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Abstract-Mixed amine platinum complexes have been identified as a new class of antitumor agents 
withactivityinsomecisplatin-resistant tumormodels. cis-Ammine/cyclohexylamine-dichloroplatinum(I1) 
is one such analog that we have evaluated in vivo and found it to have antitumor activity that was 
comparable to that of cisplatin in a solid murine fibrosarcoma tumor model. In contrast to the 
nephrotoxicity observed with cisplatin, the analog was free from inducing this side-effect. 
Pharmacokinetics of the two compounds administered i.v. at equitoxic dose levels to tumor-bearing 
mice indicated similar decay kinetics of total platinum in plasma, kidney and the tumor. Furthermore, 
DNA-platinum adducts of the two agents were similar in the tumor. Total adduct levels in the kidney, 
on the other hand, were significantly greater (P < 0.05) by up to 4-fold for cisplatin compared with the 
mixed amine analog. Likewise, the levels of interstrand cross-links of the two platinum complexes were 
comparable in the tumor, but significantly greater (P < 0.05) in the kidney for cisplatin. The data 
indicate that the greater renal levels of total and interstrand DNA-platinum adducts formed by cisplatin 
correlate with renal damage associated with this agent, and suggest that adduct levels, and not total 
tissue platinum levels, provide a more useful correlation with pharmacodynamic observations. 
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CisplatinD is one of the most active antitumor agents 
available in medical oncology [l]. However, it has 
several toxicological limitations, the most severe 
being the cumulative and irreversible nephrotoxicity 
that has limited the full clinical utility of this inorganic 
complex. This limitation alone has encouraged the 
development of several new platinum analogs, and 
from these has emerged the highly successful 
carboplatin [2], which does not have nephrotoxicity 
as a side-effect at tolerated doses [2]. 

A second major limitation of cisplatin is the 
development of resistance in initially responsive 
tumors. Since tumors resistant to cisplatin generally 
display almost complete cross-resistance to carbo- 
platin [3,4], chemical efforts have continued in order 
to identify compounds active in the resistant disease. 
Currently, tetraplatin (ormaplatin, Fig.1) and 
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8 Abbreviations: cisplatin, c&diamminedichloroplati- 
num(I1); tetraplatin, trans-lR,2R-lS,2S-diamino- 
cyclohexane tetrachloroplatinum(IV); oxaliplatin, trans- 
lk,2R-diaminocyclohexae oxalaiopiatinum(I1); DACH, 
1,2-diaminocyclohexane; BUN, blood urea nitrogen; and 
FAA& flameless atomic absorption spectrophotometry. 

oxaliplatin are receiving clinical evaluations for their 
potential efficacies against such cancers [5]. Both of 
these compounds contain DACH as a carrier ligand, 
which when coordinated to the central platinum 
atom has proved to be highly effective in circum- 
venting cisplatin resistance in selected tumor 
models [5]. Recently, ammine/amine (mixed amine) 
platinum(IV) congeners, with equatorial chloro and 
axial carboxylato or hydroxo ligands, have also 
demonstrated activity against cisplatin-resistant cells 
in uitro [6,7], and one, specifically ammine/ 
cyclohexylamine - diacetato - dichloroplatinum(IV), 
has entered clinical trials in Europe as an oral 
formulation [8]. 

Despite the intense interest in mixed amine 
complexes, there is very little information available 
on their pharmacological properties, including their 
potential to induce renal damage. Earlier, brief 
toxicological studies with ammine/isopropylamine- 
dichloroplatinum(I1) and ammine/cyclopentyl- 
amine-dichloroplatinum(I1) have indicated these 
compounds to be myelosuppressive, and not 
nephrotoxic [9]. More recently, McKeage et al. 
[lo] have also reported the absence of renal damage 
associated with oral administration of a series of 
ammine/cyclohexylamine - dicarboxylato - dichloro - 
platinum(IV) complexes. It is necessary to note that 
platinum(IV) complexes themselves are highly inert 
[11,121, and reduction of these mixed amine 
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Fig. 1. Structures of platinum complexes. 

