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The isatin-Schiff base copper(II) complex Cu(isaepy)2 acts as delocalized lipophilic
cation, yields widespread mitochondrial oxidative damage and induces AMP-activated
protein kinase-dependent apoptosis
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�To whom correspondence should be addressed. Tel: þ39 06 7259 4369;
Fax: þ39 06 7259 4311;
Email: ciriolo@bio.uniroma2.it

We previously demonstrated that Bis[(2-oxindol-3-ylimino)-2-
(2-aminoethyl)pyridine-N,N#]copper(II) [Cu(isaepy)2] was an ef-
ficient inducer of the apoptotic mitochondrial pathway. Here, we
deeply dissect the mechanisms underlying the ability of Cu(isaepy)2
to cause mitochondriotoxicity. In particular, we demonstrate that
Cu(isaepy)2 increases NADH-dependent oxygen consumption of
isolated mitochondria and that this phenomenon is associated
with oxy-radical production and insensitive to adenosine diphos-
phate. These data indicate that Cu(isaepy)2 behaves as an uncou-
pler and this property is also confirmed in cell systems.
Particularly, SH-SY5Y cells show: (i) an early loss of mitochon-
drial transmembrane potential; (ii) a decrease in the expression
levels of respiratory complex components and (iii) a significant
adenosine triphosphate (ATP) decrement. The causative energetic
impairment mediated by Cu(isaepy)2 in apoptosis is confirmed by
experiments carried out with r0 cells, or by glucose supplemen-
tation, where cell death is significantly inhibited. Moreover, gas-
tric and cervix carcinoma AGS and HeLa cells, which rely most of
their ATP production on oxidative phosphorylation, show
a marked sensitivity toward Cu(isaepy)2. Adenosine monophos-
phate-activated protein kinase (AMPK), which is activated by
events increasing the adenosine monophosphate:ATP ratio, is
deeply involved in the apoptotic process because the overexpres-
sion of its dominant/negative form completely abolishes cell death.
Upon glucose supplementation, AMPK is not activated, confirm-
ing its role as fuel-sensing enzyme that positively responds to
Cu(isaepy)2-mediated energetic impairment by committing cells
to apoptosis. Overall, data obtained indicate that Cu(isaepy)2 be-
haves as delocalized lipophilic cation and induces mitochondrial-
sited reactive oxygen species production. This event results in
mitochondrial dysfunction and ATP decrease, which in turn trig-
gers AMPK-dependent apoptosis.

Introduction

In the last years, new chemotherapeutic approaches have been de-
veloped in order to increase the selective killing of tumor cells. There-
fore, besides conventional drugs mainly aimed at affecting DNA
replication of rapidly dividing tumor cells, new molecules targeting
other cellular compartments crucial for tumor cell survival have been
tested.

Mitochondria are essential to provide adenosine triphosphate (ATP)
for all cellular endoergonic processes and recently have been recog-
nized as integrators of intrinsic and extrinsic apoptotic pathways.

Electrons from reducing equivalents are funneled through the mito-
chondrial respiratory chain complexes to finally reduce oxygen. The
transport of electrons is coupled to proton pumping into the intermem-
brane space resulting in the characteristic negative proton electro-
chemical gradient across the mitochondrial inner membrane. The
free energy accumulated in the proton gradient is used to generate
ATP.

Cancer cells need a higher amount of energy supply to sustain their
faster rate of growth and proliferation. This requirement leads to
a different energy metabolism (frequently glycolysis increase) that
allows cancer cells surviving even in restrictive conditions, such as
hypoxia (1). Therefore, compounds causing ATP depletion, such as
inhibitors of glycolysis and/or oxidative phosphorylation (2–4), have
been exploited as inducers of cell death in tumors (5). Among the
molecules that are able to affect cellular energetics, delocalized lipo-
philic cations (DLCs) are considered as a promising class of com-
pounds since, due to their positive charge, they selectively target
mitochondria. In fact, the difference between plasma membrane po-
tential (DWp) and mitochondrial transmembrane potential (DWm),
which is about �120 mV, allows DLCs to be 100-fold more concen-
trated within mitochondria with respect to the cytosol (6). The DWm

can vary among metabolic status of the cell and among different cell
types (7), tumor carcinoma cells often being among those with higher
mitochondrial membrane potential. The intrinsic variation of the DWm

among cell types and the crucial role of this parameter in mitochon-
drial homeostasis provide a unique opportunity for selective drug
accumulation into tumor cells with potential therapeutic effect. In
fact, earlier studies have shown that the constitutively higher DWm

of transformed cells could be used to selectively target toxic DLCs
that accumulate in their mitochondria in response to DWm. The mech-
anisms of DLCs-induced mitochondriotoxicity are varied, but all
converging on the impairment of oxidative phosphorylation process,
either by inhibiting F0F1-ATPase, as demonstrated for rhodamine
123 and the thiopyrilium AA-1 (2,8,9), or by affecting other com-
ponents of the electron transfer chain. Dequalinium chloride and
certain thiocarbocyanines have been indicated to inhibit NADH:
ubiquinone oxidoreductase activity of mitochondrial Complex I
(6,10,11), whereas the rhodocyanine MKT-077 yields a widespread
mitochondrial dysfunction by inhibiting the activity of membrane-
bound respiratory enzymes (6,12,13). However, regardless of their
mechanism of action, DLCs give rise to an impairment of ATP
synthesis and, consequently, a rapid decrement of its intracellular
levels.

