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Abstract Superoxide anions (O;) generated by cispla-
tin [cis-diamminedichloroplatinum (I1I), DDP] were
determined by measuring the chemiluminescence from
the luminescence probe, 2-methyl-6-[p-methoxyphenyl]-
3,7-dihydroimidazo[1,2-a]pyrazin-3-one (methyl Cypri-
dina luciferin analog, MCLA), in monolayer cultures of
a human ovarian cancer cell line (A2780) in physio-
logical saline at pH 7.0. In a time-course study,
chemiluminescence of MCLA (C-MCLA) showed a
peak level at 10 min and a background level at 60 min
after the addition of DDP. The intensity of C-MCLA
increased with increasing concentrations of DDP
or MCLA in a limited concentration range, and was
significantly correlated (r=0.960) with the number of
A2780 cells. DDP-induced C-MCLA was completely
inhibited by the addition of the O, scavenger, super-
oxide dismutase (SOD). However, SOD did not de-
crease DDP cytotoxicity in terms of clonogenic cell
survival. These findings suggest that DDP generates
extracellular O,, probably by interaction with the
cellular membrane in A2780 cells, and O, does not
lead to cellular damage.
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Introduction

Cisplatin [cis-diamminedichloroplatinum (II), DDP] is
an effective anticancer agent in the treatment of a wide
range of human cancers [4]. It has been proposed that
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reactive oxygen species (ROS) play a crucial role in
DDP-induced cytotoxicity [7, 9, 21], although the major
mechanism of DDP cytotoxicity is the inhibition of
DNA synthesis through inter- and intrastrand cross-
linking [23]. Several studies have demonstrated that
DDP induces ROS in murine macrophage monolayers
[13, 15, 16] and human polymorphonuclear leukocytes
[1]. However, in these studies the primary function of
these phagocytes, e.g. the release of O, and H,0O,, was
investigated.

The present study was performed to evaluate the in-
volvement of ROS in DDP cytotoxicity in cancer cells.
We have previously reported that the interaction of
DDP with purified cellular DNA generates O, in cell-
free systems [5, 6]. In the course of our efforts to detect
ROS released from living cells as a result of DDP
treatment, we found a simple method of detecting DDP-
induced O; in a human ovarian cancer cell line, cultured
as a monolayer, by measuring the chemiluminescence
from the luminescence probe, 2-methyl-6-[p-methoxy-
phenyl]-3,7-dihydroimidazo[1,2-a]pyrazin-3-one (methyl
Cypridina luciferin analog, MCLA), and found that
O, induced in this way did not lead to cellular damage.

Materials and methods

Chemicals

Eagle’s minimum essential medium (MEM) and kanamycin were
obtained from Nissui (Tokyo, Japan), fetal bovine serum (FBS)
was from GIBCO (Grand Island, N.Y.), glutamine was from Wako
(Tokyo, Japan), DDP was from Nippon Kayaku (Tokyo, Japan),
MCLA was from Tokyo Kasei Kogyo (Tokyo, Japan), superoxide
dismutase (SOD, EC.1.15.1.1, activity 5280 U/mg) was from
Boehringer Mannheim (Mannheim, Germany), and diethyldithio-
carbamic acid (DDC) was from Sigma (St. Louis, Mo.).

Cell line and culture
A2780, a DDP-sensitive ovarian cancer cell line derived from an

untreated patient was provided by T.C. Hamilton (Fox Chase
Cancer Center, Philadelphia, Pa.). The cells were maintained as
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monolayers at 37 °C under a humidified atmosphere of 5% CO,/
95% air (CO, incubator) in MEM supplemented with 10% (v/v)
FBS, 60 mg kanamycin/ml and 0.3 mg glutamine/ml (culture
medium).

