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Abstract The in vitro and in vivo antitumor activity of a
new antitumor platinum complex, cis-malonato[(4R, 5R)-4,
5-bis(aminomethyl)-2-isopropyl-1,3-dioxolane]platinum(II)
(SKI 2053R, NSC D644591), were evaluated and compared
with those of cisplatin (CDDP) and carboplatin (CBDCA)
using murine tumors. SKI 2053R was highly active in vitro
against both L1210 murine leukemia and its CDDP-resistant
subline, L1210/DDP; the relative resistances were 20.0-,
14.5-, and 2.7-fold for CDDP, CBDCA, and SKI 2053R,
respectively. SKI 2053R showed activity comparable with
or superior to either CDDP or CBDCA in mice implanted
with L1210. In mice implanted with L1210/DDP, as com-
pared with CBDCA, SKI 2053R showed high values for the
percentage of treated survivors relative to controls and for
numbers of cured mice, whereas CDDP had virtually no
activity. In mice implanted with P388, all three drugs were
highly active, but the intensity of activity was shown to be
ranked in the following order: SKI 2053R > CDDP >
CBDCA. The antitumor activity of SKI 2053R against
Lewis lung carcinoma was comparable with that of both
CDDP and CBDCA. The antitumor activity of SKI 2053R
was further investigated against two human tumor xeno-
grafts, KATO I (stomach adenocarcinoma) and WiDr
(colon adenocarcinoma), implanted s.c. in nude mice and
was compared with that of CDDP. In SKI 2053R-treated
groups, the time required for a mean tumor weight of
1,000 mg was 33.1 days in KATO III xenografts and 35.0
days in WiDr xenografts as compared with 30.2 and 27.2
days in CDDP-treated groups, respectively. SKI 2053R

achieved growth-inhibition rates comparable with those of

CDDP against KATO III (65% versus 59%) and WiDr xeno-
grafts (64% versus 54%) on day 35. These results indicate
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that SKI 2053R is an attractive candidate for further devel-
opment as a clinically useful anticancer drug.
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Introduction

cis-Dichlorodiammineplatinum(II) (cisplatin, CDDP) is one
of the most widely used chemotherapeutic agents, either
alone or, more often, in combination with other agents, in the
treatment of various human cancers [14]. However, its
clinical usefulness has frequently been limited by severe
side effects, such as nephrotoxicity, gastrointestinal toxicity,
ototoxicity, and neurotoxicity [3, 4], and by the emergence of
cancer cells resistant to CDDP after an initial response [16].

To overcome these unfavorable drawbacks of CDDP,
extensive efforts have been made to develop new CDDP
analogues with equivalent or greater antitumor activity
and lower toxicity [8, 12, 15]. Among them, cis-diam-
mine(1, I-cyclobutanedicarboxylato)platinum(lI) (carbo-
platin, CBDCA) is now the only CDDP derivative commer-
cially available for clinical use [2]. CBDCA has reduced
renal and gastrointestinal toxicities as compared with CDDP
[8, 17]. CBDCA, however, has no enhanced therapeutic
efficacy over CDDP and has not circumvented acquired
resistance to CDDP due to its cross-resistance with
CDDP [7].

In an attempt to develop a new, potent antitumor
platinum drug, we have recently synthesized a series of
platinum complexes with a seven-membered ring structure
between their carrier ligands and a platinum atom. Among
them, cis-malonato[(4R, 5R)-4, 5-bis(aminomethyl)-2-iso-
propyl-1,3-dioxolane]platinum(II) (SKI 2053R) was select-
ed for further development because of its high in vitro and in
vivo antitumor activity, its low nephrotoxicity, and its
sufficient solubility and stability in aqueous solution [10].

In this study, we investigated the antitumor activity of
SKI 2053R against murine tumors in mice, examined its
cross-resistance in L1210/DDP, a CDDP-resistant subline of
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Fig. 1 Structures of CDDP, CBDCA, and SKI 2053R

L1210, and compared these parameters with those of CDDP
and CBDCA. We also evaluated the antitumor activity of
SKI 2053R against two human tumor xenografts, KATO III
and WiDr, in nude mice and compared it with that of CDDP.

Materials and methods
Drugs

CDDP and CBDCA were purchased from Sigma Chemical Co. (St.
Louis, Mo., USA). SKI 2053R was synthesized at the Life Science
Research Center of Sunkyong Industries (Korea) as previously de-
scribed {10] (Fig. 1). The drugs were either dissolved in sterile 0.9%
NaCl solution or suspended in 0.5% carboxymethyl cellulose solution
immediately before use for i.p. injection.