We previously characterized the proapoptotic activity of isatin-
Schiff base copper(II) complexes, and we demonstrated that the
Bis[(2-oxindol-3-ylimino)-2-(2-aminoethyl)pyridine-N,N#]copper(II),
named Cu(isaepy)2, was highly efficient in the induction of death in
neuroblastoma cells (14). We also provide clear-cut evidence that this
copper complex induced damage to specific cellular compartments,
thus inducing programmed cell death through the mitochondrial path-
way. Indeed, the positive charge of the complex and the preferential
accumulation of copper within the mitochondrial compartment al-
lowed us to suggest a role for Cu(isaepy)2 as DLC-like molecule.

In this study, we dissected the mechanisms underlying the mito-
chondriotoxic activity of Cu(isaepy)2, providing evidence for a pref-
erential impairment of Complex I of the electron transport chain and
the mitochondrial NADH:quinone oxidoreductases as the preferential
site for reactive oxygen species (ROS) production. Moreover, adeno-
sine monophosphate-activated protein kinase (AMPK) was found to
be implicated in the molecular mechanisms linking the energetic
impairment to the induction of apoptosis.

Abbreviations: ADP, adenosine diphosphate; AMPK, adenosine monophos-
phate-activated protein kinase; ATP, adenosine triphosphate; DLC, delocalized
lipophilic cation; ROS, reactive oxygen species.
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Materials and methods

Materials

Isatin-diimine copper(II) complex Bis[(2-oxindol-3-ylimino)-2-(2-aminoe-
thyl)pyridine-N,N#]copper(II) perchlorate, [Cu(isaepy)2](ClO4)2, named Cu
(isaepy)2, was synthesized as described previously (14). The analogous isatin-
imine zinc(II) complex [Zn(isaepy)Cl2], designated as Zn(isaepy), was pre-
pared similarly using zinc chloride to metalate in situ the isaepy ligand
(supplementary Figure 1 is available at Carcinogenesis Online). Antimycin
A, catalase, dimethyl sulfoxide, dithiothreitol, ethylenediaminetetraacetic acid,
ethidium bromide, ethylene glycol tetraacetic acid, glucose, paraformalde-
hyde, propidium iodide, rotenone, sodium pyruvate and Triton X-100 were
from Sigma (St Louis, MO). Goat anti-mouse IgG (HþL)–horseradish perox-
idase conjugate was from Bio-Rad Laboratories (Hercules, CA). N-Tris
(hydroxymethyl)methyl-2-aminoethanesulfonic acid was from US Biological
(Cleveland, OH). All other chemicals were from Merck (Darmstadt, Germany).

Cell culture

Human neuroblastoma SH-SY5Y, cervix carcinoma HeLa and gastric adeno-
carcinoma AGS cells were grown in Dulbecco’s modified Eagle’s medium/F12,
Dulbecco’s modified Eagle’s medium and F12, respectively, supplemented
with 10% fetal calf serum, glutamine and penicillin/streptomycin. Cells were
cultured at 37�C in an atmosphere of 5% CO2 in air. During the experiments
cells were plated at a density of 4 � 104/cm2, unless otherwise indicated.

For the generation of a stable q0 line, SH-SY5Y cells were grown in 5 lg/ml
ethidium bromide for two months (15), at the end of which they were analyzed
for the loss of mitochondrial DNA, as well as cytochrome c oxidase activity.

Cells were transiently transfected by electroporation using a GenePulser
xcell system (Bio-Rad Laboratories) according to the manufacturer’s instruc-
tions. Transfections were performed with a pcDNA3 empty vector or with
a pcDNA3 vector containing the myc-tagged coding sequence for the a2 sub-
unit of AMPK carrying the T/A substitution at the residue 172 (kindly pro-
vided by Prof. David Carling from the Clinical Sciences Centre, Imperial
College, Hammersmith Hospital, Du Cane Road, London, UK). After trans-
fection, cells were immediately seeded into fresh medium and used after 48 h
since this time was sufficient to significantly increase the expression of this
dominant/negative form of AMPK.

Treatments

A 5 mM solution of Cu(isaepy)2 or Zn(isaepy) was prepared just before the
experiments by dissolving the lyophilized compounds in dimethyl sulfoxide.
Treatments were performed in serum-supplemented media with Cu(isaepy)2 or
Zn(isaepy) at the final concentration of 50 lM for SH-SY5Y and 10 lM for
AGS or HeLa.

Glucose and sodium pyruvate were added to the medium to reach the final
concentration of 30 and 10 mM, respectively.

Proteasome inhibitor MG132, at the concentration of 10 lM, was added to
the medium and maintained throughout the experiments.

Cell viability

Cell viability was estimated by direct count upon Trypan blue exclusion. For
the evaluation of apoptosis, cells were stained with 50 lg/ml propidium iodide
prior to analysis by a FACScalibur instrument (BD Biosciences, San José, CA).
The percentages of apoptotic cells were evaluated as described previously
(14). Alternatively, cells were counted upon Trypan blue staining by optic
microscopy.

