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Abstraet--Etoposide [4'-demethylepipodophyllotoxin-9-(4,6-O-ethylidene-fl-D-glucopyranoside)] can 
be metabolized to DNA-inactivating catechol, ortho-quinone and semi-quinone free radical derivatives 
which may contribute to its cytotoxicity. In this paper, we examined in vitro whether glutathione 
(GSH), which is known to react easily with quinoid compounds, could interact with the active etoposide 
intermediates and in this way influence the cytotoxicity of the parent compound. To this end, reactions 
of GSH with the etoposide intermediates were studied, using HPLC and ESR measurements, together 
with the effects of GSH on the biological inactivation of single-stranded (ss) and double-stranded (RF) 
• X174 DNA by these compounds. From the results it could be determined that: (a) GSH does not 
react with the catechol and, as a consequence, has no effect on the reaction of this intermediate of 
etoposide with ss and RF ~X174 DNA; (b) GSH reacts with the ortho-quinone most likely by formation 
of a conjugate and by two-electron reduction to the catechol, resulting in a partial protection of ss and 
RF ~X174 DNA against inactivation by this species; and (c) GSH protects ss ~X174 DNA against 
inactivation by the semi-quinone free radical of etoposide probably by conjugation with this species. 

Etoposide [4'- demethylepipodophyllotoxin- 9- (4,6- 
O- ethylidene- fl- D- glucopyranoside) ;t  VP-16-213; 
NSC 141540] is used in the treatment of several 
malignant tumors, either as a single agent or in 
combination therapy [1]. The mechanism of action 
of this agent is generally believed to be based on the 
introduction of DNA damage [2-4]. In addition to 
interference by etoposide with the DNA breakage-  
reunion reaction of D N A  topoisomerase II [5-7], 
this process could involve metabolic conversion of 
the drug into DNA-damaging intermediates. In cell- 
free systems, etoposide has been demonstrated to 
be metabolized by cytochrome P450 [8-12] and by 
peroxidases like prostaglandin E synthetase and 
myeloperoxidase [13--16] to a 3' ,4 '-dihydroxy 
derivative or catechol [9, 10], an ortho-quinone [17], 
a semi-quinone free radical [18], and a phenoxy 
radical [13]. With the exception of the latter species 
and of etoposide itself, all these intermediates of 
etoposide have been shown to inactivate biologically 
active ~X174 D N A  [9, 16-21] primarily by the 
formation of chemical DNA adducts [9-11, 14, 21]. 

Glutathione (GSH), which is present in all 
mammalian cells in relatively high concentrations, 
represents one of the defence mechanisms of 
cells against injury by various anticancer drugs, 
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carcinogens, ionizing radiation and oxygen-derived 
free radical species [22-24]. This capacity of GSH is 
to a large degree due to its nucleophilic character, 
which enables it either to form conjugates with various 
xenobiotics and/or their metabolic intermediates, to 
scavenge possibly formed radical species or to 
convert these compounds into less toxic reduction 
products [22-24]. Moreover, the thiol is involved in 
chemical repair of damaged cellular constituents 
[22-24]. Since GSH is known to react easily with 
quinoid compounds, in particular [25--27], one might 
expect an interaction of this compound with 
the electrophilic intermediates of etoposide. The 
phenoxy radical has been demonstrated to react in 
vitro with GSH under the regeneration of the parent 
compound and the formation of oxidized glutathione 
(GSSG) [28]. This finding is of interest, since the 
phenoxy radical could serve as a precursor for the 
formation of the ortho-quinone and the semi-quinone 
free radical of etoposide [13]. Based on their 
strong electrophilic character, however, the latter 
intermediates of etoposide might also react with 
GSH. Such a process could have considerable 
implications for the antitumor activity of etoposide. 
We therefore examined a possible interaction of the 
ortho-quinone, the catechol and the semi-quinone 
free radical of etoposide with GSH using HPLC and 
ESR techniques. Furthermore, the effects of GSH 
on the inactivation of ~X174 DNA caused by the 
three compounds was studied. 

