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ABSTRACT

TetrachloroW-froÂ»w)l,2-diaininocyclohexane platinum (IV) (tetra-

platin), a new platinum analogue, showed greater therapeutic efficacy
after i.p. administration than either cÃ¹-dichlorodiammineplatinum (II)
(cisplatin) or cix-diammine-l,l-cyclobutanedicarboxylate platinum (II)

(carboplatin) in mice bearing i.p. implanted 1.1210 leukemia. At an
optimal dose of 5.7 mg/kg/injection given as a single dose on days 1, 5,
and 9, tetraplatin increased the median life span over controls by more
than 566% with 5 of 8 long-term (50-day) survivors. In contrast, cisplatin
at the same optimal dose increased survival by 186% with 2 of 8 long-

term survivors, and carboplatin at an optimal dose of 75.6 mg/kg/injection
increased survival by only 120% with no long-term survivors. Tetraplatin

also was more effective than cisplatin when treatment was delayed until
days 3, 7, and 11 after i.p. implant.

A combination of tetraplatin and Adriamycin in mice bearing i.p.
implanted 1,1210 leukemia produced more long-term survivors over a

wider range of doses than could be achieved with either drug alone.
Tetraplatin at 5.7 mg/kg/injection and Adriamycin at 3 mg/kg/injection
on days 1, 5, and 9 increased survival by more than 566% with 8 of 8 50-

day survivors. Using the same treatment schedule, combinations of
tetraplatin with either cisplatin, carboplatin, daunomycin, or 5-fluorour-

acil did not produce therapeutic efficacy greater than that seen with
tetraplatin alone.

The in vitro cellular uptake of platinum by 1.1210 cells at 37Â°Cwas

about 4-fold higher after exposure to tetraplatin compared to cisplatin
following a 2-h incubation at the two concentrations examined (2.5 and 5

Mg/ml). Comparative pharmacological studies were performed in rats at
a single dose of 3 mg/kg i.v. The /'/Â»0 for total platinum in plasma was

29.10 h (7.47 h for unbound platinum) after the administration of tetra
platin and 23.70 h (13.09 h for unbound platinum) after cisplatin. By 48
h the urinary excretion of platinum after tetraplatin and cisplatin was
30.1% and 41.4%, respectively. Tissue distribution of platinum was
similar after either complex. Thus, tetraplatin has similar pharmacolog
ical properties to cisplatin and like cisplatin is a candidate for combination
chemotherapy. However, tetraplatin may be superior to cisplatin in some
therapeutic situations based on its greater efficacy against selected tu
mors.

INTRODUCTION
Cisplatin2 (1) is a first generation platinum antitumor agent

which has documented clinical efficacy in the treatment of
testicular, ovarian, bladder, and other cancers (2-4) either
alone or in combination chemotherapy. However, the clinical
effectiveness of cisplatin is greatly compromised because of
undesirable side-effects, e.g., nephrotoxicity, ototoxicity, mye-
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losuppression, neurotoxicity, and severe nausea and vomiting.
Furthermore, some tumors are totally refractory to cisplatin.
These factors have stimulated the synthesis and evaluation of
many new agents in search of complexes with reduced toxicity
and different biological properties (5-8). The rationale for the
search is based on the desire to find compounds with (a) a lack
of cross-resistance to cisplatin, (A) a broader spectrum of activ
ity, particularly in clinical areas where cisplatin has not dem
onstrated significant therapeutic effect, (c) greater clinical an-
titumor effectiveness, (</)decreased renal and emetic effect, and
(3) synergism in combination therapy. The discovery of com
plexes with a different spectrum of antitumor activity has
become possible with the development of sublines of murine
leukemias with acquired resistance to cisplatin (9, 10).

Many platinum complexes with antitumor activity are now
available for preclinical analyses. Relatively few, however, ap
pear to possess the appropriate combination of physicochemical
and biological properties that would make them superior on-
colytic agents to cisplatin. In addition, some of these com
pounds such as carboplatin (Fig. 1) and cu-dichloro-frans-
dihydroxy-bis-isopropylamine platinum (IV) are cross-resistant
in murine leukemia cell lines with cisplatin-derived resistance
(11). Recently, Anderson et al. (12) have shown that tetraplatin
(Fig. 1) possesses substantial activity in LI210 leukemia resist
ant to cisplatin, a broad spectrum of antineoplastic activity, and
sufficient aqueous solubility and stability for pharmaceutical
development. In addition, J. H. Smith et al. and M. A. Smith
et al., and in our laboratory, McPherson et al. (13-15), have
reported reduced nephrotoxicity with tetraplatin in comparison
to cisplatin at equimolar doses in rats. In this report we describe
the therapeutic efficacy of tetraplatin in comparison to cisplatin
and carboplatin, combination chemotherapy studies of tetrapla
tin with other antineoplastic agents, and pharmacological stud
ies of tetraplatin in comparison to cisplatin. The objective of
these studies was to delineate the properties of tetraplatin to
aid in the design of future clinical trials.