Cell growth was assessed by CellTiter 96� AQueous Cell Proliferation
Assay kit (Promega, Madison, WI). After 24 h of treatment with Cu(isaepy)2

or Zn(isaepy), cell were washed, replaced with fresh medium containing 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt (1:10 vol/vol) and incubated for 2 h in the dark.
Absorbance at 490 nm was considered proportional to cell number.

DWm measurement

DWm was analyzed taking advantage of the DWm-sensitive probe MitoTracker
Red� (Invitrogen–Molecular Probes, San Giuliano Milanese, Italy) by fluores-
cence microscopy or cytofluorometrically. In the first case, cells were seeded on
chamber slides at 6 � 104/cm2 and treated for 6 h with Cu(isaepy)2. At the end
of the treatment, they were stained with 50 nM of MitoTracker Red� in com-
bination with an anti-Hsp60 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), washed and fixed with 4% paraformaldehyde. Images of cells were ac-
quired and digitized with a Delta Vision Restoration Microscopy System (Ap-
plied Precision, Issaquah, WA) equipped with an Olympus IX70 fluorescence
microscope. Alternatively, after 6 and 12 h of treatment, cells were incubated
with 50 nM of MitoTracker Red� for further 30 min, washed, trypsinized,
resuspended in phosphate-buffered saline and cytofluorometrically analyzed.

Cell fractionation and oxygen consumption

Mitochondria from mouse liver were obtained by mincing the hepatic tissue
with three volumes (wt/vol) of 10 mM Tris–HCl, pH 7.5, 15 mM MgCl2, 10
mM KCl and protease inhibitor cocktail. After 15 min on ice, equal volumes of
400 mM sucrose, 10 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid, 0.1 mM ethylene glycol tetraacetic acid and 2 lM dithiothreitol,
pH 7.2 were added and tissue disrupted by 40 strokes in a glass Dounce.
Mitochondria-containing supernatants, obtained after centrifugation of lysates
at 900g for 10 min, were further centrifuged at 12 000g for 15 min to finally
separate mitochondria (pellet) from the cytosol (supernatant).

Oxygen consumption was determined at 25�C using a Clark-type oxygen
electrode equipped with thermostatic control and magnetic stirring. Mitochon-
dria were resuspended in 1.5 ml of ‘experimental’ buffer (125 mM KCl, 10
mM Tris–3-(N-morpholino)propane sulfonic acid, pH 7.4, 10 lM ethylene
glycol tetraacetic acid–Tris, pH 7.4, 5 mM glutamate, 2.5 mM malate, 1
mM K2HPO4). NADH was added at final concentration of 1 mM in the pres-
ence or absence of 50 lM Cu(isaepy)2. Rotenone and antimycin A were used at
the final concentration of 5 lM, whereas KCN at 1 mM. Catalase was added to
the experimental buffer at the concentration of 0.5 U. Before each analysis, as
well as in the evaluation of P:O ratio upon incubations with Cu(isaepy)2, state
III:state IV ratio was measured by adding adenosine diphosphate (ADP; 0.2
lmol) to check the goodness of mitochondrial fraction.

Western blot analyses

Total lysates and mitochondrial-enriched fraction from SH-SY5Y cells were
obtained as described previously (14). Proteins were electrophoresed by so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis and blotted onto
polyvinylidene difluoride membrane (Bio-Rad Laboratories). Monoclonal
anti-subunit II of cytochrome c oxidase, anti-39 kDa subunit of Complex I
(Invitrogen–Molecular Probes) and anti-Hsp60 (Santa Cruz Biotechnology)
were used on blotting from mitochondrial fraction. Anti-SOD1 and anti-
Hsp60 (Santa Cruz Biotechnology) were used as loading/purity control of
cytosolic and mitochondrial fractions, respectively. Polyclonal anti-caspase-9
(Cell Signaling Technology, Beverly, MA), anti-c-myc and anti-glyceraldehyde-
3-phosphate dehydrogenase (Santa Cruz Biotechnology) and monoclonal
anti-phospho-thr172 of AMPK a-subunits, anti-caspase-3 (Cell Signaling
Technology), anti-poly(ADP-ribose) polymerase and anti-AMPK (Santa Cruz
Biotechnology) were used on total cell lysates as primary antibodies. The
protein complex, formed upon the reaction with specific secondary antibodies,
was identified using a FluorChem Imaging System (Alpha Innotech, M-Med-
ical, Italy) after the incubation with ChemiGlow chemoluminescence substrate
(Alpha Innotech). Densitometry was performed using Quantity One Software
(Bio-Rad Laboratories).

Protein carbonyls detection

Carbonylated proteins were detected using the Oxyblot Kit (Intergen, Purchase,
NY) on cytosolic and mitochondrial fractions. Briefly, 10 lg of mitochondrial
proteins and 25 lg of cytosolic proteins were reacted with 2,4-dinitrophenyl-
hydrazine for 15 min at 25�C. Samples were resolved on 8.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and 2,4-dinitrophenylhydrazone-
derivatized proteins were identified by immunoblot using an anti-2,4-
dinitrophenylhydrazone antibody. Densitometry was performed using Quantity
One Software and normalized to the amount of protein loaded.

