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Abstract Extent of DNA platination, loss of cell viabil-
ity, DNA fragmentation, and impairment of cellular
mitochondrial oxygen consumption are measures of
drug cytotoxicity. We measured and compared these
effects for cisplatin, oxaliplatin and carboplatin. Because
reaction with intracellular thiols may be responsible for
drug resistance, we also determined the rates of Pt drug
reactions with metallothionein. Jurkat cells were ex-
posed at 37°C to 25 uM Pt drugs for 3 h. Pt-DNA ad-
ducts were determined at the end of the incubation
period by atomic absorption spectroscopy. Viability,
DNA fragmentation, and cellular respiration (uM O,/
min/10° cells) were determined 24 h post drug exposure.
The average amount of Pt-DNA adducts (Pt atoms/10°
nucleotides) produced by cisplatin was 43.4, by oxa-
liplatin 4.8 and by carboplatin 1.5. Cisplatin decreased
the rate of respiration by ~63% and oxaliplatin by
~37%. DNA fragmentation by cisplatin and oxaliplatin
was very similar. Carboplatin produced an unnoticeable
effect on cellular respiration, and only ~10% of the
DNA fragmentation was produced by cisplatin or oxa-
liplatin. Although, for a given drug, all four measures of
cytotoxicity were proportional, this did not hold for
comparisons between the drugs. The rate constants
(M~! s71) for reaction of cisplatin, oxaliplatin and car-
boplatin with Cd/Zn thionein were 0.75, 0.44 and 0.012,

This work was supported by a generous fund from the Paige’s
Butterfly Run.

J. Goodisman
Department of Chemistry, Syracuse University, 1-014 CST,
Syracuse, NY, 13244 USA

D. Hagrman - K. A. Tacka - A.-K. Souid (X))
Department of Pediatrics, State University of New York,
Upstate Medical University, 750 East Adams Street,
Syracuse, NY, 13210 USA

E-mail: souida@upstate.edu

Tel.: +1-315-4645294

Fax: +1-315-4647238

respectively. For comparison, the rate constants
(M ' s71) for reaction of cisplatin, oxaliplatin and car-
boplatin with glutathione were 0.027, 0.038 and 0.0012,
respectively. The low reactivity of carboplatin with me-
tallothionein and glutathione suggests that its low
cytotoxic activities are not due to reaction of Pt*" with
cellular thiols. Despite a tenfold difference in Pt-DNA
adducts between cisplatin and oxaliplatin, the cytotox-
icities of these compounds are very similar, suggesting
that oxaliplatin lesions are more potent than cisplatin
lesions. The results demonstrate a large influence of the
ligands occupying Pt coordination spheres on the
chemical and biologic activities of Pt drugs.

Keywords Cisplatin - Carboplatin - Oxaliplatin -
Cd/Zn-thionein - Glutathione - Apoptosis

List of Abbreviations

ko Second-order rate constant

k Zero-order rate constant for cellular respiration

AAS Atomic absorption spectroscopy

Pd Phosphor, palladium derivative of meso-tetra-(4-
sulfonatophenyl)-tetrabenzoporphyrin

Introduction

Pt drugs (cisplatin, carboplatin and oxaliplatin) exert
antitumor activity primarily by binding to cellular DNA
[11, 22]. These events lead to cell death by apoptosis or
necrosis [14, 19, 26, 44, 45, 50]. Apoptosis is executed by
a series of cysteine proteases, termed caspases [5, 18].
Caspase activation leads to mitochondrial dysfunction
[35] and DNA fragmentation [30, 48]. The mitochon-
drial perturbation involves opening the permeability
transition-pores (PTP), collapsing the electrochemical
potential (A V), releasing cytochrome ¢ and suppressing
cellular respiration [4, 25, 44, 45]. In the cytosol, cyto-
chrome ¢ binds to apoptotic protease activating factor-1
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(Apaf-1), which activates caspase 9 [27]. The latter
activates caspase 3, which executes proteolytic and DNA
fragmentation cascades [30, 48]. DNA is initially cleaved
to large fragments. Further cuts produce an oligonu-
cleosomal ladder [ < 10,000 base pair (bp)], in multiples
of ~200 bp. Cell necrosis can also produce similar cel-
lular perturbations.