MATERIALS AND METHODS 

Drugs and chemicals. Non-labeled etoposide was 
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generously supplied by the Bristol-Myers Co. 
(Syracuse, NY, U.S.A.) .  3H-Labeled etoposide (sp. 
act. 1 Ci/mmol) was from Moravek Biochemicals 
(Brea, CA, U.S.A.) .  (3H-Labeled) ortho-quinone 
and catechol of etoposide were prepared as described 
before [29]. The formation and the purity of these 
species were checked by HPLC. Non-labeled GSH 
was obtained from the Sigma Chemical Co. (St 
Louis, MO, U.S.A.) .  3H-Labelled GSH (sp. act. 
1Ci/mmol) was from Du Pont de Nemours 
Nederland BV ('s Hertogenbosch, The Netherlands). 
All other chemicals used were reagent grade. Only 
freshly prepared (3H-labeled) catechol or ortho- 
quinone of etoposide was used for the experiments. 

Incubations were performed in 5 x 10 -2 M pot- 
assium phosphate of which the pH values were 
adjusted with HC1 or NaOH when necessary. To 
assure that no pH changes had taken place during 
the incubations, the pH values were checked before 
and after the incubations. 

Incubations of the catechol, the ortho-quinone and 
the semi-quinone free radical of etoposide with GSH. 
A possible reaction of the catechol, the ortho- 
quinone and the semi-quinone free radical of 
etoposide with GSH was examined by incubating 
5 x 10 -4 M 3H-labeled catechol or 3H-labeled ortho- 
quinone for 15 min at 37 ° in the absence or presence 
of 5 × 10 - 4 M  non-labeled GSH in 5 × 10 -2M 
potassium phosphate pH 4, 7.4 or 9 in a total volume 
of 150/~L. Of each of these reaction mixtures, 100 ~L 
was analysed by HPLC (see below). To identify with 
more accuracy the possible reaction products of 
GSH with 3H-labeled catechol or with 3H-labeled 
ortho-quinone of etoposide, the above incubations 
were repeated with the non-labeled derivatives of 
etoposide, on the one hand, and 3H-labeled GSH, 
on the other hand. 

Additionally, a possible interaction of GSH with 
the semi-quinone free radical of etoposide was 
studied by ESR analyses (see below) of solutions of 
5 × 10 -4 M non-labeled catechol or ortho-quinone 
which were incubated for 15 min at 37 ° in the absence 
or presence of equimolar amounts of non-labeled 
GSH in 1 mL 5 × 10-2M potassium phosphate 
pH 7.4 or 9. 

Incubations with ~X174 DNA. Biologically active 
single stranded (ss) and double-stranded, replicative 
form (RF)  ~X174 D N A  were isolated from wild- 
type ~X174 DNA bacteriophage according to Blok 
et al. [30] and Baas et al. [31], respectively. To 
investigate a possible influence of GSH on DNA 
inactivation by the catechoi, the ortho-quinone and 
the semi-quinone free radical of etoposide, 12.5 ng 
ss or RF ~X174 D N A  was incubated with 
4.4 × 10-aM or 1.8 × 10-3M catechol or ortho- 
quinone, respectively, in the absence or presence of 
equimolar concentrations of GSH at 37 ° in 1 mL 
5 x 10 -2 M potassium phosphate pH 4, 7.4 or 9. At  
different time intervals during the incubations, 20- 
/uL DNA samples were taken to examine the time- 
course of DNA inactivation. Reactions were 
terminated by immediate chilling on ice and 50-fold 
dilution with 2.5 × 10 -2 M ice-cold Tris-HC! pH 8.3. 