ATP measurement

Cells were lysed and incubated in 100 mM Tris–HCl, 4 mM ethylenediami-
netetraacetic acid, pH 7.75 for 2 min at 100�C. ATP levels were then measured
by the ATP Bioluminescence Assay Kit CLS II (Roche Applied Science,
Milan, Italy) using a microplate luminometer (Perkin Elmer, Milan, Italy) after
incubation with the luciferin/luciferase reagents.

Protein determination

Proteins were determined by the method of Lowry et al. (16).

Data presentation

All experiments were done at least five different times unless otherwise in-
dicated. The results are presented as means ± SDs. Statistical evaluation was
conducted by analysis of variance, followed by correction with Bonferroni’s
test. Comparisons were considered to be significant at P , 0.05.

Results

Cu(isaepy)2 oxidatively affects mitochondria of SH-SY5Y cells

Previously, we demonstrated that SH-SY5Y cells treated with Cu
(isaepy)2 underwent apoptosis through the activation of the mitochon-
drial route (14). Such phenomenon correlated with an accumulation of
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copper within the nucleus and mitochondria, which represented the
cell compartments particularly affected by Cu(isaepy)2. Here, to as-
sess the involvement of mitochondrial dysfunction as causative of
apoptosis, we treated SH-SY5Y cells with 50 lM Cu(isaepy)2 for 6
h and evaluated mitochondrial network by fluorescence microscopy.
Figure 1A shows images obtained by means of double staining with
MitoTracker Red and Hsp60-specific antibody. Upon treatment with
Cu(isaepy)2, mitochondria appeared isolated and organized as dotted
or fragmented, features predictive of mitochondrial fission and re-
moval (17). Moreover, MitoTracker Red staining indicated that only
few mitochondria maintained unaltered their DWm. In contrast, only
slight effects were visible when the cells were treated with Zn(isaepy),
an analogous of Cu(isaepy)2, in which zinc, a non-redox active metal
ion, replaced copper in the complex (14). In fact, mitochondria main-

tained their reticular organization and DWm, confirming that copper
was indispensable for Cu(isaepy)2-induced mitocondriotoxicity. Nev-
ertheless, incubations with the zinc complex significantly affected DWm

at longer time points (i.e. 12 h, Figure 1B). Therefore, we performed
dose-response experiments and an IC50 (the concentration that gives
50% inhibition of cellular growth) of �350 lM for Zn(isaepy) with
respect to 30 lM for Cu(isaepy)2 was determined (supplementary Fig-
ure 2A is available at Carcinogenesis Online), confirming the high
efficacy of Cu in inducing cytotoxicity. However, since free copper
can theoretically displace zinc from Zn(isaepy) to generate Cu(isaepy)
and Cu(isaepy)2, we carried out exchange kinetics experiments and we
found that copper, actually, displaced zinc from the complex in phos-
phate buffer (Keq 5 3.72 � 10�4, supplementary Figure 2B and C is
available at Carcinogenesis Online). These data, together with the

Fig. 1. Effect of Cu(isaepy)2 on mitochondrial network. (A) SH-SY5Y cells were grown on chamber slides and treated for 6 h with 50 lM Cu(isaepy)2 or
Zn(isaepy). Before fixation, cells were incubated for 30 min with 50 nM MitoTracker Red� and subsequently probed with an anti-Hsp60 specific antibody. Images
of cells were digitized with a Delta Vision Restoration Microscopy System equipped with an Olympus IX70 fluorescence microscope. (B) SH-SY5Y cells were
treated for 6 and 12 h with 50 lM Cu(isaepy)2 or Zn(isaepy), incubated for 30 min with 50 nM MitoTracker Red (MT) and cytofluorometrically analyzed for DWm

by FACScalibur instruments. Histograms shown are representative of three independent experiments that gave similar results.
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knowledge that free copper is virtually not available in vivo (18), allow
us to suggest that Zn(isaepy) is toxic only at very high concentrations,
even though we cannot exclude the possibility that part of its toxicity
could be due to copper displacement.

To investigate whether mitochondrial damage was due to mitochon-
drial electron transfer chain impairment, we analyzed by western blot
analysis the expression levels of Complex I and IV. Figure 2A shows
that subunit II of cytochrome c oxidase was significantly reduced al-
ready after 6 h of treatment, reaching 50% decrement after 12 h. The 39
kDa subunit of Complex I was also affected by Cu(isaepy)2 treatment,
although to a lesser extent (�30% after 12 h), whereas no change in the
levels of both proteins were observed upon treatment with Zn(isaepy).

Therefore, to assess alterations in mitochondrial function, ATP content
was measured in SH-SY5Y cells. Figure 2B shows that ATP decreased
significantly in a time-dependent manner, starting from 6 h and reach-
ing .50% decrement after 24 h treatment with Cu(isaepy)2.

