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ABSTRACT

cis- Bis - neodecanoato - irun*-R,R-l,2- diaminocyclohexaneplatinum -
(II) (NDDP) was encapsulated in multilamellar vesicles composed of
dimyristoyl phosphatidylcholine and dimyristoyl phosphatidylglycerol at
a 7:3 molar ratio. Compared with cisplatin, i.v. administration of an
equimolar dose of liposome-encapsulated NDDP (L-NDDP) resulted in
15-fold higher peak platinum levels in the spleen (204.7 versus 13.3 pg/
g dry tissue), 5-fold higher in the lungs (116.4 versus 21.0 Mg/g dry
tissue), 3-fold higher in the liver (71.6 versus 23.9 pgg dry tissue), and

4-fold higher in the blood ( I4.S versus 3.9 /ig/ml). At the optimal dose
and schedule, L-NDDP administered i.p. in mice bearing peritoneal
I 1210 leukemia resulted in the percentage of median survival time of
treated mice divided by median survival time of control mice (%T/C) of
312 versus 225 for cisplatin and free NDDP. When administered i.V.,L-
NDDP was also more active than cisplatin against LI 210 leukemia
inoculated i.v. (%T/C 186 versus 142). L-NDDP was markedly active
against 1.12III leukemia resistant to cisplatin (%T/C, 200 versus 112 for
cisplatin). In mice bearing liver mÃ©tastasesof M5076 reticulosarcoma,
L-NDDP was significantly more effective than cisplatin at equimolar
doses (mean survival time, 57 + 9 (SD) days for L-NDDP versus 42 Â±3
days for cisplatin, /*: 0.05). L-NDDP was also effective in preventing

liver mÃ©tastasesof M5076 when administered up to 24 h prior to tumor
inoculation (mean survival, 28 Â±2 days for L-NDDP versus 22 Â±2days
for cisplatin, /' < 0.05). L-NDDP is significantly non-cross-resistant with

cisplatin and more effective against phagocytic and nonphagocytic murine
tumors.

INTRODUCTION

Liposomes are nontoxic, biodegradable lipid vesicles that can
alter the distribution and bioavailability of drugs (1, 2). The
potential use of liposomes as drug carriers has been exploited
to improve the therapeutic index of several antimicrobials and
anticancer agents. Liposomal amphotericin B was shown to be
less toxic and more active than free amphotericin B in the
treatment of disseminated candidiasis both in mice (3) and
humans (4). Several investigators have shown that incorpora
tion of doxorubicin in liposomes reduces its cardiac toxicity (5,
6). Furthermore, Mayhew et al. (7, 8) and Gabizon et al. (9)
demonstrated that liposome-encapsulated doxorubicin was
more active than free doxorubicin in the treatment of estab
lished liver mÃ©tastasesof phagocytic and nonphagocytic tu
mors.

Formulation has been one of the major problems in the
clinical development of liposome-encapsulated drugs. The prob
lem may be avoided by developing drug analogues with struc
tures that retain the desired antitumor effect while promoting
a better association with the drug carrier.
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Cisplatin is one of the most active antitumor agents (10, 11).
However, its use can be limited by nephrotoxicity and neuro-
toxicity. Recently, less nephrotoxic and non-cross-resistant an
alogues of cisplatin have become available (12, 13). Liposome
encapsulation of some of these platinum complexes may in
crease their antitumor activity in tumors involving the target
organs of liposomes and may modify certain platinum toxici-
ties, such as emesis and neurotoxicity. We report here on the
development of a liposomal-platinum formulation containing a
lipophilic cisplatin analogue specifically designed for liposome
encapsulation, which can be completely incorporated within the
phospholipid bilayers. The preparation obtained was found to
be stable, significantly non-cross-resistant with cisplatin, and
more active than cisplatin against experimental liver mÃ©tastases
of M5076 reticulosarcoma in mice.