HPLC analyses. HPLC analyses were performed 
with aC18 Microsphere column (3 #m, 100 x 4.6 mm; 
Chrompack, Middelburg, The Netherlands) con- 

nected to a Perkin-Elmer Series 2 pump (Perkin-  
Elmer, Norwalk, CO, U.S.A.) .  The flow rate was 
0.5 mL/min and the mobile phase consisted of 40% 
(v/v) methanol containing 5 × 10-2M potassium 
phosphate pH 4. Fractions of 0.5 min were collected, 
in which the radioactivity was determined by addition 
of 5 mL Opti-Phase "Hi-Safe 3" (LKB, Bromma, 
Sweden) and counting in a Wallac Rackbeta Liquid 
Scintillation Counter (LKB, Bromma, Sweden). The 
radioactivity in each fraction was expressed as a 
percentage of the total amount of radioactivity which 
was injected on the column. Chromatographs were 
obtained by plotting these data versus elution time. 

ESR measurements. ESR measurements were 
performed with an ESP-300 Spectrometer (Bruker, 
Rheinstetten, Germany). ESR spectra were recorded 
at room temperature in an ER 4102 standard 
rectangular cavity. Spectral intensities were cal- 
culated with an ESP 1600 Data Processing System 
(Bruker, Rheinstetten, Germany),  utilizing double 
integration of the first derivative signal. Instrumental 
conditions: magnetic field: 3460G; scan range: 
20 G; modulation frequency: 100 kHz; modulation 
amplitude: 0.197 G; gain: 3.20 x 105; power: 50 mW; 
conversion time: 10.24 msec; number of scans: 20; 
scan time: 40 sec. 

Determination of the biological activity of ~X174 
DNA. The rates of DNA inactivation were 
determined by transfection of the DNA samples to 
Escherichia coli spheroplasts as described previously 
[17] and by plotting semilogarithmically the surviving 
fraction of DNA versus incubation time. In the case 
of the incubations of ss ~X174 DNA at pH 4 only, 
the survival curves had to be corrected for 
background effects due to the introduction of 
apurinic sites by the acidic incubation alone 
(correction factors up to 40%). 

RESULTS 

Reaction kinetics of GSH with the catechol, the ortho- 
quinone and the semi-quinone free radical of etoposide 

The reactions with the catechol and the ortho- 
quinone of etoposide were studied at pH 4 and those 
with the semi-quinone free radical at pH 7.4 and 9, 
since previous results demonstrated that the former 
two species are chemically stable at acidic pH and 
generate the radical at pH values ->7.4 [18, 20, 32]. 
The optimum conditions for examination of 
the reactions between GSH and the etoposide 
intermediates were determined by HPLC and ESR 
analysis. At  pH 4, neither the catechol nor the ortho- 
quinone generated an ESR signal. When the catechol 
was incubated at pH 4 for 1 hr with a 10-fold excess 
of GSH, no alterations in its peak were found upon 
HPLC analysis. In contrast, the HPLC peak of the 
ortho-quinone at pH 4, as well as the ESR spectrum 
of the semi-quinone free radical generated from 
either the catechol or the ortho-quinone at pH9 ,  
disappeared beyond the detection limit after 
incubation for 10 min in the presence of equimolar 
concentrations of GSH. To avoid an excess of the 
etoposide intermediates during incubation with 
~X174 DNA in the presence of GSH, we decided 
from these findings to examine the interaction of 
these compounds with GSH after incubation for 
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Fig. 1. HPLC analyses of 3H-labeled catechol of etoposide (5 × 10 -4 M) after incubation for 15 min at 
37 ° without (closed symbols) or with equimolar concentrations of non-labeled GSH (open symbols) in 
5 x 10 -2 M potassium phosphate pH 4 (a), 7.4 (b) or 9 (c) and of non-labeled catechol of etoposide 
incubated under the same conditions with 3H-labeled GSH at pH 4 (d), 7.4 (e) or 9 (f). GS QH, GSH 
conjugate; QH2, catechol. The identity of the 3H-labeled compounds with retention times -< 5 rain and 

16.5 min is mentioned in Results. 
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15min with equimolar concentrations of each 
reacting species. 