Mitochondria are the major intracellular source of ROS, which are
more abundant in response to mitochondrial dysfunction. We there-
fore measured the level of protein carbonyls, as by-products of ROS-
mediated damage, both on cytosolic- and mitochondrial-enriched
fractions. Figure 2C shows that Cu(isaepy)2 yielded a very early
and higher increase in carbonyl levels than Zn(isaepy), in both frac-
tions. Moreover, the trend of accumulation of the oxidized proteins
was completely different, with a time-dependent increase in the

Fig. 2. Structural/functional alterations in mitochondria of Cu(isaepy)2-treated SH-SY5Y cells. (A) SH-SY5Y cells were treated for 6 and 12 h with 50 lM
Cu(isaepy)2 or Zn(isaepy). Fifteen microgams of mitochondrial protein extracts were loaded onto each lane for detection of subunit II of cytochrome c oxidase, C
IV (sub II) and 39 kDa subunit of Complex I, C I (p39). Hsp60 was used as loading/purity control and densitometry of each lane (bottom panel) was calculated
using Quantity One Software [gray bars, C IV (sub II); striped bars, C I (p39)]. Data are expressed as arbitrary units with respect to Hsp60 and represent the mean ±
SD of n 5 4 independent experiments, �P , 0.05, ���P , 0.001. (B) SH-SY5Y cells were treated with 50 lM Cu(isaepy)2. At indicated times, cells were
harvested and used for ATP measurement. Data are expressed as percentage of control and represent the mean ± SD of n 5 12 independent experiments,
�P , 0.05; ��P , 0.01 and ���P , 0.001. SH-SY5Y cells were treated for 3 and 6 h with 50 lM Cu(isaepy)2 or Zn(isaepy) in the absence (C) or in the presence
(D) of 10 lM of the proteasome inhibitor, MG132. Ten microgams of mitochondrial proteins and 25 lg of cytosolic proteins were reacted with 2,4-
dinitrophenylhydrazine (DNP), resolved on 8.5% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and DNP-derivatized proteins identified by western
blot using an anti-DNP antibody. SOD1 and Hsp60 were used as loading/purity controls.
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mitochondrial extracts, while being efficiently buffered in the cytosol.
To verify whether the latter process was dependent on the cytosolic
activation of proteasome, we pretreated the cells with 10 lM of the

proteasome inhibitor, MG132, and then analyzed the level of carbony-
lated proteins. Figure 2D shows that, by inhibiting the proteasome, no
significant change of mitochondrial carbonyls was observed. On the

Fig. 3. Effect of glucose or pyruvate supplementation on Cu(isaepy)2-induced apoptosis. (A) SH-SY5Y and mitochondrial DNA-devoid q0 cells were treated for
24 h with 50 lM Cu(isaepy)2 and cytofluorometrically analyzed for apoptosis extent. Data are expressed as percentage of SubG1 cells and represent the mean ± SD
of n 5 3 independent experiments, ��P , 0.01. (B) q0 Cells were treated for 6 and 12 h with 50 lM Cu(isaepy)2, incubated for 30 min with 50 nM MitoTracker Red
(MT) and cytofluorometrically analyzed for DWm by FACScalibur instruments. Histograms shown are representative of three experiments that gave similar results.
(C) SH-SY5Y cells were treated for 24 h with 50 lM Cu(isaepy)2 in the presence of 30 mM glucose or 10 mM sodium pyruvate and cytofluorometrically analyzed
for the extent of G2/M as well as SubG1 (apoptotic) cells. Data are expressed as percentage of the total population and represent the mean ± SD of n 5 4 independent
experiments, �P , 0.05, ��P , 0.01. (D) SH-SY5Y cells were treated for 12 and 24 h with 50 lM Cu(isaepy)2 in the presence of 30 mM glucose or 10 mM sodium
pyruvate. Thirty micrograms of proteins from total cell lysates were loaded onto each lane for the detection of pro and active caspase-9, pro and active caspase-3 and
poly(ADP-ribose) polymerase. Actin was used as loading control. (E). SH-SY5Y cells were treated for 6 and 12 h with 50 lM Cu(isaepy)2 in the presence of 30 mM
glucose or 10 mM sodium pyruvate, incubated for 30 min with 50 nM MitoTracker Red (MT) and cytofluorometrically analyzed for DWm by FACScalibur
instruments. Histograms shown are representative of three experiments that gave similar results. (F). Gastric and cervix adenocarcinoma AGS and HeLa cells
were incubated for 24 h with different concentrations of Cu(isaepy)2 ranging from 2.5 to 50 lM and evaluated by an 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt assay. Data are expressed as absorbance units at 490 nm and represent the mean ± SD of
n 5 12 experiments. (G) AGS and HeLa cells were treated for 24 h with 10 lM Cu(isaepy)2 in the presence of 30 mM glucose or 10 mM sodium pyruvate and
cytofluorometrically analyzed for apoptosis extent. Data are expressed as percentage of SubG1 cells and represent the mean ± SD of n 5 3 independent experiments.
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contrary, a time-dependent accumulation of cytosol-sited carbony-
lated proteins was determined (supplementary Figure 3A and B is
available at Carcinogenesis Online), confirming the prominent role
of proteasome machinery in clearing oxidized proteins in the cyto-
solic compartment.

