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The effects of glutathione (GSH) depletion by buthionine
sulfoximane (BSO) or by photosensitization-induced oxida-
tive stress using metallo-phthalocyanines (MePcS,) on
etoposide (VP-16) cytotoxicity against K562 human leuke-
mic cells were investigated. Both treatments enhanced VP-
16 toxicity in a markedly synergistic way, as revealed by
combination index analysis procedure. Synergistic drug
interactions were accompanied by a supra-additive induc-
tion of DNA strand breaks. The proposed role of intracellu-
lar GSH in preventing metabolic transformations of VP-16
and thus decreasing its toxicity was confirmed by electron
spin resonance (ESR) monitoring of the accumulation of
the VP-16 phenoxyi radical in cell cytoplasm subjected to
GSH depletion. Taken together the resuits emphasize the
beneficial effect of GSH-related oxidative stress in enhance-
ment of etoposide toxicity and possibly in its anticancer
applications.
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Introduction

Etoposide (VP-16), a semi-synthetic derivative of
podophyllotoxin, has been used in treating various
malignancies, including small cell bronchogenic
carcinoma, lymphomas, leukemias, bladder cancer
and ovarian cancer. It has been successfully used in
combination with cisplatin, cyclophosphamide, dox-
orubicin and vincristin. The mechanisms of cytotoxi-
city of VP-16 have been shown to involve trapping
of the topoisomerase II-DNA cleavable complcxI
and/or induction of direct DNA breaks.>? Since
etoposide itself does not damage purified DNA' it
has been suggested that the direct formation of DNA
breaks by ectoposide is a result of intracellular
enzymatic metabolism of the drug, which involves
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transformations within its pendant demethoxy-
phenolic group.sJ In particular, some peroxidases,
prostaglandin  synthetase, tyrosinase and P450-
dependent mono-oxygenases may be involved in the
intracellular activation of VP-16.*"'" Several meta-
bolic products, such as the ortbo-quinone-" and
the dihydroxyIl derivatives of the drug, as well as
the shortlived intermediates (phenoxyl and semi-
quinone free radicals) are involved in various chemi-
cal reactions that can damage DNA and other cell
constituents.'>'* Recent studies have also shown
that the VP-16 phenoxyl radical, the primary free
radical product formed during oxidative metabolism
of the drug, can react with intracellular reductants
(e.g. free and protein bound thiols, ascorbic acid,
etc.) thus modulating the toxicity of the drug.“‘"’
These interactions have been shown to prevent
ctoposide from undergoing further transformations,
to reconvert the VP-16 to its original form,“"-"
and to cause accumulation of cytotoxic activated
oxygen species.18 Glutathione (GSH) is the main
non-protein thiol involved in numerous cellular
defences against activated oxygen species and other
toxicants produced during exposure to therapeutic
and environmental chemicals or ionizing radia-
tion.'>%’ Etoposide in its original form does not react
with GSH; however, some of its metabolites have
this potential. It might be, therefore, anticipated that
a change in GSH content could affect VP-16 cyto-
toxicity at several of the steps in its intracellular
transformation.

Based on the above considerations, we have
examined the relationship between the toxicity of
VP-16 and cellular GSH levels modulated either
enzymatically by inhibition of y-glutamylcysteine
synthetase using buthionine sulfoximine (BSO) or
by oxidative stress induced by photosensitization
with aluminum and zinc-metallo-phthalocyanines.
BSO is an irreversible inhibitor of y-glutamylcysteine
synthetase which blocks de novo glutathione
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synthesis in cells and tissues, and is frequently used
at non-toxic concentrations to deplete cells and
tumors of GSH, to increase their sensitivity to drugs
and radiation.”'