MATERIALS AND METHODS

Drugs. Tetraplatin, Adriamycin, and daunomycin were obtained from
the Developmental Therapeutics Program, National Cancer Institute.
Cisplatin and carboplatin were kindly provided by Bristol Myers Co.,
New York, NY, and 5-FU was a clinical preparation. The drugs were
prepared fresh for each experiment and were used within an hour after
being dissolved in saline.

Animals. ( D21 , mice and Sprague-Dawley rats were obtained from
Charles River Co. Murine ascitic L1210 leukemia was obtained through
the Biological Testing Branch, Developmental Therapeutics Program,
Division of Cancer Treatment, National Cancer Institute. The LI210
leukemia was maintained by serial passage i.p. in DBA/21-, female
mice. For antitumor studies, 1 x IO5 cells of LI210 leukemia were
implanted i.p. in ( D2I-, male mice (20-22 g). For a typical experiment,

each drug was given i.p. as a single injection on days 1, 5, and 9 over a
1745

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2434562/cr0480071745.pdf by guest on 19 M

ay 2023



THERAPEUTIC AND PHARMACOLOGICAL EVALUATION OF TETRAPLATIN

H2 CI

Â¡PI

H2 CI

Tetraplatin

CI

H3N

H3N- Cr
o

H2

;cC^ "CH2

H2

Carboplatin

Fig. I . Structure of cisplatin, tetraplatin, and carboplatin.

wide range of logarithmically spaced doses beginning 24 h after tumor
implantation. Similarly, drug combinations were administered over a
wide range of doses and dosage ratios. Each experiment had drug-
treated groups composed of eight mice each and a saline-treated leu-

kemic control group of 10 mice. Each animal was observed for day of
death. Data are expressed as % of ILS (percentage of increase in life
span). Median life spans were calculated from grouped median survival
time and % of increase in life span was calculated as

Median survival time of treated mice
Median survival time of control mice

Experiments were terminated on day 50. Mice alive on that day were
termed "cures" and were included in the calculation of median survival

time of treated mice. In some experiments, drug treatment was delayed
until 3 days after tumor implantation to assess the therapeutic efficacy
of the agent against a higher tumor burden.

Pharmacological Studies. Male Sprague-Dawley rats (300-350 g)
were housed under laboratory conditions for 2 wk with a Purina chow
diet and water ad libitum. Each rat was anesthetized with ketamine
(Ketaset), 45 mg/kg i.m., and with methoxyflurane (Metofane) by
inhalation. When necessary, supplemental anesthesia by Metofane was
provided. The right femoral vein and artery were isolated and polyeth
ylene (PE10) cannulas filled with 100 units of heparin in 0.9% sodium
chloride were inserted. For biliary excretion studies, the bile duct was
isolated via a mid line abdominal incision and cannulated with PE10
tubing. Prior to drug injection, bile was collected from each rat as the
control. All incisions were sutured and the rats were placed in restrain
ing cages and allowed to recover from the anesthesia. Tetraplatin was
administered at a dose of 3 mg/kg over 1 min via the femoral vein in
volume corresponding to 1% body weight (0.01 ml/g). Blood was
collected from the femoral artery before injection (t = 0) and at 5, 15,
30, 60, 120, and 240 min after drug administration. Plasma was
separated by centrifugation at 2500 rpm for 10 min, collected, and
frozen at â€”20Â°Cuntil assay.

In a separate tissue distribution experiment, rats were injected with
tetraplatin or cisplatin at a dose of 3 mg/kg i.v. and at 1, 2, 4, 6, 24,
48, and 72 h after drug administration; four rats were sacrificed in each
group. Plasma was separated after centrifugation and specific tissues
were excised, rinsed in ice-cold saline, and stored at â€”20Vuntil assay.