Animals and tumor cells

DBA/2 mice weighing 19-22 g were used for the maintenance of
L1210 leukemia, L1210/DDP leukemia, and P388 leukemia, and
C57BL/6] mice weighing 19-22 g were used for the maintenance of
Lewis lung carcinoma (LL/2). Male C57BL/6]J x DBA/2 F: (BDF1)
mice weighing 19-22 g were used for the experiments involving
L1210, L1210/DDP, P388, and LL/2. BALB/c-nw/nu nude mice aged
4 weeks were used for the maintenance of human tumor xenografts and
for the antitumor evaluation test. All mice were purchased from Charles
River Japan, Inc. (Sekyo, Japan) and were fed with a sterilized pellet
diet and autoclaved water ad libitum. Nude mice were housed in
autoclaved filter-capped cages (Nalgene, Rochester, N.Y., USA). All
housing cages were kept in laminar air-flow units in our laboratory
(Flufrance 94230, France).

L1210 leukemia, P388 leukemia, and LL/2 carcinoma were obtain-
ed from the American Type Culture Collection (Bethesda, Md., USA).
L1210/DDP, a CDDP-resistant subline of L1210, was developed by
continuously exposing L1210 cells to stepwise increasing concentra-
tions of CDDP as previously described [5). L1210 and L1210/DDP
were propagated in RPMI 1640 medium (Gibco, Grand Island, N.Y.,
USA) supplemented with 10% fetal bovine serum (Gibco), 100 units
penicillin/ml, and 100 pg streptomycin/ml in an incubator under a
highly humidified atmosphere containing 5% CO2 at 37 °C. The
resistance of L1210/DDP to CDDP was maintained by the treatment
of DBA/2 mice with i.p. injections of 5 mg/kg CDDP every 4 days after
implantation as described elsewhere [1]. L1210 and P388 were main-
tained by serial passage in the i.p. cavities of DBA/2 mice. LL/2 was
maintained by serial passage in the right subaxillary region of C57BL/
6J mice. KATO III (human stomach adenocarcinoma) xenografted in
nude mice was kindly provided by Dr. N. Saijo (National Cancer Center
Hospital and Research Institute, Japan). WiDr (human colon adenocar-
cinoma) was purchased from the American Type Culture Collection

(Bethesda, Md., USA) and was xenografted s.c. into nude mice (107
cells). These human tumor xenografts were maintained by serial s.c.
transplantation of 2- to 3-mm3 fragments into the right subaxillary
region of nude mice.

In vitro growth-inhibition test

The in vitro growth-inhibitory activity of SKI 2053R, CDDP, and
CBDCA was assessed by the trypan blue dye-exclusion method against
L1210 and L1210/DDP. Prior to the experiments with L1210/DDP, the
cells were cultured in drug-free medium for 2 weeks. L1210 and L1210/
DDP cells in exponential growth were placed in 24-well multidish
plates (Nunc, Denmark) at a density of 1 x 105 cells/well, and various
concentrations of SKI 2053R, CDDP, and CBDCA in culture medium
were added to each well in duplicate. After incubation for 48 h at 37 °C
in an incubator containing 5% COz, cells were stained with trypan blue
and the number of viable cells were counted. The growth-inhibitory
activity was expressed as the concentration (ICso) that reduced cell
numbers in untreated controls by 50% in dose-response curves plotted
with probit analysis and was determined in three independent experi-
ments. Relative resistance was defined as the ratio of the ICso value of
L1210/DDP to that of L1210.

In vivo antitumor-activity test

In vivo antitumor activity on murine tumors was evaluated as pre-
viously described [6]. Briefly, BDF: male mice were implanted i.p. with
1 x 106 viable (those excluding trypan blue) cells of L1210, L1210/
DDP, P388, and LL/2, respectively, on day 0. The drugs were given i.p.
according to two treatment schedules: three intermittent injections on
days 1, 5, and 9 (g4d x 3) and 9 daily consecutive injections (qd x 9)
beginning on day 1 after tumor implantation. Three doses were used and
the highest dose of each drug was determined as the dose lethal to 10%
of the animals (LDio) for each compound as previously estimated in
non-tumor-bearing mice. Six mice were used for treatment groups and
15 mice, for control groups. Antitumor activity was evaluated by
comparing the mean survival time (MST) of treated groups (T) with
that of control groups (C) and was expressed as % T/C (the percentage
of the MST of T relative to the MST of C). All experiments were
terminated on day 60. Mice alive on day 60 were considered to be cured
and were included in calculations of the MST of treated mice. When
mice were dead, necropsy was performed and drug-induced death was
judged if neither ascites nor splenomegaly was found.