We recently used a highly sensitive phosphorescence
analyzer that measures oxygen concentration [O,] in
solution to explore the impact of cisplatin treatment on
cellular respiration [44, 45]. [O;] in the cell suspensions
was determined as a function of time with the aid of Pd
(IT) meso-tetra-(4-sulfonatophenyl)-tetrabenzoporphyrin
[42]. The phosphorescence decay of this probe is char-
acterized by a single exponential, with reciprocal of the
decay time being linear in[O»] [15]. Using this method,
we showed a linear correlation between DNA platina-
tion by cisplatin (measured at the end of 3-h incubation
with the drug) and a decreased cellular respiration
(measured 24 h post drug exposure). A similar correla-
tion was also found between DNA platination and DNA
fragmentation [44].

Resistance to Pt drugs involves numerous mecha-
nisms [21]; an important one seems to be reaction with
cellular thiols. Cellular thiols occurring with the highest
concentrations (in the mM range) are glutathione (GSH)
and metallothionein (MT) [17]. The reaction of Pt drugs
with GSH and MT may limit the amount of Pt available
for binding to DNA [8, 38, 40, 47]. It has been estimated
that only ~1% of Pt that enters the cell binds to nuclear
DNA.

The reactions of GSH and MT with cisplatin have
been previously studied [2, 7, 16, 17, 23, 33, 38, 51] and
the reactions of GSH and MT with carboplatin and
oxaliplatin have been recently reported [17]. However,
data on the reactions of carboplatin and oxaliplatin with
MT are lacking. Carboplatin and oxaliplatin have dif-
ferent ligands occupying the Pt coordination spheres
from cisplatin (Fig. 1). Moreover, these newer cisplatin
analogs have unique antitumor activity and toxicity
profiles [12, 34, 47]. Therefore, their reactions with DNA
and MT, as well as induction of apoptosis (measured as

Fig. 1 Chemical structures of
the Pt compounds studied in the
present work
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DNA fragmentation and mitochondrial dysfunction) are
expected to differ from those of cisplatin.

To address these issues, we measured DNA platina-
tion, DNA fragmentation and cellular respiration for
each Pt drug. Moreover, we determined second-order
rate constants for carboplatin and oxaliplatin binding to
the naturally occurring Cd/Zn- thionein, under in vitro
conditions that mimic those achieved clinically. We used
the formulations given to patients, at concentrations
that resemble peak plasma Pt levels [0, 9, 12, 28, 32, 43].
For comparisons, it would be reasonable to use con-
centrations of Pt drugs that gave equal cytotoxicity.
However, equal cytotoxicities, as measured by different
criteria, require different drug concentrations. Under-
standing the unique properties of each Pt drug is
important for understanding its mechanism of cytotox-
icity. Therefore, we use [Pt drug]=25 uM for all three Pt
drugs. The reactions are investigated at 37 +0.1°C and
at a pH of 7.4, maintained by 10 mM Hepes or Tris—
NO; (36). DNA platination and cell viability were
determined immediately following drug exposure. Cel-
lular respiration and DNA fragmentation were deter-
mined 24 h post drug exposure.