Metallo-phthalocyanines (MePc) are photosensiti-
zers under development as second-generation photo-
dynamic agents to supplant Photofrin II, the drug
currently used in the photodynamic therapy (PDT)
of various malignancies. Recently, we have studied
the cytotoxic effects of a combination of a water-
soluble aluminum phthalocyanine tetrasulfonate
(AIPcSy) and VP-16 in K562 human leukemic cells.?
Under certain experimental conditions there was a
synergistic enhancement of cytotoxicity which was
accompanied by other supra-additive effects on cells,
including induction of supra-additive G;/M cycle
arrest and apoptosis, as determined by internucleo-
somal DNA fragmentation. In the latter study, how-
ever, the underlying biochemical mechanisms
responsible for these synergistic drug interactions
were not addressed.

We have, however, shown that photosensitization
with MePcS4 can effectively oxidize both free thiols
and protein thiols, a process mediated by reactive
oxygen spccics.25 In view of these photodynamic
propertics of MePcSy, we hypothesized that photo-
sensitization-induced oxidative stress, and in particu-
lar a depletion of intracellular GSH, might be
involved in the synergistic enhancement of etopo-
side toxicity.

In the present study, using the median effect/
combination index analysis, we analyzed the syner-
gistic enhancement of VP-16 cytotoxicity by BSO or
by photosensitization in the presence of AIPcSs and
ZnPcS4. This synergistic cytotoxicity was paralleled
by a supra-additive increase in the number of DNA
strand breaks. Finally, in order to correlate the effect
of the depletion of cytoplasmic GSH content with
the effectiveness of VP-16 metabolic transformations,
we measured the rate of in vitro accumulation of its
phenoxyl radical intermediate in cytoplasmic pre-
parations using electron spin resonance (ESR).

Materials and methods
Reagents

Etoposide (VP-16) was purchased from Sigma (St
Louis, MO). The compound was dissolved in di-
methyl sulfoxide (DMSO), aliquoted and stored at
—20°C. Further dilutions were made in RPMI med-
ium immediately before use. Aluminum and zinc
tetrasulfonated metallo-phthalocyanines (AIPcS; and
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ZnPcSy) were synthesized in the laboratory of Dr JE
van Lier, purified by HPLC, dialyzed to homogeneity
and dissolved in phosphate buffered saline (PBS) to
yield stock solutions of 2.0 mM, as measured
spectrophotometrically (¢ =2.5X 10*M~'cm™! in
DMSO; at Q-band Ayax). Buthionine-[S, R]-sulfoximine
(BSQO), glutathione, GSH (reduced form), glutathione
peroxidase (GSH-px, EC 1.11.1.9), tyrosinase (EC
1.14.18.1), glutathione reductase (EC 1.6.4.2),
NADPH, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB,
Ellmans’s reagent) were purchased from Sigma and
used as supplied. Cumene hydroperoxide (Cu-
mOOH) and the sulfhydryl reagent, 2-vinylpyridine
were obtained from Aldrich (W1, USA). ['*C]dThd
and [*H]dThd were purchased from New England
Nuclear (Boston, MA). All other chemicals were of
highest available purity.

Cell culture and drug treatment

Human chronic myelogenous leukemia cells, K562
(ATCC CCL 243), were grown in RPMI 1640
medium, supplemented with glutamine, 1 mM GSH,
10% FBS, 50 ug/ml gentamycin and 10 mM HEPES.
All experiments were performed with exponentially
growing (asynchronous) cells. Before experiments,
the cells were seeded in 3:1v/v parts fresh to
conditioned medium. On the next day, cells were
counted, the cell density was adjusted by addition of
a small volume of fresh RPMI medium to give 5 X
10° cells/ml and cells were incubated with BSO or
MePcSy (in dark). After pre-incubation with BSO for
4.5 h or with MePc$4 for 4 h, after 24 h (or longer
periods) the cells were washed once in PBS and
once in RPMI medium (without FBS) and resus-
pended in complete RPMI medium (conditioned to
fresh = 1:3v/v). Thereafter, cells were exposed
either to VP-16, photo-irradiation or a combination
of the two. To avoid high toxic effects of VP-16
alone, the incubation time with the drug was
diminished to 20 min (unless otherwise stated).
When cells were to be subjected to both VP-16 and
photodynamic treatment, they were pre-incubated in
the dark and then photo-irradiated for a given time
period so as to achieve the required light dose and a
total incubation time with VP-16 of 20 min. Follow-
ing treatment, all cell groups (controls and treated
cells) were washed, resuspended in growth medium
and kept for further analyses. Photosensitization was
performed using broad spectrum IR-filtered red
light (1>580 nm, 7 =10 mW/cm~2). Cells (12 ml
suspension) were irradiated in ventilated (green-cap)
Falcon, 75 cm? plastic incubation flasks and were
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gently shaken during light exposure. Dark incuba-
tion with MePcSy was virtually non-cytotoxic. Ex-
posure of cells incubated with VP-16 to red light, in
the absence of MePcSy, did not alter VP-16 toxicity.

