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Abstract—Copper-putrescine-pyridine (Cu-PuPy) effectively dismutates superoxide but is also known
to produce H,0, in a redox cycle with glutathione. The treatment of Chinese hamster ovary (CHO)
cells with 0.2 mM Cu-PuPy reduced clonogenic survival to 10? in 50 min and caused significant oxidation
and depletion of glutathione and continuous accumulation of protein-glutathione mixed disulfides.
Remarkably, other important functional parameters of cell metabolism were not impaired: adenylate
pool size, adenylate energy charge and the redox ratios of NADP(H) and NAD(H) remained constant.
Moreover, within 200 min the pool size of NADP(H) increased linearly by a factor of four at the
expense of the NAD(H) pool, resulting in an 8-fold increase in the ratio of NADPH to glutathione
disulfide. Also, Cu-PuPy led to a dose-dependent, persistent inactivation of glutathione reductase,
which could be reversed by copper chelators. In contrast to Cu-PuPy, glucose oxidase-generated H,O,
induced oxidation and loss of pyridine dinucleotides, depletion of the adenylate pool and deterioration
of the energy charge. Oxidation and depletion of bulk glutathione were comparable to a Cu-PuPy
treatment, but formation of protein-glutathione mixed disulfides was significantly less pronounced and
reversible. The data indicate that the critical factor in Cu-PuPy cytotoxicity is not its function as catalyst
of glutathione oxidation and H,0, generation, but essentially its disruption of antioxidative cellular
defence by inactivation of glutathione reductase. The data further suggest that Cu-PuPy inhibits ADP-
ribosylation. This would explain why pyridine dinucleotide and adenylate pools are unaffected, and
may be an essential prerequisite for the observation that cells, albeit sublethally damaged and denuded
of their antioxidative defence, may be rescued by extending Cu-PuPy treatment.
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Superoxide dismutating copper complexes are of
considerable pharmacological interest. A variety of
effects in vitro and in vivo have been described,
including reactivities of clearly cytoprotective
(like anti-inflammatory) and cytotoxic (like anti-
neoplastic) quality [for review see Ref. 1].
Cu-PuPyt is a remarkably stable [2] and membrane
permeable [3] copper complex, which dismutates
O; (superoxide) in a similar two-step reaction and
at a comparable rate [4] as described for Cu,Zn,-
superoxide dismutase (EC 1.15.1.1). As demon-
strated by Steinkihler et al. [5], the important
cellular antioxidant glutathione competes with Oy
for the reduction of Cu-PuPy. The reaction consumes
O, and yields GSSG and H,0, in a stoichiometry
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indicating that Cu-PuPy enters a redox cycle with
glutathione and oxygen. Neither NADH nor
NADPH is able to reduce the complex. In an in
vitro study, the higher sensitivity to Cu-PuPy of
human erythroleukemia cells in comparison with
human peripheral lymphocytes was attributed to
their lower content of GSH and lesser antioxidant
enzyme activities [3]. The hypothesis of a preferential
toxicity of Cu-PuPy towards tumour cells was
supported by an in vivo rat carcinosarcoma tumour
model where a significant increase in host survival
was observed in animals administered i.v.
5 x 6.7 umol/kg Cu-PuPy [6].

Our recent investigation revealed a time-depen-
dent interaction of toxic and protective effects during
Cu-PuPy treatment of CHO cells [7]. At Cu-PuPy
concentrations above 0.1 mM we observed a marked
increase of toxicity and glutathione oxidation. The
time course of clonogenic survival was unusual and
characterized by a gain in survival when treatments
were continued (see Fig. 1). From mechanistic
restrictions imposed by the shape of the survival
curve as well as from the observation that addition
of toxic H,O, doses did not enhance the toxicity of
Cu-PuPy treatment, we concluded that cell death
was delayed and that a transiently accumulating pool
of H,O,-derived free radical species was amenable
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Fig. 1. Effect of treatments with 0.2 mM Cu-PuPy (@) or

0.2 U/mL glucose oxidase (O) on clonogenic cell survival.

Shown are typical curves of three experiments per

treatment. Error bars represent standard errors from three
to six replicate colony counts of single experiments.

to inactivation by Cu-PuPy, presumably by virtue of
its superoxide dismutating activity.