Luminescence measurement

The cells were plated at 2 x 10° cells/dish (3.5 cm diameter) in
culture medium and allowed to grow almost to confluence for
4 days. They were then washed five times with physiological saline
adjusted to pH 7.0 with NaHCO;, and 3 ml of the solution
containing the desired concentrations of MCLA (reaction mix-
ture) was added. Preliminary experiments showed that this phys-
iological saline produced the lowest background level of MCLA
chemiluminescence (C-MCLA) of the buffers tested including
phosphate-buffered saline, Hank’s solution or culture medium,
which were without adverse effect on living cells. Immediately
after various amounts of DDP were added to the reaction mix-
ture, C-MCLA was measured at 26 °C for 16 to 80 min in the
absence or presence of SOD with a photon counter (model C5410)
and a photomultiplier (model E1341; Hamamatsu Photonics,
Tokyo, Japan) without a filter. MCLA alone was used instead of
DDP for observing the background level of C-MCLA. SOD was
inactivated by the method of Heikkila et al. [3]. Briefly, SOD
(1 mg/ml) and DDC (102 M) were incubated alone and together
in distilled water for 1.5 h at 37 °C. The samples were then dia-
lyzed against 500 volumes of distilled water at 4 °C for 16 h, and
again with fresh distilled water for 3 h. Aliquots were used for the
C-MCLA assay. In some experiments, no cells and ethanol-fixed
monolayer cells were used. The findings were expressed as the
time-course of C-MCLA or counts per second (cps) of the peak
level (background level subtracted) obtained from the time-course
assay.

Cell viability tests

Confluent cell layers in culture medium were washed five times with
physiological saline and incubated for 60 min at 26 °C without CO,
(under the same conditions as for the C-MCLA assay) in a reaction
mixture containing 6 nM MCLA or fresh culture medium in the
presence or absence of 40 or 70 pM DDP. After treatment with
DDP, cells were washed twice, incubated for 5 h at 37 °C in fresh
culture medium in a CO, incubator. The cells were then spread on
the bottom of the dish, trypsinized, and counted in a Coulter
counter (Coulter Electronics, Luton, UK). Cell viability was de-
termined in terms of percentages of the control (0 pA DDP in the
culture medium), because the preliminary trypan blue dye exclusion
tests showed that spread cells were viable.

Survival studies

Confluent cell layers in a culture dish were treated with various
concentrations of DDP in physiological saline (pH 7.0) for 60 min
at 26 °C without CO, (under the same condition as for the C-
MCLA assay) in the presence or absence of SOD, and then washed
three times with the solution. The cells were harvested with trypsin
and were seeded into ten dishes (6 cm diameter) containing MEM
with 10% FBS, at 5 x 107 cells/dish for each treatment. After in-
cubation at 37 °C for 9 days, the cultures were rinsed with physi-
ological saline, fixed with ethanol, stained with Giemsa and scored
for survival. This was done by counting colonies of more than 50
cells under a stereoscopic microscope. A2780 cells had plating
efficiencies of approximately 66%.

Statistical analysis.

For statistical analysis, Student’s 7-test was employed and a P-value
of <0.05 was considered significant.

Results
Measurement of C-MCLA

Figure 1A shows a photon counter tracing of C-MCLA.
A2780 cells were exposed to DDP at 70 uM for 80 min at
26 °C in a reaction mixture containing 6 nM MCLA. C-
MCLA increased gradually, peaked at approximately
10 min, and then decreased slowly to the background
level at 60 min, after the addition of DDP. The back-
ground level of C-MCLA, which was derived from
MCLA alone in A2780 cells, was 20+ 7 cps (Fig. 1B).
Figure 1C shows that C-MCLA was not induced by
70 uM DDP in the absence of cells. The ethanol-fixed
cell monolayers generated almost no C-MCLA (Fig. 1D).

Effects of SOD on DDP-induced C-MCLA
in 2780 cells

Figure 2A shows the 40-min time-course of C-MCLA
induced by DDP in A2780 cells to clarify the effects of
SOD. C-MCLA increased gradually after the addition of
70 pM DDP to 3 ml reaction mixture containing 6 nM
MCLA, and subsequently showed a slow decrease.
However, it dropped rapidly as soon as 0.3 pg SOD/ml
was added (Fig. 2B). When 10 pl distilled water (SOD
solvent) was added instead of SOD near the peak level of
C-MCLA, C-MCLA was decreased by approximately
15% (419 cps before addition, 355 cps after addition, of
distilled water; Fig. 2C). A similar effect to that of dis-
tilled water on C-MCLA was obtained by DDC-inacti-
vated SOD (18.0% decrease in C-MCLA; Fig. 2D).
Thus, DDC-inactivated SOD barely affected C-MCLA
as an enzyme and/or protein.