MATERIALS AND METHODS

Chemicals and Lipids. Neodecanoic acid was a gift from Exxon Corp.
(Houston, TX). The material is an isomerie mixture. Purity (C-10
content) is >95%. Reproducibility between batches (determined by gas
chromatography) is >95%. DMPC3 and DMPG were obtained from

Avanti Polar Lipids (Birmingham, AL).
Animals. C57BL x DBA/2 F, (hereafter called BD2F,) and C57BL/

6 mice were purchased from Charles River Laboratories, Inc. (Wil
mington, MA).

Cell Lines. LI210/0 cells were obtained from the Department of
Pharmacology, University of Vermont, Burlington, VT, and were kept
in vivo as an ascitic tumor in BD2Fi mice. L1210/PDD cells were
obtained from the Division of Cancer Treatment tumor repository,
National Cancer Institute, Frederick Cancer Research Facility, Fred
erick, MD. The cell line was grown in vivo in the peritoneal cavity of
HD2I i mice and was transplanted weekly. Animals bearing L1210/
PDD leukemia were treated on day 5 with 5 mg/kg cisplatin.

M5076 is a murine reticulosarcoma that arose in the ovary of a
C57BL/6 mouse. M5076 cells display characteristics of the monocyte-
macrophage lineage (14). M5076 cells metastasize predominantly to
the liver and spleen, independently of the route of inoculation (15).
M5076 cells were obtained from Dr. Isaiah J. Fidler from the Depart
ment of Cell Biology at The University of Texas, M. D. Anderson
Hospital and Tumor Institute at Houston, and were kept in culture in
RPMI 1640 (Gibco Laboratories, Grand Island, NY) supplemented
with 15% horse serum. For the in vivo experiments, M5076 cells were
kept in vivoas an ascitic tumor in C57BL/6 mice and were transplanted
every 3 weeks. In vivo cells tend to result in a higher number of liver
mÃ©tastaseswhen compared with in vitro cells, with no significant change
in survival of the animals.

Synthesis of cÂ»-Bis-neodecanoato-fra/u-/?,/?-l,2-diaminocyclohex-
aneplatinum(II). Sulfato-fru/w-Ã„,/?-1,2-diaminocyclohexaneplatinum-
(II) was synthesized as reported (16). NDDP was synthesized through
a substitution reaction between sulfato-franÃ®-A,/?-l,2-diaminocycloh-
exaneplatinum(II) and potassium neodecanoate prepared in situ by

3The abbreviations used are: DMPC, dimyristoyl phosphatidylcholine;
NDDP, ciÃ®-bis-neodecanoato-rrans-A,/?-1,2-diaminocyclohexaneplatinum(II);
DMPG, dimyristoyl phosphatidylglycerol; L-NDDP, liposome-encapsulated
NDDP; T/C, median survival of treated mice divided by median survival of
control mice; MTT, 3-(4,5-dimethylthiazoyl)-2,5-diphenyltetrazolium bromide.
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reacting potassium hydroxide and neodecanoic acid. The resulting
material was extracted in chloroform and was dried over anhydrous
magnesium sulfate. The magnesium sulfate was separated by nitration,
and the filtrate was evaporated to dryness. An off-white solid product
was obtained, which was dried in vacuum over P2O5. Synthesis yield
was 70%. The final product was stored at (>"(.'.Elemental analyses were

performed by Robertson Laboratory, Florham Park, NJ. The elemental
analysis of the product obtained was:

NDDP

Calculated: C 47.93, H 8.00, N 4.30
Found: C 47.75, H 8.16, N 3.98

The compound was found to be 91.7% pure by high-pressure liquid
chromatography analysis by using 2 protein-Pak 160 columns in 100%
methanol. NDDP (Fig. 1) is highly soluble in chloroform (>25 mg/ml)
and methanol but completely insoluble in water solutions.