Cytotoxicity assessment and analytical
procedures

Evaluation of drug toxicity was performed using a
clonogenic assay. After treatment, cells were incu-
bated in the dark for 4-5h, counted, diluted in
RPMI medium and piated in a standard fashion in
soft (0.33%) agar in 35 mm Petri dishes (usually 300,
600 or 1200 cells per dish in triplicate). On the 15th
day colonies were fixed with ethanol, stained with
crystal violet and counted under an inverted micro-
scope.

To analyze dose—effect relationships in the combi-
nation treatment of cells with VP-16 and BSO or
MePcS; photosensitization, we selected the median-
effect combination index algorithm, as described
by Chou and Talalay.“ We used the linearized
median effect equation log[(f,)~! — 1] = mlog(D)
— mlog(Dy), where f, =1 — f, is the fraction of
cells non-responding to treatment and f, is the
fraction of cells affected by treatment, respectively;
m is a coefficient determining the sigmoidality of the
dose—effect curve, D is drug dose and D,, = ICs, is
the dose required to produce the median effect. The
combination index (CI) was calculated at f, levels
along the interval from 0.05 to 1.0. By definition
CI < 1.0 indicates synergistic, CI = 1.0 additive and
CI > 1.0 antagonistic drug interactions. Based on our
previous work, interactions between VP-16 and
photosensitization are likely to fit a mutually non-
exclusive drug interaction model, which in fact
represents the most unfavorable condition to
achieve synergism.22

Measurement of DNA strand breaks

DNA strand breaks were measured using a modified
version of the alkaline elution method of Kohn et
al.”® as described previously.Z(’ Approximately
2 X 10° cells, prelabeled with ['*C]dThd (15 nCi/ml
for 16 h) were damaged and incubated as described,
and then harvested by centrifugation and resus-
pended in 2ml of ice-cold PBS containing 0.02%
EDTA. Then 1 ml of cell suspension was added to
20 ml of ice-cold PBS containing an internal standard
consisting of about 5 X 10° cells which had been
labeled for about 16 h with 100 nCi/ml [*H]dThd
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(1 uM) and irradiated with either 300 or 1000 rad of
y-radiation, depending on the required range of the
assay. The cells were collected on a polycarbonate
filter (Nucleopore, Pleasanton, CA), washed with
5 ml of PBS, lysed with 4 ml of 2M NaCl, 40 mM
EDTA, 0.2% N-laurylsarcosine, pH 10. This was
followed by 5 ml of 20 mM EDTA, pH 10, and then
the DNA was eluted with 20 mM EDTA adjusted to
pH 12.0 with tetrapropylammonium hydroxide. The
radioactivity of the eluted DNA was determined by
liquid scintillation counting.

GSH determination

Levels of cytoplasmic GSH were determined by
glutathione  reductase-5,5'-dithio-bis(2-nitrobenzoic
acid) using the spectrophotometric method of Tietz
as modified by Griffith.”” Cell cytoplasm was ob-
tained following digitonin-induced membrane per-
meabilization and separation from the organellar
content by centrifugation, as described previously.23
Experiments performed using digitonin concentra-
tions from 25 to 400 ug/ml did not change the total
amount of measured glutathione, indicating that only
cytoplasmic GSH was released by this treatment.
Cell permeabilization with 100 ug/ml digitonin was
used throughout this study.

