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Abstract

In this work, we investigated the effects of Casiopeina
ll-gly (Cas ligly)—a new copper compound exhibiting
antineoplastic activity—on glioma C6 cells under both
in vitro and in vivo conditions, as an approach to iden-
tify potential therapeutic agents against malignant
glioma. The exposure of C6 cells to Cas ligly signifi-
cantly inhibited cell proliferation, increased reactive
oxygen species (ROS) formation, and induced apopto-
sis in a dose-dependent manner. In cultured C6 cells,
Cas ligly caused mitochondrio-nuclear translocation of
apoptosis induction factor (AIF) and endonuclease G at
all concentrations tested; in contrast, fragmentation of
nucleosomal DNA, cytochrome crelease, and caspase-3
activation were observed at high concentrations. Ad-
ministration of N-acetyl-.-cystein, an antioxidant, re-
sulted in significant inhibition of AIF translocation,
nucleosomal DNA fragmentation, and caspase-3 acti-
vation induced by Cas ligly. These results suggest that
caspase-dependent and caspase-independent path-
ways both participate in apoptotic events elicited by
Cas ligly. ROS formation induced by Cas ligly might
also be involved in the mitochondrio-nuclear trans-
location of AIF and apoptosis. In addition, treatment of
glioma C6-positive rats with Cas ligly reduced tumor
volume and mitotic and cell proliferation indexes, and
increased apoptotic index. Our findings support the
use of Cas ligly for the treatment of malignant gliomas.
Neoplasia (2005) 7, 563—-574
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Introduction
Apoptosis occurs spontaneously in malignant tumors, and
this event is often potentiated by chemotherapeutic
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agents [1,2]. Morphologically, the process of apoptosis is
characterized by cellular condensation, nuclear fragmentation,
and engulfment of cell debris by phagocytes [3]. The induction
of apoptosis may involve either extracellular triggering signals
(such as a tumor necrosis factor) or endogenous signals [such
as cytochrome c (cyt ¢)] [4], which are followed by the activa-
tion of caspases [5] and endonucleases [6,7], thus causing
disassembly of nuclear chromatin and degradation of oligo-
nucleosomal DNA. Moreover, the translocation of apoptosis
induction factor (AIF) leads to apoptosis through a caspase-
independent pathway, producing the condensation of nuclear
chromatin, as well as large-scale (~50 kb) DNA fragmenta-
tion [8—10]. In addition, it has been suggested that Fe** and
Cu?*, two redox-active metal ions, are involved in reactive OXy-
gen species (ROS) generation, and hence in apoptosis [11,12].

Oxidative stress is a putative mediator of apoptosis through
many different mechanisms [13]. Among them, we can mention
the following: 1) the intracellular increase of ROS [14] or the
depletion of endogenous antioxidants [15]; 2) the action of
some antioxidants—such as N-acetyl-L-cystein (NAC)—which
act as intracellular ROS scavengers, thus inhibiting the
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activation of caspases [16]; 3) the overexpression of Mn
superoxide dismutase (SOD), which restores the mitochon-
drial transmembrane potential, thus inhibiting apoptosis
[16,17]; 4) the overexpression of Cu/Zn-SOD, which delays
apoptosis by scavenging O%~ [18,19]; and 5) the overex-
pression of the mitochondrial phospholipid hydroperoxide
glutathione peroxidase (GPx) that inhibits the generation of
ROS formation [20].

However, malignant gliomas are known to be resistant
to different forms of chemotherapy, and this is consistent
with evidence demonstrating that glioma cells are prone
to developing drug resistance during treatment. Therefore,
the search for novel and more effective chemotherapeutic
agents against glioma cells becomes more relevant than
ever. Moreover, the concept, that drugs based on endo-
genous (essential) metallic components may be more effec-
tive and less toxic than other currently used agents, prompted
several groups to develop copper-based drugs with poten-
tial use as therapeutic agents. In our case, we have recently
completed the synthesis of mixed copper-chelating com-
pounds with the generic name of casiopeinas, which pres-
ent the following basic formula: Cu(N—N)(A—A)]NO4
(A—AN-0, O-0) [21,22]. Furthermore, it has been demon-
strated that some copper-based generic compounds may
exhibit a higher antineoplastic potency than cisplatin for
human ovarian carcinoma (CH1), murine leukemia (L1210),
and various cervico-uterine carcinomas [23,24]. However,
casiopeinas still need to be characterized in their prop-
erties against tumors from the nervous system. Therefore,
the present study was undertaken to investigate the ef-
fects of Casiopeina IlI-gly (Cas ligly) [Cu(4,7-dimethyl-1,
10-phenanthroline)(glycine)(H,O)]NO3 in rats with glioma
C6 and in cultured glioma C6 cells. Our data show that
Cas lIgly inhibited cell growth and induced programmed
cell death (PCD) in vitro and in vivo, thus involving an
active role of ROS formation in the positive actions of
casiopeina through both caspase-dependent and caspase-
independent mechanisms.

Materials and Methods

Reagents

Cas ligly was synthesized as previously described [25]
and dissolved in sterile water. All other reagents were ob-
tained from known commercial sources.