Preparation of Liposomal NDDP. L-NDDP was prepared as reported
for other platinum complexes (17,18). Chloroform solutions of DMPC
and DM I'd at a 7:3 molar ratio and NDDP were mixed at a 1:15

drug:lipid weight ratio. The chloroform was evaporated in a rotary
evaporator, leaving a dry lipid film containing the lipids and the
platinum analogue. Multilamellar liposomes containing NDDP were
formed by adding 1 ml 0.9% NaCl solution in water per mg NDDP to
the dry lipid film and shaking for a few minutes. To measure the
encapsulation efficiency we centrifuged the liposome suspension at
30,000 x g for 45 min and measured the amount of NDDP in the
supernatant or the elemental platinum in the pellet. NDDP was meas
ured by UV spectrophotometry at a wavelength of 216 nm. Elemental
platinum was measured by X-ray fluorescence in the Department of
Analytical Chemistry, The University of Texas Medical School at
Houston, Houston, TX (19). The encapsulation efficiency was calcu
lated by the following formulas:

Encapsulation efficiency

Total NDDP added - NDDP supernatant

Total NDDP added

Encapsulation efficiency
Elemental platinum in pellet

Elemental platinum added

(A)

(B)

For all preparations, the encapsulation efficiency obtained with both
methods was consistently >98%. The encapsulation efficiency was the
same for vesicles kept at 4Â°C,room temperature, or 37'C. In addition,

all preparations were checked by light microscopy, and no precipitates
of free drug could be seen. In freeze-fracture electron microscopic
studies, only multilamellar structures could be identifiai. The stability
of L-NDDP (1 mg NDDP/ml) in a 0.9% NaCl solution in water at 4Â°C

was assessed by measuring the amount of NDDP or elemental platinum
in the supernatant at different time points. The stability at 14 days was
found to be >95%. The stability of L-NDDP at 37Â°Cwas also >95%

at 72 h.
L-NDDP vesicles were sized in a Coulter Counter (Coulter Electron

ics, Hialeah, FL). The size ranged from 0.5 to 5 ^m, with most vesicles
measuring between 1 and 3 nm. The pattern of vesicle size distribution

H2
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Fig. 1. Chemical structure of NDDP. R, R', and R" can be â€”CH3,â€”C2H5,
â€”CjH7,to give a radical with C|0H19O2as empirical formula.

was virtually identical in all batches of L-NDDP prepared.

Tissue Distribution Studies. Groups of 3 C57BL/6 mice were given
injections of an equimolar dose of L-NDDP or cisplatin i.v. (18.5 mg/
kg L-NDDP and 10 mg/kg cisplatin). Animals were sacrificed at 30
min, 4 h, and 24 h under anesthesia. Blood was collected from the
retroorbital plexus in heparinized tubes, and the liver, spleen, lungs,
and kidneys were resected. Whole blood and tissue levels of elemental
platinum were measured by X-ray fluorescence. Results were expressed
as fig of platinum/ml of blood and UKof platinum/g of dry tissue.

In Vitro Cytotoxicity against M5076 Reticulosarcoma Cells. Cytotox-
icity was assessed with the MIT reduction assay, as reported but with
slight modifications (20). The Mil dye was obtained from Sigma
Chemical Co., St. Louis, MO. M5076 cells (2 x IO4 cells/well) were
plated in 96-well microassay culture plates. Cisplatin or L-NDDP in a
0.9% NaCl solution in water was added to the wells to achieve a final
drug concentration ranging from 1 to 10 ng/m\ (8 wells were used for
each concentration). The same volume of a 0.9% NaCl solution in
water was added to control wells. Wells containing RPMI 1640 plus
15% horse serum without cells were used as blanks. The plate was
incubated at 37Â°Cin a 5% CO2 incubator for 24 h. When incubation

was complete, \5 tÂ¡\of a stock solution of MTT dye in a 0.9% NaCl
solution in water were added to each well to achieve a final dye
concentration of 0.5 mg/ml. The plate was incubated at 37"C in a 5%