Reaction products of GSH with the ortho-quinone, 
the catechol and the semi-quinone free radical of 
etoposide 

To investigate which products are formed after 
reaction of the ortho-quinone, the catechol and the 
semi-quinone free radical of etoposide with GSH, 
the 3H-labeled etoposide derivatives were incubated 
with non-labeled GSH and vice versa, followed by 
HPLC analyses. In addition, ESR measurements 
were performed to examine the effects of GSH on 
the semi-quinone free radical. 

No alterations were observed in the HPLC peak 
of either 3H-labeled catechol of etoposide (Fig. la ;  

retention time of 10 min) incubated with non-labeled 
GSH, or 3H-labeled GSH (Fig. ld ;  retention time 
of 3 min) incubated with non-labeled catechol at 
pH4.  Apparently, GSH does not react with the 
catechol under these conditions. 

In contrast, incubation of 3H-labeled ortho- 
quinone with non-labeled GSH and vice versa at 
pH 4 led to disappearance of the ortho-quinone (Fig. 
2a; retention time of 8min),  a decrease in the 
amount of GSH (Fig. 2d; retention time of 3 min) 
and formation of a compound with a retention time 
of 6.5 min (Fig. 2a and d). Since this compound 
contained radioactivity from 3H-labeled ortho° 
qumone" as well as from 3H_labeled GSH, and since 
its retention time was intermediate between that of 
the two reacting species, a conjugation product of 
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Fig. 2. HPLC analyses of 3H-labeled ortho-quinone of etoposide (5 x 10 -4 M) after incubation for 
15 min at 37 ° without (closed symbols) or with equimolar concentrations of non-labeled GSH (open 
symbols) in 5 × 10 -2 M potassium phosphate pH 4 (a), 7,4 (b) or 9 (c) and of non-labeled ortho-quinone 
of etoposide incubated under the same conditions with 3H-labeled GSH at pH 4 (d), 7.4 (e) or 9 (f). 
GS QH, GSH conjugate; Q, ortho-quinone; QH2, catechol. The identity of the 3H-labeled compounds 

with retention times <- 5 and 16.5 min is mentioned in Results. 

GSH with the ortho-quinone is strongly suggested. 
In addition, a compound which co-eluted with the 
catechol of etoposide (Fig. 2a) and a compound 
which co-eluted with GSSG (Fig. 2d; retention time 
of 5 rain) were produced, showing that GSH also 
reduces the ortho-quinone to the catechol. 

ESR measurements of catechol or ortho-quinone 
solutions at pH 7.4 or 9 in the absence of GSH 
showed formation of an ESR signal (not shown) 
which represented the semi-quinone free radical of 
etoposide [20]. The signal was completely quenched 
in the presence of GSH (not shown). HPLC analyses 
of 3H-labeled catechol incubations at pH 7.4 or 9 
with non-labeled GSH or vice versa showed 
decreased amounts of catechol and GSH, as well as 

the apperance of more polar radioactively labeled 
compounds with a retention time of again 6.5 rain 
(Fig. lb ,  c, e and f). Since in the absence of GSH 
no ortho-quinone was formed from the catechol, it 
is strongly suggested, according to the same rationale 
as above, that the reaction of GSH with the semi- 
quinone free radical also involves conjugate 
formation. The lack of formation of GSSG suggests, 
in addition, that reduction of the semi-quinone free 
radical by GSH to the catechol does not take place. 