For urinary excretion studies, tetraplatin and cisplatin, at a dose of
3 mg/kg, were each administered via a lateral tail vein to four rats each.
Rats were housed separately in metabolic cages and supplied with food
and water ad libitum. At 2, 4, 8, 12, 24, and 48 h after drug injection,
urine was collected and centrifuged at 5000 rpm for 20 min and the
clear supernate was separated and stored at â€”20V. Urine samples

obtained from control rats given 0.9% NaCl were processed similarly.
For determination of levels of unbound platinum, fresh plasma

samples obtained from rats treated with tetraplatin or cisplatin were
placed on uItrati Uralion membranes (Amicon 2100, CF-50) and centri
fuged for 20 min at 1000 rpm in a refrigerated centrifuge. The amount
of platinum recovered in the ultrafiltrate was taken as the unbound
fraction (16).

Platinum Analysis. The platinum levels in plasma, bile, urine, and
tissue samples were estimated by flameless atomic absorption spectro-
photometry using a Perkin Elmer Model 2380 equipped with an HGA
graphite furnace, automatic sampler, and HGA 300 programmer. A 3-
stage temperature program with 50 sec drying, 35 sec charring, and 7
sec atomization was used. Argon was used as the inert purge gas.
Plasma and bile samples were diluted 10 to 1 and urine samples 100 to
1 with 0.25% Triton-X 100 solution with 0.2% nitric acid (17, 18).
Tissues were homogenized with a polytron homogenizer (Brinkman
Instruments, Westbury, NY) with 10 volumes of 0.25% Triton-X 100
with 0.2% nitric acid. Samples (20 //I) were injected with the autosam-
pler. To allow for matrix effects, standard curves were prepared using
an identical procedure. The absorbance of identical volumes of plasma,
bile, urine, and tissue samples spiked with tetraplatin or cisplatin
standards was compared to obtain the platinum concentrations. Values
reported were the average of three to four separate platinum determi
nations for each sample.

Pharmacokinetic Analysis. Pharmacokinetic parameters were calcu
lated from plasma levels of platinum equivalents after administration
of tetraplatin or cisplatin at a dose of 3 mg/kg i.v. to rats. Visual
inspection of the plasma profile of both total and free platinum equiv
alents shows that a biexponential curve adequately describes plasma
level decreases according to the equation

Pc(t) = Ae"" + Be-"*

where Pc(t) is the plasma concentration at time + after i.v. administra
tion of tetraplatin or cisplatin; A and B are constants representing
intercepts in the ordinate at time 0 and a and ÃŸare the first-order
disposition constants with a > ÃŸ> 0. The values of the parameters of
the biexponential function obtained after the administration of tetra
platin or cisplatin were determined by submitting the individual plasma
level curves of platinum to the Prophet Computer Program of Drug
Modeling (19) integrated with M-Lab of NIH (20).

In Vitro Studies. L1210 leukemia cells were grown in suspension in
air with 5% CO2 in RPMI Medium 1640 supplemented with 10% fetal
calf serum and gentamicin (50 Â¿ig/ml).Log-phase cells (5 ml) at an
inoculum of 1 x IO6cells/ml of medium in 25-cm2 plastic flasks were

treated with either tetraplatin or cisplatin at a concentration of 5 /ig/
ml and 2.5 fig/ml. The cells were incubated at 37Â°Cwith 5% CO2 with

either drug for 0.5, 2, and 4 h. After drug treatment, cells were
transferred to Falcon tubes and centrifuged for 10 min at 600 rpm. The
supernatant media were discarded and the cell pellet was washed 3
times with RPMI Media 1640. The final cell pellet was resuspended
in 1 ml of 0.25% Triton-X 100 with 0.2% nitric acid and platinum
content of the cells was determined by flameless atomic absorption
spectrophotometry as described earlier. The absorbance of identical
volumes of cells spiked with tetraplatin or cisplatin standards was
compared to obtain the platinum concentrations.

RESULTS

Antitumor Studies. A comparison was made of the relative
effectiveness of tetraplatin, cisplatin, and carboplatin in the
treatment of murine ascitic leukemia LI210 inoculated i.p.
(Table 1). On the intermittent schedule of days 1, 5, and 9
following leukemic inoculation, tetraplatin was more effective
than cisplatin or carboplatin. Tetraplatin increased the survival
time of the animals over a wide range of doses and produced
several long-term survivors (greater than 50 days). At the opti
mal dose of tetraplatin, 5.7 mg/kg/injection, the median sur
vival time was increased over 566% as compared with controls
and there were 5 of 8 long-term survivors. Over the dose levels
used, ranging from 2.07 to 9.6 mg/kg/injection, there were 13
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Table 1 Antitumor evaluation of platinum analogues and anthracyclines alone and in combination against LI 210 ascitic leukemia in mice
CD2F, mice were implanted i.p. with 1 x 10* LI 210 leukemia cells and drug treatment was given i.p. on days 1, 5, and 9. The median survival of tumor-bearing

control mice was 7.5 days.