Materials and Methods
Chemicals

Carboplatin (Mg 371.25; lyophilized powder containing
equal carboplatin and mannitol by weight) was pur-
chased from Bristol-Myers Squibb Company (Princeton,
New Jersey); oxaliplatin (Mg 397.3; lyophilized powder
containing equal amounts of oxaliplatin and lactose by
weight) was purchased from Sanofi-Synthelabo (Bed-
ford, Ohio); cisplatin (Mg 300.05, 1.0 mg/ml solution,
~3.3 mM in 154 mM NaCl) was purchased from Phar-
maceutical Partners (Los Angeles, CA); Pd derivative
of meso-tetra-(4-sulfonatophenyl)-tetrabenzoporphyrin
(Pd phosphor, sodium salt, M ~1,300) was purchased
from Porphyrin Products, Inc. (Logan, UT); SnakeSkin
pleated dialysis tubing (Mg cutoff 3,500 Da) was pur-
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chased from Pierce (Rockford, IL); Pt atomic spectros-
copy standard (H,PtCls, 1 mg/ml in 10% HCI) was
purchased from Perkin-Elmer (Norwalk, CT); RPMI-
1640 medium with rL-glutamine (pH 7.15) were pur-
chased from Mediatech (Herndon, VA); and Cd/Zn-
thionein I (from rabbit liver, Mg ~6,000 Da, 5.0 mg
containing 3% Cd and 1% Zn) and remaining reagents
were purchased from Sigma-Aldrich (St. Louis, MO).

Solutions

Carboplatin and oxaliplatin were dissolved in dH,O
(10 mg Pt drug per ml=~27 mM and ~12.6 mM,
respectively) immediately prior to use. Dihexylammo-
nium acetate (2.5 mM) HPLC solvent A was prepared in
the hood by the addition of 590 ul of 4.24 M dihexyl-
amine and 144 pl of 17.4 M glacial acetic acid to each
liter of dH,O. The pH was adjusted to ~7.0 by small
additions of dihexylamine or acetic acid. The solution
was continuously stirred. Pd phosphor was dissolved in
dH,O (2.5 mg/ml or ~2.0 mM) and stored in the
refrigerator for ~one week. Cd/Zn-thionein was dis-
solved in 1.0 ml dH,O and stored at —20°C. Its final
concentration was determined as apo-thionein as de-
scribed previously [16].

Cells

Cells of the human T cell lymphoma cell line, Jurkat,
(American Type Culture Collection, Manassas, VA)
were maintained in suspension culture under a fully
humidified atmosphere containing 5% CO, at 37°C. The
medium was RPMI-1640 supplemented with 10% (v/v)
FBS, 100 ug/ml streptomycin, 100 IU/ml penicillin and
2.0 mM L-glutamine. Cell count and cell viability were
determined by light microscopy immediately prior to all
experimental measurements, using a hemacytometer
under standard trypan blue staining conditions [1].

Cellular incubations with Pt drugs

Incubations were carried out in medium plus 10% fetal
bovine serum at 37°C. Cells in logarithmic growth
(~107/condition) were exposed to 25 pM of each Pt drug
for 3 h. At the end of incubation periods, the cells were
collected by centrifugation, maintained in culture (drug-
free medium) and analyzed 24 h later.

Cell viability

Cell viability measurements were performed using a
Newbauer hemacytometer with two counting cham-
bers. Trypan blue was used to distinguish between
viable and non-viable cells. Only non-viable cells ab-
sorb the dye, appearing blue and asymmetric under the
microscope.
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Cellular mitochondrial oxygen consumption

Cellular respiration was measured at RT in sealed vials.
The substrate was glucose. The cells were suspended in
0.5 ml of Pd phosphor solution [RPMI medium (con-
tains ~6.0 mM Na,HPO, and 10 mM glucose) supple-
mented with 2 uM Pd phosphor and 3% fat-free bovine
serum albumin (final pH, ~7.5)]. The concentration of
oxygen [O,] in the solution was measured as a function
of time, using the phosphorescence probe Pd (II) meso-
tetra-(4-sulfonatophenyl)-tetrabenzoporphyrin as de-
scribed in [15, 42, 44, 45].

The rate of cellular mitochondrial oxygen consump-
tion (WM O, min ') was calculated as the negative slope
of the linear portion of the [O,] versus time curves. The
value of k (zero-order rate constant) was set equal to the
negative slope of each curve divided by the number of
cells (x10°) in each sample (as shown in Fig. 2). The rate
of oxygen consumption for the Pd phosphor solution
without cells was (mean + SD) 0.28+0.05 uM min~ ",
and for ~107 cells incubated with rotenone (50 pM at
37°C for 1 h, inhibits Complex I of the respiratory
chain) was 0.36+0.16 pM min~', confirming O, was
consumed in the respiratory chain.