Incubation of (3H-labeled) ortho-quinone with 
(3H-labeled) GSH at pH 7.4 or 9, followed by HPLC 
analyses, showed complete disappearance of the 
ortho-quinone and a decrease in the amount of GSH, 
and furthermore the appearance of a peak with the 
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characteristics of a semi-quinone free radical- and/ 
or ortho-quinone-GSH conjugate (retention time of 
6.5 min) and of the catechol of etoposide (Fig. 2b, 
c, e and f). The latter compound was also formed 
(in even greater amounts) in the absence of GSH 
(Fig. 2b and c). The decreased amounts of catechol 
observed in the presence of GSH (Fig. lb and c) are 
probably due to acceleration of semi-quinone free 
radical generation from the catechol, caused by 
removal of the radical by GSH. As was the case at 
pH 4, GSSG was also formed at pH 7.4 (Fig. 2e), 
demonstrating that some of the catechol production 
was due to GSH-mediated reduction under these 
conditions• At pH9,  no GSSG formation was 
detected (Fig. 2f). This observation, together with 
the fact that at this pH value the semi-quinone free 
radical is the main electrophilic compound in the 
incubations [20], again strongly suggests that 
reduction of this radical species by GSH does not 
take place. 

The 3H-labeled compounds with retention times 
-< 5 min, observed upon HPLC analysis of pH 7.4- 
and pH 9-solutions of 3H-labeled ortho-quinone and 
catechol (Figs la - f  and 2a-f), represent more polar 
conversion products produced during generation of 
the semi-quinone free radical [18,20]. The 3H- 
labeled compounds with a retention time of 16.5 rain 
(Figs la- f  and 2a-f) represent 3H-labeled etoposide 
which was not converted durin~ the preparation of 
3H-labeled ortho-quinone and ~H-labeled catechol. 

Effects of GSH on the inactivation of qbX174 DNA 
by the ortho-quinone, the catechol and the semi- 
quinone free radical of etoposide 

To examine the effects of GSH on the 
DNA inactivation by the three reactive etoposide 
intermediates, ss and RF ~X174 DNA were 
incubated with the ortho-quinone or catechol at 
pH 4, 7.4 and 9 either in the absence or presence of 
GSH. 

Co-incubation with GSH did not affect the 
inactivation of ss and RF q~X174 DNA by the 
catechol itself (pH 4; Fig. 3a). At pH 7.4 and 9, the 
biological activity of the DNA was partially protected 
in the presence of GSH; this effect was greater at 
pH 9 than at pH 7.4, in particular in the case of ss 
qbX174 DNA (Fig. 3a and b). 

The presence of GSH in the incubation of ss 
~X174 DNA with the ortho-quinone at pH 4 and 
7.4 led to decreased DNA inactivation (Fig. 4a). At 
pH9,  the activation of ss qbX174 DNA was 
completely abolished by GSH (Fig. 4a). RF ~X174 
DNA was partially protected by GSH from 
inactivation by the ortho-quinone of etoposide at 
pH4 (Fig, 4b). At pH7.4 and 9, the biological 
activity of the DNA was unaffected in the absence 
or presence of GSH (Fig. 4b). 

The more polar conversion products formed from 
the ortho-quinone and the catechol at pH values/> 
7.4 (see preceding paragraph), as well as etoposide 
itself, were shown previously to be without significant 
effect on the biological activity of ~X174 DNA 
during the time-course of the measurements [19, 20]. 

DISCUSSION 

GSH plays an important role in the maintenance 
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of cellular integrity through detoxification of 
various toxic species, including several quinoid 
chemotherapeutic compounds and/or their metab- 
olites [22-24]• As a consequence, cellular GSH can 
seriously influence the efficacy of anticancer 
treatment [22-24]• Studies with cell-free in vitro 
systems [9, 17, 19--21, 33, 34], with cultured tumor 
cells [35-37] and with tumor-bearing mice [36, 37] 
suggest that potential metabolites of etoposide like 
the catechol, the ortho-quinone and the semi- 
quinone free radical may contribute to the 
cytotoxicity of the drug. Administration of etoposide 
to mice was observed to decrease GSH and to 
increase GSSG levels in the liver [28]. Since GSH 
does not react with etoposide itself, this observation 
suggests that GSH is able to react with one or more 
metabolites of the drug. The results presented in 
this paper strengthen this suggestion, since they 
show that GSH, although not affecting the reaction 
of the catechol of etoposide with ~X174 DNA, 
protects the DNA from biological inactivation by 
the ortho-quinone and the semi-quinone free radical 
derivatives of etoposide. 