The present work focuses on prooxidative aspects
of this copper complex at the cytotoxic concentration
of 0.2 mM. The basic experimental conditions are
similar to those used in our previous study. Since
Cu-PuPy catalyses formation of H,0, by direct
oxidation of glutathione, it is to be anticipated that
the stress on the glutathione regenerating system is
much greater than that caused purely by treatment
with H,0,. Therefore, the effects on the cellular
status of pyridine dinucleotide redox systems, which
are intimately associated with the glutathione redox
system, were investigated. Also of interest was the
status of adenylates, another essential functional
parameter of cell metabolism, which is known to be
sensitive to oxidative stress by H,O,. In parallel
experiments Cu-PuPy-induced effects were com-
pared to those elicited by H,O,. Due to the short
half-life of 5min in the experimental system used
[7], HyO, was not added as a bolus but continuously
generated enzymatically by glucose/glucose oxidase.

MATERIALS AND METHODS

Chemicals. Cu-PuPy and the copper-free ligand
apo-PuPy were synthesized as described [1,7].
Glucose oxidase (EC 1.1.3.4) type II-S from
Aspergillus niger, GSH, GSSG, D(-)penicillamine,
1,10-phenanthroline, histidine and reagents for the
determination of glutathione were obtained from
Sigma Chemie (Deisenhofen, Germany). Pyridine
dinucleotides and adenylates were from Boehringer
(Mannheim, Germany). Dulbecco’s PBS, McCoy’s
5A medium, serum, trypsin and antibiotics were
purchased from Gibco BRL (Eggenstein, Germany).
All other chemicals were obtained from Merck
(Darmstadt, Germany). Tissue grade polystyrene
culture flasks were purchased from Greiner (Frick-
enhausen, Germany).

Subculture and treatment of cells. CHO cells were
grown in McCoy’s 5A medium, supplemented with

10% (v/v) newborn calf and 5% (v/v) fetal calf
serum, 50 mg/L penicillin, 50 mg/L streptomycin, and
100 mg/L neomycin sulfate. Cells were maintained at
37°in a 5% CO, atmosphere and subcultured every
2 or 3 days. For subculture, exponential cells were
detached with 0.25% trypsin (without EDTA) and
appropriately diluted with fresh growth medium.
Routine control of growth parameters yielded
population doubling times of 13-14 hr and plating
efficiencies of 80-95%. For experiments, confluent
cell layers were trypsinized and seeded at densities
of 1 x 10° cells/mL in Ts flasks (25 cm? growth area,
3mL). After 2 hr in the incubator, where cells were
firmly attached, treatment was started by replacing
the medium with treatment medium (37°) and
returning the flasks to the incubator. All additions
were sterilized by filtration through a 0.2 ym cellulose
acetate filter (Schleicher & Schuell FP030) which
had been primed by prior filtration of 1 mL growth
medium. The treatment medium had been prepared
immediately before by adding appropriate amounts
of Cu-PuPy stock solution (20mM in water) or
glucose oxidase stock solution (20 U/mL medium).

Determination of glucose. The medium of glucose
oxidase treated cells was boiled for 1 min to inactivate
glucose oxidase and assayed for glucose with a
commercial kit [Glucose(HK), Sigma Chemie,
Deisenhofen, Germany].

Determination of glutathione. Cells were processed
for the measurement of GSH, GSSG and ProtSSG
as described [7]. Derivatization, separation by HPLC
and simultaneous analysis of GSH and GSSG was
performed as described by Fariss and Reed [8].

Determination of pyridine coenzymes and adenine
nucleotides. Cell layers were washed with PBS and
extracted by addition of 200ul 0.25M KOH,
followed by the addition of 200 uL water after 3 min.
The extract was centrifuged in an Ultrafree-MC
10,000 NMWL Filter Unit (Millipore, Bedford, MA,
U.S.A.) at 5000 g for 7 min. The filtrate was adjusted
to pH 6.5 by addition of 0.1 part of 1 M KH,PO,.
All these manipulations were performed at 0-4°.
Ten microlitres of the sample were injected onto a
3um Supelcosil LC-18 column and analysed for
NAD, NADH, NADP, NADPH, ATP, ADP and
AMP by ion-pair reversed-phase HPLC as described
by Stocchi er al. [9].

Assay of GR (EC 1.6.4.2). The monolayers
(3 x 10° cells) were washed with PBS and lysed by
addition of 300 uL distilled water. The flasks were
then rapidly frozen to —20°, the thawed lysate
collected, sonicated and centrifuged to remove
insoluble debris. The activity of GR was essentially
determined as described by Goldberg and Spooner
[10], except that EDTA was usually omitted and the
enzyme reaction was started by addition of GSSG.
One hundred microlitres of the lysate were added
to 1425 uL of substrate solution (25°). The final assay
contained KH,PO, (100mM, pH7.2), NADPH
(0.17 mM) and GSSG (2.2mM). The decrease in
absorption at 340 nm was registered for Smin in a
Zeiss DMR 10 spectrophotometer.