CO2 incubator tor 4 ILTo each well 165 fil of acidified isopropyl alcohol
(0.04 N HC1 in isopropanol) were added to solubilize the MTT forma-
zan. Complete solubilization of the dye was achieved by repeated
pipeting of the well contents with a multichannel pipet. The plate was
kept at room temperature for 10 min, and the optical density of each
well was measured with a microplate spectrophotometer at a wavelength
of 600 nm. The percentage of cell viability was calculated by the
following equation:

% of viability = Mean optical density of treated wells
Mean optical density of control wells

The percentage of viability values obtained were plotted against the
drug concentrations used on semilogarithmic paper, and the drug
concentrations resulting in a 50% cell viability and a 10% cell viability
were calculated from the curve.

in Vivo Antitumor Activity against 1.1210/0 and L1210/PDD Leuke
mia. Two different routes of tumor inoculation and treatment were
used in the experiments performed with the LI210/0 line. BD2Fi mice,
weighing 20-25 g, were inoculated with IO6cells i.p. or 10s cells i.v. on

day 0. Treatment was started on day 1, using the same route used for
tumor inoculation. Two different treatment schedules were used: single
dose on day 1 or triple dose on days 1, 5, and 9. Free NDDP was
administered in suspension in hydroxypropylcellulose in the experi
ments in which the i.p. route was used. Cisplatin and L-NDDP were
given at the maximum nontoxic dose defined as the dose that produces
no lethality and less than 10% weight loss. For the single i.p. or i.v.
injection, the maximum nontoxic doses of cisplatin and L-NDDP are
10 mg/kg and 37.5 mg/kg, respectively.

In the therapeutic experiments performed with the L1210/PDD line,
IO6cells were inoculated i.p. on day 0. Treatment was given i.p. starting

on day 1, according to 2 schedules: single dose on day 1, or triple dose
on days 1, 5, and 9.

Treatment and Prophylaxis of Liver MÃ©tastasesof M5076 Reticulo
sarcoma. In the therapeutic experiments, groups of 6 to 8 C57BL/6
mice were inoculated i.v. on day 0 with 2 x IO4 M5076 cells obtained
from the peritoneal cavity of tumor-bearing animals. Treatment was
administered i.v. and was started on day 4. Three treatment schedules
were used: 2 doses on days 4 and 8, 3 doses on days 4, 8, and 12, or 4
doses on days 4, 11, 18, and 25. The antitumor activity of both drugs
was compared at maximum nontoxic doses and at equimolar doses.
Animals were sacrificed at different time points, depending on the
tumor inoculum and the treatment schedule used. The livers were
dissected and placed in Bouin's solution, and 2 independent investiga

tors counted the number of tumor nodules on the liver surface. The
remaining animals were used to record survival times.

In the prophylactic experiments, C57BL/6 mice were treated i.v. on
day -1, -2, or -3. On day 0, animals were inoculated i.v. with 2x10*
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MS076 cells obtained from the peritoneal cavity of tumor-bearing
animals. Some animals were sacrificed on day 21, the livers were
dissected and placed in Bouin's solution, and the number of tumor

nodules on the liver surface was counted by 2 independent investigators.
The remaining animals were used to record the survival times.

Statistical Analysis. Differences in the number of liver tumor nodules
and survival times were analyzed for statistical significance with the
Mann-Whitney and Student's t tests, respectively.

