Cancer Chemother Pharmacol (1986) 18: 93-97

ancer
hemotherapy and
harmacology

© Springer-Verlag 1986

Pharmacokinetics and tissue distribution of liposome-encapsulated
cis-bis- N-decyliminodiacetato-1,2-diaminocyclohexane-

platinum (II)*

J. Lautersztain’, R. Perez-Soler', A. R. Khokhar?, R. A. Newman® and G. Lopez-Berestein'

! Departments of Clinical Immunology and Biological Therapy and

2 Chemotherapy Research, The University of Texas, M. D. Anderson Hospital and Tumor Institute at Houston,

Houston, TX 77030, USA

Summary. The pharmacokinetics and tissue distribution of
a lipophilic analogue of cisplatin, cis-bis- N-decyl-imino-
diacetato-1,2-diaminocyclohexane platinum (II) (N-decyl-
IDP), were studied after the i.v. administration of the free
drug in suspension in phosphate-buffered saline (F-N-de-
cyl-IDP) and encapsulated in multilamellar liposomes
comprising dimyristoyl phosphatidylcholine and dimyris-
tol phosphatidylglycerol at a molar ratio of 7:3 (L-N-de-
¢yl-IDP). The encapsulation efficiency and stability at 14
days of L-N-decyl-IDP were greater than 95%. The blood
clearance of both forms of the drug fit a two-compartment
model. The peak blood level of elemental platinum for L-
N-decyl-IDP was fourfold higher than for the free drug
(24.2 versus 6.1 pg/ml). In consequence, a fourfold differ-
ence in the volumes of distribution was observed (176 ml/
kg for L-N-decyl-IDP versus 608 ml/kg for F-N-decyl-
IDP). Liposome encapsulation reduced the drug clearance
by threefold; therefore, the CXT of L-N-decyl-IDP was
threefold higher than that of F- N-decyl-IDP (1308 ug plat-
inum/ml per min versus 395 ug platinum/ml per min).
Tissue platinum levels were significantly increased by lipo-
some encapsulation in the lung (33 versus 3.6 ug/g), spleen
(38.3 ug/g versus none detected), and liver (16.2 versus
11.7 ug/g), and unchanged in the kidneys. Although only
F- N-decyl-IDP resulted in detectable levels of platinum in
the small bowel (70.5 ug/g), the stool excretion was similar
for both forms of the drug. The organ distribution changes
secondary to liposome encapsulation may result in an in-
creased antitumor activity of N-decyl-IDP in tumors in-
volving the lung, spleen, and liver, and avoidance of gas-
trointestinal toxicity.

Introduction

Cisplatin (CDDP) is one of the most effective antineoplas-
tic drugs available; however, its use is limited by side ef-
fects such as severe nausea and vomiting, nephrotoxicity,
and neurotoxicity. New analogues have been synthesized
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in an attempt to increase the therapeutic index of CDDP.
Among the second-generation platinum complexes, the di-
aminocyclohexane derivatives have been shown to be less
nephrotoxic and non-cross-resistant with CDDP [1, 20].

An alternative approach to modify the therapeutic in-
dex of CDDP may be the use of drug carriers, of which
liposomes are particularly attractive because of their ease
of preparation and biodegradability. Liposomes are vesi-
cles comprising two major compartments: an aqueous one,
in which hydrophilic drugs can be incorporated; and a
large lipid compartment made of multiple phospholipid
bilayers that are concentrically arranged and can effective-
ly incorporate hydrophobic drugs. Liposomes, because of
their particulate nature, are preferentially concentrated in
organs rich in cells of the reticuloendothelial system [7, 12].
Liposome encapsulation of doxorubicin results in an en-
hancement of the therapeutic index of the drug, as a result
of a decrease in cardiotoxicity and increase of antitumor
activity against liver metastases in mice [2, 4, 5, 15]. How-
ever, most liposomal preparations of antitumor agents re-
ported, including doxorubicin, have a low encapsulation
efficiency that hinders their potential for clinical use [3, 5,
8, 13, 16, 22].