DrugTetraplatinCisplatinCarboplatinAdriamycinDaunomycinTetraplatin

+cisplatinTetraplatin

+carboplatinTetraplatin

+AdriamycinTetraplatin

+ daunomycinDays

1, 5, and 9 dose
(mg/kg/injection)9.65.73.452.079.65.73.452.071.240.74150.075.645.427.28.55.03.01.81.085.03.01.81.080.659.6

+9.65.7
+5.73.45
+3.452.07
+2.071.24+

1.240.74
+0.743.45

+150.02.07
+75.61.24
+45.40.74
+27.29.6

+5.05.7
+3.03.45+

1.82.07+
1.081.24

+0.659.6

+5.05.7
+3.03.45
+1.82.07+

1.081.24
+ 0.65Median

Survival
(days)29>5029.524.58.521.517.514.511.59.59.516.512.511.513.524.514.514.515.511.513.512.510.513.55.58.5>5020.525.518.57.5>5019.519.59.5>50>50>5015.58.514.530.518.513.5%ofILS"287>566293226131861339353262612066538022693931065380664080013>5661732401460>56616016026>566>566>566106139330614680Long-term

survivors
(50days)3/85/83/82/80/82/81/80/80/80/80/80/80/80/80/81/80/83/80/80/80/82/81/80/80/80/85/81/81/80/80/84/81/81/80/88/86/85/80/80/82/83/82/80/8

' ILS, increase in life span.

of 32 (40.6%) animals that appeared to be cured. In contrast,
having the same optimal dose (5.7 mg/kg/injection), cisplatin
yielded an increase in median survival time of only 186% with
2 of 8 long-term survivors, and only one additional long-term

survivor at a dose of 3.45 mg/kg/injection accompanied by a
133% increase in median survival time. The dose range for
carboplatin was considerably higher than that for tetraplatin or
cisplatin. The maximal increase in median survival time over
controls with carboplatin was 120% achieved at a dosage of
75.6 mg/kg/injection and there were no long-term survivors at
any of the doses tested.

Although the combination of tetraplatin plus cisplatin was
more effective than cisplatin alone, at optimal dosage of tetra
platin (3.45 mg/kg/injection) plus cisplatin (3.45 mg/kg/injec
tion) the median survival time and number of long-term survi
vors was equal to that obtained at the optimal dosage of
tetraplatin alone (Table 1). However, with the combination the
effectiveness over a range of doses was somewhat less than that

observed with tetraplatin alone. For example, the dose of 5.7
mg/kg/injection of each drug was apparently toxic whereas the
dose of 2.07 mg/kg/injection of each was less efficacious than
the same dose of tetraplatin alone. With the combination of
tetraplatin plus carboplatin, antitumor effectiveness was greater
than that observed with carboplatin alone and approximated
that obtained with the combination of tetraplatin plus cisplatin
(Table 1).

Tetraplatin plus Adriamycin was markedly more effective
than either Adriamycin or tetraplatin alone over the broad
range of doses tested (Table 1). For example, tetraplatin at a
dose of 5.7 mg/kg/injection and Adriamycin at 3 mg/kg/
injection exhibited an increase of survival of more than 566%
with 8 of 8 leukemic mice being apparently cured of tumor.
Even tetraplatin at 2.07 mg/kg/injection and Adriamycin at
1.08 mg/kg/injection produced the same survival increase as
seen with the optimal dose of tetraplatin alone (5 of 8 mice
surviving tumor free on day 50). On the other hand, no such
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enhancement was observed with tetraplatin and daunomycin.
The combination of tetraplatin plus daunomycin was more
effective than daunomycin alone but less effective than tetrapla
tin alone (Table 1).

The combination of tetraplatin plus 5-fluorouracil was con
siderably more effective than 5-fluorouracil alone in the treat
ment of i.p. inoculated L1210 leukemia. However, with 5-
fluorouracil alone the optimal dosage may not have been
achieved since the greatest increase in survival time was ob
tained at the highest dose used. The combination was not
appreciably more effective than tetraplatin alone. Interestingly,
even at the highest dosage of 5-fluorouracil used (40 mg/kg/
injection) in combination with tetraplatin, no manifestation of
limiting toxicity was apparent (Table 2).