Increased glycolytic rate counteracts Cu(isaepy)2-induced apoptosis,
but not DWm loss

The results obtained suggest that mitochondrial damage is causal of
Cu(isaepy)2-mediated apoptosis. Therefore, we generated q0 cells that
lack mitochondrial transport chain (15). Then, we treated the cells
with Cu(isaepy)2 for 24 h and analyzed cytofluorometrically the per-
centage of apoptotic cells. Figure 3A shows that q0 cells were more
resistant to Cu(isaepy)2 with respect to parental SH-SY5Y. It has been
reported that ATP production of q0 cells mainly comes from an effi-
cient glycolysis, which also ensures a proper DWm (19,20). Figure 3B
shows that DWm of q0 cells was unaffected upon 6 and 12 h treatment
with Cu(isaepy)2, in line with the observed increased resistance to
Cu(isaepy)2 toxicity.

To evaluate to which extent glycolysis could counteract Cu(isae-
py)2-induced cytotoxicity, we supplemented cell medium of SH-
SY5Y with glucose up to a concentration of 30 mM. Alternatively,
we added 10 mM sodium pyruvate to supply the electron transfer
chain with reducing equivalents, avoiding glycolysis. Figure 3C
shows that glucose addition made the cells more resistant to both cell
cycle arrest in G2/M phase and apoptosis induced by 24 h treatment
with 50 lM Cu(isaepy)2. The incubation with pyruvate, instead, pro-
duced only a slight protective effect on subG1 cell population. We

next analyzed both DWm and markers of the mitochondrial apoptotic
pathway. Figure 3D shows that, upon 24 h treatment with Cu(isaepy)2,
cleavage of either caspase-9 or caspase-3 as well as poly(ADP-ribose)
polymerase was slightly attenuated upon pyruvate addition. In contrast,
it appeared to be almost completely abolished upon glucose supple-
mentation, confirming that an increased rate of the glycolytic pathway
was protective. However, this protection was not paralleled by a re-
covery of DWm (Figure 3E), which, instead, decreased similarly to what
observed upon treatment with Cu(isaepy)2 under basal conditions.

Carcinoma cells are known to rely most of their ATP production on
mitochondrial oxidative phosphorylation (21), representing, for this
reason, the elective tumor histotypes for DLCs-based chemotherapy
(6). Therefore, we assess the effectiveness of Cu(isaepy)2 in cervix
(HeLa) and gastric (AGS) adenocarcinoma cells. Figure 3F shows the
dose-response profile obtained for these cells with the IC50 values of
10.5 ± 1.2 and 7.3 ± 0.9 lM for HeLa and AGS, respectively. More-
over, Figure 3G shows that treatment of AGS and HeLa cells with 10
lM Cu(isaepy)2 resulted in apoptosis that was significantly inhibited
by glucose supplementation.

AMPK regulates cell sensitivity to Cu(isaepy)2
In parallel to the characterization of the effect of Cu(isaepy)2 on
mitochondrial homeostasis, we investigated its effect on cell signal-
ing. It has been reported that AMPK is an early sensor of energetic
impairment, as well as it rapidly activates in response to genotoxic
stress. Therefore, we wondered whether AMPK was activated under
our experimental conditions. Figure 4A shows that phospho-AMPK,
which represents the active form of the enzyme, rapidly increased

Fig. 4. Effect of Cu(isaepy)2 on downstream signaling leading to apoptosis. (A) SH-SY5Y cells were treated with 50 lM Cu(isaepy)2 or Zn(isaepy). At each time
point, 15 lg of proteins from total cell lysates was loaded onto each lane for the detection of the basal and phospho-active AMPK. Hsp90 was used as loading
control and densitometry of each lane (bottom panel) was calculated using Quantity One Software. Data are expressed as arbitrary units of phospho/basal AMPK
and represent the mean ± SD of n 5 3 independent experiments, ��P , 0.01; ���P , 0.001. (B) SH-SY5Y cells were transfected with an empty pcDNA vector
(Ø) or with a pcDNA vector containing the myc-tagged T172A non-phosphorylable form of AMPK (AMPK-DN). After 24 h treatment with 50 lM Cu(isaepy)2,
the efficiency of transfection was evaluated by the immune detection of c-myc, whereas glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
loading control (upper panel). Concomitantly, cells were cytofluorometrically analyzed for apoptosis extent (bottom panel). Data are expressed as percentage of
SubG1 cells and represent the mean ± SD of n 5 4 independent experiments, ��P , 0.01. (C) SH-SY5Y cells were incubated with 30 mM glucose or 10 mM
sodium pyruvate and treated with 50 lM Cu(isaepy)2. At each time point, 15 lg of proteins from total cell lysates was loaded onto each lane for the detection of
phospho-active AMPK. Hsp90 was used as loading control.
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Fig. 5. Effect of Cu(isaepy)2 on isolated mitochondria. Purified mitochondria from mouse liver were used to measure oxygen consumption by a Clark-type oxygen
electrode maintained at 25�C. (A) Cu(isaepy)2 affects oxygen consumption. In total, 1 mM NADH, 50 lM Cu(isaepy)2, 50 lM Zn(isaepy) or dimethyl sulfoxide
(DMSO) (equal volumes) were added to mitochondria sequentially, as indicated. Trace shown is from one representative experiment out of 10 that gave similar
results. Data are expressed in the bottom table as nanomoles of O2 consumed�per minute per milligram protein and represent the mean ± SD of n 5 8 independent
experiments, ��P , 0.01. (B) Cu(isaepy)2 affects state III:state IV ratio. Trace shown and P:O values are from one representative experiment out of five that gave
similar results. (C) Cu(isaepy)2 affects oxygen consumption in the presence of NADH. Trace shown is from one representative experiment out of five that gave
similar results. Data are expressed in the bottom table as nanomoles of O2 consumed�per minute per milligram protein and represent the mean ± SD of n 5 3
independent experiments. (D). Cu(isaepy)2 affects oxygen consumption in the presence of NADH and mitochondria. Trace shown is from one representative
experiment out of five that gave similar results. Data are expressed in the bottom table as nanomoles of O2 consumed per minute per milligram protein and
represent the mean ± SD of n 5 3 independent experiments. (E) Cu(isaepy)2 induces ROS production. In total, 0.5 U catalase were added to mitochondria. Trace
shown is from one representative experiment out of seven that gave similar results. Data are expressed in the bottom table as nanomoles of O2 consumed�per
minute per milligram protein and represent the mean ± SD of n 5 5 independent experiments. (F) Cu(isaepy)2 affects Complex I activity. In total, 5 lM rotenone,
5 lM antimycin A and 1 mM KCN were added to mitochondria. Data are expressed as nanomoles of O2 consumed per minute per milligram protein and represent
the mean ± SD of n 5 5 independent experiments, �P , 0.05.
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upon treatment with 50 lM Cu(isaepy)2, whereas only slight effects
were evidenced upon treatment with 50 lM Zn(isaepy). To unravel
the role of AMPK in the induction of apoptosis, we transfected the
cells with a pcDNA3 vector containing the myc-tagged non-
phosphorylable dominant/negative form (T172A) of the a2 subunit
of AMPK (AMPK-DN cells) and treated them with Cu(isaepy)2 for
24 h. The efficiency of transfection was determined by western blot
analyses against c-myc (inset Figure 4B). Figure 4B also shows that
the percentage of apoptosis was significantly lowered by the inhibi-
tion of AMPK, clearly indicating its involvement in the apoptotic
response against energetic stress mediated by Cu(isaepy)2. Moreover,
Figure 4C shows that pyruvate, but mostly glucose, produced a signif-
icant inhibition of AMPK phospho-activation. Similar results were
also obtained with q0 cells (data not shown).