Effects of MCLA on C-MCLA

Figure 3 shows the effect of MCLA concentration on
the peak level of C-MCLA in A2780 cells. C-MCLA
induced at 70 uM DDP increased almost linearly with
concentration of MCLA, and at 6 nM reached a plateau
that was maintained at least up to 8 nM. Therefore, 6 nM
MCLA was used in subsequent C-MCLA assays.

Effects of DDP on C-MCLA

Figure 4 shows the response of C-MCLA to DDP at
various concentrations in A2780 cells. C-MCLA in-
creased in a linear fashion with concentrations of DDP
up to 70 uM, and then remained unchanged at concen-
trations up to 90 uM.

Effects of cell number on C-MCLA

C-MCLA induced by 70 uM DDP in different num-
bers of cells was examined (Fig. 5). C-MCLA increased
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Fig. 1A-D Measurement of C-MCLA. A Time-course of C-
MCLA. The reaction mixture (3 ml) poured over A2780 cells
(4.33 x 10° cells/dish) containing 6 nM MCLA. The measurement
of C-MCLA started immediately after the addition of 70 pM DDP
at 26°C. The asterisk indicates the peak level of C-MCLA.
B Control for the background level of C-MCLA without DDP.
Physiological saline adjusted to pH 7.0 (3 ml) was poured over
A2780 cells (4.21 x 10° cells/dish). The measurement of C-MCLA
started immediately after the addition of 6 nM MCLA at 26°C. C
Control with no cells. C-MCLA was measured at 26°C immediately
after the addition of 70 pM DDP to 6 nM MCLA in a 3-ml
reaction mixture without cells. D C-MCLA in fixed cells. The
reaction mixture (3 ml) was poured over ethanol-fixed A2780
cells (about 4.33 x 10° cells/dish) containing 6 nM MCLA. The
measurement of C-MCLA started immediately after the addition of
70 uM DDP at 26°C. The closed arrows and the open arrow indicate
the application of DDP and MCLA, respectively

with cell number from 1.20 x 10° up to 3.35 x 10°
cells/dish. There was a significant correlation (r=10.960,
P<0.001) between cell number and the level of
C-MCLA.

Cell viability after C-MCLA assays

The slow decrease in C-MCLA in A2780 cells may be
related to the loss of cell viability in the reaction mixture.
Therefore, cell viability (survival rate) in the reaction
mixture was compared with that in the culture medium
with or without DDP (Table 1). Cell survival rates were
100% (control), 97.8% and 99.6% in the culture medi-
um, 99.6%, 98.3% and 95.2% in the reaction mixture
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after 60 min treatment with DDP at concentrations of 0,
40 and 70 uM at 26 °C, respectively. There was no
significant difference between these cell survival rates.
These findings indicate that the reaction mixture, even
with DDP, did not affect cell viability.

Effects of SOD on DDP cytotoxicity

Figure 6 shows the survival rates of A2780 cells in the
presence or absence of 0.3 pg SOD/ml after 60 min
treatment at 26 °C with increasing concentrations of
DDP. The survival of A2780 cells decreased with con-
centrations of DDP between 10 and 70 pA/ in both the
presence and absence of SOD, and treatment with DDP
alone resulted in similar survival to that obtained with
combinations of DDP and SOD. Thus, SOD did not
affect DDP cytotoxicity at any of the DDP concentra-
tions tested.

