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ABSTRACT

Tetrachloro(</,/-frtiiw )-1,2-diaminocyclohexaneplatinum(IV) (tetra-
platin) has been considered a prodrug which would be converted rapidly
to dichloro(</,/-rra/u)-l,2-diaminocycIohexaneplatinum(II) |PtCl2(dach)|
under physiological conditions. However, the biotransformations of tetra-
platin have not been studied in detail. We have followed the intracellular
biotransformations of tetraplatin and PtCl2(dach) in the 1.1210 cell line
by a two-step high performance liquid chromatography separation pro
cedure described previously (Mauldin et al.. Cancer Res., 48:5136-5144,
1988). At early times the intracellular biotransformation pathways ap
peared to be very different in tetraplatin- and PtCl2(dach)-treated cells.
The tetraplatin present in the medium initially was taken up preferentially
by the LI 210 cells. However, no intracellular tetraplatin and very little
intracellular PtCl2(dach) were found in the tetraplatin-treated cells. In
stead, two previously unidentified biotransformation products predomi
nated at early times. The same biotransformation products were present
in cells incubated in Hank's balanced salt solution, so they most likely

did not arise from extracellular reactions. The unidentified biotransfor
mation products present in tetraplatin-treated cells at early times ap
peared to be at the platinum(II) level of oxidation. Model reactions
suggested that these compounds could have been formed by platinum(II)-
assisted platinum(IV) substitution reactions, followed by reduction of the
platinum(IV) complex to the platinum(II) level. Thus, there appear to
exist unique features of tetraplatin metabolism which are observed only
when tetraplatin is taken up directly by the cell without prior reduction.
These reaction products did not react with DNA and presumably repre
sent an inactivation pathway.

INTRODUCTION

Platinum complexes with the dach3 carrier ligand are of

interest because of their effectiveness against cell lines with
natural or acquired resistance to cisplatin (1), but many of these
compounds have been unsuitable for clinical development be
cause of solubility or stability problems. The compound tetra
platin appears to have suitable solubility and stability for clinical
use (2) and is effective against a variety of cisplatin-resistant
cell lines (2-5). Furthermore, it has similar pharmacokinetics
(6) and reduced nephrotoxicity (7, 8), compared to cisplatin.
On the basis of these data, tetraplatin has been recommended
for phase I/II clinical trials.

We have developed a two-column HPLC system for resolu
tion and identification of platinum complexes with the 1,2-
diaminocyclohexane carrier ligand (9) and have used this tech
nique to characterize the biotransformations of tetraplatin in
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tissue culture medium (10). In RPMI 1640 medium plus 15%
fetal calf serum, tetraplatin is reduced to its platinum(II) ana
logue, PtCl2(dach), with a tv, of 5-15 min at 37Â°C.The major

reducing agent in the tissue culture medium is protein sulfhy-
dryl, with glutathione and glucose playing a minor role.

We have also shown that PtCl2(dach) is readily taken up by
LI210 cells (11) and we have studied its intracellular biotrans
formations in some detail (12). PtCl2(dach) has a tv,of only 12-
15 min in the cell. The intracellular activation of PtCl2(dach)
appears to occur via the formation of an aquated intermediate,
through either direct hydrolysis or the intermediate formation
of an unstable bicarbonato or phosphato complex (12, 13). In
addition to PtCl2(dach) and [Pt(H2O)(Cl)(dach)]+, we have been

able to resolve seven other biotransformation products and
tentatively identify them as Pt(dach) complexes with glutathi
one, methionine, cysteine, arginine, lysine, aspartate or gluta
mate, and serine or threonine. The biological effects of these
biotransformation products are unknown. With the exception
of the lysine and arginine complexes, they have no significant
reactivity towards DNA (13). We report here on the intracel
lular biotransformations of tetraplatin in the LI210 cell line.
Based on previous model reactions, one might have predicted
that tetraplatin would simply be reduced to PtCl2(dach) in the
cell (14-17), with the rest of the biotransformation pathway
proceeding exactly as previously described for PtCl2(dach) (12).
However, the tetraplatin taken up directly by the cell appears
to be metabolized by an alternative and unexpected pathway.