ESR spectroscopy

Tyrosinase-catalyzed oxidation of VP-16 and detec-
tion of the generated VP-16 phenoxyl radical was
monitored by ESR spectroscopy. The reaction was
performed in a phosphate buffer (pH 7.4 at 22°C) or
in cell cytoplasm using 5U/ul tyrosinase and
600 uM VP-16 in a 200 ul quartz aqueous ESR cell.
ESR spectra were recorded on an E9 Varian ESR
spectrometer using: 334 mT center of the magnetic
field, 4 mT scan sweep, 0.032 mT modulation ampli-
tude and 15 mW microwave power. Kinetic mea-
surements were performed using the same
parameters except for using a zero scan sweep and
increasing the modulation amplitude and receiver
gain X8.

Results

Toxicity of VP-16 and BSO

Treatment of K562 cells with BSO for 4.5h at
concentrations less than 60 uM followed by replace-



ment of cells in fresh medium had little effect on the
clonogenic capacity of the cells (Figure 1). Higher
concentrations, however, inhibited cell growth and
reduced clonogenecity, with an ICs, of about
180 uM. When cells were co-incubated with a
constant concentration of BSO (50 uM) for 4.5 h and
variable concentrations of VP-16 for 20 min, a
pronounced supra-additive cytotoxic effect was ob-
served (Figure 1). To further evaluate the cellular
responses following simultaneous drug treatment,
we performed a combination index analysis based
on the median effect principle.z“ The cells were
exposed to different concentrations of VP-16
(20 min) and BSO (4.5h), while maintaining a
constant molar drug ratio: VP-16/BSO = 1/10. The
combination index (CI) was calculated assuming
both possible types of drug interactions: mutually
exclusive and non-exclusive. The plots shown in
Figure 2 indicate that both models predict synergis-
tic drug interactions (CI < 1.0) for virtually all F,,
except in the case of non-exclusive interactions
under severe cell treatment conditions (F, ~ 1.0).

Toxicity of VP-16 and photosensitization
with MePcS,

In the present study, we analyzed the effect of
photodynamic treatment with AlPcS4 and ZnPcS4 on
the toxicity of VP-16. In order to gain a deeper
insight into the processes involved, we examined
three variables (incubation time, drug ratio and light
dose) which may influence the outcome of combina-
tion treatment. Figure 3(A) shows the results of the
combination index analyses when short pre-illumina-
tion incubation times (4 h) with MePcS4; were used,
as [VP-16]/[MePcS4] = 1/2. The drug interactions,
as evaluated for a mutually non-exclusive process,
are predominantly synergistic. The relatively weak
antagonism obtained with ZnPcSs was attenuated
when a higher light dose was used (curve 2 versus
curve 3 in Figure 3A). In contrast, when photosensi-
tizers were incubated with cells for longer times
before light exposure (24 h or more), the combina-
tion treatment was markedly antagonistic and was
synergistic only at F, >0.45 (AlIPcS4) and F, >0.85
(ZnPcSy), even for lower relative concentrations of
AlPcSy and ZnPcS4 in the medium ([VP-16]/
[MePcS4] = 1/1) (Figure 3B). These antagonistic
interactions are suggested to result from the higher
photodynamic toxicity of MePcS; after longer pre-
incubation with cells, associated with a different
intracellular localization pattern of the photosensiti-
zers (see Discussion).
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Figure 1. Clonogenic survival after exposure of K562
cells to different concentrations of: BSO for 4.5h (1, A),
VP-16 for 20 min (2, O), and after combined treatment
with BSO (50 M, 4.5 h) and different concentrations of
VP-16 for 20 min (3, @). Average data from triplicate
experiments.
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Figure 2. Plots of combination index (Cl) versus fraction
affected (F) for [VP-16)/[BSO] = 1/10. Data from clono-
genic toxicity of the drugs and calculated for mutually
exclusive (1, @) and non-exclusive (2, B) interactions.
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Figure 3. (A) Combination index (Cl) plots obtained after simultaneous treatment of cells with VP-16 for 20 min and
pre-incubated before photosensitization with AIPcS, for 4 h; light dose 7.2 J/cm? (1, @) and ZnPcS, for 4 h; light dose
7.2J/cm? (2, ®), or 9.0 J/cm? (3, A). Drugs molar ratio: [VP-16]/[MePcS,] = 1/2. (B) Combination index plots when
VP-16 treatment was applied after pre-incubation of cells with AIPcS, (1, @) or ZnPcS, (2, H) for 24 h followed by

