated after 4 h treatment during normoxia. Panel (B): autophagy induction assay evaluated after 4 h
of  treatment during hypoxia. Panel (C): MAPK activation assay evaluated after 4 h of treatment during normoxia or hypoxia. Panel (D): PI3K activation assay evaluated after
4  h of treatment during normoxia or hypoxia. Panel (E): evaluation of the interaction between p85 and IRS-1 through immunoprecipitation of IRS-1 and immunoblotting
against  IRS-1 and p85. Panel (F): evaluation of events downstream PI3K signaling through immunoblotting against S6K and phospho-S6K and PTEN and phospho-PTEN. Panel
(G):  evaluation of phosphorylation on serine 1101 of IRS-1. Panel (H): effects of LY294002 on MCF-7 viability in the absence and presence of CTZ. Panel (I): re-plot of panel
(H)  normalized to the absence of LY294002. Panel (J): dose–response curve of PI3K inhibition by Wortmannin, LY294002 and CTZ. Panel (K): effects of LY294002 (0.5 !M),
CTZ  (10 !M) and both combined (0.5 !M and 10 !M for LY294002 and CTZ, respectively). Panel (L): reversibility of the effects of Wortmannin (3 nM), LY294002 (0.5 !M)  and
CTZ  (1 !M). Panel (M): PI3K activity evaluated in whole-cell lysate in the absence (control) and the presence of 25 !M CTZ. Graphical data are shown as the mean ± standard
error  of, at least, three independent experiments performed, at least, in duplicate (n = 3). *P < 0.05 compared to control in the same group. #P < 0.05 compared to CTZ in the
same  group. &P < 0.05 compared to normoxia under the same condition. For panel (L), #P < 0.05 compared to before gel-filtration. All statistics were performed by two-tailed
ANOVA, using Bonferroni’s post hoc test.

inhibition was evaluated by incubating the purified enzyme in
the presence of 10 !M CTZ for 10 min  followed by removal of the
drug using a desalting column (PD SpinTrap G25, GE Life Sciences,
Buckinghamshire, UK) and then measuring PI3K activity. Wortman-
nin (3 nM)  and LY294002 (0.5 !M)  were used as irreversible and
reversible controls, respectively. This experiment reveals that, as
with LY294002, CTZ-induced PI3K inhibition is reversible (Fig. 4L).
To confirm PI3K inhibition in the presence of other cellular com-
ponents, PI3K activity was evaluated in a whole MCF-7 lysate in
the absence and the presence of 25 !M CTZ, where the drug also
inhibited the enzyme (Fig. 4M).

3.4. CTZ decreases energy metabolism in MCF-7 cells

Finally, the effects of CTZ on the regulatory glycolytic enzymes,
G6PDH, intracellular ATP content, mitochondrial reductive activity
and plasma membrane integrity were evaluated during normoxia
and hypoxia. All of the inhibitors used as negative and positive con-
trols (except PMA) were used in these experiments. With regard
to the regulatory glycolytic enzymes, HK, PFK and PK, hypoxia
only affects the former; that is, 20% activation compared to nor-
moxia (Fig. 5A, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc

test). As expected and previously published, CTZ inhibits all of
them, although this inhibitory effect is not different between nor-
moxia and hypoxia (Fig. 5A–C for HK, PFK and PK, respectively).
Among the other drugs used, differences between normoxia and
hypoxia are observed for Wortmannin, which is less efficient at
inhibiting HK and PFK during hypoxia (this enzyme is not inhibited
by Wortmannin under hypoxia), and more efficient at inhibiting
PK during hypoxia (Fig. 5A–C for HK, PFK and PK, respectively;
P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test). For this lat-
ter enzyme, resveratrol and paclitaxel also showed different effects
under normoxia and hypoxia, whereas resveratrol does not inhibit
the enzyme under hypoxia and paclitaxel is more efficient at inhib-
iting PK under hypoxia than normoxia (Fig. 5C, P < 0.05, two-tailed
ANOVA, Bonferroni’s post hoc test). G6PDH is also inhibited by
CTZ, but no difference is observed between normoxia and hypoxia
(Fig. 5D). This enzyme is not inhibited by paclitaxel or Wortmannin,
whereas inhibition by staurosporin and resveratrol are less efficient
during hypoxia than normoxia (Fig. 5D, P < 0.05, two-tailed ANOVA,
Bonferroni’s post hoc test).