RESULTS

Tissue Distribution Studies. Peak platinum levels were ob
served at 30 min in most organs and blood both in the animals
treated with L-NDDP and those treated with cisplatin. Peak
liver platinum levels were observed at 4 h in the L-NDDP-
treated mice (Table 1). Compared with the animals treated with
cisplatin, those given injections of L-NDDP had 3- to 4-fold
higher platinum levels at 30 min in the blood (14.8 versus 3.9
Mg/ml), 2-fold higher in the liver (68.0 versus 33.3 ng/g dry
tissue), 5-fold higher in the lung (116.4 versus 21.0 /Â¿g/gdry
tissue), similarly in the kidneys (34.6 versus 41.7 Mg/g dry
tissue), and 15-fold higher in the spleen (204.7 versus 13.3 /Â¿g/
g dry tissue). At 4 h, animals treated with L-NDDP still showed
3-fold higher platinum levels in blood (6.1 versus 1.9 ng/ml).
Between 30 min and 4 h, the difference in liver platinum levels
increased from 2- to 3-fold (76.6 versus 23.9 Mg/g dry tissue),
the difference in lung levels was reduced from 5- to 3-fold (41.9
versus 12.9 Mg/g dry tissue), no significant change was observed
in kidney platinum levels, and the difference in spleen levels
increased from 15- to 20-fold (139.7 versus 7.3 Mg/g dry tissue).
At 24 h, platinum levels were similar in the blood, lung, and
kidney in both groups of animals. Between 4 h and 24 h, the
difference in platinum levels was reduced from 3- to 2-fold in
the liver (40.44 versus 16.4 Mg/g dry tissue) and from 20- to 3-
fold in the spleen (28.7 versus 9.30 Mg/g dry tissue) (Table 1).

In Vitro Cytotoxicity against M5076 Cells. The 50% cell
viability of cisplatin was 3.7 Â±0.6 MM(mean Â±SD of 3 different
experiments), and that of L-NDDP was 5.6 Â±2.9 MM(3.5 Â±
1.8 fig/ml). The 10% cell viability of cisplatin was 11.3 Â±2.7
MMand that of L-NDDP was 13.4 Â±1.8 MM.

Antitumor Activity against LI 210/0 and L1210/PDD Leuke
mia. L-NDDP at a dose of 37.5 mg/kg (60 Mmol/kg) on day 1
resulted in a %T/C of 187 (mean of 3 experiments) (Table 2).
Free NDDP at the same dose resulted in a %T/C of 137. The
optimal nontoxic dose of cisplatin (10 mg/kg = 33 Mmol/kg)
resulted in a mean %T/C of 178. In the triple-dose experiments,
25 mg/kg (40 Mmol/kg) of L-NDDP given on days 1, 5, and 9
resulted in a mean %T/C of 312, whereas the mean %T/C
obtained with free NDDP at the same dose was 225, and with
cisplatin, 7.5 mg/kg (25 Mmol/kg), given on days 1, 5, and 9, it
was 225.

Table 1 Tissue distribution of cisplatin and L-NDDP in mice

CS7BL/6 mice were given i.v. an equimolar dose of cisplatin (10 mg/kg) and
L-NDDP (IX. 5 mg/kg). Animals were sacri Herd at 30 min, 4 h, and 24 h.
Elemental platinum was determined in blood and tissues by X-ray fluorescence.
Results are the mean Â±SD of 3 animals.

Table 2 In vivo antitumor activity against Li210 leukemia

Prepa
ration30

minCisplatinL-NDDP4hCisplatinL-NDDP24

hCisplatinL-NDDPBloodOxg

Pt/ml)3.9

Â±0.514.8
Â±2.41.9

Â±0.56.1
t1.01.7

Â±0.42.5
Â±0.8jig

Pt/g drytissueLiver33.3

Â±4.768.0
Â±15.323.9

Â±2.971.6
Â±4.816.4

Â±2.740.4
Â±9.6Lung21.0

Â±116.4Â±12.9Â±41.9

Â±1.013.21.63.79.2

Â±3.011.6Â±3.7Kidney41.7

Â±3.734.6
Â±3.927.6

Â±2.041.4
Â±4.425.5

Â±1.221.9
Â±6.5Spleen13.3Â±204.7

+7.3

Â±139.7Â±9.3

Â±5.328.32.712.51.128.7
Â±4.3

PreparationCisplatinL-NDDPFree

NDDP*Dose(mg/kg)10(33)'