Cu(isaepy)2 increases NADH-dependent oxygen consumption of
isolated mitochondria independent on ADP

Finally, we aimed at characterizing the site of action of Cu(isaepy)2

onto mitochondria. We then purified mitochondria from mouse liver
and measured NADH-dependent oxygen consumption upon incuba-
tion with 50 lM of both Cu(isaepy)2 and Zn(isaepy). Figure 5A shows
that only Cu(isaepy)2 significantly increased oxygen consumption of
�60% with respect to mitochondria (1 mg/ml) incubated with vehicle
alone; conversely, succinate-dependent respiration was completely
unaffected (data not shown). To assess whether ADP could influence
Cu(isaepy)2-mediated effects, we measured state III:state IV ratio.
Figure 5B shows that, in the presence of Cu(isaepy)2, oxygen con-
sumption was insensitive to ADP addition. In particular, P:O de-
creased to values close to 1, indicating that Cu(isaepy)2 behaved as
an uncoupling molecule.

Next, isolated mitochondria were incubated with Cu(isaepy)2 in the
absence of NADH. These experiments were performed either in the
presence or absence of glutamate and malate. Figure 5C shows that,
under these conditions, Cu(isaepy)2 was completely ineffective in

increasing oxygen consumption, which, instead, was rapidly induced
upon the addition of NADH. The phenomenon observed was not de-
pendent on unspecific reactions since increased oxygen consumption
by Cu(isaepy)2 was observed only in the presence of mitochondria
and NADH (Figure 5D).

Therefore, in order to assess whether Cu(isaepy)2-mediated NADH
oxidation could be responsible for ROS generation, mitochondria
were incubated with Cu(isaepy)2 in experimental buffer containing
glutamate/malate and NADH in the presence of 0.5 U of catalase.
Figure 5E shows that the addition of catalase halved oxygen consump-
tion, indicating that Cu(isaepy)2 dissipates NADH-deriving reducing
equivalents to form O2

�/H2O2. We then evaluated which Complex
was involved in the increased oxygen consumption by Cu(isaepy)2. To
this aim, isolated mitochondria were incubated with Cu(isaepy)2 in
the presence of rotenone, antimycin A or KCN, which inhibit irre-
versibly Complex I, III and IV, respectively. Figure 5F shows that
rotenone was the sole inhibitor able to influence the increase of oxy-
gen consumption induced by Cu(isaepy)2 (�18%), implying a
direct, although not principal, involvement of Complex I in this
phenomenon.