Discussion

MCLA has been shown to be a very sensitive and spe-
cific luminescence probe for detecting O; [10, 11, 20]. It
has been used to detect O, generated by activated leu-
kocytes and macrophages [10, 11, 14, 22]. We describe
here the first application of the MCLA-dependent
chemiluminescence method to monolayers of an ovarian
cancer cell line for detecting O, induced by DDP, and
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Fig. 2A-D Effects of SOD on DDP-induced C-MCLA in A2780
cells (5.10 + 0.21 x 10° cells/dish). A C-MCLA was measured for
40 min as described in the legend for Fig. 1A. B SOD (10 pl, final
concentration 0.3 pg/ml) was added near the peak of C-MCLA. C
Distilled water (10 pl, SOD solvent) was added near the peak C-
MCLA. D DDC-inactivated SOD (10 pl, final concentration 0.3 pg/
ml) was added near the peak of C-MCLA. The closed arrows
and open arrows indicate the application of DDP and distilled
water/SOD, respectively
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Fig. 3 Effects of MCLA concentration on DDP-induced C-
MCLA. The reaction mixture (3 ml) poured over A2780 cells
(4.40 + 0.16 x 10° cells/dish) containing various concentrations of
MCLA. The measurement of C-MCLA started immediately after
the addition of 70 pM DDP. The peak values of C-MCLA (asterisk
in Fig. 1A) are plotted as a function of MCLA concentration.
Values are counts per second (cps) of the peak level of C-MCLA
(control values subtracted) (bars SD of triplicate determinations)
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Fig. 4 Effects of DDP concentration on C-MCLA. The reaction
mixture (3 ml) was poured over A2780 cells (5.07 + 0.14 x 10°
cells/dish) containing 6 nM MCLA. The measurement of C-MCLA
started immediately after the addition of DDP at various
concentrations. Values are counts per second (cps) of the peak
level of C-MCLA (control values subtracted) (bars SD of triplicate
determinations)

found no effect of O, produced in this system on DDP
cytotoxicity.

In the present study, physiological saline was used as
the reaction mixture, adjusted to pH 7.0. The viability of
cells was not altered after 60 min incubation at 26 °C
without CO; in physiological saline at pH 7.0 (Table 1).
Therefore, the time-dependent decrease in C-MCLA
(Fig. 1A) was not due to a loss of cell viability. The level
of chemiluminescence is affected by changes in pH of
the medium in cell systems [2]. Oosthuizen et al. have
demonstrated that MCLA produced optima closer to
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Fig. 5 Effects of cell number on DDP-induced C-MCLA. A2780
monolayer cells in culture medium were scraped off the dish bottom
in different quantities with a silicon rubber, and washed five times
with reaction mixture, followed by the addition of solution (3 ml)
containing 6 nM MCLA. The number of cells in each sample was
determined after C-MCLA assay. The measurement of C-MCLA
was as described in the legend for Fig. 3

Table 1 Cell viability after DDP treatment in the culture medium
and the reaction mixture. The initial number of cells immediately
before DDP treatment was 4.62 + 0.26 x 10° (100 +4.8%). Values
are percentages of the control (DDP 0 p in the culture medium)
(mean £ SD from triplicate determinations)

DDP (uM) Culture medium Reaction mixture
0 100.0£1.7% 99.6+4.8
40 97.8+5.2 98.3+2.6
70 99.6+1.3 95.2+39

2100% represents 4.61 x 10° cells/dish

neutral pH including pH 7.0 with a hypoxanthine/xan-
thine oxidase system [12]. The present system showed a
similar level of DDP-induced C-MCLA at pH values in
the range 6.8 to 7.2. Accordingly, the decrease in C-
MCLA may be attributed to a decline in the interaction
of DDP and cellular components rather than to a
change in extracellular pH during the C-MCLA assay.
We used confluent monolayers of cells for the C-MCLA
assay to obtain high levels of C-MCLA. Confluence was
not a factor. The intensity of C-MCLA depended on the
number of cells per dish (Fig. 5).