In another experiment, the effectiveness of tetraplatin and
cisplatin was compared in the treatment of more advanced i.p.
inoculated L1210 leukemia (Table 3). Intermittent treatment
was again used, with drug administration on days 3, 7, and 11
following leukemic inoculation. Tetraplatin retained high ther
apeutic effectiveness with an increase in median survival time
of greater than 566% over controls, with 5 of 8 survivors at an
optimal dosage of 5.7 mg/kg/injection. There were 2 of 8
survivors at 9.6 mg/kg/injection but no survivors at the reduced
dosage of 3.45 mg/kg/injection. Again, tetraplatin was consid
erably more effective than cisplatin. With cisplatin the delayed
treatment resulted in somewhat diminished therapeutic effec
tiveness as compared with early treatment; at optimal dosage
(5.7 mg/kg/injection) the increase in median survival time over
controls was reduced to 133% and no long-term survivors were
observed.

Cellular Uptake Studies. To determine the cellular uptake of
tetraplatin and cisplatin, log-phase LI 210 cells were incubated
i/i vivo with either 2.5 or 5 Mg/ml of each drug up to 4 h. Fig. 2
shows that at equivalent concentrations of the two drugs, the
cellular concentration was considerably greater for tetraplatin

Table 2 Combination chemotherapy evaluation of tetraplatin and 5-fluorouracil
against 1.1210 ascitic leukemia in mice

CD2F| mice were implanted i.p. with 1 x 10* LI210 leukemia cells and drug
treatment was given i.p. on days 1, 5, and 9. The median survival of tumor-
bearing control mice was 7.5 days.

Days 1, S, and
9 dose

Drug(mg/kg/injection)TetraplatinTetraplatin

+5-FU5-FU5.73.452.075.7 +403.45
+242.07
+14.4402414.4Median

survival
(days)>502017>50>5016191715%ofILS0>566166127>566>566113153126100Long-term

survivors
(50days)4/83/80/86/84/80/80/80/80/8

" ILS, increase in life span.

than for cisplatin. Although at an early time point (30 min) the
concentration of platinum in leukemic cells was more or less
equivalent with tetraplatin and cisplatin, by l h the difference
of drug uptake was magnified and by 4 h the cellular concen
tration of platinum following incubation with tetraplatin was
4-fold higher than with cisplatin both at 2.5 and 5.0 fig/ml
exposure. The difference in concentration of drug achieved in
the leukemic cells may account for the greater effectiveness of
tetraplatin as compared with cisplatin in the treatment of
leukemia LI210.

Pharmacological Studies. Rats were chosen for these studies
because of the history of using rats in the evaluation of the
toxicology and pharmacology of platinum complexes and the
fact that the three published toxicology studies on tetraplatin
were conducted in rats (13-15). The plasma pharmacokinetic
values of total and free platinum after the administration of
either tetraplatin or cisplatin at a dose of 3 mg/kg are presented
in Fig. 3. Following i.v. administration, the peak plasma con
centration achieved immediately following injection was 5.01
Mg/ml with tetraplatin and 9.8 ng/ml with cisplatin. Fig. 3
represents data from four rats at each time point and also shows
the computer-predicted plasma disappearance curve, which was
biphasic for both drugs. The t</,a and ÃŸof free platinum in
plasma after tetraplatin was 10.9 min and 7.47 h compared to
13.1 min and 13.09 h after cisplatin. Total platinum levels at
48 and 72 h were 0.25 and 0.15 Mg/ml after tetraplatin admin
istration and 0.18 and 0.12 /Â¿g/mlafter cisplatin. It appears
that tetraplatin binds more strongly than cisplatin to plasma
protein and that the half-life of free platinum in plasma is
shorter after the administration of tetraplatin. In contrast, all
other plasma pharmacokinetic parameters of bound and free
platinum are comparable after the administration of either
tetraplatin or cisplatin (Table 4).

The urinary excretion of platinum with time after adminis
tering tetraplatin or cisplatin is shown in Table 5 as a percentage
of administered dose. The initial phase of platinum excretion
was quite rapid; hence, 23.4% of the platinum administered as
tetraplatin was recovered at 8 h and 28.1% by 24 h. With
cisplatin, the comparable values at 8 h and 24 h were 34.6 and
37.8%, respectively. However, after 24 h the rate of platinum
urinary excretion was substantially reduced after both agents;
after tetraplatin only 30.1% and after cisplatin only 41.4% was
excreted by 48 h.