7.5(25)37.5

(60)
25(40)37.5

(60)
25(40)Schedule

day1

1,5,911,5,911,5,9L1210/0"178225187

312137225%T/CL1210/0*139

142137

186L1210/PDD'108

112137

200

* Tumor inoculation, 1 X 10* cells i.p. day 0; treatment, i.p.; %T/C values are

mean of 3 experiments.
* Tumor inoculation, 1x10* cells i.v. day 0; treatment, i.v.; %T/C values are

mean of 2 experiments.
' Tumor inoculation, 1 x IO6cells i.p. day 0; treatment, i.v.; %T/C values are

mean of 2 experiments.
J Numbers in parentheses, Â¿imol/kgvalues.
' Suspended in hydroxypropyl cellulose.

L-NDDP administered i.v. was as active as cisplatin against
L1210/0 leukemia inoculated i.v. in the single-dose experi
ments (%T/C, 137 versus 139) (mean of 2 experiments) (Table
2). In the triple-dose experiments, L-NDDP was more active
than cisplatin against LI210/0 leukemia inoculated i.v. (mean
%T/C, 186 versus 142).

L-NDDP had significant activity against L1210/PDD leu
kemia inoculated i.p. when a single dose was used, whereas
cisplatin was not active (%T/C, 137 versus 108) (mean of two
experiments). In the triple-dose experiments, the activity of L-
NDDP against L1210/PDD leukemia was markedly enhanced,
whereas cisplatin still was not effective (mean %T/C, 200 versus
112) (Table 2).

Treatment and Prophylaxis of Liver MÃ©tastasesof M5076
Reticulosarcoma. L-NDDP was more effective than cisplatin in
inhibiting the growth of established liver mÃ©tastasesof M5076
reticulosarcoma and in prolonging survival (Table 3). In exper
iment 1, treatment consisted of 2 equitoxic doses given on days
4 and 8. L-NDDP was more effective than cisplatin in inhibiting
the growth of liver mÃ©tastases(median number of liver mÃ©tas
tases on day 30, 4 versus >200, P < 0.05) and in prolonging
survival (mean survival time, 46 versus 39 days, P < 0.05). In
experiments 2 and 3, a third dose was given on day 12. L-
NDDP was more effective than cisplatin in inhibiting the
growth of liver mÃ©tastases(median number of liver mÃ©tastases,
0 versus 175, P < 0.05) and in prolonging survival (mean
survival time, 57 versus 42 days, P < 0.05). In experiment 4,
the antitumor effect of four equimolar doses of L-NDDP and
cisplatin was compared. L-NDDP was significantly more effec
tive than cisplatin in prolonging the life span of tumor-bearing
animals (mean survival time, 48 days versus 36 days, P < 0.05).

L-NDDP prevented the growth of liver mÃ©tastasesof M 5076
reticulosarcoma and prolonged survival when administered be
fore tumor inoculation, whereas cisplatin at the maximum
nontoxic dose had no prophylactic effect (Table 4). In experi
ment 1, L-NDDP administered on day -1 resulted in a 4-fold

reduction in the number of liver mÃ©tastasescompared with
cisplatin (median number of liver mÃ©tastases,45 versus >200,
P < 0.05). In experiment 2, the duration of the prophylactic
effect prior to tumor inoculation was investigated. A significant
reduction in the number of liver mÃ©tastaseswas observed in
animals treated with L-NDDP up to 48 h before tumor inocu
lation, compared with animals pretreated with cisplatin or with
control animals (median number of liver mÃ©tastases,16 for L-
NDDP on day -1, 82 for L-NDDP on day -2, >200 for
cisplatin on day -1, and >200 for controls, P < 0.05). Animals

treated 72 h before tumor inoculation also had fewer liver
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Table 3 Treatment of experimental liver mÃ©tastasesO/M5076 reticulosarcoma
C57BL/6 mice were inoculated i.v. with 2x10* M5076 cells on day 0. Treatment was administered i.v. Mice were sacrificed on day 30 (experiment 1) and day 45

(experiment 2).