We have recently reported on the use of a lipophilic
CDDP analogue (cis-bis-neodecanoato-1,2-diaminocyclo-
hexane platinum (II)) encapsulated in multilamellar vesi-
cles (MLV) [17]. The MLVs used were composed of dimyr-
istoyl phosphatidylcholine (DMPC) and dimyristoyl phos-
phatidylglycerol (DMPG) at a 7:3 molar ratio and the
drug to lipid weight ratio used was 1:15. The liposomal
preparation had an encapsulation efficiency of greater
than 95% and was more effective than CDDP in the treat-
ment and prophylaxis of experimental liver metastases in
mice.

Cis-bis- N-decyliminodiacetato- 1,2-diaminocyclohex-
ane platinum (II) (N-decyl-IDP) is a lipophilic analogue of
CDDP, which has been specifically designed and synthes-
ized in our laboratories for liposome encapsulation. The
N-substituted iminodiacetato-diaminocyclohexane deriva-
tives constitute a promising new family of platinum coor-
dination complexes because they have been shown to be
more effective against L1210 leukemia, less nephrotoxic,
and less enterotoxic [6, 14] than CDDP. N-decyl-IDP can
be encapsulated in MLVs with a high efficiency, and in the
liposomal form, it is at least as effective as CDDP against
L1210 leukemia [18].

The characteristic of N-decyl-IDP, of forming a fine
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suspension in phosphate-buffered saline (PBS), allowed us
to compare the pharmacokinetics and tissue distribution of
free N-decyl-IDP (F-N-decyl-IDP) injected i.v. and the
liposome incorporated drug (L-N-decyl-IDP). We report
here on the results of this study.

Materials and methods

Synthesis of N-decyl-IDP. N-decyl-IDP was synthesized as
previously reported by Hacker et al. [6], with slight modifi-
cations. Briefly, sulfato-diaminocyclohexane platinum (I1)
H,0 (0.423 g) was dissolved in 10 ml of H,O. The sodium
salt of N-decyliminodiacetic acid was prepared in situ by
the addition of sodium hydroxide (0.08 g) to N-decylim-
inodiacetic acid (0.273 g) in 50 ml water. The aqueous so-
lution of sodium N-decyliminodiacetate was added to the
sulfato-diaminocyclohexane-platinum solution and stirred
for 30 min at room temperature. The resulting solution was
evaporated to dryness in a rotary evaporator at 40 °C un-
der reduced pressure. The yellow solid thus obtained was
dissolved in methy! alcohol and filtered through celite. The
yellow filtrate was evaporated to dryness in a rotary eva-
porator under reduced pressure. A yellow crystalline pro-
duct was obtained, which was further purified from 1-
propanol with an 80% yield. The elemental analysis of the
product obtained was C38.6%, H6.87%, and N6.82% (the-
oretical C38.95%, H7.02%, N6.81%). The empirical formu-
la of N-decyl-IDP is: C,,H;yN;0,Pt.2H,0 and the infrared
spectrum for the complex (as KBr pellet) C=0 1580 cm ™'
and C-0 1410 cm~!. N-decyl-IDP is highly soluble in meth-
anol and chloroform and insoluble in water, but it forms a
fine suspension in PBS after sonication in a bath sonicator
for 30 to 60s. The suspension particle size is 0.05 to
0.14 um in diameter, as determined by negative stain elec-
tron microscopy. Figure 1 shows the chemical structure of
N-decyl-IDP.