MATERIALS AND METHODS

Materials. Radiolabeled tetraplatin (419 mCi/mmol) and PtCl2-
(dach) (402 mCi/mmol) were prepared with high specific activity,
nonexchangeable 3H in the 4,5-position of the diaminocyclohexane

ring. The syntheses and purity of the labeled and unlabeled platinum
compounds are described elsewhere (18).4 Stock solutions (100 pg/ml)

of both drugs were prepared in 0.1 M NaCl. They were stored in small
aliquots at â€”80Â°Cand thawed immediately before use. Stock solutions

were stable for at least 6 months under these conditions. The LI210
cell line was obtained from Dr. Alan Eastman (Department of Phar
macology, Dartmouth Medical School). Growth medium consisted of
RPMI 1640 medium supplemented with 15% fetal calf serum plus
penicillin/streptomycin and was obtained from the UNC Cancer Re
search Center Tissue Culture Facility.

Methods. The accumulation of tetraplatin and PtCl2(dach) between
15 min and 5 h was measured as described previously (11). Accumula
tion measurements over the first 15 min were obtained by diluting the
cell suspension (3 ml) into 47 ml of cold phosphate-buffered saline
prior to the first centrifugation. This stopped platinum uptake rapidly
and allowed measurement of the uptake over a much shorter period
than the original method. The methods used for the intracellular
biotransformation studies have also been described previously (12). For
the pulse-chase experiments, LI210 cells were pulse labeled with [3H]-
tetraplatin for 15 min in Hank's balanced salt solution at 37Â°C.After

4 Subsequent experience has shown that the 1,2-bisazidocarbonylcyclohex-4-
ene intermediate in the synthesis of the 3H-labeled compounds explodes violently
in the presence of peroxide-containing ether, and we no longer recommend this
synthetic procedure.
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the pulse label, the cells were immediately cooled to 4Â°C,centrifuged,

washed with cold phosphate-buffered saline, and resuspended in the
original volume of prewarmed RPMI 1640 medium plus 15% fetal calf
serum. The cells were further incubated for 30-120 min at 37Â°C,

harvested, and analyzed as described previously (12).
Separation of tetraplatin, PtCI2(dach), and their biotransformation

products was carried out with the two-column HPLC procedure de
scribed by Mauldin et al. (9). Following separation, aliquots from each
fraction were counted. Data from the scintillation counter were col
lected and converted to ASCI files with the Ultraterm program (Phar-
macia-LKB, Piscataway, NJ). Electrochemical analysis of the HPLC
effluent was carried out with the ESA model 5100A coulometric
detector (ESA, Bedford, MA); essentially as described by Gibbons et
al. (10). The reactivity of the biotransformation products isolated by
HPLC was determined by the DNA-binding assay described previously
(12).

RESULTS

Accumulation. Previous experiments had shown that tetrapla
tin was converted to PtCl2(dach) in RPMI 1640 medium with
a tv, of 5-15 min (10). To determine whether the tetraplatin
present initially could influence intracellular biotransforma-
tions, we compared the rate of uptake of tetraplatin and
PtChidach) in L1210 cells. The initial rate of platinum accu
mulation was 2-3-fold greater for tetraplatin than for
PtCl2(dach) (Fig. ÃŒA).However, by l h the accumulation was
virtually identical for both drugs, and at later times the accu
mulation of tetraplatin was slightly less than that of the
PtCl2(dach) (Fig. IB).

Intracellular Biotransformations. We next determined the fate
of the tetraplatin which was rapidly taken up by the L1210
cells. Most of the platinum which accumulated during the first
30 min in tetraplatin-treated cells was free rather than macro-
molecular-bound (Fig. IB). This contrasted markedly with
PtCl2(dach)-treated cells, in which most of the intracellular
platinum was macromolecular-bound at all times (Fig. 2A). The
free platinum was resolved into low molecular weight biotrans
formation products by reverse phase HPLC, as described by
Mauldin et al. (9) (Fig. 3). The amount of each biotransforma-
tion product identified by reverse phase HPLC was then con
verted from nCi to pmol/106 cells; the time course of these

intracellular biotransformations is summarized in Fig. 4. The
pattern observed with PtCl2(dach)-treated cells was similar to
that reported previously (12). However, the pattern observed
with tetraplatin-treated cells showed several unexpected char-

Pt(CI2)(dach) Tetraplatin

50

Lu 40
Ãœ

- 30
CO

y
g 20
o.