ExperimentI234PreparationCisplatinL-NDDPControlCisplatinL-NDDPControlCisplatinL-NDDPControlCisplatinL-NDDPControlTreatmentDose(mg/kg)7.5
(25)*25

(40)7.5

(25)25
(40)7.5

(25)12.5
(20)6(20)12.5(20)Schedule

day4,84,84,8,

124,
8,124,8,

124,8,124,11,18,254,11,18,25No.

of
liver

mÃ©tastases
median (range)P*>200

all4
(1-26)<0.05Dead175

(0->200)0(0-1)
<0.05DeadSurvival

days,
mean Â±SD39

Â±346
Â±629
Â±342

Â±357
Â±929
Â±336

Â±248
Â±523

Â±1P-<0.05<0.05<0.05
" Compared with animals treated with cisplatin.
* Numbers in parentheses, pmol/kg values.

Table 4 Prophylaxis of experimental liver mÃ©tastasesofM5076 reticulosarcoma
Tumor cell inoculum i.v., 2x10* M5076 cells. The animals were sacrificed on day 21.

ExperimentPreparation1

CisplatinL-NDDP2

CisplatinL-NDDPL-NDDPL-NDDPControlV

CisplatinL-NDDPL-NDDPL-NDDPEmpty

liposomesControlTreatmentDose(mg/kg)10

(33)*25

(40)10

(33)25(40)25(40)25

(40)10(33)25

(40)12.5(20)6.25

(10)25
(40)'Schedule

day-1-1-1-1-2-3â€”â€”â€”â€”â€”No.

of
livermÃ©tastases

median(range)>200

all45
(35-89)>200

all16
(10-66)82(18-112)147(110->200)>200

all95(80-150)3(0-13)36

(20-52)95
(63-140)77
(25-90)65

(50-75)PÂ°<0.05<0.050.05NSCÂ«cO.05<0.05NSSurvivaldays,

mean Â±SDP*22

Â±228
Â±2 <0.05

" Compared with animals treated with cisplatin.
* Numbers in parentheses, pmol/kg values.
' NS, not significant.
J Cells from in vitro culture.
' Dose of lipid equivalent to 25 mg/kg of L-NDDP.

mÃ©tastases,but the difference was not statistically significant.
L-NDDP administered on day â€”1also significantly prolonged
survival, compared with animals pretreated with cisplatin (mean
survival time, 28 versus 22 days, P < 0.05). The dose-activity
relationship was investigated in experiment 3. The reduction in
the number of liver mÃ©tastaseswas directly related to the dose
of L-NDDP administered. The effect was statistically signifi
cant in animals pretreated with 25 mg/kg (40 /Â¿mol/kg)and
12.5 mg/kg (20 Â¿imol/kg)of L-NDDP but not with a lower
dose (median number of liver mÃ©tastases,3 for L-NDDP at 25
mg/kg, P < 0.05, 36 for L-NDDP at 12.5 mg/kg, P < 0.05, 95
for L-NDDP at 6.25 mg/kg, P > 0.05, and 95 for cisplatin, 8
mg/kg, P> 0.05).

DISCUSSION

The results indicate that L-NDDP is partially not cross-
resistant with cisplatin and more active than cisplatin against
LI210 leukemia and experimental liver mÃ©tastasesof M5076
reticulosarcoma. NDDP was designed and synthesized to obtain
a highly lipophilic molecule with the favorable activity and
toxicity characteristics of the diaminocyclohexane analogues

(12,13). The lipophilicity of the compound synthesized resulted
in a liposomal preparation with an entrapment efficiency and
long-term stability of nearly 100%. These characteristics were
not dependent on the lipids used (data not shown). DMPC and
DMPG at a 7:3 molar ratio was the lipid combination selected
for further study because we have shown before that it is
nontoxic in humans (4).