exposure to 7.2 J/cm? red light. Drugs molar ratio: [VP-16]/[MePcS,] = 1/1.

DNA strand breaks induced by single
and combined drug treatments

VP-16 was able to damage DNA in K502 cells by
inducing a rapid (following a 5—-10 min incubation)
formation of both ‘protein-linked’ and ‘frank’ DNA
strand breaks, as revealed by alkaline elution experi-
ments performed in the presence or absence of
proteinase K. The ratio of protein-linked and frank
breaks varied slightly with the incubation time of
the drug with the cells, but in general was close to
1:1. The variation in the number of DNA breaks after
incubation of cells with different VP-16 concentra-
tions for 20 min is shown in Figure 4(A). The total
DNA breaks formed after combined treatment with
VP-16 and photosensitization in the presence of
AlIPcS; or ZnPcS,; are also shown in the same figure.
The combined treatments produced a supra-additive
number of DNA strand breaks as compared with
individual drug action, although the number of
strand breaks was not linear with respect to VP-16
concentrations. Under these conditions (see legend),
and in contrast to the case of AlPcS,, photosensitiza-
tion with ZnPcS; did induce DNA breaks by itself. In
the absence of VP-16 and after longer pre-irradiation
incubation times (24 h or more) of photosensitizers
with cells, both the AlMePcS,; and ZnMePcS; in-
duced relatively high levels of strand breaks and
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supra-additivity during combination treatment was
less pronounced, or even absent (not shown). We
also found that longer incubations of cells with VP-
16 (30-40 min) tended to reduce the supra-additive
formation of DNA strand breaks.

Over a wide range of concentrations, the K562
cells exposed to BSO alone did not reveal any
detectable DNA breakage. However, treatment of
cells with BSO followed by exposure to etoposide
for 20 min resulted in a supra-additive increase in
the number of DNA strand breaks, as compared with
the action of VP-16 alone (Figure 4B). Although
toxic concentrations of BSO (greater than 200 uM)
did not induce DNA breaks, the effect of supra-
additivity after combined treatment tended to de-
crease with increasing BSO concentration (up to
2 mM) (not shown).

Correlation between depletion of
cytoplasmic GSH and the rate of
quenching of the VP-16 phenoxyl
radical

Glutathione content (GSH) in K562 cytoplasmic
lysates was estimated to be 12.6 + 0.9 nmol/10°
cells. Incubation of cells with different concentra-
tions of BSO resulted in a gradual decrease in
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Figure 4. Induction of DNA breaks by individual and combined drug treatment. (A) DNA breaks after incubation of
cells with different VP-16 concentrations alone for 20 min (1, O) and after combined treatment with AIPcS, (40 uM;
4h) (2, A) or with ZnPcS, (40 uM; 4 h) (3, @). Light dose 9 J/cm?. (B) Effect of pre-incubation of cells with different
concentrations of BSO for 4.5 h on the level of VP-16-induced DNA single-strand breaks: BSO alone (1, O) and in
combination with VP-16 (5 M for 20 min) (2, A). Average data from triplicate experiments.