In Vitro Experiments

Glioma cell culture Cultured glioma C6 cells from rats
(American Tissue Culture Collection, Rockville, MD) were
maintained at 37°C in 5% CO, under sterile conditions in
Dulbecco’s modified Eagle’s medium (Sigma Chemical Co.,
St. Louis, MO), supplemented with 5% fetal bovine serum
(Sigma Chemical Co.), and treated during 24 hours with
increasing concentrations of Cas ligly (1, 2.5, 5, and 10 pg/ml;
equivalentto 4.26 x 1074, 1.0 x 1073,2.13 x 102, and 4.26 x
1072 M, respectively), either in the presence or absence of
20 mM NAC (Sigma Chemical Co.).

Cell viability assay The effect of Cas ligly on the survival
of glioma C6 cells was determined by the MTT (3[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) as-
say (Roche Diagnostics, Mannheim, Germany), which
measures mitochondrial activity. MTT is a yellow-colored
salt that is taken up and cleaved only by metabolically active
cells, reducing it to a colored, water-insoluble formazan
salt. The solubilized formazan products were quantified
in a 96-well—format spectrophotometer at 570 nm (Lab-
system Uniskan, Manchester, UK). Briefly, 5 x 10* cells were
seeded in cell culture plates and preincubated overnight.
After exposure to increasing concentrations of Cas ligly
for 24 hours at 37°C, 10 pl of MTT (5 mg/ml) was added,
and the cells were then incubated at 37°C for 4 hours.
The tetrazolium crystals were solubilized by the addition of
10% SDS in 0.01 N HCI. Absorbance was measured after
overnight incubation at 37°C. To observe cell morphology,
5 x 10* cells were seeded on chamber slides and exposed
to Cas ligly for 24 hours. Air-dried cells were fixed with
4% paraformaldehyde and stained with hematoxylin—eosin
(DakoCytomation, Carpinteria, CA), and cell morphology
was observed with a light microscope at x20.

Determination of apoptosis To assess apoptosis, frag-
mented DNA was isolated and analyzed by electrophoresis
on 2% (wt/vol) agarose gels and stained with ethidium
bromide as described in the Quantum PrepR AquaPure
Genomic DNA Kit (Bio-Rad, Hercules, CA). Induction of cell
death was also monitored as the appearance of the sub-G,
peak in cell cycle analysis [26]. Briefly, control and treated
cells (1 x 10%) were centrifuged and fixed overnight in 70%
ethanol at 4°C; then cells were washed three times with
PBS, incubated for 1 hour in the presence of 1 mg/ml RNase
A and 20 pg/ml propidium iodide at room temperature,
and analyzed for different cell cycle phases with a Becton
Dickinson (San Jose, CA) FACScan flow cytometer.
Apoptosis was assayed by a second method using the
in situ Cell Death Detection Kit, AP (Roche Diagnostics):
cells were seeded on 0.7-cm? glass cover slides in eight-
well plates (Daigger, Vernon Hills, IL). After treatment with
Cas llgly, cells were washed twice with PBS and fixed with
4% paraformaldehyde, washed with PBS, permeabilized
with 0.1% Triton X-100 in a 0.1% sodium citrate solution, and
incubated with the terminal deoxynucleotidyl transferase—
mediated nick end labeling (TUNEL) reaction mixture (con-
sisting of calf thymus deoxynucleotidyl transferase and
nucleotide mixture in a reaction buffer) for 60 minutes at
37°C. The slides were rinsed three times with PBS and
Converter-AP was added (antifluorescein antibody Fab frag-
ment from sheep, conjugated with alkaline phosphatase)
during 30 minutes at 37°C. The slides were rinsed again
three times with PBS, and the substrate solution was then
added [NBT (4-nitro blue tetrazolium chloride) and BCIP
(5-bromide-4-chloride-3-indolyl-phosphate 4-toluidine salt)].
Apoptotic cells were visualized with a light microscope.
Apoptosis was also analyzed by a third method using
a caspase-3 Colorimetric Assay (RyD System, Minneapolis,
MN): briefly, following the treatment with Cas ligly for
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24 hours, cells were washed in PBS, resuspended in lysis
buffer, and incubated on ice for 10 minutes. After centrifu-
gation at 10,000g during 1minute, caspase-3 activity was
measured in the supernatant at 37°C in 96 microplates;
the reaction contained the caspase-3 colorimetric substrate
(DEVD-pNA). The absorbance was measured at 405 nm
using a Labsystem Uniskan plate reader.

An apoptotic-related protein, AIF, was also analyzed
using Western blot analysis and immunocytochemistry
techniques. For immunocytochemistry, treated and control
cells were cultured on 0.7-cm? glass cover slides in eight-
well plates (Daigger), fixed with 4% paraformaldehyde in
PBS for 10 minutes, washed three times with PBS, and
permeabilized with DAKO target retrieval solution (Dako-
Cytomation) for 30 minutes at 95°C, and then blocked with
3% hydrogen peroxide for 10 minutes at room temperature.
Cells were incubated with an AIF antibody (diluted 1:100)
in PBS for 30 minutes at room temperature, washed three
times, and then incubated with horseradish peroxidase—
conjugated antimouse 1gG (DakoCytomation) at a 1:1000 di-
lution during 15 minutes. After three more washes, the slides
were processed by avidin—biotin—peroxidase and visualized
with a light microscope at x20.

Mitochondrial transmembrane potential assay Mitochon-
drial energization was evaluated through the analysis of
mitochondrial retention of the cationic fluorescent dye, rho-
damine 123 (R123) [27]. Briefly, 1 x 10° cells were treated
with Cas lIgly for 24 hours, washed with PBS, and incubated
with 20 pg/ml R123 at 37°C for 20 minutes. After wash-
ing cells twice again with PBS, R123-related fluorescence
was analyzed by cytometry using a FACSCalibur cytom-
eter (Becton Dickinson) and analyzed with Cellquest 3.1f
analysis software.