Discussion

In the present study, we have deeply investigated the mitochondrio-
toxic action of Cu(isaepy)2 and clarified the mechanisms responsible
for the final induction of apoptosis (see scheme in Figure 6) further
validating the specific role of mitochondria in Cu(isaepy)2-mediated
antiproliferative effects. We demonstrated that Cu(isaepy)2 increases
oxygen consumption in a way similar to that occurring with uncou-
pling molecules. Specifically, our results provide evidence for the
partial reduction of oxygen to generate ROS, rather than being en-
gaged as the ultimate sink of the tetravalent reduction mediated by the
electron transfer chain. Such observation comes from experiments
carried out with purified mitochondria incubated with Cu(isaepy)2,

Fig. 6. Schematic representation of the effects of Cu(isaepy)2. Cu(isaepy)2 behaves as a DLC-like molecule preferentially targeting mitochondria. In particular,
we proposed that Cu(isaepy)2 reacts with NADH mainly by means of mitochondrial NADH:quinone oxidoreductases (NQO) sited at the outer membrane (pathway
2), but also through Complex I (pathway 1). The resulting copper-catalyzed redox cycles lead to ROS generation and to a widespread oxidative damages to
proteins, above all those contained in the mitochondrial compartment. Such general dysfunction produces DWm loss and ATP decrease, which in turn triggers the
phospho-activation of AMPK and the consequent induction of the mitochondrial pathway of apoptosis.
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which clearly point out that oxygen consumption is completely in-
dependent on ADP addition, as well as strongly reduced by catalase.
The pro-oxidant activity of Cu(isaepy)2 has been also confirmed in
cell systems to be mitochondrion specific. In fact, the analysis of
carbonylated proteins, one of the most common oxidative modifica-
tions of proteins, shows that they accumulate in mitochondrial ex-
tracts, whereas seem to be efficiently scavenged within the cytosol by
a proteasome-dependent degradation process. These results are con-
firmatory of a persistent damage to mitochondria and correlate with
the current knowledge that proteasome-dependent degradation effi-
ciently takes place only in the cytosol and the nucleus (22,23). The
observed decrement in the levels of respiratory Complexes provides
a strong evidence for the mitochondrial specificity of Cu(isaepy)2-
mediated oxidative damage. In fact, the decrease of Complex I and
IV, which we detected by western blot, represents a hallmark of ox-
idative damage to mitochondria. Similar results were previously re-
ported to occur upon copper intoxication (24), and it is now well
established that mitochondrial Complexes are particularly sensitive
to oxidative damages (25,26).

The experiments carried out with purified mitochondria evidenced
that oxygen consumption and ROS production were strictly dependent
on exogenous NADH availability and generally unaffected by mito-
chondrial Complexes inhibitors. This suggests that Cu(isaepy)2-cata-
lyzed redox cycles could occur with enzymes other than the electron
transfer chain, such as the NADH:quinone oxidoreductases sited at
the outer mitochondrial membrane. Indeed, the role of NADH:qui-
none oxidoreductases in exacerbating the toxicity of diverse DLC
classes is now emerging as pivotal for DLCs to produce ROS and
selectively target mitochondria of malignant cells (27–30). However,
data obtained with rotenone demonstrated that Complex I activity is
also affected by Cu(isaepy)2, suggesting that this Complex could be
involved in Cu(isaepy)2-mediated mitochondriotoxicity.

Overall, the data indicate that Cu(isaepy)2 can be included among
DLCs. Such assumption also originates from the evidence that: (i)
DWm drop is tightly associates with a rapid decrease of ATP levels and
insensitive to glucose supplementation; (ii) glucose addition to culture
media prevents or, at least, strongly delays Cu(isaepy)2-mediated cell
death and (iii) carcinoma HeLa and AGS cell lines, which are known
to rely most of their energy production upon mitochondrial oxidative
phosphorylation, are much more susceptible toward the toxic effects
of Cu(isaepy)2.

In the cascade of events starting from oxidative stress and culmi-
nating in apoptosis, we also attempted at identifying the molecular
factors involved in the transduction pathways of apoptotic signal. In
particular, we have investigated the involvement of AMPK as a com-
ponent of such cascade that are able to sense the upstream energetic
stress and responsible for the downstream induction of apoptosis.
AMPK is now emerging as modulator of different cellular responses,
all converging in the restoration of ATP levels (31–33). However, it
can also phospho-activate many proteins involved in the induction of
apoptosis, such as some members of the mitogen-activated protein
kinase family (e.g. p38MAPK) (34) or p53 (35,36), representing in such
a way a crossroad between survival and death. In this work, we have
demonstrated that AMPK is responsible for Cu(isaepy)2-induced ap-
optosis since the overexpression of the non-phosphorylable T172A
form of the a2 subunit of the enzyme completely rescues cells from
death. Previously, we reported that p53 was involved in Cu(isaepy)2-
induced apoptosis (14); therefore, on the basis of the results obtained
here, we can hypothesize a molecular link between AMPK and p53
and a functional synergism between them in apoptosis occurrence.
Work is in progress in our laboratory aimed at investigating the pos-
sible involvement of a cross talk between these two proteins in the
induction of Cu(isaepy)2-mediated apoptosis and whether the activa-
tion of other protein kinases, such as p38MAPK, is implicated in such
phenomenon. The results emerging from this study are promising and
useful to outline a programmed transduction pathway downstream of
Cu(isaepy)2, rather than considering this compound only as a copper
delivery molecule able to produce widespread cell dysfunction as
downstream effect of metal intoxication. In such a way, Cu(isaepy)2

could be proposed for its putative use as a novel DLC compound
useful in in vivo approaches for cancer treatment.

Supplementary material

Supplementary Figures 1–3 can be found at http://carcin.oxfordjournals.
org/
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