glutathione concentration (Figure 5). GSH content
was diminished to about 50% after treatment with
200 uM BSO for 4.5 h. Photosensitization of cells
pre-incubated in the dark with AlPcSs and exposed
to various doses of red light also resulted in a
dramatic decrease in GSH levels in cell cytoplasm
(Figure 5). Under the described conditions, cytoplas-
mic GSH was decreased to 50% after application of a
light dose of about 7.5-8.0 J/cm?. Similar results for
GSH depletion were obtained wusing ZnPcSy,
although the light dose efficiency, as compared to
AlIPcSy4, was lower (Figure 5).

Metabolic transformations of VP-16 to ultimate
quinoid products is Proceeded by the formation of
its phenoxyl radical. ® We focused out attention on
the correlation between the levels of cytoplasmic
GSH content and the rate of generation of VP-16
phenoxyl radicals by exogenously added tyrosinase
in cytoplasmic preparations. Tyrosinase catalyses the
generation of VP-16 phenoxyl radicals with typical
ESR parameters for this intermediate (Figure 6,
insert) and the steady-state levels of radical concen-
tration in buffer are reached within 4-5 min after
mixing the reagents. The presence of reducing com-
pounds, capable of donating electrons to the phe-
noxyl radical (e.g. GSH) results in a lag period
before the ESR signal appearance. During this lag
period reductants are consumed and the persistence

Light Dose x 10 J/cm?
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Figure 5. Dependence of GSH depletion on BSO con-
centration after incubation with cells for 4.5h (1, O)
(bottom x-axis) and photodynamic depletion induced by
AlPcS; (2, A) or ZnPcS, (3, @) photosensitization
following different light doses (upper x-axis). MePcS,
(40 uM) was pre-incubated with cells for 4 h. Data points
represent mean values from at least five determinations
+ SD. Initial GSH content in cytoplasm was 12.6+
0.9 nmol/10° cells.
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of the lag period is proportional to the concentra-
tion of antioxidants in medium."? Figure 6 shows
typical time-courses of the emergence of the ESR
signal of the phenoxyl radical when the reaction
was performed in the cytoplasm from untreated cells
(curve 1) and in samples where cells were photo-
sensitized in the presence of AlPcS; with different
light doses prior to the isolation of cytoplasm
(curves 2—4). A similar shortening of the lag periods
was observed when cells were pre-treated with
different concentrations of BSO which paralleled the
depletion of cytoplasmic GSH (Figure 5). We next
studied the effects of thiol reagents (GSH peroxid-
ase/cumene hydroperoxide, or 2-vinylpyridine) on
the time of appearance of the ESR signal of the
phenoxyl radical and the rates were correlated with
the measured amount of reduced GSH in cytoplasm.
These results, together with the data obtained
from samples subjected to photosensitization and
BSO induced depletion of GSH, are summarized in
Figure 7. Based on linear regression analysis, we
estimated that the prolongation of the lag period
before the appearance of the phenoxyl radical ESR
signal and the content of reduced GSH in cytoplasm
are highly correlated (7% = 0.975). This result indi-
cates that cytoplasmic levels of GSH can be of
crucial importance for intracellular metabolic trans-
formation of VP-16.