DNA fragmentation
DNA fragments were extracted, separated on gel elec-

trophoresis, stained and quantitated as shown in Fig. 3
and previously described [13, 44, 45]. Intensities corre-
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Fig. 2 Oxygen concentration versus time, showing effects of Pt
drugs on cellular respiration. Jurkat cells were incubated for 3 h
without (circles) and with 25 uM cisplatin (diamonds), oxaliplatin
(triangles) or carboplatin (squares), and measured ~24 h post drug
exposure. The respiration rate constants k, determined from
negative slopes of the curves (r>0.99), are expressed in uM O,
per min per 10° cells and shown in Table 1
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sponding to fragments <2 kbp in length were measured
using Sigma Scan (Jandel Scientific, Inc.).

PT-DNA adducts

Cellular DNA was extracted immediately following 3-h
incubation with 25 or 50 uM of Pt drugs. Pt-DNA ad-
ducts were determined by atomic absorption spectros-
copy (AAS) as described in [40, 44, 45].

Chemical reactions of Pt drugs with MT

Solutions containing Cd/Zn-thionein (83 pmol) and
10 mM Hepes or Tris—NOj (final volume 1.0 ml with
dH,O and final pH 7.4) were placed in the SnakeSkin
pleated dialysis tubing, and dialyzed at 4°C for ~16 h
against two changes of 2 1 of 10 mM Hepes or Tris—NO;
(pH, ~7.4). At the end of the dialysis procedure, the Cd/
Zn-thionein (inside solution) was used immediately for
the following chemical reactions (all of which were car-
ried out at 37+0.1°C).

No
Hyper-Ladder Addition Cisplatin Oxaliplatin Carboplatin

Lane 1 2 3 4 5

(bp)

10,000
8.000
6000
5,000
4,000

3000
2500
2000

g

1,500
1,000

400

200

Fig. 3 Stained electrophoresis gel, showing effects of Pt drugs on
DNA fragmentation. Jurkat cells (~107 cells per condition) were
incubated for 3 h with and without 25 pM Pt drugs. The cells were
then maintained in drug-free medium for ~24 h. The net intensities
corresponding to small DNA fragments were measured. Results
from three independent experiments are shown in Table 1

The reaction mixture contained Pt drug, dialyzed Cd/
Zn-thionein and 4.62 mM NacCl (final pH ~7.4 and final
volume 1.0 ml). The control mixture contained dialyzed
Cd/Zn-thionein and 4.62 mM NaCl, without Pt drug.
Another control mixture contained Pt drug, 4.62 mM
NaCl and the outside solution (instead of dialyzed Cd/
Zn-thionein).

HPLC-UV

Analysis was performed on the Beckman HPLC system
(automated injector model 507e, pump model 125, and
UV detector model 166) as described in [7, 16, 17]. UV
detection at 260 nm was used. Solvent A was 2.5 mM
DHAA in dH,O and solvent B HPLC-grade methanol.
The 4.6x250 mm Beckman Ultrasphere IP column was
operated at room temperature at 0.5 ml/min. The
chromatography procedure employed linear gradients as
follows: 0 min, 10% B; 5 min, 10% B; 20 min, 75% B;
40 min, 100% B; 45 min, 100% B; 46 min, 10% B;
60 min, re-inject. The injection volume was 50 pl. Elu-
ates containing Pt were collected and analyzed on the
AAS.