complexes to the corresponding ammine/cyclo- 
hexylamine-dichloroplatinum(I1) is expected to be a 
prerequisite for biological activity [6]. The potential 
significance of this platinum(I1) complex in the 
pharmacology of ammine/cyclohexylamine-plati- 
num(IV) agents necessitates an investigation into the 
pharmacokinetic and pharmacodynamic behaviors of 
ammine/cyclohexylamine-dichloroplatinum(I1). In 
the present report, we have documented briefly its 
antitumor activity and nephrotoxic potential relative 
to the structurally resembling parent compound 
cisplatin (Fig.l), and have investigated in detail the 
pharmacological basis for the relative activities of 
the two agents in both the tumor and the kidney. 

MATERIALS AND METHODS 

Chemicals. Cisplatin and ammine/cyclo- 
hexylamine-dichloroplatinum(I1) (Fig. 1) were syn- 
thesized according to previously published pro- 
cedures [13,14]. [methyl-3H]Thymidine was pur- 
chased from Amersham (Arlington Heights, IL), 
hyamine hydroxide from ICN Biomedicals, Inc. 
(Irvine, CA), proteinase K from Boehringer- 
Mannheim (Germany) and FBS from Bio Whittaker, 
Inc. (Walkersville, MD). 

Animals and tumor system. C3H/He male mice, 
21-26 g, were purchased from Charles River Inc., 
through The National Cancer Institute, U.S.A. The 
animals had free access to food and water at all 
times. The FSaIIC murine fibrosarcoma cell line, 
adapted for growth in culture [15], was provided by 
Dr. Beverly A. Teicher, Dana-Farber Cancer 
Institute, Boston, MA. The cells were grown in CY- 
MEM medium (Life Technologies, Inc., Grand 
Island, NY) supplemented with 10% FBS, 
50 pg/mL penicillin, 50 pg/mL streptomycin and 
100 pg/mL neomycin, and kept at 37” in a humidified 
atmosphere of 5% COZ in air. One million tumor 
cells in 0.1 mL of Hanks’ buffered salt solution were 
inoculated subcutaneously in the right flank of 
animals with a take rate of 100%. 

Tumor growth delay study. Animals (5/group) 
bearing FSaIIC tumor were administered 6.5 mg/ 
kg, i.v., or 10 mg/kg, i.p., of each platinum complex 
on day 6. The tumor size was measured twice weekly 
by an electronic vernier caliper connected directly 
to a computer, which recorded the data in a 
spreadsheet software. The tumor volume was 
calculated automatically by the software using the 
formula: 

Tumor volume (mm3) = ab*/2 

where a is the maximal and b the minimal diameter 
(mm) of the tumor. Tumor growth delay is the time 
difference in days for tumors in the saline and drug- 
treated groups to reach 800 mm3 in size. The use 
and estimation of this parameter in antitumor 
evaluations have been reported previously [ 161. The 
experiments were repeated once to confirm the data 
obtained. 

Drug treatment and tissue sampling. Mice were 
inoculated with the tumor on day 0 as described 
above, and on day 8, when tumors were approxi- 
mately 250 mg, animals were injected with [methyl- 
3H]thymidine (3.75 mCi/kg, i.v.; sp. act., 5 
Ci/mmol) to determine the DNA labeling index and 
correct for DNA dilution, if any, during post-drug 
treatment DNA synthesis [17]. Drug treatment on 
day 9 involved administration of 20 mg/kg cisplatin 
or the mixed amine complex via the tail vein. At 0, 
3, 12, 24 and 48 hr, animals (4/group) were 
anesthetized by methoxyflurane (Pitman-Moore, 
Inc., Mundelein, IL) inhalation and exsanguinated 
by severing the left axillary vessels. Blood was 
collected into a heparinized 1-mL tuberculin syringe 
and transferred to 1.5-mL microfuge tubes; the 
plasma was collected following centrifugation of 
samples at 12,500 g. The tumor and left kidney were 
excised, and approximately 25 mg of the tissue was 
transferred to pre-weighed microfuge tubes, which 
were then reweighed for later analysis of total 
platinum content. The remaining tissues were 
transferred to separate containers for later extraction 
of DNA. All samples were frozen at -70”. 