Preparation of L-N-decyl-IDP. Multilamellar vesicles con-
taining N-decyl-IDP were prepared as follows: chromato-
graphically pure DMPC and DMPG in chloroform solu-
tion (25 mg/ml) were purchased from Avanti Polar Lipids,
Birmingham, AL. DMPC and DMPG in a 7:3 molar ratio
were mixed with a chloroform solution of N-decyl-IDP us-
ing a lipid to drug weight ratio of 15:1. The chloroform
was evaporated in a rotary evaporator (Buchi Brinkman
Instruments, Westbury, NY). The dried lipid film obtained
was dispersed in normal saline solution (NSS) with vigo-
rous handshaking. The suspension was then centrifuged at
30,000 g for 45 min, the supernatant was discarded, and
the pellet was resuspended in NSS at the desired concen-
tration. The encapsulation efficiency was measured by de-
termining N-decyl-IDP in the supernatant by ultraviolet
spectrophotometry at a wavelength of 216 nm, and ele-
mental platinum in the liposome residue and supernatant
by flameless atomic absorption spectrophotometry (Var-
ian, Techtron; Mulgrave, Australia). The encapsulation ef-
ficiency was consistently greater than 95% by both meth-
ods. In vitro stability was assessed by incubating the pre-
paration in NSS for 14 days at 4 °C. The sample was cen-
trifuged at 30,000 g for 45 min and the amount of N-decyl-
IDP was measured in the supernatant. It was found that
greater than 95% of the drug was still bound to the lipo-
somes and no vesicle disruption was observed by light
microscopy.

Animals. Male Sprague-Dawley rats weighing 480 to 520 g
and male CD, Swiss mice weighing 28 to 32 g were ob-
tained from the University of Texas Science Park (Bastrop,
Tx).

Platinum determinations. The pharmacokinetic studies
were carried out in rats, and elemental platinum was mea-
sured in whole blood by X-ray fluorescence at the Depart-
ment of Analytical Chemistry, the University of Texas
Medical School at Houston, as described previously [21].

In the tissue distribution studies in mice, elemental
platinum was measured in solubilized tissue, using a Var-
ian AA 1475 automated, flameless atomic absorption spec-
trophotometer (FAAS), with a DS15 computer (Varian,
Techtron; Mulgrave, Australia). Platinum was determined
using a wavelength of 265.9 nm. Platinum concentrations
were calculated against standard concentrations of hex-
achloroplatinic acid in 0.1 N HCL. Tissues were solubi-
lized using hyamine hydroxide (methyl benzethonium hy-
droxide; Sigma Chemical Co., St. Louis, Mo), according
to the method of Ziddick et al. [23]. Briefly, up to 200 mg
of tissue were mixed with 0.5 ml hyamine hydroxide and
incubated overnight at 60 °C to achieve a complete diges-
tion. The solution was then brought to a standard volume
with 0.1 N HCL and was directly measured by FAAS. Re-
covery was consistently greater than 80%. The limit of sen-
sitivity of the Varian AA 1475 for platinum was 0.05 ug/
ml, which corresponded to 1 ug elemental platinum per g
of wet tissue weight after digestion. Values below this limit
were reported as not detected.

Pharmacokinetics. Groups of three rats were used for the
study. The dose of L- N-decyl-IDP and F- N-decyl-IDP was
12.5 mg/kg. This dose is the species equivalent of the max-
imum tolerated dose in the mouse (25 mg/kg). Rats were
anesthetized i.m., with 25 mg/kg ketamine (Parke-Davis,
Morris Plains, NJ). Repeated doses of 4 mg/kg were ad-
ministered i.m. for maintenance of anesthesia. The femor-
al pedicle was dissected and the artery and vein were
catheterized with thin polyethylene catheters attached to
27-gauge needles with blunted edges. Drugs were injected
as a bolus over 1 min via the vein, and arterial blood sam-
ples of 0.5 ml were drawn at 1, 3, 5, 10, 30, 60, 90, 120, and
150 min into heparinized tubes. The catheters were flushed
after each sampling with an equal volume of a solution of
1/1000 heparin in NSS. Rats were killed by exsanguina-
tion under an overdose of Penthotal (International Medi-
cation System Ltd., South El Monte, Calif). Pharmacokin-
etic parameters were derived from nonlinear regression
analysis of the data.