In the experiments performed on the human tumor xenografts, mice
bearing xenografts were randomized into treated or control groups, with
six mice being used for treatment groups and 10 mice, for control
groups. Chemotherapy was initiated at approximately 2 (for KATO III)
or 3 (for WiDr) weeks after transplantation, when each tumor had
reached a weight of approximately 100 or 300 mg, respectively. SKI
2053R and CDDP were given i.p. on a g4d x 3 schedule at a dose of 100
and S mg/kg per injection, respectively (previously determined as the
maximum tolerated doses). Antitumor activity was evaluated by
comparing the days required for a mean tumor weight (MTW) of
1,000 mg. Tumor volume (V) was calculated weekly using the
equation V = 1/2 x a X b2, in which a and b are the length (in
millimeters) and width (in millimeters), respectively, measured with
Vernier calipers of tumors grown in the subaxillary region. On day 35
after the start of treatment, the MTW, relative tumor growth (RTG), and
inhibition rate (IR,%) were determined. RTG was calculated by
dividing the tumor weight on day 35 (MTWss) by that on day O
(MTWo). IR was obtained from the equation (I — RTG in T/RTG in
C) x 100.

Statistical analysis

Statistical difference was determined by analysis of variance (ANOVA)
with Duncan’s multiple-range test and Tukey’s studentized range test
using a statistical analysis system (SAS). P values of < 0.05 were
considered statistically significant.
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Table 1 Antitumor activity of SKI 2053R, CDDP, and CBDCA against L1210, L1210/DDP, P388, and LL/2 cells in mice?

Drug Treatment Dose % T/Cb
schedule (mg/kg)
(days) L1210 L1210/DDP P388 LL2
SKI 2053R q4d x 3 100.0 440 (2/6)<, (1/6)4 213 (1/6)<, (1/6)d 452 (5/6)¢ 295 (3/6)¢
(1,5, 9 77.0 386 (2/6)c 283 (1/6)¢ 476 (6/6)¢ 198
60.0 250 320 (2/6)¢ 387 (3/6) 169 (1/6)¢
qd x 9 30.0 307 (1/6)¢ 300 (2/6)¢ 426 (5/6)¢ 212 (2/6)¢
(1-9) 23.0 239 140 476 (6/6)¢ 181 (1/6)c
17.0 278 (1/6)¢ 155 435 (5/6)¢ 197 (2/6)¢
CDDP gdd x 3 6.0 320 (1/6), (1/6)4 122 336 (3/6)c, (1/6)d 287 (4/6)¢
(1,5,9) 46 307 121 476 (6/6)¢ 216 (1/6)¢
35 278 (1/6)¢ 124 375 (1/6) 215
qd x 9 3.0 313 (1/6)¢, (1/6)4 111 (3/6)d 175 (1/6)c, (5/6)¢ 294 (5/6)c, (1/6)4
(1-9) 23 447 (2/6)c 121 476 (6/6)¢ 315 (5/6)¢
17 213 119 452 (5/6)¢ 262 (3/6)c
CBDCA qd4d x 3 100.0 303 (1/6)¢, (1/6)d 79 (3/6)4 323 (3/6) 243 (2/6)¢
(1, 5,9 77.0 158 241 238 (1/6)¢ 250 (1/6)c
60.0 194 140 273 (2/6)¢ 224 (2/6)¢
qd X9 40.0 184 153 369 (3/6)¢ 286 (2/6)c
(1-9) 30.0 303 (1/6)¢ 236 (1/6) 331 (3/6) 218 (2/6)¢
23.0 157 143 281 (1/6)¢ 275 (4/6)¢

a2 Male BDF; mice (6 mice/treatment group and 15 mice/control
group) were implanted i.p. with 1x106 cells of L1210, L1210/DDP,
P388 or LL/2 on day 0. The MSTs of control mice bearing L1210,
L1210/DDP, P388, or LL/2 tumors were 8.8, 12.1, 12.4, or 17.0 days,
respectively

Results

In vitro growth-inhibitory activity against L1210 and
L1210/DDP

The growth-inhibitory activity of platinum complexes was
evaluated against 1.1210 and L1210/DDP. ICso values in
L1210 tumors obtained for SKI 2053R, CDDP, and CBDCA
were 0.33, 0.12, and 3.18 uM, respectively. ICso values in
L1210/DDP tumors recorded for SKI 2053R, CDDP, and
CBDCA were 0.89, 2.42, and 46.0 pM, respectively. L1210/
DDP was 20.0— and 14.5-fold more resistant to CDDP and
CBDCA, respectively, than was L1210, while this resistant
subline was 2.7 —fold more resistant to SKI 2053R.