Protein determination. In order to compensate for
cell lysis during toxic treatments, any quoted cellular
concentrations are based on the total cell protein
content. This was determined by the Lowry
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Fig. 2. Time course of cellular glutathione status during treatments with 0.2 mM Cu-PuPy (closed

symbols) or 0.2U/mL glucose oxidase (open symbols). (A) GSH (@, O), total glutathione

(GSH + 2GSSG + ProtSSG; ¥, V). (B) Fraction of GSH equivalents present as GSSG (M, D) or as

ProtSSG (<, @). Results of typical experiments are shown, with a maximal variation of 12 and 15%
between experiments.

procedure [11], using bovine serum albumin as
standard. The protein content of untreated cells was
0.11 = 0.01 mg/10° cells (N = 32). A mean volume
of 1.0 x 1072 L/cell, determined by Coulter Counter
measurements, was taken as solvent volume for the
calculation of volume concentrations.

Statistics. Unless otherwise indicated, means with
their standard errors are given in the text or graphs.
Independent time course experiments were not
averaged in order to retain time resolution. Instead,
typical curves are shown and the maximal deviation
that was observed between replicate points is given.

RESULTS

In this study, the effects of treatments with 0.2 mM

Cu-PuPy are compared to those obtained by exposure
to H,O, generated by glucose oxidase from glucose
and O, present in the medium. One unit (U) is
defined as the amount of enzyme required to convert
1 umol of B-D-glucose to D-gluconic acid and H,0,
per minute at pH 5.1 and 35°. A nominal enzyme
activity of 0.2 U/mL was used in all glucose oxidase
treatments. To test actual enzyme activity under the
specific treatment conditions (i.e. 37°, 5% CO,,
pH 7.4, 10° cells/mL, serum-containing medium),
an analysis of the glucose consumption in the medium
was performed. A least squares fit of three
independent experiments revealed an actual initial
activity of 0.08 £0.02U/mL, which decreased
exponentially with a half-life of 61 + 14 min. Thus,
of the 14.7 = 0.3 umol/mL glucose initially present
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Fig. 3. Time course of cellular pyridine dinucleotides during treatments with 0.2 mM Cu-PuPy (closed
symbols) or 0.2U/mL glucose oxidase (open symbols). (A) Pyridine dinucleotide pool size, with
NAD + NADH (W, O) and NADP + NADPH (@, O). (B) Relative oxidation of NAD(H) (NAD/
[NAD + NADH], B, O) or NADP(H) (NADP/[NADP + NADPH], @, O). The deviations between
two glucose oxidase treatments were less than 6% (absolute concentrations) and 10% [relative oxidation
of NADP(H)]. A second Cu-PuPy treatment gave essentially similar results during the first 100 min,
but resulted in a slight decrease in NADP(H) from 0.72 to 0.61 mM within the following 100 min and
in an overall decrease in total pyridine dinucleotides by 30%. But similar to the experiment shown,
the redox ratio of pyridine dinucleotides was not affected.
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in the medium, a total of 6.1 + 0.5 umol/mL was
finally consumed (or H,O, produced) within 200 min.
Control experiments of the effect of glucose oxidase
on cell survival and on pyridine nucleotides and
adenylates yielded essentially the same results when
performed in medium containing 45 pmol/mL
glucose (not shown), indicating that glucose
consumption was not a limiting factor.

Effects on clonogenic survival

The nominal enzyme activity of 0.2 U/mL glucose
oxidase was chosen for all reference treatments,
since its survival reduction after 50 min was similar
to that produced by 0.2mM Cu-PuPy. As Fig. 1
shows, this choice is quite arbitrary due to the
qualitatively different time courses of the two
treatments. The glucose oxidase survival curve
progressively flattens, which is in accordance with
the decreasing activity of glucose oxidase. As
discussed in detail in our previous paper [7], the
survival curve of the Cu-PuPy treatment implies that
not all cells are killed acutely, but that the loss of
clonogenicity is delayed in at least a fraction of cells.
No such inferences can be drawn from the glucose
oxidase survival curve.