Intracellular ATP content is directly diminished by hypoxia, an
effect that is eliminated in the presence of resveratrol and paclitaxel
(Fig. 5E, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
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against  IRS-1 and p85. Panel (F): evaluation of events downstream PI3K signaling through immunoblotting against S6K and phospho-S6K and PTEN and phospho-PTEN. Panel
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CTZ  (10 !M) and both combined (0.5 !M and 10 !M for LY294002 and CTZ, respectively). Panel (L): reversibility of the effects of Wortmannin (3 nM), LY294002 (0.5 !M)  and
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inhibition was evaluated by incubating the purified enzyme in
the presence of 10 !M CTZ for 10 min  followed by removal of the
drug using a desalting column (PD SpinTrap G25, GE Life Sciences,
Buckinghamshire, UK) and then measuring PI3K activity. Wortman-
nin (3 nM)  and LY294002 (0.5 !M)  were used as irreversible and
reversible controls, respectively. This experiment reveals that, as
with LY294002, CTZ-induced PI3K inhibition is reversible (Fig. 4L).
To confirm PI3K inhibition in the presence of other cellular com-
ponents, PI3K activity was evaluated in a whole MCF-7 lysate in
the absence and the presence of 25 !M CTZ, where the drug also
inhibited the enzyme (Fig. 4M).

3.4. CTZ decreases energy metabolism in MCF-7 cells

Finally, the effects of CTZ on the regulatory glycolytic enzymes,
G6PDH, intracellular ATP content, mitochondrial reductive activity
and plasma membrane integrity were evaluated during normoxia
and hypoxia. All of the inhibitors used as negative and positive con-
trols (except PMA) were used in these experiments. With regard
to the regulatory glycolytic enzymes, HK, PFK and PK, hypoxia
only affects the former; that is, 20% activation compared to nor-
moxia (Fig. 5A, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc

test). As expected and previously published, CTZ inhibits all of
them, although this inhibitory effect is not different between nor-
moxia and hypoxia (Fig. 5A–C for HK, PFK and PK, respectively).
Among the other drugs used, differences between normoxia and
hypoxia are observed for Wortmannin, which is less efficient at
inhibiting HK and PFK during hypoxia (this enzyme is not inhibited
by Wortmannin under hypoxia), and more efficient at inhibiting
PK during hypoxia (Fig. 5A–C for HK, PFK and PK, respectively;
P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test). For this lat-
ter enzyme, resveratrol and paclitaxel also showed different effects
under normoxia and hypoxia, whereas resveratrol does not inhibit
the enzyme under hypoxia and paclitaxel is more efficient at inhib-
iting PK under hypoxia than normoxia (Fig. 5C, P < 0.05, two-tailed
ANOVA, Bonferroni’s post hoc test). G6PDH is also inhibited by
CTZ, but no difference is observed between normoxia and hypoxia
(Fig. 5D). This enzyme is not inhibited by paclitaxel or Wortmannin,
whereas inhibition by staurosporin and resveratrol are less efficient
during hypoxia than normoxia (Fig. 5D, P < 0.05, two-tailed ANOVA,
Bonferroni’s post hoc test).

Intracellular ATP content is directly diminished by hypoxia, an
effect that is eliminated in the presence of resveratrol and paclitaxel
(Fig. 5E, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).