Measurement of ROS formation 2',7'-Dichlorofluorescein
diacetate (DCFH-DA) is a stable, nonfluorescent mole-
cule that is hydrolized by esterases to the nonfluorescent
DCFH. DCFH is then oxidized in the presence of ROS
(superoxide anion, hydrogen peroxide, and hydroxyl radi-
cal) to the highly fluorescent 2’,7’-dichlorofluorescein (DCF)
[28]. For ROS analysis, the DCFH-DA probe was used
as previously described [29]. Briefly, lysed cells were di-
luted 1:10 with 40 mM Tris (pH 7.4) and loaded with 5 |M
DCFH-DA (Molecular Probes, Eugene, OR) in methanol
for 15 minutes at 37°C. Afterward, the fluorescence was
recorded before and after 60 minutes of incubation. The
formation of the fluorescent oxidized derivative of DCFH,
named DCF, was monitored at an excitation wavelength
of 525 nm (slit, 5 nm). The bucket holder was thermostat-
ically maintained at 37°C. Autofluorescence of the cel-
lular lysate was always less than 6%. The fluorescent
signals of both methanol (as vehicle) and substrates were
recorded at the baseline, before the calculation of DCF
formation. DCF formation was quantified from a standard
curve (Sigma Aldrich, St. Louis, MO) in methanol. Analysis
was performed with a Perkin-Elmer (Boston, MA) LS50-B
luminescence spectrometer.
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Assay of lipid peroxidation The amounts of aldehydic prod-
ucts generated by lipoperoxidation were determined in lysated
glioma C6 cells from control and Cas llgly—treated groups
24 hours after incubation, using the thiobarbituric acid reac-
tion (Sigma Aldrich) [30], and modified as previously reported
[31]. Results were listed as nanomoles of thiobarbituric acid
reactive substances (TBARS) per milligram of protein.

Subcellular fractionation Control and treated glioma C6
cells were harvested, washed once with ice-cold PBS,
resuspended in 200 pl of ice-cold Cell Lysis-M Buffer (Sigma
Chemical Co.) plus protease inhibitors [10 mg/ml leupeptin,
1.0 pg/ml aprotinin, and 0.1 mM phenymethylsulfonyl fluo-
ride (PMSF)] (Sigma Chemical Co.), and then sonicated.
Insoluble debris was removed by centrifugation at 12,0009
for 15 minutes, and the supernatants were stored at —80°C.
The nuclear and cytoplasmic extractions were performed
with the NE-PER Nuclear and Cytoplasmic Extraction Re-
agents (Pierce Biotechnology, Rockford, IL), as previously
described [32]. Protein concentrations of each sample were
determined using the Bio-Rad protein assay system.

Western blot analysis  The levels of proliferating cell nuclear
antigen (PCNA) protein expression were evaluated by Western
blot analysis. Samples containing equal amounts of protein
(30 ppg) were mixed with an equal volume of 2x sample
buffer (125 mM Tris—HCI, pH 6.8, 20% glycerol, 4% SDS®,
0.02% bromophenol blue, and 10% 2-mercaptoethanol) and
boiled during 5 minutes. The samples were cooled on ice for
5 minutes, centrifuged for a short time, and exposed to 10%
to 15% SDS polyacrylamide gel electrophoresis (PAGE).
Proteins were transferred to a nitrocellulose membrane for
2 hours at 70 V with 25 mM Tris—HCI, pH 8.0, 195 mM gly-
cine, and 10% methanol. The membrane was blocked with
5% light milk in 1x PBS for 1 hour, and the PCNA antibody
(Santa Cruz Biotechnology, Santa Cruz, Ca) was added to
the membrane for 24 hours at 4°C. After three consecutive
washes in PBS, the membrane was incubated with a sheep
antimouse IgG—horseradish peroxidase complex (Santa
Cruz Biotechnology) during 1 hour at room temperature,
followed by three washes with PBS. Then, chemilumines-
cence was visualized using the enhanced chemilumines-
cence (ECL) kit (Santa Cruz Biotechnology). The blot was
exposed to Kodak XAR-5-ray film (Sigma Chemical Co.)
for 10 minutes and then developed. A similar procedure
was used for AlF, cyt ¢, 3-actin, lamin B (Santa Cruz Bio-
technology), and endonuclease G (Endo G) primary anti-
bodies (Chemicon International, Temecula, CA). The band
intensities were quantified in a Molecular Dynamics (Dur-
ham, NC) computing densitometer using ImageQuant soft-
ware version 3.2.2.

In Vivo Experiments

Tumor model and treatment Cultured C6 cells (1 x 107)
were intraperitoneally inoculated into a 12-week—old Wistar:
Hsd rat. Fifteen days later, a multilobulated peritoneal tumor
developed. The tumor was mechanically dissociated at 4°C,
and a suspension of 1 x 107 cells in 500 pl of saline solution
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was subcutaneously inoculated into the back of 12-week—
old male Wistar:Hsd rats as previously described [33].
Subcutaneous tumors developed in 80% of the animals,
reaching a diameter of 1.5 cm, 14 to 17 days after cell im-
plantation [33]. These rats were randomly allocated to one of
three groups: group A (n = 30) was used as control and
injected subcutaneously with 0.5 ml of water every 24 hours
for 21 days, whereas groups B (n = 30) and C (n = 30) were
injected intraperitonerally every 24 hours for 21 days with
0.4 and 0.8 mg/kg Cas lIgly, respectively.