Tissue distribution. CD; Swiss mice were injected i.v. via
the tail vein with 18.5 mg/kg of L-N-decyl-IDP, F-N-de-
cyl-IDP or the equimolar dose of CDDP (9.75 mg/kg).
These doses were selected based on the maximum tolerat-
ed single dose of CDDP in mice (10 mg/kg). At 30 min,
4h, 24 h, and 72 h, groups of four mice each were killed
by exsanguination under anesthesia with methoxyfluoran
(Methofane, Pitman-Moore; Washington Crossing, NJ),
and the liver, spleen, stomach, small bowel, brain, lung,
skin, muscle, kidney, and bone marrow were removed, di-
gested, and assayed for platinum determination.
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Fig. 1. Cis-bis N-decyliminodiacetato-1,2-diaminocyclohexane
platinum (IT) (N-decyl-IDP)

Metabolic studies. Groups of three mice each were injected
with equimolar doses of L-N-decyl-IDP, F-N-decyl-IDP,
and CDDP as above, and each animal was then placed in
a metabolic cage. Urine and stool were collected over 24 h
and weight and volumes were measured. Stool pellets were
disrupted with a probe sonicator, digested in hyamine hy-
droxide, and brought to a standard volume with 0.1 N
HCL. Solid-fiber residues were allowed to sediment, and
the clear supernatant was assayed for elemental platinum
by FAAS. Urine samples were directly assayed by FAAS
without further processing. Results were expressed as mic-
rograms of elemental platinum per 24 h and percent of to-
tal injected dose recovered in stool and urine.

Statistical analysis. Statistical differences between the dif-
ferent groups of animals in the pharmacokinetic parame-
ters and the tissue levels of platinum were determined by
Student’s t-test.

Results
Pharmacokinetics

The blood platinum disappearance curves for L- N-decyl-
IDP and F-N-decyl-IDP were biphasic and fit a two-com-
partment model (Fig. 2). The volume of distribution was
176 ml/kg for L-N-decyl-IDP (34% of body weight) and
608 ml/kg for F-N-decyl-IDP (120% of body weight) (P
<0.02) (Table 1). The peak blood platinum levels for L-N-
decyl-IDP were 4 times higher than for F-N-decyl-IDP
(24.2 versus 6.1 ug Pt/ml; P <0.02). The half-life of the in-
itial rapid phase of distribution (t.,,) of L- N-decyl-IDP was
similar to that of F-N-decyl-IDP (4.74 versus 3.0 min;
P =0.10). However, the ty,5 of L- N-decyl-IDP was half that
of F-N-decyl-IDP (73.4 versus 131.5 min; P <0.02). The
clearance rate was 3 times lower for L-N-decyl-IDP than
for F-N-decyl-IDP (3.4 versus 10.8 ml/kg per min; P
<0.02). Consequently, the CXT of L-N-decyl-IDP was
threefold higher than that of F-N-decyl-IDP (1308 versus
395 ug Pt/ml per min P <0.02).

Table 1. Blood pharmacokinetics of L- N-decyl-IDP in rats®
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Fig 2. Blood clearance of L-N-decyl-IDP (-@®-) and F- N-decyl-
IDP (-O-). Each point represents mean = SD (N=3). Dose
12.5 mg/kg for both forms of the analogue