10,	  563-‐564,	  2011	  



C.M. Furtado et al. / The International Journal of Biochemistry & Cell Biology 62 (2015) 132–141 137

Fig. 4. CTZ inhibits autophagy, MAPK and PI3K. Cells were grown and treated as described in Section 2 in the absence or presence of 50 !M CTZ, 50 !M resveratrol, 1 !M
Wortmannin or 1 !M PD98059. Panel (A): autophagy induction assay evaluated after 4 h treatment during normoxia. Panel (B): autophagy induction assay evaluated after 4 h
of  treatment during hypoxia. Panel (C): MAPK activation assay evaluated after 4 h of treatment during normoxia or hypoxia. Panel (D): PI3K activation assay evaluated after
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same  group. &P < 0.05 compared to normoxia under the same condition. For panel (L), #P < 0.05 compared to before gel-filtration. All statistics were performed by two-tailed
ANOVA, using Bonferroni’s post hoc test.

inhibition was evaluated by incubating the purified enzyme in
the presence of 10 !M CTZ for 10 min  followed by removal of the
drug using a desalting column (PD SpinTrap G25, GE Life Sciences,
Buckinghamshire, UK) and then measuring PI3K activity. Wortman-
nin (3 nM)  and LY294002 (0.5 !M)  were used as irreversible and
reversible controls, respectively. This experiment reveals that, as
with LY294002, CTZ-induced PI3K inhibition is reversible (Fig. 4L).
To confirm PI3K inhibition in the presence of other cellular com-
ponents, PI3K activity was evaluated in a whole MCF-7 lysate in
the absence and the presence of 25 !M CTZ, where the drug also
inhibited the enzyme (Fig. 4M).

3.4. CTZ decreases energy metabolism in MCF-7 cells

Finally, the effects of CTZ on the regulatory glycolytic enzymes,
G6PDH, intracellular ATP content, mitochondrial reductive activity
and plasma membrane integrity were evaluated during normoxia
and hypoxia. All of the inhibitors used as negative and positive con-
trols (except PMA) were used in these experiments. With regard
to the regulatory glycolytic enzymes, HK, PFK and PK, hypoxia
only affects the former; that is, 20% activation compared to nor-
moxia (Fig. 5A, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc

test). As expected and previously published, CTZ inhibits all of
them, although this inhibitory effect is not different between nor-
moxia and hypoxia (Fig. 5A–C for HK, PFK and PK, respectively).
Among the other drugs used, differences between normoxia and
hypoxia are observed for Wortmannin, which is less efficient at
inhibiting HK and PFK during hypoxia (this enzyme is not inhibited
by Wortmannin under hypoxia), and more efficient at inhibiting
PK during hypoxia (Fig. 5A–C for HK, PFK and PK, respectively;
P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test). For this lat-
ter enzyme, resveratrol and paclitaxel also showed different effects
under normoxia and hypoxia, whereas resveratrol does not inhibit
the enzyme under hypoxia and paclitaxel is more efficient at inhib-
iting PK under hypoxia than normoxia (Fig. 5C, P < 0.05, two-tailed
ANOVA, Bonferroni’s post hoc test). G6PDH is also inhibited by
CTZ, but no difference is observed between normoxia and hypoxia
(Fig. 5D). This enzyme is not inhibited by paclitaxel or Wortmannin,
whereas inhibition by staurosporin and resveratrol are less efficient
during hypoxia than normoxia (Fig. 5D, P < 0.05, two-tailed ANOVA,
Bonferroni’s post hoc test).

Intracellular ATP content is directly diminished by hypoxia, an
effect that is eliminated in the presence of resveratrol and paclitaxel
(Fig. 5E, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
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Fig. 1. CTZ interferes with the cell cycle and cell survival. Cells were grown and
treated as described in the Material and Methods section in the absence or presence
of  50 !M CTZ or 2 !M paclitaxel. Panel (A): live and dead assay evaluated after 4 h
of  treatment during normoxia or hypoxia. Panel (B): cell cycle phases evaluated
after 4 h of treatment during normoxia. Panel (C): cell cycle phases evaluated after
4  h of treatment during hypoxia. Data are shown as the mean ± standard error of at
least three independent experiments performed at least in duplicate (n = 3). *P < 0.05
compared to the control in the same group. #P < 0.05 compared to CTZ in the same
group. &P < 0.05 compared to normoxia under the same conditions. All statistics were
performed by two-tailed ANOVA using Bonferroni’s post hoc test.