AAS

Pt analysis was performed on the graphite furnace of a
Shimadzu AAS (Model, AA-6800), with an ist (Imaging
and Sensing Technology, Horseheads, NY) hollow
cathode Pt lamp, deuterium arc background correction,
and pyrolytically coated graphite tubes [7, 40]. The
instrument operated at a lamp current of 14 mA,
wavelength of 266 nm, and a slit width of 0.5 nm. The
graphite tubes were changed after ~100 ignitions. Argon
gas and tap water flowed through the furnace hoses. The
injection volume was 20 pul . The furnace program used
sequential drying (70°C for 10 s, 90°C for 10 s, and
120°C for 10 s), charring (250°C for 10 s and 800°C for
25 s), cooling (30°C for 20 s), atomization (2,600°C for
5 s) and cleaning (~3,000°C for 5 s) phases. A standard
solution was freshly made by serial dilutions of the Pt
atomic absorption standard stock (1 mg/ml of H,PtCl)
in dH,O plus 1% HNO; (v/v). A calibration curve
(using 0.01 mg/l or 513 nM solution) was generated
prior to each measurement and proved to be linear from
0 pmol to 10 pmol (»>0.99). The lower limit of detec-
tion was ~20 pg atomic Pt (~0.1 pmol). A background
reading of ~0.005 optical density (for dH,O) was sub-
tracted from each of the determinations [7, 40].

Kinetics of Pt drug binding to Cd/Zn-thionein

The reaction was assumed to be of second order, with
one Pt reacting with one Cd/Zn-thionein. This must be
the case at the beginning of the reaction, when most of
the Cd/Zn-thionein has not reacted with Pt.



The rates of carboplatin and oxaliplatin reactions
with Cd/Zn-thionein were thus analyzed using the sec-
ond-order rate equation, exactly as done for the cisplatin
reaction [16]. If [Pt drug]y, and [MT], denote the initial
concentrations of Pt drug and MT, respectively, and [Pt
drug] and [MT] denote their concentrations at ¢,

([Pt drug][MT],

gl ) = fa((Pt drugly ~ T, (1)

The Pt drug concentrations at time ¢ were determined
from eluates corresponding to the free (unbound) drug.
The concentration of Pt-thionein product formed at ¢,
[product], was calculated as the difference between [Pt
drug]y and [Pt drug] and then [MT] was calculated as
[MT]y- [product] . The change in [Pt drug] in the control
mixture (see above) was subtracted from the change in

the reaction mixture when the former was appreciable.

Carboplatin pharmacokinetics

The plasma Pt concentrations were determined as de-
scribed in [43]. The study was approved by the institu-
tional review board (State University of New York,
Upstate Medical University) for the protection of hu-
man subjects. Informed consent was obtained from each
patient.

Results
PT-DNA adducts

Pt-DNA adducts were measured at the end of 3-h
incubation (at 37°C) with 25 uM Pt drugs. The results
for the three compounds, and for background (incuba-
tion in the absence of drug) are shown in Table 1. After
subtracting the background, DNA platination by cis-
platin was 43.4 (100%) per 10° nucleotides, by oxalipl-
atin 4.8 (~11%) per 10° nucleotides and by carboplatin
1.5 (~4%) per 10° nucleotides.

Pt-DNA adducts were also measured at the end of 3-
h incubation (at 37°C) with 50 uM Pt drugs. After
subtracting the background, DNA platination by cis-
platin was (mean + SD, n=3) 377 +24 per 10° nucle-
otides, by oxaliplatin 231+ 74 per 10° nucleotides, and
by carboplatin 38 + 16 per 10° nucleotides.

Table 1 Cytotoxicities of the Pt compounds
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Viability

Cell viability was 96% for the control, with no exposure
to drug (Table 1). It decreased to 72% with cisplatin
treatment, 85% with oxaliplatin treatment and 94% with
carboplatin treatment (close to the value for the control).
The relative growth (cell counts reached by the treated
culture divided by cell counts reached by the untreated
culture for each condition) in the presence of cisplatin
was 0.53, oxaliplatin 0.72 and carboplatin 0.83.

Cellular respiration

Cellular mitochondrial oxygen consumption was mea-
sured 24 h post exposure (at 37°C) to 25 uM Pt drug,
and compared with oxygen consumption for cells not
exposed to drug. The rate of oxygen consumption, k,
was the negative slope of a curve of [O,] versus ¢, divided
by the number of cells in millions. The average values of
k for three independent experiments, including that of
Fig. 2, are summarized in Table 1. Cisplatin decreased
the value of k by ~63% and oxaliplatin by ~37%.
Carboplatin, on the other hand, had no effect on cellular
respiration within the stated experimental uncertainty.