DDC-inactivated SOD did not essentially affect
C-MCLA, since even distilled water produced a slight
decrease in C-MCLA (Fig. 2C,D). Simply mixing a
reaction mixture in the course of an assay disturbed
the generation of C-MCLA to a similar degree as that
produced by distilled water or inactivated SOD (data
not shown). Thus, it is most likely that C-MCLA dis-
appeared through the enzymatic activity of SOD alone
(Fig. 2B). Accordingly, complete suppression of C-
MCLA production by the addition of the O, scavenger
SOD (which does not enter cells) indicates extracellular
generation of O, in the present system. In addition,
Takahashi and Asada [19] have reported that phosp-
holipid membranes show little permeability to Oj.
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Fig. 6 A2780 cells (5.10 + 0.21 x 10° cell/dish) were treated with
various concentrations of DDP in physiological saline (pH 7.0) for
60 min at 26°C with (@) or without (O) 0.3 ug SOD/ml, harvested
with trypsin, and assessed for clonogenic cell survival. Values are
percentages of the untreated control without SOD (bars SD of
triplicate determinations)

Hence, it is unlikely that O, generated by the interaction
of DDP and intracellular macromolecules, including
proteins and DNA, was released extracellularly. Thus,
the source of DDP-induced generation of O, would be
the cell membrane itself in the present system.

On the other hand, in studies of the mechanism of
DDP-induced nephrotoxicity, Mcginness et al. [8] have
found that orgotein (Zn-Cu-SOD) which does not enter
cells ameliorates nephrotoxicity in rats. Sugihara et al.
[17, 18] have found indirect evidence in rats that DDP
generates free radicals that interact with membrane
lipids in renal tissue and subsequently cause production
of lipid peroxidation, which affects cellular structure
and function. These observations suggest that DDP
generates extracellular O;, at least in part, in renal tis-
sue, and this causes damage to membrane function and
consequent nephrotoxicity.

However, in the present system, scavenging of O, did
not decrease DDP cytotoxicity (Fig. 6), indicating that
O, generated extracellularly by DDP did not lead to
cellular damage. This inconsistency may be due to the
differences between in vivo and in vitro experiments,
and/or between rat kidney cells and human ovarian
cancer cells. Miyajima et al. [9], by measuring the
amount of intracellular dichlorofluorescence, found
intracellular induction of ROS by DDP in monolayer
cultures of bladder cancer cells and the involvement
of ROS in DDP-induced cytotoxicity. This ROS would
be generated by interaction of DDP with intracellular
macromolecules. Thus, DDP may generate various ROS
as a result of concomitant interactions with DNA,
protein and/or membranes. Ethanol-fixed (Fig. 1D) and
air-dried cells (data not shown) did not release O; . This
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may have been due to degeneration of target molecules
for DDP in the treated cells.

In conclusion, DDP generated extracellular O,

which did not take part in DDP cytotoxicity, in mono-
layer cultures of human ovarian cancer cells. It is
suggested that this reaction resulted from a DDP-
membrane interaction.

References

10.

11.

. Fumarulo R, Riccardi S, Restaino A, Giordano D (1984) Effect

of cisplatin on the oxidative metabolism of polymorphonuclear
leukocytes in cancer patients. Tumori 70: 227

. Gyllenhammar H (1989) Effects of extracellular pH on neutr-

ophil superoxide anion production, and chemiluminescence
augmented with luminol, lucigenin or DMNH. J Clin Lab
Immunol 28: 97

. Heikkila RE, Cabbat FS, Cohen G (1976) In vivo inhibition of

superoxide dismutase in mice by diethyldithiocarbamate. J Biol
Chem 251: 2182

. Loehrer PJ, Einhorn LH (1984) Drugs five years later. Cispl-

atin. Ann Intern Med 100: 704

. Masuda H, Tanaka T, Takahama U (1994) Cisplatin generates

superoxide anion by interaction with DNA in a cell-free
system. Biochem Biophys Res Commun 203: 1175

. Masuda H, Tanaka T, Matsushima S (1998) Hyperthermic

enhancement of cisplatin-induced generation of active oxygen
radicals in a cell-free system. Anticancer Res 18: 1473

. Matsushima H, Yonemura K, Ohishi K, Hishida A (1998) The

role of oxygen free radicals in cisplatin-induced acute renal
failure in rats. J Lab Clin Med 131: 518