These findings can be explained by the nucleophilic 
character of GSH, which enables the reaction with 
electrophilic ortho-quinones and semi-quinone free 
radicals according to conjugation and reduction 
processes of the types presented in the scheme below 
[25-27]. The abbreviations used are: Q, ortho- 
quinone; Q H ,  semi-quinone free radical; QHa, 
catechol; GS QH, GSH conjugate• 

(a) Conjugation reactions with an ortho-quinone: 

GS- + H  + + Q ~ G S Q H .  

(b) Conjugation reactions with a semi-quinone 
free radical: 

GS- + H + + Q H ' ~ G S Q H +  H + + e-. 

(c) One-electron reduction reactions with an 
ortho-quinone: 

GS- + GS + + 2 H  + + l e -  + 2 Q  
GSSG + 2 QH' .  

(d) Two-electron reduction reactions with an 
ortho-quinone : 

GS- + GS + + 2 H  + + 2 e -  + 2 Q  
GSSG + 2 QH2. 

(e) One-electron reduction reactions with a semi- 
quinone free radical: 

GS- + GS + + 2 H  + + 2 e -  + 2 Q H "  
GSSG + QH2. 

Reactions of GSH with the catechol of etoposide 
and with etoposide itself, on the other hand, are less 
likely due to the non-electrophilic character of these 
species [25-27]. In agreement with this, the results 
from the HPLC studies showed no effect of GSH 
on the catechol at pH 4 (Fig. la and d), while the 
catechol-induced inactivation of ss and RF ~X174 
DNA was not affected by GSH at this pH value 
(Fig. 3a and b). 

At pH 7.4 or 9, the catechol generates the semi- 
quinone free radical [18, 32] which is eliminated in 
the presence of GSH, as observed by ESR• This 
process was accompanied by the formation of a 
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compound which, according to its chromatographic 
properties and to the distribution of radioactivity, 
might well represent  a conjugat ion product of GSH 
with the semi-quinone free radical (Fig. lb ,  c, e and 
f). Such a species could be produced according to 
reaction (b). Removal  of the semi-quinone free 
radical from the incubations by conjugat ion with 
GSH will stimulate semi-quinone free radical 
generation from the catechol, resulting in a further 

decrease in the amounts  of catechol in the incubations 
(Fig. l b  and c). This can explain the partial protection 
of the biological activity of ss and RF  q~X174 D N A  
observed upon incubation with the catechol at pH 7.4 
and 9 in the presence of GSH (Fig. 3a and b). The 
absence of GSSG in these incubations (Fig. 2e and 
f) strongly suggests that GSH does not  react with 
the semi-quinone free radical via reduction according 
to reaction (e). The large degree of protection of 
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the biological activity of the D N A  observed in the 
presence of GSH indicates, in addition, that 
the formed GSH conjugate does not contribute 
significantly to D N A  inactivation. 