Fig. 2. CTZ induces apoptosis and inactivation of BCL-2. Cells were grown and
treated as described in Section 2 in the absence or presence of 50 !M CTZ or 1 !M
staurosporin. Panel (A): apoptosis and necrosis assay evaluated after 4 h of treat-
ment during normoxia. Panel (B): apoptosis and necrosis assay evaluated after 4 h
of  treatment during hypoxia. Panel (C): BCL-2 activation evaluated after 4 h of treat-
ment during normoxia or hypoxia. Data are shown as the mean ± standard error
of  at least three independent experiments performed at least in duplicate (n = 3).
*P  < 0.05 compared to control in the same group. #P < 0.05 compared to CTZ in the
same group. &P < 0.05 compared to normoxia under the same condition. All statistics
were performed by two-tailed ANOVA using Bonferroni’s post hoc test.
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Comprovante do Documento de Contratacao

Beneficiário: 
Patrícia Zancan

cpf:90649834020

Processo: 405214/2015-4

Termo de aceitação registrado eletronicamente por meio da internet junto ao CNPq, pelo agente receptor
10.0.2.21(srv257.cnpq.br), mediante uso de senha pessoal do Beneficiário em 28/12/2015 19:52:44, originário do
número IP 200.130.33.73

Número de controle: 1809647818096478:257613717-3356593912

O número de acesso para o termo emitido é: 0856701327897441

Este documento será assinado digitalmente por um representante legal do CNPq e a versão digital assinada estará
disponível para verificação de autenticidade no site do CNPq através do endereço
http://efomento.cnpq.br/efomento/termo?numeroAcesso=0856701327897441
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&  Agenda ABC 2016

Evento no MAST homenageia uma das maiores
cientistas da história nacional

Na próxima quarta-feira, dia 19, especialistas apresentam os feitos de
Johanna Dobereiner, que foi membro da ABC. Devido aos estudos da
agrônoma sobre a soja, País economizou bilhões em adubos e
inseticidas nas últimas décadas.

Pesquisar '

A Instituição O Centenário Membros Atuação

Ciência para o Brasil Eventos Notícias Canal ABC Publicações

 

 

 
 

 

Programme  
as of 8 November 2016 

 

Venue: Kigali Convention Centre 

Saturday, 12 November - Dark shade: closed sessions (for members only) 

08:30-09:30 TWAS Overview Elections Committee Meeting 
AD 11  

TWAS Overview Prizes Committee Meeting 
AD 6 

09:30-10:00 TWAS Overview Committees joint meeting   AD 11 

10:00-10:30 Refreshments 

10:30-12:30 TWAS Elections Committee Meeting AD 11 

12:30-13:30 Lunch (Committee members only)  Larder Restaurant 

13:30-15:30 TWAS Prizes Committee Meeting AD 11 

15:30-16:00 Refreshments 

16:00-17:30 TWAS Fundraising Advisory Committee Meeting  AD 11 

17:30-19:30 TWAS Policy Development and Future Action Committee  AD 11 

19:30  Dinner in respective Hotels  

  
Sunday, 13 November - Dark shade: closed sessions (for members only) 

08:30-11:00 TWAS 36th Council Meeting AD 1 
 

TWAS Young Affiliates Network (TYAN) AD 4 
Convener: Yin Li 

11:00-11:30 Refreshments  

11:30-13:00 (cont.) TWAS Young Affiliates Network (TYAN) AD 4 
(cont.) 

13:00-14:00 Lunch (All delegates attending the above and below meetings) MH 3 & 4   

14:00-16:00 Regional Meetings of TWAS Members, Young Affiliates and Vice Presidents (parallel sessions) 

• Arab Region 
 

AD 6 

• Central and South 
Asia 

AD 11 

• Latin America and 
the Caribbean 

AD 4 

• Sub-Saharan 
Africa 

AD 1 

• East and South-East 
Asia and the Pacific 

AD 7 

16:00-16:30 Refreshments  

16:30-18:30 TWAS Gender Advisory Panel 
Meeting 
 
AD 1 

TWAS Regional Offices 
Coordinators Meeting 
 
AD 6 

TWAS Young Affiliates Network 
(TYAN) 
Convener: Yin Li 
AD 4 

19:00  Dinner in respective Hotels  