Tissue distribution

The administration of L-N-decyl-IDP resulted in higher
peak tissue levels of platinum in the spleen (38.3 ug/g wet
weight versus none detected), lung (33 versus 3.6 ug/g;
P <0.02), and liver (16.2 versus 11.7 ug/g; P <0.02) than
with F-N-decyl-IDP (Table 2). No platinum was detected
in the stomach, small bowel, or skin after the administra-
tion of L-N-decyl-IDP. In contrast, F- N-decyl-IDP result-
ed in platinum levels that were low in the stomach and
high in the small bowel (70.5 ug/g). Kidney platinum le-
vels were similar, with both forms of the drug (10.4 ug/g
for L-N-decyl-IDP versus 10.5 ug/g for F-N-decyl-IDP).
Platinum levels were undetectable in most tissues 24 h af-
ter the administration of both L- N-decyl-IDP and F- N-de-
cyl-IDP; however, detectable levels in the liver were still
present at 72 h. In the case of CDDP, although the peak
tissue levels of platinum were lower than those obtained
with L-N-decyl-IDP, platinum was still within the detec-
table range in the liver, skin, and kidney by 72 h. No plati-
num level was detected in brain, muscle or bone marrow
with either of the three drugs used.

Metabolic studies

The combined urinary and fecal excretion of elemental
platinum at 24 h accounted for 54% of the injected dose of
L- N-decyl-IDP, 65% of the injected dose of F-N-decyl-

Drug Dose vdb Peak blood level tyo t2 B Clearance CXT

(mg/kg) (ml/kg) (ug Pt/ml) (min) (min) (ml/kg/min) (ug Pt/ml/min)
L- N-decyl-IDP 12.5 176+29.7 242443 4.7+£0.9 734+12.6 34106 1308 £204.0
F- N-decyl-IDP 12.5 608 +97.6¢ 6.1+ 1.6¢ 3.0£0.5 131.5+15.0c 10.8%1.4¢ 395+ 37.3¢

2 All data calculated as micrograms of elemental platinum injection per kg body weight. All values are expressed as mean + SD (N = 3)

b Volume of distribution at time 0
¢ P<0.02
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Table 2. Tissue distribution of platinum preparations in mice

30 min
Drug Liver Spleen Stomach Small bowel Lung Skin Kidney
L- N-decyl-IDP 16.2+1.5" 38.3x5.0 ND ND 33.0%7.0b ND 10.4+19
F- N-decyl-IDP 11.7+£1.9¢ ND 3515 70.5%51¢ 3.6+05 4.0+0.7 10.5+1.1¢
CDDP 6.6x1.3 2.5+£3.0 1.9+0.3 3.4+09 3.4+06 3.7+22 74+1.7
4h
L- N-decyl-IDP 5407 25.8+£73 ND ND 52+1.2 ND 3.8+0.9
F- N-decyl-IDP 3.9+06 ND ND ND ND 56+1.3 4.0£06
CDDP 49+0.8 ND ND ND ND 24+£1.0 3.6+08
24h
L- N-decyl-IDP 39+12 ND ND ND ND ND ND
F- N-decyl-IDP 2.6£0.5 ND ND ND ND ND ND
CDDP 3.5+05 ND 1.4x£0.2 ND 1.9+0.1 23+1.5 47+0.6
72h
L- N-decyl-IDP 1.9+1.2 ND ND ND ND ND ND
F- N-decyl-IDP 21x1.4 ND ND ND ND ND ND
CDDP 3.7+£05 ND ND ND ND 24+0.6 1.9£0.3

2 ug Pt/g wet tissue mean = SD (N = 4)
b P<0.02 (L- N-decyl-IDP and F- N-decyl-IDP)
© P<0.02 (F-N-decyl-IDP and CDDP)

ND, None detected (<1 pg Pt/g wet weight); L- N-decyl-IDP and F- N-decyl-IDP dose, 18.5 mg/kg; CDDP dose, 9.75 mg/kg

IDP, and 86% of the injected dose of CDDP. The stool and
urine excretion for L-N-decyl-IDP and F-N-decyl-IDP
were not significantly different (stool, 33.6 ug Pt/24 h ver-
sus 33.8 ug Pt/24 h, P >0.05; urine, 74.8 ug Pt/24 h versus
98.3 ug Pt/24 h P >0.05). In contrast, CDDP was almost
exclusively excreted in the urine (170.5ug Pt/24h)
(Table 3).