IO

O Â«P

,-cr
,-0 -â€¢

50

40
LU

30 C
in
w

â€¢Â¿o9

5 IO 15
TIME (min)

12345
TIME (hr)

Fig. 1. Uptake of tetraplatin and PtCWdach) in L1210 cells. The uptake of 30
ng/ml ['Hjtetraplatin (â€¢)or [3H]PtO2(dach) (O) was measured as described

previously (11), except that the data shown were obtained by diluting the cell
suspension (3 ml) into 47 ml of cold phosphate-buffered saline prior to the first
centrifugaron.. I. short term uptake at 30 Mg/ml drug concentration; />'.long term

accumulation at 2 jjg/ml drug concentration.
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Fig. 2. Free and macromolecular-bound platinum. L1210 cells (10*) in 100 ml
of RPMI 1640 medium plus 15% fetal calf serum were incubated for various
times with 2 Â¡ig/ml|3H]PtCh(dach) (A) or [3H]tetraplatin (B). The cell pellets
were sonicated and levels of free and macromolecular-bound platinum were
determined by filtration as described previously (9). â€¢total incorporation; V,
macromolecular-bound; O, filterable.
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Fig. 3. HPLC separation of the intracellular biotransformation products of
PtCI2(dach) and tetraplatin. 1.1210 cells (10") in 100 ml of RPMI 1640 medium
plus 15% fetal calf serum were incubated for various times with 2 /iti/ nil [3H]-
PtCI2(dach) or [3H]tetraplatin. The filterable fractions were prepared and analyzed
by reverse phase HPLC, as described previously (9). The elution profiles of 3H-
labeled PtCI2(dach) (('I.] and tetraplatin ( '/'en standards are shown with dotted

lines in the top panels.

acteristics at early times. No significant amount of intracellular
tetraplatin was observed at any time (tetraplatin Ã©lÃ»tesbetween
peaks a and b in Fig. 3). That was expected, since rapid
conversion to PtCUidach) has been shown. However,
PtCl2(dach) (Fig. 3, peak b) was also a relatively minor biotrans
formation product in tetraplatin-treated cells. Instead, most of
the tetraplatin that was taken up at early times was converted
to two unexpected biotransformation products, labeled di and
d2 based on their elution positions (9, 12). In contrast, d,, or a
compound which co-elutes with di, was only a minor biotrans
formation product in PtCl2(dach)-treated cells. This pattern
was identical for cells grown in RPMI 1640 medium and Hank's

balanced salt solution (data not shown). Since tetraplatin is not
converted to PtChidach) in Hank's balanced salt solution and
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Fig. 4. Time course for PtCI2(dach) and letraplatin biotransformations. The
data from Fig. 3 were converted to pmol/106 cells from the specific activity of
the [3H]tetraplatin and [3H)PtCl2(dach). A and C, data from PtCl2(dach)-treated
cells; B and D, data from tetraplatin-treated cells. O, filterable Pt; A, d,; â€¢,d2; A,
stable, low molecular weight biotransformation products (peaks f and g); D,
PtCl2(dach).

di and d2 are not formed extracellularly from either tetraplatin
(10) or PtCl2(dach) (12), these data confirm that tetraplatin was
taken up from the medium intact and converted to di and d2
intracellularly.

Based on the high intracellular concentration of reducing
agents, one would expect most intracellular biotransformation
products to be at the platinum(II) level of oxidation. The
oxidative state of di and d2 was determined by dual electrode
electrochemical detection, as described previously (10). The
electrochemical data suggested that d, and d2 were at the
platinum(II) level of oxidation (data not shown).