Effects on cellular glutathione

Both Cu-PuPy and glucose oxidase led tosignificant
oxidation and depletion of cellular glutathione.
Depletion by glucose oxidase was more pronounced
at the beginning of the treatment, but by 200 min
both treatments resulted in the same loss of bulk
glutathione (Fig. 2A). As can be deduced from Fig.
3B, overall glutathione oxidation reaches the similar
level of 75-79% at 200 min in either treatment, but
there is a remarkable qualitative difference in the
concentration of oxidized glutathione species. Thus,
ProtSSG were increased 50 times by Cu-PuPy within
200 min (from 5.5+x13uM to 260+ 35uM),
comprising 60% of the total glutathione. The content
of total oxidized glutathione (2 GSSG + ProtSSG)
was nearly constant (440 = 20 uM) in the time period
of 50-200 min, indicating that Cu-PuPy-induced
glutathione oxidation is essentially irreversible.
During glucose oxidase treatments, however, the
main oxidized glutathione species was GSSG (71%)
and the maximal ProtSSG content, observed at 50—
100 min (53 =5 uM), decreased to 19+ 5uM at
200 min. Reversibility of glucose oxidase-induced
glutathione oxidation is further confirmed by the
fact that the content of total oxidized glutathione,
after a rise from 150 = 20 to 1150 = 20 M (100 min),
decreased to 390 + 40 uM (200 min).

Effects on pyridine dinucleotides

Treatments with Cu-PuPy and glucose oxidase
had strikingly different effects on the pool size (Fig.
3A) and the oxidation (Fig. 3B) of cellular pyridine
dinucleotides. Cu-PuPy induced a 4-fold increase of
NADP(H) within 200 min accompanied by an
equimolar decrease of NAD(H), but did not affect
the redox ratios of either NAD/NADH (5.19 = 0.05)
or NADP/NADPH (0.072 = 0.007). In marked
contrast, glucose oxidase significantly increased
both NAD/NADH (40 + 9) and NADP/NADPH
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Fig. 4. Dependence of pyridine dinucleotide pool sizes at
50min on Cu-PuPy concentration. Data points of
NAD + NADH (®) or NADP + NADPH (@) are the
mean and standard errors (bars) from two or three
experiments. For each experiment, the 50 min values were
estimated by a second degree polynomial least squares fit
to the data from 0 to 100 min. These values were added to
give total pyridine dinucleotide content (<).

(0.7t = 0.09) within 150 min, and led to total
depletion of NAD(H) and NADP(H) within the
time course of the experiment.

With all Cu-PuPy concentrations tested (0-
0.5 mM), the increase in NADP(H) was essentially
linear for at least 100 min. Also, the rate of change
of the NADP(H) or NAD(H) pool sizes was closely
dependent on the Cu-PuPy dose. Oxidation of both
pools was only observed with 0.5 mM Cu-PuPy in
excess of 100 min. Likewise, the association of an
increase in NADP(H) with an equimolar decrease in
NAD(H) was observed over the entire concentration
range tested (Fig. 4), and is indicative of an
interconversion of NAD to NADP.

Effects on adenylates and adenylate energy charge

Cellular concentrations of ATP, ADP and AMP
were not affected and the energy charge remained
remarkably constant (0.89 +0.01) for at least
150 min of exposure with 0.2 mM Cu-PuPy. Glucose
oxidase treatments, on the other hand, were
characterized by a complete loss of cellular adenylates
and a decrease in the energy charge to a value of
0.43 + 0.07 within 150 min (Fig. 5). At higher doses,
Cu-PuPy also induced deterioration of the adenylate
status. Thus, the curves obtained with 0.5 mM Cu-
PuPy were nearly congruent to the curves obtained
with glucose oxidase (not shown).

Effects on the activity of GR

As the high degree of glutathione oxidation
implies, 0.2 mM Cu-PuPy induces severe oxidative
stress in cells. On the other hand, the redox ratio of
NADP(H) remained unchanged and the con-
centration of NADP(H) evenincreased considerably.
This resulted in an increasing ratio of NADPH/
GSSG from 2.7 = 0.5 to 20.3 £ 0.5 within 200 min.
Together with the fact of continuing glutathione
oxidation, this indicates that the utilization of



Oxidative stress by Cu-PuPy

151

1°l 1 T T
c
o
P
o
-
i+
F
o ™M
g:
S &
o
-
2
>
c
o
©
<

100 150 200

Treatment Time

T L] T L] "0 ’?