Discussion

Effects of GSH depletion by BSO on
VP-16 toxicity

Early indications of a possible involvement of GSH in
VP-16 toxicity were derived from the increased
GSSG content and decreased levels of GSH in mouse
liver after administration of VP-16.? Subsequently, it
was shown that GSH can react directly with the
ortho-quinone derivative and its semi-quinone free
radical, interactions caPable of protecting DNA from
inactivation in vitro.”® In both cases, metabolic
transformations of VP-16 are obviously a prerequisite
for the reaction with GSH. More recent studies have
revealed the importance not only of GSH, but also
other antioxidants (e.g. ascorbic acid and protein-
bound thiols) in the modulation of etoposide
cytotoxicity.lz‘I7 A new type of interaction has been
shown to occur during the initial step of enzymatic
(e.g. by several peroxidases and tyrosinase) oxida-
tion of VP-16 when the phenoxyl radical of the drug
is formed: one-electron quenching of the radical
(reduction to the original etoposide structure),
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Figure 6. Kinetics of the appearance of the ESR signal
of VP-16 phenoxyl radical generated by tyrosinase in
cytoplasm isolated from 2 x 108 cells. Untreated cells
(line 1) and after cell photosensitization with AIPcS,
applying light doses of: 4, 8 and 15 J/cm? (lines 2, 3 and
4). Insert: ESR spectrum of VP-16 phenoxyl radical
generated by tyrosinase (5 U/ul) in buffer: 6ay (OCH3) =
0.131 mT; 2ay (phenoxy) = 0.130 mT; ay(f) =0.40mT
and a, = 0.06 mT).
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Figure 7. Relationships between GSH content and the
lag period (At, Figure 6) for the appearance of the VP-16
phenoxyl radical ESR signal in cell cytoplasm after
photodynamic treatment with cells preincubated with
40 uM AIPcS, (®) and ZnPcS, (A) and irradiated with
light doses from 2.5 to 20J/cm? or exposed to BSO
concentrations from 25 to 200 uM (O). Data points (V)
and (@) represent results obtained after exposure of cell
cytoplasm to GSH-px (2 U/ ul)/CumOOH (300 uM) or to
different concentrations of 2-vinylpyridine, respectively.
The line is a result of linear regression fit of all data
points (r?=0.975).



accompanied by a depletion of the pool of cellular
antioxidants and, eventually, by generation of super-
oxide ions.'*'®

The combination index analysis, as performed in
the present study, unequivocally shows that low-to-
moderate GSH depletion (below about 50%) by BSO
potentates VP-16 cytotoxicity (Figure 2). Similarly,
our results indicate a 2-fold increase in the level of
DNA breaks when VP-16 was applied together with
a wide range of non-toxic BSO concentrations
(Figure 4B). In a previous study, the increased VP-16
toxicity after GSH depletion in the presence of BSO
was linked to a decreased efflux of the drug and,
respectively, increased intracellular concentrations.’!
To observe this effect, however, a minimum time of
at least 24 h of BSO pre-incubation (GSH depletion)
was required. In the present study we employed
short incubation times with VP-16 (20 min) and BSO
(4.5 h) to avoid secondary effects of GSH depletion
on cell metabolism, as well as to minimize the
toxicity of the individual drugs. We, therefore,
expect that under our experimental conditions VP-
16 accumulation in cells was unaffected by BSO and
that the cellular responses to GSH depletion resulted
from decreased protection against cytotoxic VP-16
metabolites. This conclusion is supported by the VP-
16 phenoxyl radical quenching experiments (Figures
6 and 7). Furthermore, if pre-incubation with higher
doses of BSO did affect VP-16 retention in cells, we
should have observed stronger (‘pseudo’) synergism
when the cells were highly damaged. In fact, the
graphs in Figure 2 show the opposite tendency of
additivity (mutually exclusive) and/or antagonism
(non-exclusive interactions) in the region when
F, — 1.0. We suggest that the decreased synergism
is related to the more pronounced BSO toxicity
when higher (greater than 180 uM) concentrations
were applied.

Combination toxicity between VP-16
and photosensitization

When relatively short pre-illumination incubation
times with MePcS4 were used the combination index
analysis predicted largely synergistic cytotoxic inter-
actions between VP-16 and AlPcS4 or ZnPcS4 photo-
sensitization. The overall synergy with AlPcS4 along
the entire F, range was somewhat higher and was
achieved using lower light dose, as compared to
ZnPcS4 (Figure 3A). This effect paralleled the higher
rate of GSH depletion after photosensitization in the
presence of AIPcS4 (Figure 5). Similarly, we have
previously found that ZnPcS4 has a lower oxidative