End Products of Intracellular Biotransformation. When one
looks closely at intracellular PtCl2(dach) levels, it is clear that,
with the exception of a rapid early influx in PtCl2(dach)-treated
cells, the intracellular PtCl2(dach) levels were very similar in
both cell cultures (Fig. 4, C and D). This would be expected,
since the conversion of tetraplatin to PtCl2(dach) in the medium
is essentially complete by 45 min to l h (10). Similarly, the
accumulation of stable biotransformation products (Fig. 4, A,
A and B) did not appear to be very different, whether starting
with tetraplatin or PtCl2(dach). Peaks f and g were essentially
identical in tetraplatin- and PtCl2(dach)-treated cells at 5 h,
using both reverse phase (Fig. 3) and cation exchange (data not
shown) HPLC separations. These data suggested that, once
tetraplatin has been reduced to PtCl2(dach) in the medium, the
subsequent uptake and intracellular biotransformations were
essentially identical in both cultures. Based on our previous
study with PtCl2(dach) (12), peak g is probably the methionine
complex, while peak f is probably a mixture of the aquachloro,
serine, threonine, and possibly the aspartate or glutamate com
plexes.

Characterization of the Initial Biotransformation Prod
ucts. The reactivity of di and d2 was tested with the DNA-
binding assay described previously (12), and neither of them
showed detectable reactivity towards DNA (data not shown).
The fate of these compounds was also determined in a pulse-
chase experiment. Following a 15-min pulse with tetraplatin in
Hank's balanced salt solution, all extracellular drug was re

moved and the cells were incubated in RPMI 1640 medium

(Fig. 5). These data suggested that most of di and d2 diffused
out of the cell rather than being converted to stable intracellular
biotransformation products (Fig. 5/4). During the 2-h chase,
intracellular levels of d, and d2 decreased by 1.44 pmol/106

cells. Ofthat amount, 85% was lost from the cell and only 15%
was converted to either macromolecular-bound platinum or
stable, low molecular weight, biotransformation products.
When the data for di and d2 were replotted in semilogarithmic
fashion (Fig. 5Ã„),it appeared that both compounds decreased
with first-order (or pseudo-first-order) kinetics. Further, the
kinetics of their disappearance strongly suggested that d2 was a
direct precursor to di (Fig. 5). Thus, the equations for sequential
first-order reactions (19) were used to estimate tv, values of 30
min for d2 and 18 min for di. Since the major portion of these
two compounds diffuses out of the cell, the t%values represent
only their lifetimes in the cell and bear no defined relationship
to their chemical reactivities.

Model Reactions. It was of interest to determine how these
platinum(II) biotransformation products might have formed.
Simple intracellular reduction of tetraplatin appeared unlikely,
because intracellular levels of PtCl2(dach) were low and the
biotransformation pathways were quantitatively very different
in tetraplatin-treated and PtCl2(dach)-treated cells. Substitution
reactions involving the planar ligands of tetraplatin followed by
reduction could, in theory, result in the conversion of tetraplatin
to platinum(II) biotransformation products other than
PtCl2(dach). While unaided platinum(IV) substitution reactions
are slow (14), platinum(II)-assisted platinum(IV) substitution
reactions are much more rapid (20, 21). Accordingly, we deter
mined whether such platinum(II)-assisted substitution reactions
might occur for tetraplatin under physiological conditions. Our
previous data (Fig. 4) showed that intracellular concentrations
of platinum(II) complexes were in the range of 0.25 to 5 Â¿tMat
the time when tetraplatin was entering the cell. Thus, the
reactivity of tetraplatin with a series of compounds known to
exist in the cell was determined by incubating [3H]tetraplatin
with those compounds in the presence of 5 fiM PtC\2(trans-
dach) (Table 1). Clearly, tetraplatin was fairly unreactive to
wards most of the intracellular metabolites tested, including
compounds such as methionine and GTP, which are very effec
tive in substitution reactions with platinum(II) complexes (13).
However, tetraplatin was very reactive towards bicarbonate and
some phosphorylated metabolites such as PEP and glucose 6-
phosphate at physiological concentrations.
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Fig. 5. Pulse chase experiment. A, L1210 cells were pulse labeled for 15 min
with 2 un ini tetraplatin in Hank's balanced salt solution, washed, and resus-

pended in RPMI 1640 medium plus 15% fetal calf serum. Platinum biotransfor
mation products were quantitated by HPLC as described in Fig. 3. â€¢ total
incorporation; V, macromolecular-bound; O, filterable; A, d,; â€¢,d2; A, stable, low
molecular weight biotransformation products (peaks f and g). B, the data for di
and d.. plotted on a semilogarithmic scale.
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Table 1 Ptatinum(lV) substitution reactions with tetraplatin and intracellular
metabolites