BUN assay. Blood urea nitrogen was determined 
with a BUN assay kit (Sigma, St. Louis, MO) 
utilizing the method of Cracker [ 181. Briefly, to 4 PL 
of plasma in a 10 x 75 mm borosilicate glass tube 
was added 1 mL of reaction mixture (0.6 mL of acid 
and 0.4 mL of color reagents), followed immediately 
by placing in a boiling water bath for 10min. The 
tubes were then dipped in water at 15”, and 
absorbance at 535 nm was measured by standard 
spectrophotometry techniques. 

Total tissue platinum level. Plasma platinum level 
was measured directly by FAAS (model AA300/ 
GTA-96; Varian, Victoria, Australia) following 
appropriate dilutions with 0.1 N HCl when needed. 
Tissue samples, however, required processing for 
platinum determination, as previously described 
[19,20]. Briefly, to the tissue (approximately 25 mg) 
was added 20 PL of hyamine hydroxide per 10 mg 
of tissue, and the sample was incubated at 55-60” 
overnight. Four volumes of 0.3 N HCl were added to 
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the tissue solution, and the platinum content was Table 1. Antitumor activity of mixed amine complex and 
determined by FAAS. cisplatin against FSaIIC subcutaneous tumor* 

DNA extraction, total and interstrand DNA 
adducts, correction for DNA synthesis. Tissue 
samples (100-200 mg) were homogenized gently with 
ice-cold PBS (3 mL) and collected in SO-mL conical 
tubes. The homogenates were centrifuged at 1750 g 
and washed with PBS twice; the pellets were 
incubated with 10 mL of the extraction buffer (10 mM 
Tris, 100 mM EDTA, 20 pg/mL RNase, 0.5% SDS, 
pH 8.0) and 1 mL of a proteinase K solution (1 mg/ 
mL) at 37” for 1 hr and then 50” for 2 hr. DNA was 
precipitated with 2.5 mL of 10 M ammonium acetate 
and 26.5 mL of absolute ethanol (total volume, 
40 mL). The precipitated DNA was transferred to a 
1.5-mL microfuge tube using a pipette with an 
enlarged orifice, and then washed twice with 70% 
ethanol. The DNA pellet was partially dried, and 
dissolved in 250 PL of TE buffer (10 mM Tris, 1 mM 
EDTA, pH 8.0) overnight at room temperature. The 
DNA content and purity were assessed’by absorption 
at 260 and 280 nm, and the amount of platinum in 
the sample was determined directly by FAAS. DNA 
interstrand cross-links mediated by the platinum 
compound were determined by an ethidium bromide 
interstrand cross-linking assay, previously described 
by Sriram and Ali-Osman [21]. Briefly, 0.1 mL of 
the DNA solution (50-100 pg/mL in TE buffer) was 
dispensed identically in each pair of 13 x 100 mm 
borosilicate tubes. To this was added 0.4 mL of EB 
buffer (20 mM potassium phosphate, 2 mM EDTA, 
pH 11.8), and one of the pairs was heated in a dry 
bath incubator (Fisher Scientific, Pittsburgh, PA) at 
100: for 10 min. After this time, both heated and 
non-heated tubes were dipped in water at 13” and 
followed immediately with the addition of 1.0 mL of 
EB buffer maintained at room temperature. When 
the temperature of the reaction solution reached 
15”, 1.5 mL of ethidium bromide (2 pg/mL) in EB 
buffer at room temperature was added. The 
fluorescence of the reaction solution was measured 
using a fluorometer (model LS-SB, Perkin-Elmer 
Ltd., Buckinghamshire, UK) at 305 nm excitation 
(slit width-3) and 590nm emission (slit width-20) 
wavelengths. The DNA interstrand cross-link (ISC) 
index was calculated as follows: 