Antitumor activity against 11210, L1210/DDP, P388,
and LL2

The antitumor activity of SKI 2053R in mice inoculated i.p.
with L1210, L1210/DDP, P388, and LL2 was examined in
comparison with those of CDDP and CBDCA (Table 1).
Following a g4d x 3 schedule, the maximal % T/C values
obtained for SKI 2053R, CDDP, and CBDCA in L1210
tumors were 440%, 320%, and 303%, respectively. The
numbers of cured mice were also higher in groups treated
with SKI 2053R as compared with CDDP and CBDCA. In
L1210/DDP, the % T/C values obtained in mice treated with
SKI 2053R were higher than those recorded for CDDP and
CBDCA, and 4 of 18 mice were cured in groups treated with
SKI 2053R, whereas no mouse was cured in groups treated

b MST of the treated group/MST of the control group x100
¢ Values in parentheses represent numbers of 60-day survivors/

numbers of animals tested
d  Values in parentheses represent numbers of toxic deaths/numbers of

animals tested

with CDDP or CBDCA. On a qd X 9 schedule against L1210,
a maximal % T/C value of 447% and 3 cured mice were
observed among 18 animals treated with CDDP, whereas %
T/C values of 303% and 307% and 1 and 2 cured mice were
found in groups treated with CBDCA and SKI 2053R,
respectively. In mice implanted with L1210/DDP, the max-
imal % T/C value recorded for SKI 2053R was higher than
those obtained for either CDDP or CBDCA.

Although all three drugs tested were highly active against
P388, SKI 2053R showed activity higher than or equal to
that of CDDP and greater than that of CBDCA. T/C values
of more than 400% and cures of more than 5 of 6 mice were
observed more frequently in groups treated with SKI 2053R
as compared with CDDP, whereas the % T/C values and
numbers of cured mice recorded for CBDCA were lower
than those obtained for either SKI 2053R or CDDP. In mice
treated with CDDP, six drug-induced deaths were observed,
although mortality was dependent upon the schedule used.

Although the % T/C values recorded for SKI 2053R
against LL/2 were lower in general than those obtained for
CDDP and CBDCA on a qd X 9 schedule, SKI 2053R
achieved the highest % T/C value (295%) on a gq4d x 3
schedule. The numbers of cured mice among animals treated
with the highest dose on the g4d X 3 schedule were greatest
in groups treated with CDDP, followed in rank order by SKI
2053R and CBDCA.

Antitumor activity against human tumor xenografts

The antitumor activity of SKI 2053R was evaluated against
two human xenografts, KATO III and WiDr, in nude mice
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Table 2 Antitumor activity of SKI 2053R and CDDP against KATO III and WiDr xenografts in nude mices

KATO 1I WiDr
Drug Dose Days to MTWoee MTWise RTGe IR Days to MTWoe MTWise RTGe IR
(mg/kg) 1,000 mgd (mg) (mg) (%) 1,000 mgb (mg) (mg) (%)
Control - 18.2 111£13 3,173+1,220 284199 - 16.3 359198 2,8411850 83+32 -
SKI 2053R 100 33.1 11110 1,101 £628** 10.0L6.1** 65 35.0 361+94 1,000£309%* 3.0+%1.5* 64
CDDP 5 30.2 110E11 1,295+781** 11.9+75** 59 272 368193 1,3791398** 38+1.1* 54

* Significantly different from control (P <0.05)
** Significantly different from control (P <0.01)
2 Six mice were used for treatment groups and 10 mice for control
groups. Chemotherapy was initiated at approximately 2 (for KATO III)
or 3 (for WiDr) weeks after tumor transplantation. SKI 2053R and

and compared with that of CDDP (Table 2). In mice
transplanted with KATO III, the time required for a MTW
of 1,000 mg was 33.1 and 30.2 days in SKI 2053R- and
CDDP-treated mice, respectively; these values were greater
than that observed in untreated mice. IR values were 65%
and 59% in SKI 2053R- and CDDP-treated mice, respec-
tively, on day 35.

In mice transplanted with WiDr, no difference in MTW
and RTG was observed between SKI 2053R- and CDDP-
treated groups. The time required for a MTW of 1,000 mg
was 35.0 and 27.2 days in SKI 2053R- and CDDP-treated
mice, respectively, as compared with 16.3 days in untreated
mice. IR values were 64% and 54% in SKI 2053R- and
CDDP-treated mice, respectively, on day 35.