DNA fragmentation

DNA fragmentation (intensities corresponding to DNA
fragments produced by apoptosis) was measured 24 h
post exposure (at 37°C) to 25 uM Pt drug. As shown in
Table 1 and Fig. 3, the net intensities (after subtraction
of control-lane intensities) were almost the same for the
cisplatin and oxaliplatin treatments. In contrast, the
carboplatin treatment produced DNA fragmentation
only ~10% of that of cisplatin or oxaliplatin.

Reaction of carboplatin with Cd/Zn-thionein

Representative HPLC runs of the reaction mixture at
1.17 h and 50.28 h are shown in Fig. 4. The decrease in
intensity of the peak near retention time 7g~8 min is
evident. The Pt contents of the eluates with 7
<tgr <11 min (corresponding to unbound carboplatin)
are shown in Fig. 5a for the reaction mixture (squares)
and for the control mixture (circles).

Addition Pt-DNA Viability Value of k Fragment intensity
None 4.5+4.3 4) 96+ 1.2 (3) 0.30+£0.03 (3) 7.7+4.6 (3)
Cisplatin 479+15.5 @) 72+£7.5(3) 0.11£0.03 (3) 33.1+£5.6 (3)
Oxaliplatin 9.3+2.5(4) 85+5.1 (3) 0.19+0.08 (3) 30.2+£5.4 (3)
Carboplatin 6.0+1.6 (4) 94+2.1 (3) 0.33£0.05 (3) 8.4+2.5(3)

Jurkat cells were incubated at 37°C for 3 h with no addition or with the addition of 25 uM Pt drug. DNA platination (Pt/10° nt) was
determined at the end of the incubation period. Viability (%), cellular mitochondrial oxygen consumption (k, in uM O, per min per 10°
cells) and DNA fragment intensity (arbitrary units,~10”) were determined 24 h post drug exposure. The numbers are mean + SD (n)
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Fig. 4 Chromatograms of the reaction of carboplatin with Cd/Zn-
thionein (ultraviolet absorbance vs. retention time). Chromato-
grams of the reaction mixture (135 pM carboplatin, 48 pM Cd/Zn-
thionein, 10 mM Hepes and 4.62 mM NaCl) are shown at 1.17 h,
panel a, and 50.28 h, panel b. Pt contents of eluates with 7<
tr <11 min (corresponding to unbound carboplatin) are shown in
Fig. 5, panel a. The areas of the corresponding HPLC peaks are
shown in Fig. 5, panel b

The areas of the peaks corresponding to unbound
carboplatin (tg =~8 min) are similarly shown in
Fig. 5b. The recovery of carboplatin from the eluate
with 7<tg < 11 min at reaction time zero was 126 uM
(~93%). Linear regression for the control mixture re-
sults in Fig. 5a gave a slope of 0.088+0.187 uM h™',
that is, zero within the standard error, indicating no
appreciable reaction with the buffer. For the reaction
mixture, the slope was definitely negative,
—0.303+0.170 pM h~'. Linear regression on the peak
areas for the control mixture showed zero slope within
the standard error (—0.0002+0.0021) h™', whereas for
the reaction mixture the slope was definitely negative
(—0.004340.0012) h™".

The reaction was very slow. For example, the con-
centration of unbound carboplatin, 126 pM at 0 h, was