Antineoplastic evaluation and collateral effects of Cas ligly
Twenty-one days after treatment, animals from all groups
were bled by intracardiac puncture to study chemical blood
parameters and then killed; the corresponding tumor was
removed from each animal and its volume was measured
by fluid displacement [34]. The tumors were dissected and
cut by the middle into eight parts; sections were stained by
the hematoxylin—eosin method for the morphologic study.
The mitotic index was determined by mean percentages of
mitoses in 10 different fields. For studies of cell proliferation,
sections were stained by immunohistochemistry with mono-
clonal antibodies against the PCNA (DAKQO). The cell pro-
liferation index was obtained by the mean number of positive
cells in 10 different microscopic fields. All histologic evalua-
tions (x40) were made blindly to avoid bias.

The determination of apoptosis in 3 um of glioma C6
sections was also analyzed using the in situ Cell Death
Detection Kit, AP (Roche Diagnostics; technique previously
described). The fraction of apoptotic cells was expressed as
an apoptotic rate, which represented the number of apoptotic
cells among 1000 glioma C6 nucleated cells.

Statistical analysis  All in vitro studies were made in tripli-
cate. Data from in vitro and in vivo experiments were ana-
lyzed with the Student’s t test.

Results

Cas ligly Inhibits Cell Proliferation and Induces
Morphologic Changes

Treatment with Cas ligly induced growth inhibition and
morphologic changes in a dose-dependent manner. Figure 1A
shows morphologic alterations in glioma C6 cells treated with
1 ug/ml Cas ligly for 24 hours; such cells contracted, became
rounded, and detached from the culture dishes. In contrast,
nontreated glioma C6 cells remained morphologically un-
changed. Figure 1B depicts the dose-dependent effect of
Cas ligly on glioma C6 cell viability; most cells died after
treatment with 5 and 10 pg/ml Cas ligly for 24 hours. In addi-
tion, the Western blot analysis revealed that the levels of
PCNA were significantly decreased in cells treated with
higher concentrations of Cas ligly (Figure 1C). These results
show that Cas ligly has an antineoplastic effect on glioma C6
cells through the inhibition of cell proliferation, in a mecha-
nism apparently involving the induction of apoptosis.

Treatment with Cas llgly Induces Apoptosis

To investigate whether the Cas ligly—induced decrease
in cell viability was the result of an apoptosis induction,
glioma C6 cells were treated with 1, 2.5, 5, and 10 pg/ml
Cas ligly for 24 hours and analyzed by flow cytometry
with propidium iodide. Figure 2A shows dose-dependent
changes in the percentage of cell death. Apoptotic cells
were identified by TUNEL staining. Treatment with 1, 2.5,
5, and 10 pg/ml Cas ligly caused 25%, 58%, 83%, and
95% of apoptotic cells, respectively, whereas only 4% of
apoptotic cells was found in controls (Figure 2B). The in-
duction of apoptosis by DNA analysis showed the gen-
eration of large-scale DNA fragments at doses of 1 and
2.5 pg/ml Cas ligly, and oligonucleosomal cleavage of DNA
in cells treated with 5 and 10 pg/ml casiopeina (Figure 2C).

Cas llgly Induced the Loss of Mitochondrial Membrane
Potential and the Release of Apoptogenic Factors
Mitochondria play a critical role in apoptosis caused by
drugs such as chemotherapeutic and DNA-damaging agents
[35]. Because mitochondria manifest signs of outer and/or
inner membrane permeabilization when exposed to a variety
of proapoptotic drugs, we determined the mitochondrial mem-
brane potential in glioma C6 cells using the fluorescent dye
R123 and analyzed it by flow cytometry. Cas ligly produced a
reduction in the mitochondrial membrane potential in a dose-
dependent manner (Figure 3A). Mitochondrial damage may
resultin the release of cyt cto cytosol and further activation of
caspase-3. Western blot analysis (Figure 3B) revealed a sig-
nificant release of cyt ¢ at doses of 5 and 10 pg/ml Cas ligly
when compared with control. As a key executioner of apop-
tosis, the activation of caspase-3 was measured in glioma
C6 cells treated with Cas ligly (Figure 3C); whereas there
was no significant activation of caspase-3 at doses of 1 and
2.5 pg/ml Cas ligly when compared with untreated controls,
doses of 5 and 10 ug/ml increased the protease activation
by 1.5- and 3-fold, respectively. Another mechanism for apop-
tosis induction, independent of caspase activity, is through
AlF—a mitochondrial protein that is translocated into the
nucleus on induction of apoptosis. Within the nucleus, AlF,
in cooperation with a second mitochondrial protein Endo G,
induces chromatin condensation and large-scale DNA frag-
mentation [36]. Western blot analysis (Figure 3D) revealed
the presence of AIF and Endo G in all nuclear extracts ob-
tained from glioma C6 cells treated with Cas lIgly. A signifi-
cant dose-dependent increase in AIF and Endo G levels
was observed. These results clearly show that Cas ligly
induces both the loss of mitochondrial membrane potential
and apoptosis through mechanisms dependent and indepen-
dent of caspases, suggesting that, at lower doses, apoptosis
is mediated by a caspase-independent mechanisminvolving
AIF and Endo G, whereas at higher doses, apoptosis is due
both to caspase-dependent and caspase-independent path-
ways. Moreover, several reports have proposed that AIF is
indeed a caspase-dependent death effector [37], implicating
that the translocation of AIF into the nucleus is a caspase-
dependent event. However, we have found that a broad-
spectrum caspase inhibitor, ZVAD-FMK, failed to attenuate
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Figure 1. Cas ligly inhibits cell proliferation and induces morphologic changes in tumor cells. (A) Morphology of untreated glioma C6 cells (left panel) and glioma
C6 cells treated with 1 ug/ml Cas ligly for 24 hours (right panel). Cell morphology was visualized with a light microscope at x 20 using H&E staining. (B) Dose-
dependent effect of Cas llgly on cell viability in C6 glioma cells. Cell viability was measured by the MTT assay; data represent the mean + SD (*P < .05, P < .001,
and =+P < .0001) from six independent experiments. (C) Dose-dependent effect in the expression of PCNA in cell lysates of control and Cas ligly —treated
glioma C6 cells (left panel). The bar graphs indicate the relative units of PCNA normalized with actin (right panel). Each bar represents the mean + SD (*P < .05,