The tissue distribution of platinum in rats after the adminis
tration of tetraplatin or cispiatin at a dose of 3 mg/kg i.v. is
presented in Table 6. With both drugs, platinum concentrated
in the kidneys with slightly higher values after tetraplatin than
cisplatin at early time points (27.28 versus 24.16 ^g/g at 2 h).
However, with a longer period of observation such as 48 and
72 h, drug levels within the kidneys were higher after cisplatin
than tetraplatin (10.55 versus 5.92 jig/g at 72 h). The platinum
seems to be retained in liver and spleen at levels exceeding 1.92

Table 3 Antitumor evaluation of platinum analogues against advanced L1210 ascitic leukemia in mice
CD2F, mice were implanted i.p. with 1 x IO5 L1210 leukemia cells and drug treatment was given i.p. on days 3, 7, and 11. The median survival of tumor bearing

control mice was 7.5 days.

DrugTetraplatinCisplatinDays
3, 7, and 11 dose

(mg/kg/injection)9.6

5.7
3.459.65.7

3.45Median

survival
(days)26

>50
20.511.517.5

15.5%

ofILS"247

>566
17353

133
107Long-term

survivors
(50days)2/8

5/8
0/80/8

0/80/8

" ILS, increase in life span.

1748

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2434562/cr0480071745.pdf by guest on 19 M

ay 2023



THERAPEUTIC AND PHARMACOLOGICAL EVALUATION OF TETRAPLATIN

Fig. 2. In vitro cellular uptake of tetraplatin ( ) and cisplatin ( ) in
L1210 cells Cells (1 x lO'/ml) were exposed to 2.5 ^g/ml (O) and 5.0 ^g/ml (â€¢)
concentrations of tetraplatin and cisplatin for various times at 37*C in air with

5% C():. At each time point, cells were collected and washed free of drug and
cellular uptake of platinum was determined by atomic absorption spectrophotom-
01ry as described in "Materials and Methods."

Hours

Fig. 3. Plasma pharmacokinetic profile of platinum in rats following a single
i.v. dose of either tetraplatin (A) or cisplatin (B) at 3 mg/kg. Plasma concentration
is expressed as mien Â»gramsof platinum per milliliter, and each point is the mean
of four animals. â€¢,total platinum in plasma, observed values. O, free platinum
in plasma, observed values.( ), computer predicted platinum values.

Table 4 Comparative plasma pharmacokinetics of platinum in rats following an
i.v. dose of 3 mg/kg of tetraplatin or cisplatin

Parametera
(h-)

/3(h-)

/i/ja (min)
t,nÃŸ(h)AUCGig-h-ml-'y

K, (liters)
Kâ€ž(liters)
Clearance (liters/h)Tetraplatin

(totalPt)1.791

0.0238
23.20
29.10
36.69

0.147
8.11
0.021Tetraplatin

(freePt)3.79

0.093
10.9
7.47
9.46
0.356
1.58
0.162Cisplatin

(totalPt)2.291

0.0292
18.15
23.70
39.34

0.075
0.592
0.019Cisplatin

(freePt)1.91

0.053
13.1
13.09
12
0.158
1.45
0.125

Table 5 Urinary excretion of platinum in rats following an i.v. dose of 3 mg/kg
of tetraplatin or cisplatin

% of excretion of total
administered dose

Time(h)1

2
4
8

12
24
48Tetraplatin18.5

20.6
23.4
25.3
28.1
30.1Cisplatin25.7

32.5
33.2
34.637.8

41.4

Â°AUC, area under the curve.

for longer time periods compared to other tissues after
both tetraplatin and cisplatin. Interestingly, the levels of plati
num following administration of tetraplatin were relatively
higher in testes compared to cisplatin. All other tissues exam
ined showed a similar quantitative and temporal relationship
between tetraplatin and cisplatin.

Biliary excretion of platinum in rats following an i.v. dose of
3 mg/kg of tetraplatin was followed up to 6 h. The cumulative
percentage of the dose of platinum excreted in the first 6 h was
2.74 (Table 7) which is similar to what has been reported for
cisplatin (21).

DISCUSSION

Since its discovery as an antitumor agent, cisplatin has
achieved global recognition in the clinical management of sev
eral human neoplasms (22). Its clinical application, however,
can be severely compromised by the onset of several dose-
limiting toxicities (3). In an effort to dispense with these toxic
side-effects, while retaining or even improving upon the anti-
tumor activity of cisplatin, attention has focused on the devel
opment of "second generation analogues" (7). Tetraplatin rep

resents a significant development in second generation plati
num complexes because of its aqueous solubility, stability,
purity, ease of preparation, broad spectrum of antineoplastic
activity (12), and its activity against sublines of I.I210 and
P388 leukemia with acquired resistance to cisplatin (12).