[3H]Tetraplatin (3.3 MM)was incubated with each of the intracellular metabo

lites listed below at IO mivi, in the presence of 5 MMunlabeled PtCl2(dach), for 24
h at 37'C. Since the PtCI2(dach) stock solution was prepared in 150 mM NaCl,

each incubation also contained S mM NaCl. However, that concentration of NaCl
had no detectable effect on the rate of these plat inumi IV : substitution reactions
(data not shown). The reactions were stopped by diluting the samples 1:10 in
water at 4'C. The amount of tetraplatin remaining and the elution position of

any platinum(IV) complex formed during the incubation were determined by
isocratic elution with 95% 5 mM heptane sulfonate, pH 3.4, 5% methanol, at 1
ml min on a Whatman Partisi! 5 ODS 3 column.

Intracellular
metabolitetestedNo

additionLactic
acidGlutamic
acidHistidineGTPGlutamineAcetateMethionineLysineATPCitratePyruvateSerineSodium

phosphateGlucose
6-phosphatePEPHCOÃ®Tetraplatin

remaining(%)92.493.790.885.585.382.175.073.470.870.459.854.453.747.513.910.47.9

Table 2 Effect of PEP, PtCli(dach), and tetraplatin concentrations on tetraplatin
stability

[3H]Tetraplatin was incubated with the compounds shown below for 5 h at
37'C. The reactions contained 0.25-1.25 mM NaCl from the stock solutions of

tetraplatin and PtClj(dach). These concentrations of NaCl had no significant
effect on the reactions. The reactions were stopped by diluting the samples 1:10
in water at 4'C. The amount of [3H|tetraplatin remaining in each sample was

measured as described in Table 1. For clarity, the data from some incubations are
cited more than once in the table below.

Concentration
of |3H]tetraplatin

OIM)2.52.52.52.52.52.52.52.52.52.52.52.55.010.0Concentration
of PEP
(mM)0010101010101051025101010Concentration

of
PtCI2(dach)

(Â«M)0500.250.512.55555111Tetraplatin
remaining(%)99.890.494.489.179.366.639.127.238.627.215.266.6Â°60.6Â°62.7Â°

" These values correspond to 0.8, 2.0, and 3.7 nmol of tetraplatin reacted for

the assays containing 2.5, 5.0, and 10.0 ^M tetraplatin, respectively.

Characterization of the Model Reaction between Tetraplatin
and PEP. The reaction with PEP was of particular interest,
since the (dach)platinum(II)-PEP complex had a retention time
similar to that of peak d, in our reverse phase separation system
(data not shown). The reaction with PEP clearly depends on
the concentration of tetraplatin, PEP, and unlabeled PtCl2-
(dach) at intracellular concentrations (Table 2). The electro
chemical profile shows that the main product of this reaction
is at the platinum(IV) level of oxidation (data not shown).
Finally, when [3H]PtCl2(dach) was incubated with unlabeled
tetraplatin, no 3H label was detected in the platinum(IV)-PEP

complex (data not shown), indicating a true platinum(II) catal
ysis. Similar data were obtained for the reaction of tetraplatin
with bicarbonate. Thus, tetraplatin can participate in plati-
num(II)-assisted substitution reactions, and subsequent reduc
tion of at least one of the platinum(IV) complexes formed in

this manner could lead to production of a platinum(II) complex
with the same HPLC retention time as di.