=P < .001, and *+ P < .0001) of three independent experiments.

AIF translocation induced at all doses of Cas ligly, suggest-
ing that the casiopeina induces nuclear redistribution of AlF
in a caspase-independent manner during the apoptotic pro-
cess (data not shown).

Treatment with Cas llgly Induces ROS Formation
and Lipoperoxidation

Some antineoplastic agents eliminate tumor cells through
ROS formation [38]. We investigated if Cas ligly is able to
induce ROS formation and lipid peroxidation. Generation of
ROS was determined in cellular lysates of glioma C6 cells
treated with Cas ligly using DCFH-DA as a specific fluo-
rescent dye probe. A significant increase in ROS levels
was observed at 5 and 10 g/ml (Figure 4A). Lipid peroxida-
tion in membranes is a direct measure of the effect of ROS
formation in biologic systems, and was measured using
the thiobarbituric acid reaction. A dose-dependent increase
of lipid peroxidation as the result of incubation of cells in
the presence of Cas ligly was also observed (Figure 4B).

Neoplasia e Vol. 7, No. 6, 2005

These data show that Cas ligly induces lipid peroxidation
by ROS formation.

Increase in Cellular ROS Formation Is Associated with
Apoptosis Induced by Cas ligly

Glioma C6 cells were treated with Cas ligly in the
presence of the antioxidant NAC, a potent ROS scavenger
(Table 1). The addition of this compound to cells treated
with increasing doses of Cas ligly produced a reduction of
cell death and increased the fraction of cells in the Gy/G4
phase analyzed through flow cytometry, whereas Cas ligly
increased the amount of apoptotic cells independently of
the cell cycle phase. Table 1 presents data showing that at
20 mM, NAC completely inhibited the Cas ligly—induced cell
death at 1 and 2.5 pg/ml doses, whereas at 5 and 10 ug/ml
doses plus NAC, the inhibition of cell death mediated by Cas
ligly was approximately 50%. NAC protected cells from
death induced by Cas ligly by arresting them in Go/G4 phase,
and this effect was observed by DNA analysis from Cas
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llgly—treated glioma C6 cells in the presence of NAC.
Oligonucleosomal cleavage of DNA was shown only in cells
treated with Cas lIgly at 5 and 10 g/ml plus NAC (Figure 5A),
and DNA cleavage was less than that observed in cells
treated with 5 and 10 g/ml Cas ligly alone (Figure 2C).
These results suggest that ROS play an important role in
the regulation of cell death induced by Cas ligly in glioma
C6 cells. To investigate if the ROS formation induced by
Cas ligly is a triggering event of Cas llgly—induced apop-
tosis, we examined caspase-3 activity by a colorimetric
method, as well as the AIF translocation from the mito-
chondria to the nucleus by immunocytochemistry. When
glioma C6 cells were treated with Cas ligly in the presence
of NAC (Figure 5B), the activation of caspase-3 was in-
hibited by approximately 50% at 5 and 10 g/ml concentra-
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tions, whereas the translocation of AIF was significantly
inhibited at 1 and 2.5 g/ml concentrations; however, doses
of 5 and 10 g/ml Cas ligly inhibited the AIF translocation
only by 50% (Figure 5C). These results suggest that Cas
ligly at lower doses induces apoptosis through the formation
of ROS, involving AIF translocation to the nucleus; whereas
at higher doses, apoptosis is mediated through caspase
activation and ROS-dependent and ROS-independent
mechanisms, as evidenced by the fact that, in the presence
of 20 mM NAC, AIF translocation, caspase-3 activation, and
apoptosis were only partially inhibited.