° - Q

g——e—o————9 %

N B do.8 °

4 e

) o

L 410.6 §

L p >

z

o 104 2

] (W}

[ 2

L 40.2 ©

>

L E c

0

1 — I 1 1l 0.0 2
0 50 100 150 200

[min]

Fig. 5. Time course of cellular adenylates during treatments with 0.2 mM Cu-PuPy (closed symbols) or
0.2 U/mL glucose oxidase (open symbols). Single experiments. Maximal concentration differences in
two replications amounted to 20% at 200 min. (A) Intracellular concentrations of ATP (@, O), ADP
(M, 3)and AMP (¥, V). (B) Adenylate energy charge (E.C. = {[ATP + }ADP]/[ATP + ADP + AMP))
of the same treatments with Cu-PuPy (@) or glucose oxidase (O).
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Fig. 6. Time course of glutathione reductase inhibition by
treatments with 0.2 mM Cu-PuPy (@) or 0.2 U/mL glucose
oxidase (O). Single experiment. Shown are means and
standard errors (bars) or three independent replications.

NADPH for the reduction of GSSG is prevented
and points to an inactivation of GR. Measurements
of GR activity in lysates of Cu-PuPy treated cells
clearly confirmed this presumption (Fig. 6). Glucose
oxidase treatments also inactivated GR, though by
a factor of four slower than Cu-PuPy, and the onset
of inactivation appeared to be delayed. Also in
contrast to Cu-PuPy, glucose oxidase led to a
continuous decrease in the NADPH/GSSG ratio to
a value of 0.023 + 0.08 within 150 min.

To gain insight into the mechanism of GR
inactivation by Cu-PuPy, the composition of the
standard assay as described in Materials and Methods
was modified (Table 1). Thus, inclusion of EDTA
or FAD, a prosthetic cofactor of GR, slightly
increased GR activities, but their effect was not
specific to Cu-PuPy treated cells and did not correlate
with the degree (not shown) of enzyme inactivation.
Tests with the lysates of untreated cells suggest that

Cu-PuPy inactivates only the reduced form of the
enzyme. Thus, incubation of lysates for 50 min at
37° with 0.2 or (not shown) 0.5 mM Cu-PuPy did
not inhibit GR when the assay was started with
NADPH. Similarly, inclusion of 0.05 mM Cu-PuPy
in the assay mixture had no effect when started with
NADPH, but inhibition developed within 30 sec
when the reaction was started with GSSG, i.e. when
the enzyme was exposed to Cu-PuPy in the presence
of NADPH.

To test whether GR inactivation is due to binding
of copper to the enzyme, known copper chelators
were examined for their ability to reverse inactivation
when added to the complete assay mixture. As
shownin Table 1, all tested chelators had a significant
effect. Apo-PuPy, the copper-free ligand of Cu-
PuPy, phenanthroline and penicillamine, were able
to completely revert GR inactivation. Table 1 also
shows that the respective enzyme activities of
untreated or Cu-PuPy treated cells were unchanged
when lysates were measured after 20 hr at room
temperature. In marked contrast, enzyme inac-
tivation was reverted spontaneously when lysates
were diluted in assay buffer and allowed to stand on
ice for 5 hr.

No GR inactivation was observed in cells treated
with 0.2 or 0.5 mM CuSO, for 50 or 100 min (not
shown). When assays were started with GSSG,
CuSO0Oy, like Cu-PuPy, inactivated GR in incubated
lysates or immediately in the assay mixture.

DISCUSSION

The observed cellular effects of glucose oxidase
treatments are typical for the response to hydro-
peroxide-induced oxidative stress [12-18}, charac-
terized by depletion of glutathione and oxidation of
GSH to GSSG and ProtSSG, oxidation and loss
of pyridine nucleotides, loss of adenylates and
deterioration of energy charge (see Fig. 7). In
contrast, the pattern of metabolic changes elicited
by Cu-PuPy is very different to that induced by H,O,
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Table 1. Effect of treatments with Cu-PuPy or CuSO, on the activity of GR

Assay conditions

GR activity (relative)
Treatment of cells for 50 min with:
No addition 0.2 mM Cu-PuPy

Immediate measurement of lysate, with additions to standard assay:

none (reference)
+EDTA (0.5 mM)

+FAD (5 uM)

+Cu-PuPy (50 uM)

+CuSO, (50 uM)

+apo-PuPy (1 mM)
+1,10-Phenanthroline (1 mM)
+D-Penicillamine (1 mM)
+L-Histidine (1 mM)

+GSH (1 mM)

Treatment of lysate for 50 min with 0.2 mM Cu-PuPy, start with NADPH

Measurement of lysate after 20 hr at room temperature

Measurement of lysate diluted in assay mixture after 5 hr at 0°

1.00 + 0.04 (8)* 0.66 + 0.05 (8)
1.11 = 0.05 (3) 0.71 = 0.07 (6)
1.12 + 0.05 (3) 0.76 + 0.03 (6)
0.17 + 0.02 (3)