Fig. 5 Kinetics of carboplatin reaction with Cd/Zn-thionein in
Hepes buffer. The reaction mixture (squares) contained 135 uM
carboplatin, 48 uM Cd/Zn-thionein, 10 mM Hepes and 4.62 mM
NaCl (pH 7.4). The control mixture (circles) contained 135 uM
carboplatin, 10 mM Hepes and 4.62 mM NaCl. Panel a shows Pt
contents (determined by AAS) of the eluates with 7 <tz <11 min,
corresponding to unbound carboplatin. Panel b shows the areas of
peaks with tg ~7.2 min, corresponding to unbound carboplatin.
Values of k,, calculated from the initial slopes, were
(1.30£0.73)x107> M~ 57! from panel a and k,=(1.46+0.41)x
102M~' 5! from panel b
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108 uM (86%) at 27 h. The reaction mixture was dia-
lyzed (see Methods) at reaction time 20 h. The Pt con-
tent in the inside solution was only 2.87 uM (2.3% of the
total Pt), confirming that only a small fraction of car-
boplatin was bound to Cd/Zn-thionein. Because the rate
is so slow, the rate constants were determined from the
initial slopes rather than from the full second-order
expression. The relative slopes (slopes divided by the y-
intercepts) were the same for the Pt contents and peak
areas (Fig. 5a, b, squares), 0.00259 and 0.00252,
respectively. Since the slopes for the control mixture
were zero in both determinations (Fig. S5a, b, circles),
correction for carboplatin reaction with the buffer
was not necessary. The initial rates were 0.303+
0.170 yM h~! from the Pt contents (Fig. 5a) and
0.340+0.096 p h™' from the peak areas (Fig. 5b). The
value of k;, for carboplatin binding to Zn/Cd-thionein
was calculated, assuming second-order kinetics, to be
(1.30+0.73) 10>M ' s~ ! from the Pt contents and
(1.46+£0.41)x10> M "' s7! from the peak areas.

The experiment was repeated using Tris—INO; buffer
and 61uM MT (instead of 48 uM). The Pt contents of
the eluates with 7<fg <11 min and the areas of the
peaks with tg ~7.2 min were measured out to 24 h. The
recovery of carboplatin from the eluate with
7 <tr <11 min at reaction time zero was ~88%. Linear
least-square fits of Pt contents and peak areas versus
time gave relative slopes of —0.002740.0007 and
—0.0040+0.0006, indicating that the two experiments
measured the same rate process. The average of the two
rates was 0.44 uM/h, 1.37 times the average from the
experiment of Fig. 5, 0.32 uM/h. Since the ratio of
[MT] is 61/48=1.27, the measured reaction is of first
order in MT. The rate constants, calculated from the
initial rates assuming mixed second-order kinetics, are

22
B 322y
2.1 °
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Fig. 6 Kinetics of carboplatin
reaction with Cd/Zn thionein in
Hepes buffer. The reaction
contained 270 pM carboplatin,
1.06 mM Cd/Zn thionein,

10 mM Hepes and 4.62 mM
NaCl. The amount of unbound
carboplatin is shown as a
function of time. Panel a shows
Pt contents of the eluates with
7 <tg <11 min; panel b shows
the areas of HPLC peaks with
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tr ~7.2 min. The data of panel
a are analyzed assuming

second-order kinetics, giving In
Q versus f shown in panel ¢ with

10
reaction time, hr
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reaction time, hr

25 30

least-square linear fit, from
which k,=0.01002 M ' s~ ".
The data of panel b are
analyzed similarly, giving In Q
versus ¢ shown in panel d with
least-square linear fit, from
which k> =0.0056 M~ s~

InQ

10
rea

k,=(1.12£0.30)x10 > M ' s7! from the Pt contents
and k,=(1.83+£0.27)x 10> M 's™! from the peak
areas. Thus, rate constants from the experiments in Tris—
NOj; buffer were the same as those from the experiments
in Hepes buffer within the stated standard deviations.

Another experiment used 270 uM carboplatin and
1.06 mM Cd/Zn-thionein, in 10 mM Hepes buffer. The
measured Pt concentrations and HPLC peak areas are
shown in Fig. 6 (panels a and b, respectively). From the
first ten points in panel a, we obtain an initial rate of
(4.22+0.27) uM/h and from the first ten points in panel
b (9.15£0.78) uM/h. These are ~13 and ~29 times the
average initial rate from the results of Fig. 5, 0.32 uM/h.
The ratio of initial concentrations is (270/135)(1060/48)
~ 44, confirming that we have a mixed second-order
reaction. Since a large fraction of the Pt is used up in this
case, the data can be analyzed using the full second-
order kinetics expression (Eq. 1) rather than initial
slopes. Values of In(Q) calculated from Pt concentra-
tions are shown in panel c along with the linear fit, the
slope of which, —0.0285, yields k,=0.010 M~ ! s~ !,
Values of In(Q) calculated from peak areas are shown in
panel d with the linear fit; the slope of —0.0159 yields
k>=0.0056 M~' s~!. This is well below the other val-
ues, probably because an error in the last time point
has a disproportionate effect. Nevertheless, we aver-
age all six independent experiments to obtain
k»=0.0121+0.0039 M~' s~! (mean + standard devia-
tion), Table 2.