In contrast to the catechol, the ortho-quinone is 
able to react with GSH. The results from the HPLC 
analyses showed that at pH 4 about 50% of the 
ortho-quinone was converted into a compound which 
may represent a conjugation product of the ortho- 
quinone with GSH (Fig. 2a), judged from the HPLC 
characteristics which were similar to those found for 
the GSH-semi-quinone free radical conjugate. Such 
a species could be formed according to reaction (a). 
The other half of the ortho-quinone was converted 
into the catechol (Fig. la)  under the formation of 
GSSG (Fig. ld) .  The GSSG production upon ortho- 
quinone-catalysed oxidation of GSH [reactions (c) 
and (d)] may have proceeded through formation of 
unstable GSH conjugates, formed in reactions of 
type (a). A more likely explanation is that GSH is 
also able to react with the ortho°quinone--in contrast 
to the semi-quinone free radical--via  reduction, 
probably by two-electron transfer according to 
reaction (d), resulting in the formation of the 
catechol of etoposide. The catechol has a DNA- 
inactivating capacity comparable with that of the 
ortho-quinone (Fig. 3a and b) while the GSH 
conjugate does not inactivate DNA (as argued 
above). The rate and degree of DNA inactivation 
under such experimental conditions will thus be 
reduced by about one half. Our results indeed show 
protection of about 50% of the biological activity of 
ss and RF ~X174 DNA incubated at pH 4 with the 
ortho-quinone in the presence of GSH (Fig. 4a and 
b). One-electron reduction of the ortho-quinone by 
GSH [reaction (c)] could not be established, due to 
the relatively fast elimination of the resulting semi- 
quinone free radical by GSH (not shown). 

In the pH7.4-  and pH9-incubations with the 
ortho-quinone and GSH, both the ortho-quinone 
(Fig. 2b, c, e and f) and the concomitantly generated 
semi-quinone free radical were eliminated by the 
thiol (not shown). DNA incubated under such 
conditions thus underwent inactivation by only 
relatively small amounts of catechol left behind in 
the incubations, especially in those at pH 9. This can 
account for the partial or almost complete protection 
of the biological activity of ss qbX174 DNA incubated 
with the ortho-quinone at pH 7.4 or 9, respectively, 
in the presence of GSH (Fig. 4a). The lack of an 
effect of GSH on the biological activity of RF ~X174 
DNA under these conditions (Fig. 4b) is not 
surprising, since the DNA had not been significantly 
inactivated by the concentrations of semi-quinone 
free radical, ortho-quinone and catechol in these 
incubations in the absence of the thiol (Fig. 4b) 
[20, 21]. 

In summary, the data presented in this study show 
that: (a) GSH does not react with the catechol, 
hence its lack of effect on the reaction of this 
derivative of etoposide with ss and RF ~X174 DNA; 
(b) GSH protects ss and RF ~X174 DNA against 
inactivation by the ortho-quinone of etoposide, most 
likely via conjugation and two-electron reduction to 
the catechol derivative under the formation of 
GSSG; and (c) GSH protects ss ~X174 DNA against 
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inactivation by the semi-quinone free radical of 
etoposide via probably conjugation only. 

Since several lines of evidence indicate that the 
cytotoxicity of etoposide could depend to a large 
degree on metabolic conversion into reactive 
intermediates, the reduction and conjugation pro- 
cesses described in the present in vitro study might 
well occur in cells as well as in vivo. It should be 
noted, however, that in vivo the largest component 
of GSH conjugation can be ascribed to enzymatic 
catalysis by GSHoS-transferases. This implies that in 
cells, apart from non-enzymatic conversion (as 
described in the present paper),  enzyme-mediated 
conjugation of the ortho-quinone and the semi- 
quinone free radical of etoposide could take place, 
which may result in very different reaction products. 

The results from the present study suggest that 
cellular GSH content may be a determinant for 
etoposide cytotoxicity. Since this finding could have 
important implications for clinical application of the 
drug, we initiated studies on the effect of altered 
GSH levels on the cytotoxicity of etoposide to 
cultured tumor cells. The results from those studies 
indeed showed an enhanced sensitivity to etoposide 
in cultured tumor cells which are depleted of GSH 
[38]. In cells, there will probably be a huge excess 
of GSH compared to the etoposide intermediates. 
Moreover, GSH could very well contain more than 
one conjugation site with the etoposide derivatives. 
This implies that mechanisms additional to a 
decreased elimination of potentially cytotoxic 
etoposide metabolites could contribute to the 
potentiation of etoposide cytotoxicity observed in 
GSH-depleted cells. A detailed investigation of this 
phenomenon will be published elsewhere [38]. 
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