DISCUSSION

The biotransformation of platinum(IV) anticancer agents is
generally thought to be a two-step process, with reduction to
the platinum(II) level preceding the substitution reactions (1-
3). That does appear to be the reaction pathway of tetraplatin
in tissue culture medium (10) and rat plasma (22). However,
the intracellular biotransformations of tetraplatin in the LI 210
cell line appear to occur via a different pathway. We feel our
data are consistent with the model shown in Fig. 6. Our data
suggest that these intracellular biotransformations did not occur
via reduction of tetraplatin to PtCl2(dach). This conclusion is
based on the quantitative differences in the biotransformation
products observed in PtCl2(dach)-treated and tetraplatin-
treated cells at early times (Figs. 2 and 3). In PtCl2(dach)-
treated cells, macromolecular-bound platinum and PtCl2-
(dach) were the major platinum complexes in the cell through
the first hour. However, in tetraplatin-treated cells, almost all
of the tetraplatin initially taken up by the cell was converted to
the biotransformation products d, and d2. PtCl2(dach) was a
very minor biotransformation product at all times, and the
amounts of PtCl2(dach) in the cell were fully consistent with
the uptake of the PtCl2(dach) which had been formed extracel-
lularly. It is unlikely that such a pattern could arise from kinetic
considerations alone. If the reduction of tetraplatin to
PtCl2(dach) were rate limiting, one might expect low steady
state levels of PtCl2(dach), but tetraplatin should clearly have
been detectable under those conditions. The fact that very little
macromolecular-bound platinum was formed at early times also
suggested that tetraplatin was converted to biotransformation
products that were much less reactive than the PtCl2(dach)
complex. This unusual biotransformation pathway appeared to
persist only as long as the exogenous supply of tetraplatin. The
PtCl2(dach) produced extracellularly from tetraplatin was taken
up and converted to biotransformation products which, by 5 h,
were indistinguishable from those that accumulated in
PtCl2(dach)-treated cells.

aNv i xCI cvPt ^
N-J.^CI fast

Fig. 6. Model for tetraplatin biotransformations in the LI210 cell line. The
(d,/-rraÂ«i)-l,2-diaminocyclohexane carrier ligand is drawn schematically.
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Biotransformation products di and d2 were not particularly
reactive towards DNA in vitro. Furthermore, in the pulse-chase
experiment (Fig. 5A) only small portions of d, and d2 were
incorporated into micromolecules and converted into other
stable biotransformation products. The rest appeared to simply
diffuse out of the cell. This interpretation is consistent with
experiments carried out in rat plasma. We observe no formation
of di and d2 when rat plasma is incubated with tetraplatin in
vitro (22), but we do find detectable levels of both biotransfor
mation products in plasma of rats treated with tetraplatin in
vivo (23).

Our data suggest, but do not prove, that the intracellular
tetraplatin biotransformations could occur by platinum(ll)-as-

sisted platinum(IV) substitution reactions, followed by reduc
tion to the platinum(II) level. Since little or no PtCl2(dach)
appears to be formed intracellularly from tetraplatin, it is likely
that one or more platinum(IV) ligand substitution reactions
have preceded the reduction reaction. However, unaided plati-
num(IV) substitution reactions should be too slow to compete
with intracellular reduction reactions (14-16). Our data do
confirm that platinum(II)-assisted substitution reactions can
occur with tetraplatin and that they are significantly faster than
unaided substitution reactions (Table 2). It is not yet clear that
such reactions are rapid enough to compete with intracellular
reduction reactions. However, it is also possible that the initial
biotransformations of tetraplatin may occur in or on the mem
brane rather than intracellularly. In either case, confirmation
of such a pathway will require identification of d, and d2.

The findings that PEP is a very effective entering ligand for
platinum(II)-assisted platinum(IV) substitution reactions (Ta
ble 1) and that the platinum(II)-PEP complex has a retention
time similar to that of peak di suggest that di could be the
Pt(PEP)(dach) complex. One could propose that PtCl2-
(PEP)(dach) was formed in the platinum(II)-assisted reaction
and subsequently reduced to Pt(PEP)(dach). If the initial reac
tion involved the formation of a monodentate PEP complex
which subsequently rearranged to a bidentate complex, it might
account for the apparent precursor-product relationship of d2
and d|. However, we do not yet consider the evidence definitive
and are continuing to study model reactions which may allow
us to confirm the identity of biotransformation products di and
db.

The significance of this biotransformation pathway remains
an intriguing question. These unique biotransformation prod
ucts could possibly play a role in the therapeutic effectiveness
and toxicity of tetraplatin. However, since both d, and d2 appear
to have relatively low reactivity, we feel that the formation of
di and d2 from tetraplatin represents an interesting side reac
tion, providing relatively inert biotransformation products
which diffuse out of the cell. Most of the tetraplatin appears to
be converted to PtCl2(dach) extracellularly (10), and it is likely
that the intracellular PtCl2(dach) biotransformations are re
sponsible for most of the therapeutic and toxic effects of tetra
platin.
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