Enbancement of VP-16 cytotoxicity

efficiency against other thiols and for the photo-
inactivation of intracellular catalase,? although
usually in #n vitro experiments this comzpound
exhibits higher cytotoxicity than AlPcS;.2%** Both
photosensitizers possess similar triplet state quantum
yields when in monomeric form, but ZnPcSs has a
greater tendency to dimerize or aggregate, which is
known to decrease the efficiency of generation of
activated oxygen species (singlet oxygen and free
radicals) after photo-excitation. It is also likely that
photosensitized oxidation in GSH might be not a
primary intracellular target, especially for ZnPcSy, as
seen from the initial lag in GSH depletion with
respect to the applied light dose (Figure 5) and from
the ability of this photosensitizer to induce DNA
strand breaks in the absence of VP-16 (Figure 4A).
The combination treatment of cells with relatively
low concentrations of VP-16 and photosensitization
resulted in a synergistic increase of the level of DNA
breaks (Figure 4A). When the dyes were incubated
for a longer time before irradiation their individual
toxicity changed enormously [e.g. for AIPcS4 ICs,
changed from about 32 + 4 uM (4 h) to 3.4+ 0.8 uM
(24h), at constant VP-16 ICso =9.5+0.8uM
(20 min)]. We consider this dramatic change in
photodynamic toxicity to be the result of a different
intracellular localization of MePcS4 and the targetin,
of specific molecular structures (including DNA).
This might be the reason for the higher antagonism
revealed by combination index analysis under such
conditions, as well (Figure 3B). In all cases, as higher
light doses or concentrations were applied the
antagonistic interactions were converted to synergis-
tic (Figure 3A and B). One attractive hypothesis to
explain these results comes from earlier” and
recent® observations that anionic phthalocyanines
are primarily localized in lysosomes (in the dark) and
after initial photo-irradiation are released into the
cytoplasm or re-localize in other organelles. Due to
these events, following an increase in light dose the
efficiency of photosensitized oxidation of cytoplas-
mic GSH would obviously be higher.

Based on our previous expcriments,B we consider
that MePcSs photosensitization and the generated
active oxygen forms are primarily responsible for the
direct oxidation of GSH. However, in cells the GSH-
peroxidase cycle may also be involved in the process
of depletion of GSH after irradiation, since photo-
sensitization is expected to produce various perox-
ides as substrates. Further studies are required to
quantify the relative importance of each pathway of
GSH depletion during photosensitization.

As demonstrated in this study, depletion of GSH in
the cytoplasm by different treatments results in a
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more effective accumulation of the VP-16 phenoxyl
radical, which allows further metabolic or oxidative
transformations of the drug. The strong correlation
between the lag period during which the phenoxyl
radical is continuously converted back to the original
form of the drug and the cytoplasmic level of GSH
(Figure 7) definitively suggests that glutathione con-
tent is important for the effectiveness of VP-16
intracellular redox-transformations and consequently
for etoposide cytotoxicity. For example, VP-16 is
about 10 times more toxic in HL60 human leukemic
cells than it is in K562 cells.*® Interestingly, the GSH
content of HLGO cells was re;mrted to be in the
range of 1.1 nmol/10° cells,”” which is approxi-
mately 10% of the GSH content in K562 cells. As
demonstrated by Usui and Sinha'® who used two
melanoma cell lines with different tyrosinase activ-
ities, the intracellular levels of VP-16 metabolizing
enzymes would also be expected to be of crucial
importance in modulating drug toxicity.

Conclusion

In this study we have shown that enzymatic and
photodynamic depletion of GSH, which provides a
specific thiol-dependent type of oxidative stress,
enhances VP-16 cytotoxic activity. Since etoposide is
often utilized as a component in combination
chemotherapy, we anticipate that further under-
standing of its redox transformations, and particu-
larly its interactions with oxidtive stress-related
cancer treatment modalities (e.g. PDT), may provide
new perspectives for clinical applications.
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