0.04 +0.01 (3)

1.31 + 0.04 (3) 1.15 + 0.04 (9)
1.27 + 0.04 (3) 1.10 = 0.08 (3)
1.04 + 0.05 (3) 1.05 + 0.04 (3)
1.02 + 0.04 (3) 0.83 +0.03 (3)
0.98 + 0.07 (3) 0.78 + 0.04 (6)
0.96 + 0.05 (6)

1.02 * 0.05 (3) 0.60 + 0.04 (3)
1.09 + 0.05 (9) 0.90 + 0.03 (9)

* Means + standard deviations. In parentheses: number of independent assays, each with triplicate measurements.

ADP-Ribosylation
NAD
NAD kinase
Ha0, 2GSH l "
NADP G-6-P
aGP
2 H0
G-6-P DH
o GR (HMP shunt)
2
Cu-PuPy
NADPH 6-PG
H202 GSSG
ProtSH
Export ProtSsG

Fig. 7. Scheme of reactions associated with the detoxification

of H,0,. GP, glutathione peroxidase; GR, glutathione

reductase; G-6-P, glucose-6-phosphate; 6-PG, 6-phospho-
gluconate; G-6-P DH, G-6-P dehydrogenase.

or glucose oxidase. In essence, redox changes are
confined to the glutathione system and are
characterized by a much more pronounced formation
of protSSG. Furthermore, the composition of the
adenylate pool, and in consequence the energy
charge, remains remarkably stable. Finally, no loss
of total pyridine nucleotides is observed, but the
decrease in NAD(H) is compensated by an increase
in NADP(H). The data support the concept that in
Cu-PuPy treatment metabolic pathways which are
usually induced in response to oxidative stress by
H,0; become uncoupled from the glutathione redox
system.

Inactivation of GR by Cu-PuPy

It is evident that the inactivation of GR plays an
important role in this scenario. Although the

activities measured in cell lysates do not necessarily
reflect the true activities of GR in the intact cellular
environment, the data suggest a significant and
rather immediate in situ inactivation of the enzyme
by Cu-PuPy treatment. The capability of copper
chelators to markedly reverse this inactivation
suggests that it is caused by binding of copper to the
dithiol in the active center of the enzyme, similar to
a mechanism proposed for CuSO, inactivation of
purified yeast GR [19]. The inability of CuSO, to
inactivate GR in intact cells is certainly due to
insufficient permeation (by a factor of 50 slower than
Cu-PuPy-mediated permeation of copper [7]), since
in lysates CuSO, inactivated GR more effectively
than the copper complex. Thus, the ability of Cu-
PuPy to inactivate GR may largely be a consequence
of its amphiphilic carrier function for copper. It is
likely that in addition to GR other ligands with high
affinity for copper, such as SH-containing enzymes
or regulatory proteins, are similarly affected by Cu-
PuPy, and that this may contribute to the observed
metabolic effects.

Remarkably, inclusion of apo-PuPy or 1,i0-
phenanthroline in the assay also significantly
increased the GR activity of untreated control cells.
This might suggest that under physiological conditions
a considerable fraction of cellular GR is inactivated.
It is tempting to speculate that phenomena such as
the increase in activity upon dilution of GR in
phosphate buffer, an effect already described by
others [20], as well as the observation that GR
activity in whole cells or of the purified enzyme may
double upon extended storage [21], are due to a
similar inactivation of GR.

As shown by Lépez-Barea and co-workers [22, 23]
for purified mouse and horse enzymes, GR is almost
completely inactivated by its own electron donor
NADPH in the absence of GSSG. This auto-
inactivation and protection or reactivation by GSSG
was thought to play an important regulatory role in
vivo. It may become operative in response to the
observedincrease in the NADPH/GSSG ratio during
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Cu-PuPy exposure and thus augment inactivation.
On the other hand, such inactivation can be ruled
out for glucose oxidase treatments, where the
NADPH/GSSG ratio declines. The minor inac-
tivation of GR observed here is possibly due to
oxidation of the enzyme by H,0, or derived reactive
oxygen species.