. Mcginness JE, Proctor PH, Demopoulos HB, Hokanson JA,

Kirkpatrick DS (1978) Amelioration of cis-platinum nephro-
toxicity by orgotein (superoxide dismutase). Physiol Chem
Phys 10: 267

. Miyajima A, Nakashima K, Tachibana M, Tazaki H, Murai M

(1996) Role of reactive oxygen species in cis-dichlorodiam-
mineplatinum-induced cytotoxicity on bladder cancer cells.
Br J Cancer 76: 206

Nakano M, Sugioka K, Ushijima Y, Goto T (1986) Chemilu-
minescence probe with Cypridina luciferin analog, 2-methyl-6-
phenyl-dihydroimidazo[1.2-a]pyrazin-3-one, for estimating the
ability of human granulocytes to generate O, . Anal Biochem
159: 363

Nishida A, Kimura H, Nakano M, Goto T (1989) A sensitive
and specific chemiluminescence method for estimating the

13.

14.

15.

20.

21.

22.

23.

ability of human granulocytes and monocytes to generate O; .
Clin Chim Acta 179: 177

. Oosthuizen MMJ, Engelbrecht ME, Lambrechts H, Greyling

D, Levy RD (1997) The effect of pH on chemiluminescence of
different probes to superoxide and singlet oxygen generators.
J Biolumin Chemilumin 12: 277

Palma JP, Aggarwal SK (1994) Cisplatin and carboplatin me-
diated release of cytolytic factors in murine peritoneal macro-
phages in vitro. Anticancer Drugs 5: 615

Pronai L, Nakazawa H, Ichimori K, Saigusa Y, Ohkubo T,
Hiramatsu K, Arimori S, Feher J (1992) Time course of su-
peroxide generation by leukocytes — the MCLA chemilumi-
nescence system. Inflammation 16: 437

Sodhi A, Geetha B (1989) Effect of cisplatin, lipopolysaccha-
ride, muramyl dipeptide and recombinant interferon-gamma
on murine macrophages in vitro. II. Production of H,0,, O3
and interleukin-1. Nat Immun Cell Growth Regul 8: 108

. Sodhi A, Gupta P (1986) Increased release of hydrogen

peroxide (H,O,) and superoxide anion (O;) by murine mac-
rophages in vitro after cis-platin treatment. Int J Immuno-
pharmacol 8: 709

. Sugihara K, Nakano S, Koda M, Tanaka K, Fukuishi N,

Gemba M (1987) Stimulatory effect of cisplatin on produc-
tion of lipid peroxidation in renal tissues. Jpn J Pharmacol 43:
247

. Sugihara K, Nakano S, Gemba M (1987) Effect of cisplatin on

in vitro production of lipid peroxides in rat kidney cortex. Jpn
J Pharmacol 44: 71

. Takahashi MA, Asada K (1983) Superoxide anion permeability

of phospholipid membranes and chloroplast thylakoids. Arch
Biochem Biophys 226: 558

Tampo Y, Tsukamoto M, Yonaha M (1998) The antioxidant
action  of  2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimi-
dazo[1.2-a]pyrazin-3-one (MCLA), a chemiluminescence probe
to detect superoxide anions. FEBS Lett 430: 348

Uslu R, Bonavida B (1996) Involvement of the mitochondrion
respiratory chain in the synergy achieved by treatment of hu-
man ovarian carcinoma cell lines with both tumor necrosis
factor-alpha and cis-diamminedichloroplatinum. Cancer 77:
725

Yoshida T, Sotomatsu A, Tanaka M, Hirai S (1994) Inhibitory
effect of bifemelane on superoxide generation by activated
neutrophils measured using a simple chemiluminescence
method. Free Radic Res 21: 371

Zwelling LA, Michaels S, Schwartz H, Dobson PP, Kohn KW
(1981) DNA cross-linking as an indicator of sensitivity and
resistance of mouse L1210 leukemia to cis-diamminedi-
chloroplatinum(Il) and L-phenylalanine mustard. Cancer Res
41: 640