In Vivo Antitumoral Effect of Cas ligly

To determine whether Cas ligly exerts an antitumoral
effect in glioma C6, we performed individual microscopic
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Figure 2. Treatment with Cas llgly induces apoptosis in tumor cells. (A) Cell death of control and 24-hour Cas ligly —treated glioma C6 cells was measured by flow
cytometry after propidium iodine staining. The data represent the mean + SD (P < .05, »P < .001, and P < .0001) of three independent determinations. (B)
Dose-dependent effect of Cas Ilgly on apoptosis. Apoptosis of control and 24-hour Cas llgly —treated glioma C6 cells was determined by TUNEL assay. The results
are the mean + SD (P < .05 and *+P < .0001) of three independent determinations. Quantitative estimation of TUNEL-positive nuclei at different doses was
determined by counting five fields at x 10 for each determination. (C) Effect of Cas ligly on DNA. The marker is a 100-bp DNA ladder (left lane). DNA was isolated
from control and 24-hour Cas llgly—treated glioma C6 cells.
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Figure 3. Cas ligly induced the loss of mitochondrial membrane potential and the release of apoptogenic factors. (A) Mitochondrial membrane potential from
control and 24-hour Cas llgly—treated glioma C6 cells was measured by accumulated R123 fluorescence determined by flow cytometry. The data represent the
mean + SD (*P < .05, =P < .001, and P < .0001) of three independent determinations. (B) Western blot analysis for cyt c, the cytosolic fraction obtained from
control and 24-hour Cas ligly—treated C6 cells (left panel). The bar graphs indicate the relative amounts of cyt ¢ normalized to the respective actin level (right
panel). Each bar represents the mean of three independent experiments. (C) Caspase-3 activity is presented as fold increases over control. Each bar represents a
mean of three independent experiments. (D) Western blot analysis for AIF and Endo G in the nuclear fraction obtained from control and 24 h Cas ligly —treated C6
cells (left panel). The bar graphs indicate the relative amounts of AIF and Endo G normalized to the respective laminin B level (right panel). Each bar represents the

mean of three independent experiments.

analyses of tumors. Necrosis, mitosis, pleomorphic multi-
nucleated cells, and vascular proliferation were less evident
in tumors from animals treated with Cas ligly at doses of
0.4 and 0.8 mg/kg per day. Reductions in the mean volume of
tumors of about 94% and 75% were found in rats treated with
0.4 and 0.8 mg/kg per day, respectively (Figure 6A). In
controls, the mean volume was 84 + 16 ml; whereas in
animals treated with 0.4 mg/kg per day of Cas ligly, the
volume was 5.3 + 2 ml (P < .001), and in animals treated
with 0.8 mg/kg per day, the mean volume was 21.4 + 10 ml
(P < .05). When the mitotic index from treated animals
was compared with that of controls, reductions of 76% and
67% were observed (Figure 6B). For controls, the mitotic
index in viable sections of the tumor was 1.65 + 0.24;
whereas in animals treated with Cas ligly at doses of 0.4

Neoplasia e Vol. 7, No. 6, 2005

and 0.8 mg/kg per day, the indexes were 0.4 + 0.1 (P < .05)
and 0.54 + 0.24 (P < .05), respectively. Reductions of
77% and 71% in the index of cell proliferation were observed
in animals treated with Cas lIgly (Figure 6C). The index in
animals treated with Cas ligly at 0.4 mg/kg per day was
12.9 + 2.2 (P < .001), and in those treated with 0.8 mg/kg
per day, it was 16.02 + 4.06 (P < .001); whereas for con-
trols, it was 55.5 + 6.4. The apoptotic index for the treated
groups was significantly higher than in controls (P < .0001)
(Figure 6D). For all variables analyzed, we found significant
differences between treated animals and controls.

Side Effects
In the case of metal complexes, toxicity can be exacer-
bated by a retention or accumulation of the metal in tissues.
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Figure 4. Treatment with Cas ligly induces ROS and lipid peroxidation.
(A) ROS generation was determined in lysed cells obtained from control and
24-hour Cas llgly—treated C6 cells as described in Materials and Methods
section. Each bar represents the mean + SD (++P < .001 and *+P < .0001)
of three independent experiments. (B) Levels of lipid peroxidation were
determined in lysed cells obtained from control and 24-hour Cas ligly—
treated C6 cells, as described in Materials and Methods section. Each
bar represents the mean + SD (=P < .001 and P < .0001) of three inde-
pendent experiments.

To determine the extent of hepatic and renal damage in-
duced by Cas ligly in vivo, both hepatic function and blood
chemistry tests were performed in control and treated
groups. The mean values of laboratory blood tests were
similar among the groups and no evidence of drug-induced
toxicity was found (Table 2). No mortality was registered
during the experiment.

Discussion

Recent developments in cancer research suggest that
a number of apoptotic stimuli share common mechanistic
pathways characterized by the generation of ROS and the
loss of mitochondrial membrane potential with subsequent
changes in the outer mitochondrial membrane permeability
and the release of apoptogenic factor [38,39]. Mitochondrio-
nuclear translocation of AIF appears to be a constant feature
of apoptosis, independently of triggering conditions (protein
kinase inhibition, c-myc overexpression, ceramide, etc.) [40].
Redistribution of AIF to the nucleus, which correlates with
large-scale DNA fragmentation, is a caspase-independent
event [8]. The mitochondrio-nuclear translocation of AIF
seems to be associated with UVB-induced apoptosis through
a caspase-independent pathway; loss of mitochondrial
membrane potential and ROS generated by UVB might also
trigger AIF translocation [41]. In vitro, there is a close relation
between AIF and the caspase-mediated cascade, as AlF
stimulates the release of cyt ¢ from isolated mitochondria [8].
In several models of cell death, AIF is released from mito-
chondria before cyt ¢ [8,42], and its neutralization (e.g., by
microinjection of an antibody or in knockout models) [42—-44]

prevents apoptosis. This phenomenon suggests that, at least
in some cases, AlF might be necessary for cyt c—dependent
caspase activation [36]. The kinetics for differential release
of AIF might be explained by the preferential localization of
cyt cwithin the inner mitochondrial membrane, and sustained
by electrostatic interactions that delay its release [45,46]. It
has been proposed that PARP-1 activation elicited by DNA
damage leads to a decrease in NAD™ that is sensed by the
mitochondria [42]. Cytosolic AIF is translocated into the
nucleus and initiates nuclear condensation and large-scale
chromatin fragmentation [8]. Additionally, cytosolic AIF acts
on the mitochondrial membrane potential and initiates the re-
lease of cyt c, thus activating caspases [9]. The late activa-
tion of caspases, after the executioner step of AlF release,
may facilitate its dissolution inside the cell.