In the present study, tetraplatin was evaluated in comparison
to cisplatin and carboplatin for efficacy against i.p. implanted
LI210 leukemia. Over the complete dosage range tested, tetra
platin appeared to be much more efficacious than either cispla
tin or carboplatin in prolonging life spans of the tumor bearing
mice and in providing several long-term survivors. The combi
nation of tetraplatin and either cisplatin or carboplatin did not
produce more effect than tetraplatin alone presumably because
of additive toxicity. Earlier, Hong et al. (23) had reported that
cisplatin and carboplatin produced additive cell kill against a
cultured human lung squamous cell carcinoma cell line, PC-10.
Because of dissimilar toxicities, they suggested that the two
drugs be combined in the clinic at full doses. Subsequently, a
Phase I trial of cisplatin and carboplatin by Trump et al. (24)
demonstrated that the combination produced responses and
was feasible and merited further study. Although our in vivo
results against LI210 leukemia do not support the suggestion
that combinations of tetraplatin and other platinum complexes
would offer an advantage over tetraplatin alone, there may be
other situations where a balance can be achieved between en
hanced efficacy and acceptable toxicity. However, the combi
nation of tetraplatin and Adriamycin was markedly effective in
the treatment of L1210 leukemia (Table 1) and suggests that
like cisplatin, tetraplatin should be explored in combinations
in the clinic. Although not demonstrated in the present study,
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Table 6 Tissue distribution (iig/g) of platinum in rats following an i.v. dose of 3 mg/kg of tetraplatin or cisplatin

Time after drug(h)Tetraplatin1246244872Cisplatin1246244872Kidney29.1027.2826.3516.598.466.375.9224.1619.4112.6011.7710.55Liver10.686.585.974.933.792.952.704.944.073.803.363.27Spleen5.174.155.495.104.874.754.243.812.952.352.511.92Smallintestine4.074.443.133.421.231.030.903.713.661.171.241.14Lung2.662.422.221.790.471.341.240.97Heart1.891.541.380.520.480.410.382.051.640.750.450.04Testes1.761.430.930.520.410.530.410.320.360.31Muscle1.701.911.781.510.551.600.820.640.530.46

Table 7 Biliary excretion of platinum in rats following an i.v. dose of 3 mg/kg of
tetraplatin

Time afterdrug5

min
15 min
30min

Ih
2h
3h
4h
6hCumulative

excretion
(Ã<g/ml)0.38

1.08
2.94
6.88

11.49
14.88
16.08
20.57%

of excretion of
total administereddose0.05

0.14
0.39
0.92
1.53
1.98
2.15
2.74

5-FU also may have shown greater than additive effects if higher
5-FU doses had been tried. The fact that daunomycin, an
analogue of Adriamycin, did not show enhanced efficacy when
combined with tetraplatin was not expected; however, as a
single agent, daunomycin was less effective than Adriamycin
against 1,1210. Previously Schabel et al. (25) had reported that
cisplatin is synergistic with Adriamycin in mice bearing either
i.p. implanted P388 leukemia or s.c. implanted Ridgway osteo-
genic sarcoma, and Gale et al. (26) had observed synergism of
the same two agents plus cyclophosphamide in mice bearing
L1210 leukemia. In addition, Gale et al. (27) showed in two
drug combinations with cyclophosphamide that the substitution
of a cyclohexane-containing complex for cisplatin frequently
resulted in greater synergy, although complete dose-response
relationships were not evaluated.

The mechanism of inhibition of tumor growth by platinum
coordination complexes has been demonstrated to be inhibition
of DNA replication (28, 29). In addition, it has been discovered
that cisplatin favors the formation of intrastrand cross-links in
DNA (30). Recent studies have shown that the intrastrand
cross-links are formed through the N-7 position of adjacent
guanine bases, resulting in local denaturation of the DNA
double helix (31). Furthermore, the presence of interstrand
cross-links in DNA after reaction with cisplatin has been dem
onstrated (32) as well as the presence of protein-DNA cross
links (33). Evidence to date suggests that carboplatin forms the
same DNA adducts as cisplatin (31). The mechanism of tumor
growth inhibition and the underlying mechanism for the en
hanced therapeutic efficacy of tetraplatin in LI210 are yet to
be explored in detail. However, the present study demonstrates
that the in vitro cellular uptake of tetraplatin is increased
considerably compared to cisplatin in LI210 cells (Fig. 2). This
enhanced uptake may explain in part the significant antitumor
activity of tetraplatin even with high tumor burden (Table 3).
Although from these studies one cannot distinguish between
avid binding of the drugs to cell surface components and true