Discussion

The major interests in the field of new platinum-based
antitumor drug development are whether the new drug
exhibits an enhanced antitumor activity and spectrum as
well as reduced toxicity, whether it overcomes acquired
resistance, and whether it has improved physicochemical
properties, such as water solubility and stability, in compar-
ison with the parent drug. The main purpose of this study was
to evaluate the antitumor activity of SKI 2053R in vivo
dgainst the murine tumors L1210, P388, and LL/2, in
comparison with that of CDDP and CBDCA. We also
investigated the effects of SKI 2053R in vitro and in vivo
in overcoming the acquired resistance of L1210/DDP cells,
because the development of acquired resistance after initial
therapeutic effectiveness has been a serious clinical problem
in chemotherapeutic failure.

The growth-inhibitory activity of platinum complexes
against L1210 was evaluated in terms of the ICso value,
demonstrating the order of activity to be CDDP > SKI
2053R > CBDCA. The rank order of the ICso value,
however, is not thought to be that of the clinical antitumor
activity predicted, because the dose of administration and
subsequent plasma concentrations differ among the drugs.

In the in vitro evaluation of a new investigational
antitumor drug, a common problem is that the accurate
platinum concentration of the active form of the drug is not
known until the phase I study has been finished. Although a

CDDP were given i.p. on a q4d x 3 schedule at a dose of 100 and
5 mg/kg per injection, respectively. MTW, RTG, and IR were evaluated

on day 35
b Number of days required for a mean tumor weight of 1,000 mg
¢ Data represent mean values X SD

mode] system to calculate the peak plasma concentration
from the LDsg value for the drug in mice has been reported
[18], the calculated value does not always reflect the actual
value in humans. Therefore, in this study the in vivo
antitumor activity was evaluated after administration of
the equitoxic doses determined in mice. The highest dose
of each drug was approximately the LD1o estimated in non-
tumor-bearing mice under the corresponding schedules of
the antitumor-activity test. On the other hand, in the
evaluation of the capacity of a drug to overcome CDDP
resistance, the value for relative resistance is thought to have
the most validity, because the effects of delivered doses are
eliminated in the determination of relative resistance. SKI
2053R showed a relative resistance of 2.7-fold, which was
much lower than those of CDDP and CBDCA. The resis-
tance-overcoming effect of SKI 2053R was also evaluated in
an in vivo model. In mice implanted with L1210/DDP, SKI
2053R showed high % T/C values and numbers of cured
mice, which were similar to those obtained in mice im-
planted with L1210. On the other hand, the % T/C values
recorded for CDDP and CBDCA against L1210/DDP were
lower than those obtained for SKI 2053R. Moreover, six
mice were cured by the treatment with SKI 2053R, whereas
no mouse was cured by the treatment with CDDP or
CBDCA except for one mouse among the animals treated
with CBDCA on the qd X 9 schedule. From these in vitro and
in vivo results, we conclude that SKI 2053R may be active
against CDDP-resistant tumors.

The mechanisms by which the lack of cross-resistance
develops between SKI 2053R and CDDP are not yet clear.
Although there is no direct evidence at present, we suspect
that a new 1,3-dioxolane-4,5-bis(aminomethane) carrier
ligand may be responsible for this lack of cross-resistance.
In'mice implanted with P388, all three drugs were active, but
the intensity of activity was shown to be ranked in the order
of SKI12053R > CDDP > CBDCA. The antitumor activity
of SKI 2053R against LL/2 was comparable on the g4d x 3
schedule but lower than those of CDDP and CBDCA on the
qd x 9 schedule. ,

Since human tumor xenograft models have been used to
predict the chemotherapeutic response of tumors in humans
to anticancer agents [19], we investigated the antitumor
activity of SKI 2053R against KATO III and WiDr. In the
present study, although the parameters used to evaluate the
antitumor activity, such as the time in days required for a



MTW of 1,000 mg as well as the MTW, RTG, and IR on day
35, were similar between the SKI 2053R-treated group and
the CDDP-treated group, the former achieved more delayed
growth and higher IR values than the latter against two
human tumor xenografts.

Toxicology studies of SKI 2053R in mice, rats, and dogs
have shown that it has a toxicity profile different from that
of CDDP [9, 11, 13]. The results demonstrating that SKI
2053R has a resistance-circumventing activity against
CDDP-resistant tumors, superior or comparable in vivo
antitumor activity as compared with CDDP and CBDCA,
and a toxicity profile different from that of CDDP strongly
suggest that SKT 2053R is an attractive candidate for further
development as a clinically useful anticancer drug. SKI
2053R is currently undergoing phase 1 clinical trials in
Korea.
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