In our studies, Cas ligly, a novel copper-based chemo-
therapeutic agent, increased cell death by apoptosis in
glioma C6 cells, and various mechanisms seem to be related
to this effect. Cas ligly may induce apoptosis in CH1 cells
without showing DNA oligonucleosomal fragments, revealing
a relatively low level of caspase activation [23]. Reduced
inhibition of apoptosis by ZVAD-FMK, a wide broad caspase
inhibitor, suggests that Cas ligly may trigger the caspase-
independent pathway of apoptosis [23]. At low concentra-
tions (<10 pM), Cas ligly inhibits the rates of state 3 and
uncoupled respiration of mitochondria isolated from the rat
liver, kidney, heart, and AS-30D hepatoma. At concentra-
tions higher than 10 uM, Cas lIgly stimulates basal respira-
tion, which is followed by its inhibition, a K*-dependent
swelling, collapse of membrane potential, and late cyt c re-
lease [47]. A single intravenous administration of Cas ligly
(1, 3, and 5 mg/kg) to rats produces hemolytic damage in a
dose-dependent manner [48]; however, a lack of hemolytic
damage at the lowest dose 12 hours after its administration
was observed, suggesting that this dose could represent
the limit for adverse reactions. In this study, the major toxic
effect observed in hemolytic anemia was attributed to the
dose of 5 mg/kg Cas ligly; it was observed 12 hours and
5 days after Cas llgly administration, and was accompanied
by a marked neutrophilic leukocytosis. Recovery occurred
15 days after its administration.

Table 1. Effect of Cas ligly on the Cell Cycle in Glioma C6 Cells.

Cas ligly (g/ml) % Sub-Go % Gio/Gy % S/IM

0 415+ 2.65 53.10 + 1.62 43.20 + 0.74
1.0 27.78 + 7.35* 43.95 + 4.06* 27.78 = 11.15
1.0 + NAC 1.49 + 0.74 73.50 + 3.42f 25.15 + 3.64*
25 50.97 + 6.93" 26.52 + 0.91% 22,54 + 4.35*
2.5 + NAC 1.27 + 0.07 85.30 + 2.23 12.49 + 2,77}
5.0 73.17 + 18.67* 11.07 + 2.75¢ 16.82 + 10.73*
5.0 + NAC 38.05 + 5.6" 47.15 + 6.84 14.29 + 1.617
10 80.37 + 9.90" 8.65 + 0.84} 10.45 + 6.111
10 + NAC 47.77 + 1.24} 37.73 + 3.35* 13.24 + 2,75}

Results are expressed as mean + SD. Statistical significance was obtained
by comparing untreated cells versus Cas ligly treatment (1.0, 2.5, 5.0, and
10 g/ml) or Cas ligly + NAC (20 mM) treatment.

*P < .05.

P <.001.

P < .0001.
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Figure 5. Increase in cellular ROS is associated with apoptosis induced by Cas ligly. (A) Effects of NAC on DNA of 24-hour Cas ligly —treated cells in the presence
of 20 mM NAC. DNA extraction was performed as described in Materials and Methods section. The marker is a 1-kb extension ladder. (B) Immunocytochemistry of
AIF in control C6 cells, treated with Cas ligly and Cas llgly + 20 mM NAC for 24 hours (left panel). The figures shown are representative of at least three different
experiments for each experimental condition. Original magnification, x20. The bar graphs indicate the mean of three independent determinations (left panel).
Quantitative estimation of AlF-positive nuclei at different doses was determined by counting five fields of x 20 for each determination. (C) Caspase-3 activity in control
C6 cells, treated with Cas ligly and Cas ligly + 20 mM NAC for 24 hours. Caspase-3 activity was determined as described in Materials and Methods section. Caspase-3
activities were presented as fold increases over control. Each bar represents the mean + SD (P < .001 and *++P < .0001) of three independent experiments.

Our findings also indicate that Cas ligly, at doses between
1 and 2.5 g/ml, induces ROS generation, loss of mitochon-
drial membrane potential, AIF and Endo G mitochondrio-
nuclear translocation and apoptosis without cytosolic
release of cyt ¢, caspase-3 activation, or DNA laddering.
An additional interesting finding is that NAC, a ROS scaven-
ger, blocked the mitochondrio-nuclear translocation of AlF
and apoptosis, suggesting that ROS generated by Cas ligly
acts as a trigger factor for mitochondrio-nuclear translocation
of AIF only. In contrast, at higher doses of casiopeina (5 and
10 pg/ml), ROS production and loss of mitochondrial mem-
brane potential are larger, and apoptosis occurs with DNA