Implications of GR inactivation for the antioxidative
defence

Clearly the inactivation of GR curtails redox
cycling of Cu-PuPy. At a first glance, one would
expect it to be neutral in regard to cellular H,O, con
centrations, since Cu-PuPy-catalysed H,O,formation
would decrease to a similar extent as the capacity of
glutathione peroxidase to reduce H,0O,, due to loss
of GSH as substrate (Fig. 7). But the specific kinetic
properties of glutathione peroxidase predict that its
activity rapidly declines when GSH levels fall below
10*M [24]. This enzyme was also shown to be
irreversibly inactivated by hydroperoxides when
incubated without GSH [25], similar effects being
observed for superoxide dismutase and catalase.
These findings predict that inactivation of GR
by Cu-PuPy eventually triggers an irreversible
autocatalytical process which denudes cells of their
main antioxidative systems and that detrimental
amounts of H,0O, will escape inactivation.

Enhanced formation of ProtSSG by Cu-PuPy

The immediate effect of GR inactivation is a
decreasing GSH/GSSG ratio, and consequently the
enhanced formation of ProtSSG in a thiol exchange
reaction with GSSG. Under conditions of mild
oxidative stress, the latter reaction is essentially
reversible and considered to be protective, since it
masks protein thiol groups and thereby prevents
formation of intra- or intermolecular disulfide bridges
that couldlead to protein denaturation. Furthermore,
formation of mixed disulfides regulates the activities
of certain enzymes in a direction that increases
cellular defense capacities against oxidative stress
[for review see Refs. 26, 27].

In celis treated with glucose oxidase, the
predominant species of oxidized glutathione was
GSSG, and the ratio of ProtSSG/GSSG remained
in the range of 0.07-0.18 throughout the time period
investigated. In marked contrast, Cu-PuPy exposure
led to an increase in this ratio to a value of 6.5 within
200 min. The data are compatible with the hypothesis
that ProtSSG formation is enhanced and may become
irreversible due to the more pronounced loss of
GSH resulting from inactivation of GR. But this
mechanism alone cannot account for the evident
qualitative differences in the time course of
glutathione oxidation. These imply that protein S-
thiolation is not exclusively governed by a thiol
exchange of ProtSH with GSSG and GSH, but
suggest that Cu-PuPy treatments specifically shift
the equilibrium towards protein oxidation. Thus, the
known reactivity of the complex supports a
mechanism in which Cu-PuPy catalyses the reaction
GSH + ProtSH + O,—ProtSSG + H,0,, which pro-
ceeds through a protein radical intermediate. Also,
if GR directly reduces certain ProtSSG as proposed

by Bellomo et al. [28], its inactivation by Cu-PuPy
would result in accumulation of ProtSSG.

Cu-PuPy induced increase of NADP(H)

The rise of the NADP(H) pool observed during
Cu-PuPy exposure is probably an adaptive response
to the oxidative stress perceived by the cells. A
similar phenomenon was observed during exposure
of cells to non-toxic doses of menadione and other
redox cycling quinones [29-31]. An interconversion
of NAD(H) to NADP(H) was first explicitly
described in a study by Stubberfield and Cohen [31]
and suggested to be mediated by NAD kinase (EC
2.7.1.23). This cytosolic enzyme is activated by Ca®*
via calmodulin {32]. The data presented here show
that interconversion of NAD(H) to NADP(H) is
triggered early during Cu-PuPy treatments and
suggest that Cu-PuPy-induced inactivation of GR is
causative of this phenomenon. This role of GR is
corroborated by an uncommented figure in a study
of Schraufstitter and colleagues [12], which displays
a 2-fold increase within 50 min of (reduced) NADPH
in P388D; macrophage-like cells during pure
treatment with the GR inhibitor BCNU. Since redox
ratios of pyridine dinucleotides remain unchanged
during Cu-PuPy treatments, they are probably not
involved in the activation process. This points to
glutathione oxidation as sustained stimulus for the
interconversion. Possibly, conversion of NAD to
NADP is a common metabolic response to oxidative
stress, which in most studies is concealed by a
concurrent consumption of pyridine dinucleotides.

Preservation of total pyridine dinucleotide and
adenylate pools

Many agents that cause DNA single strand breaks,
including H,O, and other hydroperoxides, stimulate
ADP-ribosylation of various nuclear proteins. This
process is catalysed by poly(ADP-ribose) polymerase
(EC 2.4.2.30) and directly consumes NAD [15, 16].
There is evidence in the literature that under
oxidative stress ADP-ribosylation is the main
consumer of NAD and secondarily of ATP, and that
their depletion is a major factor in a sequence leading
to cell death. Thus, inhibitors of poly(ADP-ribose)
polymerase not only prevented the decrease in NAD
and ATP, but also the lysis of P388D, cells in the
presence of H,O, [16] or the lysis of cultured
endothelial cells following treatment with the oxidant
dihydroxyfumarate [33].