Compound 
Doset TGD$ 

Route (&kg) (day) 

Mixed amine complex i.v. 6.5 6.84 2 1.60 
Cisplatin i.v. 6.5 6.01 + 1.35 
Mixed amine complex i.p. 10 9.99 ? 0.77 
Cisplatin i.p. 10 7.55 2 1.11 

* FSaIIC cells were grown in vitro, and lo6 cells were 
inoculated subcutaneously in the right flank area of male 
C3H/He mice on day 0. 

t Doses shown are maximal tolerated for respective 
schedule and route. The injection was performed on day 
6 when tumors weighed 65-150 mg. 

$ Tumor growth delay (TGD) was determined as a 
difference in time required for the tumor to reach 800 mm3 
between the treated and control groups. Values are 
means 2 SEM, N = 5. 
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Fig. 2. BUN levels in plasma following i.v. administration 
of cisplatin or the mixed amine complex in mice. Both 
compounds were given at a dose level of 20 mg/kg. Data 
are means t SEM (errors are shown if larger than symbols); 

N = 4. Key: (*) P < 0.05. 

ISC index = (-In xtreated) - (-In x,,,,,,,) 

where 

fluorescence,,,.h,ated - flourescenceheated 
x= 

fluorescence,,,.h,,,ed 

Dilution of the total DNA bound platinum and 
ISC index by DNA synthesis was corrected by 
dividing with a dilution factor calculated as follows: 

where C, represents the platinum level at time t, and 
LE’ is the first-order decay constant [22]. Half-life 
(T& was calculated as follows: 

T1,2 = 0.693/a 

Dilution factor = 
specific activity of DNA at time t 

specific activity of DNA at 0 hr 

Statistics. Differences between groups were 
examined by Student’s t-test, with P < 0.05 con- 
sidered significant. 

RESULTS 

Pharmacokinetic analysis. A one-compartment 
open model was fitted to platinum concentrations 
using a weighted (by l/C*) nonlinear least squares 
computer program (GraphPAD Inplot, San Diego, 
CA), as described by the equation: 

C, = Ae-& 

The antitumor activities of ammine/cyclo- 
hexylamine-dichloroplatinum(I1) and cisplatin were 
investigated in mice bearing an established solid 
fibrosarcoma. At maximal tolerated doses (MTD), 
activities of the two drugs were similar, with tumor 
growth delays ranging between 6 and 7 days for i.v. 
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Fig. 3. Kinetic profiles for cisplatin and the mixed amine 
complex in mouse plasma (A), tumor (B) and kidney (C). 
Drugs were administered i.v. at a dose of 20 mg/kg. Data 
are means + SEM (errors are shown if larger than symbols); 

N = 4. Key: (*) P < 0.05. 

and 8 and 10 for i.p. administrations (Table 1). The 
nephrotoxic activities of the complexes were 
determined using equitoxic i.v. doses of 20 mg/kg. 
At this dose, mice die on day 3 or 4, and, therefore, 
the study was limited to 2 days. No increase in BUN 
levels over control values was noted at any time 
following administration of the mixed amine analog 
(Fig. 2). Cisplatin, on the other hand, demonstrated 
no effect at the earlier time points, but on day 2 a 
significant increase in BUN was observed. 