Neoplasia e Vol. 7, No. 6, 2005

laddering associated with release of cyt ¢ and caspase-3
activation, as well as mitochondrio-nuclear translocation of
AIF and Endo G. In the latter case, NAC blocks only 50%
of these processes. These results also suggest that ROS
generated by Cas ligly is one of the triggering events for
apoptosis. The results mentioned above show that low doses
of Cas llgly induce apoptosis in glioma C6 cells through a
caspase-independent pathway. Under these conditions, the
mitochondrio-nuclear translocation of AlF is associated with
this pathway, and ROS generated may be involved in trig-
gering its translocation, whereas at higher doses, Cas ligly
induces apoptosis through both caspase-dependent and
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Figure 6. In vivo antitumoral effect of Cas ligly. (A) Comparison of tumoral volume determined through water displacement. (B) Mitotic index determined by
microscopic analysis. (C) Cellular proliferation index determined by inmunohistochemistry for PCNA. (D) Apoptotic index determined by TUNEL assay for rats with
glioma C6 treated with Cas llgly at doses of 0.4 and 0.8 mg/kg per day for 21 days.

caspase-independent pathways (caspase-3 activation and

mitochondrio-nuclear translocation of AlF).

The administration of Cas llgly to murine tumors in-
creased the lifespan similarly to other antineoplastic drugs
[48]. According to our results, Cas ligly exerts an intense
antitumoral effect in vivo, evidenced by the decrease in all

variables studied: tumoral volume, mitotic and cell prolif-

eration, and increased apoptotic index. Unexpectedly, the

Table 2. Laboratory Parameters in Control and Cas ligly—Treated Rats.

degree of antitumoral activity of the casiopeina against
glioma C6 cells was intense, and even low doses were
sufficient to produce a substantial antineoplastic effect. All
these features occurred in the absence of toxicity for the

Parameter

Control (n = 8)

Tumor (n = 5)

Tumor + Cas ligly,
0.4 mg/kg per day (n = 10)

Tumor + Cas ligly,
0.8 mg/kg per day (n =9)

Glucose (mg/dl)
BUN

Urea (mg/dl)
Creatinine (mg/dl)
Uric acid (mg/dl)
Bilirubin (mg/dl)
SGOT (U/)

SGPT (U/l)
Alkaline phosphatase (U/l)
GGT

Total protein (g/dl)
Albumin (g/dl)
Gilobulins (mg/dl)
A/G ratio

147.96 + 22.35
24.40 £ 2.31
52.22 + 4.93

0.63 + 0.15
1.65 + 0.43
0.56 + 0.20
206.36 + 102.56
752 £17.2
431.22 + 119.71
1.25 +1.03
7.26 = 0.17
1.57 £ 0.20
5.66 + 0.15
0.25 + 0.03

186.44 + 61.08
26.6 + 5.24
56.92 + 11.2
0.72 + 0.044
4.16 = 0.78'
1.1 +0.87
344.22 + 148.05
67.12 + 17.77
277.36 + 61.81*
5.96 + 4.11*
6.84 + 0.75
2.08 +1.18
5.36 + 0.55
0.278 + 0.075

116 + 25.35"
25.4 + 3.06
54.35 + 6.55
0.63 + 0.08
2.43 +1.45
0.58 + 0.21
191.67 + 73.02
48.4 + 13.7*
318.8 + 153.46
3.75 + 2.96*
6.32 + 0.84*
1.4 +0.36
ND
ND

111.22 + 28.98*
20.44 + 2.92
4374 + 6.24

0.53 + 0.07
3.64 +0.77}
0.53 = 0.19

211.44 + 74.49
43.77 = 10.73

238.22 + 96.15*

25+ 1.37
513 + 1.0

15+ 1.25

4.0 + 0.58
0.27 + 0.044

Results are expressed as mean + SEM. Statistical significance was obtained by comparing untreated rats without tumor (Control) versus untreated rats with tumor

or Cas llgly—treated rats (0.4 and 0.8 mg/kg per day) with tumor.

*P < .05.
TP < .001.
P < .0001.
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hapato-biliary or renal system. Hematic biometry performed
on Wistar:Hsd rats 21 days after treatment with Cas ligly
(0.4 and 0.8 mg/kg per day, i.p.) showed a dose-dependent
effect. The higher dose produced only a moderate decrease
of hemoglobin (accompanied by light neutrophilic leukocytosis
but no hemolytic anemia), platelet count was normal, and
no histologic abnormalities were seen in the spleen (results
not shown).

Most currently used antineoplastic drugs have limited
efficacy and high toxicity, as they also affect normal cells.
Lipophilic cation drugs are concentrated by cells into mito-
chondria because of the large negative-inside electric mem-
brane potential [49,50]. The higher plasma and mitochondrial
membrane potentials of tumors cells [51,52] may enhance
the selective targeting of Cas ligly into tumor cells and
mitochondria. AS-30D hepatoma mitochondria also ex-
hibited higher mitochondrial membrane potential values than
did mitochondria from the liver, the organ from which tumor
mitochondria were derived. Indeed, AS-30D and Hela cells
in culture died within 48 hours of exposure to CAS ligly [47].
The effect of Cas lIgly (1, 2.5, 5, and 10 pg/ml) after 24 hours
of incubation on the survival of normal fibroblasts was
determined by the MTT assay. At 1 and 2.5 png/ml doses of
Cas ligly, the cell viability of normal fibroblasts in culture was
100%; when the dose was increased to 5ug/ml, viability was
85%; and at 10 pg/ml, it was 50%, suggesting that metabolic
effects of Cas ligly at 1, 2.5, or 5 pg/ml doses are fairly spe-
cific against glioma cells (results not shown).

Our results indicate that Cas ligly is a promising chemo-
therapeutic option against glial malignant tumors.
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