Tissue distribution studies showed that L-NDDP resulted in
spleen, lung, liver, and blood platinum levels that were sever-
alfold higher than those achieved with cisplatin when equimolar
doses of both drugs were administered i.v. Except for the lung,
these changes in drug distribution are comparable to those
other investigators have found with liposomal doxorubicin,
even though small unilamellar vesicles were used in those
studies (size range, 0.05-0.2 ^m) (8, 9, 21). Tissue distribution
studies of free NDDP could not be carried out because the drug
is not soluble in nontoxic solvents. The role played by liposome
encapsulation was studied by using another lipophilic cisplatin
analogue that can also be administered as free drug i.v. These
studies showed that liposome encapsulation increases by sev-
eralfold the drug levels in the liver, spleen, and lung (22).

In the i.p./i.p. LI210/0 leukemia model, at equitoxic doses,
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TREATMENT OF EXPERIMENTAL LIVER METASTASES WITH L-NDDP

L-NDDP was more active than cisplatin and free NDDP.
Because the slow local drug release achieved through i.p. ad
ministration might enhance the antitumor activity of anticancer
agents encapsulated in liposomes, we studied the antitumor
activity of L-NDDP and cisplatin administered i.v. against
LI210/0 leukemia inoculated i.v. Free NDDP was not tested
because it is not soluble in nontoxic solvents and it was less
effective than L-NDDP against i.p. LI210/0 leukemia. In this
system, too, L-NDDP was more active than cisplatin when a
triple-dose schedule was used.

L-NDDP was more effective than cisplatin in inhibiting the
growth of established liver mÃ©tastasesof M5076 reticulosar-
coma and in prolonging survival both at maximum nontoxic
doses and equimolar doses. This effect was not due to an
increased sensitivity of the M5076 cells to L-NDDP because at
equimolar concentrations cisplatin was slightly superior to L-
NDDP in the in vitro cytotoxicity studies. The preferential
distribution of L-NDDP to the liver and its reduced toxicity
compared with cisplatin (maximum nontoxic molar dose of I
NDDP was 60-80% higher than that of cisplatin) are the most
likely mechanisms involved in this increased antimetastatic
activity. Another possible mechanism might be direct phago
cytosis of liposomes by M5076 cells. However, in studies with
liposomal doxorubicin, Mayhew et al. (l, 8) and Gabizon et al.
(9) showed that liposome encapsulation of doxorubicin en
hances its antitumor activity against established liver mÃ©tastases
of not only phagocytic but also nonphagocytic tumors.

L-NDDP also had significant prophylactic activity against
liver mÃ©tastasesof M5076 reticulosarcoma when administered
up to 48 h before tumor inoculation, whereas cisplatin was
inactive. The mechanisms involved in the prophylactic activity
are not clearly understood but may involve any of the following:
a slow and prolonged drug release from arrested liposomes in
the tissues with sinusoidal capillaries or delayed excretion of
active platinum metabolites by macrophages. Studies on the
uptake, release, and metabolism of L-NDDP by mouse perito
neal macrophages and Kupffer cells and a study of the plasma
antitumor activity at several time points after the i.v. adminis
tration of L-NDDP are under way in our laboratory.

Our study suggests that the selection of analogues that are
more suited for liposome encapsulation may be a way of over
coming the formulation problems involved in the development
of liposome-encapsulated drugs. In addition, by using this ap
proach, the potential of liposome-encapsulated anticancer drugs
will not depend solely on the pharmacological changes brought
about by the liposomal carrier but also on the activity and
toxicity advantages of the analogues selected (i.e.. lack of cross-
resistance and reduced nephrotoxicity). L-NDDP is an example
of antitumor agent that was designed to be formulated in a
liposomal carrier and has shown remarkable biological prop
erties. At present, a lyophilized formulation of L-NDDP is
being developed and preclinical toxicology studies are in prog
ress.
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