Discussion

Liposome encapsulation altered the pharmacokinetics and
tissue distribution of N-decyl-IDP. The blood clearance
curves of L-N-decyl-IDP and F- N-decyl-IDP were bipha-
sic and similar to that of the parent compound, CDDP
[10]. The volume of distribution (Vd) of L-N-decyl-IDP
was only 34% of body weight, which probably reflected a
nonuniform distribution of the drug caused by the well-
known preferential localization of liposomes in organs
rich in RES cells. In contrast, the Vd of F-N-decyl-IDP
was larger than the body weight (120%), probably as a re-
sult of a more uniform distribution and/or a faster excre-
tion of the free drug. A Vd similar to that of F-N-decyl-

Table 3. Urinary and fecal excretion of platinum preparations in
mice

Urinary excretion
(1g Pt/24 h)

Fecal excretion
(ng Pt/24 h)

Drug

L-N-decyl-IDP
F-N-decyl-1IDP
CDDP

33.6+ 9.00 (17%)°
33.8+283 (17%)
14x 09 (0.7%)

74.8£20.0 (37%)
98.3+15.0 (49%)
170.5+77.0 (85%)

4 Mean = SD (N =3)
® Percent of injected dose

IDP has been reported for CDDP in the rat by Litterst [11].
Liposome encapsulation did not modify the duration of
the distribution phase, but shortened the elimination phase
(t,p) and resulted in a threefold decrease of the blood
clearance rate. The net result of the decreased clearance of
L- N-decyl-IDP was a CXT threefold higher than that of F-
N-decyl-1DP.

Tissue levels of elemental platinum achieved with L- N-
decyl-IDP were much higher than those achieved with F-
N-decyl-IDP in the lung and spleen, slightly higher in the
liver, lower (none detected) in the gastrointestinal tract,
and similar in the kidney. A possible explanation for the
only slightly higher platinum levels achieved in the liver
with L-N-decyl-IDP may be the binding of the lipophilic
drug to serum lipoproteins with subsequent sharing of the
normal blood clearance pathway through the liver. In the
lung, the high peak platinum levels and subsequent fast
clearance observed with L- N-decyl-IDP are probably due
to the arrest of an important fraction of liposomes in the
pulmonary microvasculature, as reported previously [19].
Although both forms of the drug resulted in high peak
platinum levels in the kidneys, the risk of nephrotoxicity is
probably low since the diaminocyclohexane and the imi-
nodiacetato-diaminocyclohexane analogues are much less
nephrotoxic than CDDP [6, 20].

Although the differences in organ distribution between
F-N-decyl-IDP and CDDP were less striking, peak plati-
num levels with F-N-decyl-IDP were significantly higher
in the small bowel, liver, and kidney; similar in the lung
and skin; and lower in the spleen. The high levels of plati-
num in the small bowel with F-N-decyl-IDP suggest the
biliary route as a possible way of excretion.

The metabolic studies showed that 17% of the injected
doses of L- N-decyl-IDP and F- N-decyl-IDP were excreted



in the stool. F-N-decyl-IDP probably reached the stool
from the small bowel. In the case of L- N-decyl-IDP, deliv-
ery to the lumen by macrophages present in the large bow-
el wall, as described by Lee et al. [9], might play an im-
portant role.

In summary, in this study, we have shown that the en-
capsulation of an analogue of CDDP in MLVs results in
marked changes in the pharmacokinetics and organ dis-
tribution of the drug. The enhanced delivery of platinum
to the lung, spleen, and liver, in conjunction with the low
or absent gastrointestinal tract platinum levels achieved
with the liposomal form of the drug, suggest that liposome
encapsulation may be of potential value in the treatment
of tumors involving those organ sites and, at the same
time, avoid gastrointestinal toxicity. We are currently in-
vestigating the bioavailability of lipophilic CDDP ana-
logues encapsulated in liposomes by testing the antitumor
activity in animal models of experimental tumor metas-
tases, studying the in vitro macrophage drug metabolism,
and by ultrastructural localization.
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