Intravenous doses of 20 mg/kg were also used to 
investigate drug kinetics. These doses were three 
times above maximal tolerated doses, and were 
necessary to facilitate platinum analyses at the whole 
tissue and DNA levels. In the plasma, only total 
platinum levels were measurable and were higher 
following the administration of cisplatin than the 
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Fig. 4. Kinetic profiles of total DNA-bound platinum in 
mouse tumor (A) and kidney (B) . Cisplatin and the mixed 
amine complex were administered i.v. at a dose of 
20mg/kg. Data are means 2 SEM (errors are shown if 

larger than symbols); N = 4. Key: (*) P < 0.05. 

mixed amine complex (Fig. 3A). This probably 
reflects the lower molecular weight of the parent 
compound (300 vs 382). Decay of platinum in the 
plasma was similar for both complexes (half-life = 
24-31 hr). There were no gross differences in total 
tissue platinum levels in the tumor or kidney between 
the two drugs except at the 48-hr time point (Fig. 3, 
B and C). Half-lives for the mixed amine complex 
in the tumor and kidney were 47 + 14 (mean ” SEM) 
and 57 + 20 hr, respectively, while the half-life 
for cisplatin was 86 2 1 hr in the kidney and 
immeasurable in the tumor where platinum levels 
remained steady throughout the 48 hr. 

DNA extracted from tissues was analyzed for 
platinum content to estimate levels at the target 
macromolecular level. In the tumor, temporal DNA- 
platinum adduct profiles for the mixed amine 
complex and cisplatin were essentially the same (Fig. 
4A). In contrast, renal adduct levels of cisplatin 
were significantly greater than those of the mixed 
amine complex at all time points, and at 48 hr, the 
difference in levels between the two drugs was 4- 
fold (Fig. 4B). Interestingly, renal adducts of the 
mixed amine congener decreased steadiiy with time, 
whereas total adducts of cisplatin remained constant 
over the first 24 hr and appeared to increase at the 
48-hr time point. Temporal aspects of DNA 
interstrand cross-links are shown in Fig. 5. In the 
tumor, there were no gross differences in interstrand 
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be exercised here since BUN used in our study 
Tumor provides only a gross index of renal damage, the 

result with the analog, nevertheless, is consistent 
with the reported lack of nephrotoxicity associated 
with two similar complexes, ammine/isopropyl- 
amine-dichloroplatinum(I1) and ammine/cyclo- 
pentylamine-dichloroplatinum(I1) [9]. Similarly, 
there is good agreement with the data of McKeage 
et al. [lO], who have reported absence of renal 
damage associated with oral administration of a 
series of ammine/cyclohexylamine-dicarboxylato- 
dichloroplatinum(IV) complexes. At the dose 
examined (20mg/kg, i.v.), the lethal toxicity of 
cisplatin is renal, and, based on findings of Schurig 
et al. [9] with the two structural homologs, it is 
assumed that lethal toxicity of our mixed amine 
analog is to the bone marrow. 

d l Mixed amine complex 
0 Cisplatin 

I I I 1 I I I I 

B Kidney 

I I 1 I I I I I 

0 6 12 18 24 30 36 42 48 
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Fig. 5. Kinetic profiles of DNA interstrand cross-links in 
mouse tumor (A) and kidney (B). Cisplatin and the mixed 
amine complex were given i.v. at a dose level of 20 mg/kg. 
Data are means -C SEM (errors are shown if larger than 

symbols); N = 4. Key: (*) P < 0.05. 

adduct levels between the two platinum agents. As 
with total DNA adducts, interstrand adducts were 
up to 2-fold greater with cisplatin than with the 
mixed amine complex. 

DISCUSSION 

Mixed amine platinum(IV) complexes with axial 
carboxylato and equatorial chloro ligands represent 
a new avenue in cisplatin analog development [6,7]. 
These complexes are expected to be inert and require 
reduction to the platinum(I1) before biological 
activity can be affected [ll]. By analogy with 
the reduction of other platinum(IV) complexes 
[12,23,24], the expected product of reduction of 
lead ammine/cyclohexylamine-dicarboxylato-di- 
chloroplatinum(IV) complexes is ammine/cyclo- 
hexylamine-dichloroplatinum(II), which indeed has 
been demonstrated as one of the products in 
biological studies [6]. 