uptake, this observation suggests that more thorough uptake
studies in other more relevant cell types, such as human ovarian
tumor cells, should be pursued. The possibility also exists that
cells with acquired resistance to cisplatin may accumulate more
tetraplatin. Waud (34) and Waud and Blount (35) have shown
that LI210 cells with sensitivity to cisplatin bound more cispla
tin to their DNA, RNA, and protein than did cells with acquired
resistance to cisplatin and have suggested that resistance may
be partially but not wholly due to differences in uptake of drug
perhaps as a result of membrane differences. In more intensive
studies of cisplatin resistance, Richon et al. (36) developed a
panel of in vitro LI210 lines with different sensitivities to
cisplatin and 1,2-diaminocyclohexane-containing platinum (II)
complexes. They too observed decreased drug accumulation as
a mechanism of resistance. However, the fact that reduced
uptake did not correlate with levels of resistance suggested that
other potential mechanisms including elevated glutathione lev
els and an undefined ability to tolerate and perhaps remove
platinated DNA also were operative. In other studies, tetrapla
tin has exhibited greater cytotoxicity to a human ovarian cell
line called A2780 and to its three cisplatin-resistant sublines as
compared to cisplatin, carboplatin, or cw-dichloro-frans-dihy-
droxy-bis-isopropylamine platinum (IV) (37). Although the sub-
lines were developed for cisplatin resistance in vitro using a
stepwise selection procedure that may produce cells with mech
anisms of resistance which differ from those observed clinically,
it is of particular interest that tetraplatin had the lowest degree
of cross-resistance against these human lines. The foregoing //;
vitro results suggest that tetraplatin may be cytotoxic to tumor
cells in vivo at concentrations that would yield unacceptable
host toxicity with the above-mentioned platinum compounds.

The pharmacokinetic studies performed at therapeutically
effective doses of each agent indicate that the plasma concen
tration of platinum after tetraplatin and cisplatin administra
tion declined in a biphasic manner. The fi half-life of platinum
after tetraplatin was 29 h compared to a faÃŸof 23.7 h for
cisplatin. Litterst et al. (38) have reported a faÃŸof 35 h in rats;
however, the faÃŸof cisplatin is in contrast to the 4-5 day faÃŸ
reported in dogs (39). These differences may relate to species
differences or to observation time extending to several days
after drug administration. Tetraplatin appears to bind more
strongly than cisplatin to plasma proteins, as the plasma half-
life of free platinum was shorter after tetraplatin (13.09 versus
7.47 h). However, recent results of Zimm et al. (40) suggest
that even highly protein-bound drugs such as etoposide can be
given i.p. for the treatment of ovarian cancer and other i.p.
malignancies and still achieve high concentrations of free drug
within the peritoneal cavity as compared to plasma levels of
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free drug. In their study a combination of i.p. cisplatin and
etoposide produced objective responses. It is conceivable that
tetraplatin could be substituted for cisplatin in i.p. treatment
situations where the tumor cells acquire resistance to cisplatin.
Urinary excretion of platinum in rats is in agreement with
earlier cisplatin studies (38, 41). After tetraplatin, the rate of
platinum excretion in rats seems to be slower than after cisplatin
(30.1% versus 41.4% after 48 h) (Table 5).

The organ distribution of platinum after dosing with either
tetraplatin or cisplatin in rats indicates that the localization of
platinum from these analogues is similar. The organ distribu
tion of platinum at various times after drug administration is
in agreement with that shown not only for cisplatin but also for
its analogues in several species including man (41-44). How
ever, at earlier time points it appears that the concentration of
platinum is higher in kidney and liver after tetraplatin than
after cisplatin. On the other hand, at later time points, i.e.,
from 24 to 72 h, the levels in these tissues contain more
platinum from cisplatin than from tetraplatin. This protracted
localization of platinum in liver and kidney after cisplatin is in
agreement with previous studies (42). The enhanced removal of
platinum from kidney after the administration of tetraplatin
compared to cisplatin at longer intervals of observation may be
one reason for its reduced nephrotoxicity in rats as found in
our and other laboratories (13-15). Of additional note is the
high concentration of platinum particularly at early time points
after tetraplatin administration in tissues such as the testes
where platinum has been found to be most useful therapeuti-
cally. In summary, these studies indicate that tetraplatin has
similar pharmacological properties to cisplatin, a finding which
should aid in the design of clinical protocols based on the vast
experience with cisplatin. Like cisplatin, tetraplatin is an excel
lent candidate for combination chemotherapy trials. However,
the data also suggest that tetraplatin may be useful and superior
to cisplatin in some therapeutic situations based on its greater
efficacy against selected tumors at tolerated doses.
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