As noted by Schraufstatter et al. [12], the H,O,-
induced loss of NADP(H) in P388D, celis was lower
in cells that had been depleted of glutathione and
was prevented in the presence of BCNU. Our
preliminary experiments, which show that 3-
aminobenzamide, an inhibitor of poly(ADP-ribose)
polymerase, does not influence the survival of Cu-
PuPy treated cells, are compatible with the
assumption that Cu-PuPy inhibits ADP-ribosylation.
Even by taking into account the observed inter-
dependence of NAD(H) and NADP(H) and
assuming unimpaired energy conversion during Cu-
PuPy treatment, such an inhibition could furthermore
account for the preservation of the entire pyridine
dinucleotide and adenylate pools. The following
finding lends further credit to this hypothesis and
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offers a plausible mechanism for the role of Cu-
PuPy. Pero et al. [34] have shown that the activity
of poly(ADP-ribose) polymerase in cytoskeletons of
human leukocytes is down regulated by GSSG,
which suggests that the enzyme contains sensitive
SH-groups. Since despite a more pronounced
formation of GSSG, glucose oxidase treatments
evidently did not inhibit ADP-ribosylation, GSSG
itself is not a likely candidate for inhibition in intact
cells. It is therefore suggested that the enzyme is
inhibited by formation of a mixed disulfide, as a
consequence of GR inhibition.

Cu-PuPy (0.2mM) induces severe oxidative
challenge and is highly toxic to cells. Taking into
account the sparing effects due to the inactivation
of GR and the inhibition of ADP-ribosylation, the
sustained capacity of cells to maintain the observed
high reduction potential of pyridine dinucleotides
and the high energy charge is surprising. This implies
that crucial metabolic functions remain intact for an
appreciable period of time (200min) and is in
agreement with our previous conclusion, that
irreversible loss of clonogenicity is delayed in Cu-
PuPy treatments [7]. It is also compatible with the
findings of Thies and Autor [33], who reported that
cell lysis by the oxidant dihydroxyfumarate could
stil be prevented when the addition of 3-
aminobenzamide was delayed by 2 hr.

Many clinically used antitumour agents have a
prooxidant component of action. Thus, BCNU
besides exhibiting alkylating properties, is also a
potent inhibitor of GR. Also, redox cycling quinones
impose considerable stress on glutathione reduction
or, like menadione in high doses, inhibit GR [26].
A number of studies have suggested that tumours
in vivo or tumour cells in vitro are often more
sensitive towards oxidative stress [3, 35-39]. If these
notions are true, redox cycling of Cu-PuPy alone
would more severely challenge tumour cells than
non-malignant cells. It is to be anticipated that any
additional impairment of antioxidant capacity, such
as the observed inactivation of GR by Cu-PuPy,
could trigger a precipitous breakdown of cellular
defences and finally lead to irreversible oxidation of
biologically important molecules. Such effects would
steepen the dose-response curve and provide a
reasonable explanation for the marked threshold
toxicity described in our previous paper [7]. In that
study we proposed that tumour cells in situ may not
profit from the putative antioxidative repair capacity
of Cu-PuPy to the same extent as non-malignant
cells in well-oxygenated host tissue, since this repair
requires oxygen. Both effects would broaden the
therapeutic margin of Cu-PuPy and could explain its
antitumour activity.

In conclusion, the presented data show that Cu-
PuPy effectively inactivates GR. In combination
with its catalysis of GSH oxidation and H,0,
production this impairs any function of the
glutathione redox system, leads to enhanced
formation of ProtSSG, and presumably triggers a
complete breakdown of the intrinsic antioxidative
defence of cells. On the other hand, inactivation of
GR by Cu-PuPy also has protective aspects. Evidence
is presented that Cu-PuPy inhibits poly(ADP-ribose)
polymerase and that it thereby prevents the usual

consequences of H,O,-induced DNA damage, i.e.
consumption of pyridine nucleotides and adenylates,
and loss of energy charge. It is reasonable to assume
that under these metabolic conditions any extrinsic
improvement in the antioxidative status could rescue
a considerable fraction of cells from loss of
clonogenicity. This gives further credit to our
previously proposed mechanism of initial damage
and delayed protection by Cu-PuPy. Further
experiments are needed to define the relative
importance for cell protection of its capabilities to
dismutate superoxide and prevent deterioration of
critical metabolic functions. It also remains to be
established to what extent the presented findings
may be generalized to other copper compounds.
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