Elucidation of the mechanism of cisplatin 
nephrotoxicity remains a challenge, although we [26] 
and others [27] have demonstrated that the 
pharmacological basis for renal damage is probably 
related to active tubular transport of this platinum- 
based agent. In contrast, the mechanism of antitumor 
activity has been relatively well defined and 
involves cisplatin-induced DNA interstrand and/or 
intrastrand cross-links in tumor cells [28]. Roberts 
et al. [29] have reviewed data on DNA-bound 
platinum in tumor cells in vitro and in vivo to 
demonstrate that total DNA adducts can also be 
linked to antitumor response. They proposed that 
cisplatin-induced renal damage may be similarly 
explained. Our studies with the FSaIIC tumor 
indicate that cisplatin and the mixed amine analog 
produced similar levels of total tissue platinum, 
tissue total DNA adducts and interstrand DNA 
cross-links, each of which can be correlated to the 
observed similar antitumor activities of the two 
drugs. However, total renal platinum levels are 
considered unsatisfactory in explaining the dif- 
ferential nephrotoxicity of these agents. This 
difference in toxicity, on the other hand, correlates 
well with the significantly higher renal interstrand 
or total DNA adducts of cisplatin relative to the 
mixed amine complex, as predicted by Roberts et 
al. [29]. 

We have demonstrated that ammine/cyclo- 
hexylamine-dichloroplatinum(II), like cisplatin, 
has excellent potency and good antitumor activity 
against the solid fibrosarcoma FSaIIC tumor model. 
These results are comparable to those reported 
previously for cisplatin against this tumor [25]. 
However, unlike cisplatin, the mixed amine analog 
does not elicit nephrotoxicity even at the high dose 
that was examined. Although caution may need to 

Cisplatin-induced interstrand and intrastrand 
DNA adducts in vivo have been quantitated 
previously in kidney and other normal tissues 
[30,31], but correlations with nephrotoxicity either 
were not attempted or were very poor. Our studies 
are more informative as they provide a direct 
comparison between cisplatin and an analog that 
was comparable in its potency but lacking nephrotoxic 
activity. Although our data point to the relatively 
lower levels of renal DNA adducts as evidence for 
the absence of nephrotoxicity associated with am- 
mine/cyclohexylamine-dichloroplatinum(I1) com- 
plex, it is not exactly clear why the analog should 
be free of this side-effect, considering the close 
similarities in structures (Fig. 1) and DNA adduct 
profiles in vitro [32] between this compound and 
cisplatin. One possibility relates to the presence in 
the mixed amine analog of the alicyclic ring, which 
may permit more rapid recognition and repair of its 
DNA lesion in the kidney. Our observation of a 
greater rate of in vivo removal of total and interstrand 



798 M. YOSHIDA et al. 

adducts of this analog compared with cisplatin 
supports this contention. However, further studies 
are needed to investigate this plausible explanation 
in detail. With regard to the difference in renal DNA 
adduct levels between the two compounds, the 
possibility exists that this difference may arise as a 
result of using a high dose of cisplatin, with the 
resultant decrease in plasma drug clearance and 
increase in tissue drug exposure. However, the very 
short plasma half-life of about 10 min for “free” 
cisplatin in rodents [Xi] suggests that renal excretion 
of the high dose may be complete before 
nephrotoxicity appears and has any influence on 
drug clearance. This is supported by data of Smith 
et al. [X3], who found that renal platinum levels 
increase proportionately with dose (ranging from 
non-lethal to lethal) of cisplatin, tetraplatin or the 
non-nephrotoxic iproplatin (CHIP). 

In conclusion, the complex ammine/cyclo- 
hexylamine-dichloroplatinum(I1) demonstrated 
good potency and antitumor activity, while lacking 
the ability to induce nephrotoxicity. Comparison of 
data with those of cisplatin suggests that the absence 
of this side-effect may well be related to lower renal 
levels of interstrand and total DNA-platinum 
adducts of the analog in the kidney. 
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