The binding of carboplatin to Cd/Zn-thionein with
the former present in excess was investigated using
dialysis. The reaction mixture, containing 135 uM car-

10
reaction time, hr

15 20
ction time, hr

25 30 15 20 25 30

boplatin, 27.7 uM Cd/Zn-thionein, 10 mM Hepes and
4.62 mM NaCl, was incubated at 37°C for ~70 h. At the
end of the incubation period, the mixture was dialyzed
as described in Methods. The concentration of Pt in the
dialyzed solution was 5.2 uM, showing that one MT can
bind at least 5 Pt atoms. Thus, the reaction rate is pro-
portional to the MT concentration only in the early
stages, so that the method of initial rates is a more
reliable way of determining k.

Reaction of oxaliplatin with Cd/Zn-thionein.

The reaction mixture contained 135 uM oxaliplatin,
353 uM Cd/Zn-thionein, 10 mM Hepes and 4.62 mM
NaCl (pH ~7.4). The control mixture was identical ex-
cept for having no thionein. Representative HPLC runs
of the control mixture at 0 h and of the reaction mixture
at 1.08 h are shown in Fig. 7a and b, respectively. The

Table 2 Rate constants (k;), mean = SD (n) for cisplatin, oxa-
liplatin and carboplatin binding to Cd/Zn-thionein and GSH

Pt drug Cd/Zn-thionein M~ 's7!)  GSH M 's™)
Cisplatin 0.75+0.03 (3) 0.027 £0.0006 (2)
Oxaliplatin ~ 0.44+0.1 (2) 0.039

Carboplatin ~ 0.0121 +0.0039 (6) 0.0017+0.00037 (4)

The value of k, for cisplatin reaction with Cd/Zn-thionein is from
[7, 17]. The values of k, for oxaliplatin and carboplatin reactions
with Cd/Zn-thionein are determined in the present study. The
values of k, for Pt drug reactions with GSH are from [16]
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A Oxaliplatin alone (at zero h)
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Fig. 7 Chromatograms of the reaction of oxaliplatin with Cd/Zn-
thionein. Panel a shows the HPLC for the control mixture (135 uM
oxaliplatin, 10 mM Hepes and 4.62 mM NaCl) at 0 h and panel b
shows the HPLC for the reaction mixture (135 uM oxaliplatin,
353 uM Cd/Zn-thionein, 10 mM Hepes and 4.62 mM NacCl) at
1.08 h. Retention time (fg) for oxaliplatin was ~11 min. Pt
contents of the eluates with 9 <tz < 13 min, corresponding to
unbound oxaliplatin, are shown in Fig. 8§, panel a; areas of
corresponding HPLC peaks are shown in Fig. §, panel b

decrease in intensity of the peak near tg ~11 min is
evident.

The Pt contents of eluates with 9 <tg <13 min (cor-
responding to unbound oxaliplatin) are shown in Fig. 8a
for the reaction mixture (diamonds) and for the control
mixture (circles). The areas of peaks corresponding to
unbound oxaliplatin (tg ~11 min) are shown in Fig. 8b
for the reaction mixture (diamonds) and for the control
mixture (circles). The recovery of oxaliplatin from the
eluate with 9<rg <13 min at reaction time zero was
~88%. Fitting the Pt contents and peak areas (Fig. 8§,
diamonds) to exponentials Ae™” gave h=0.46 and

Fig. 8 Kinetics of oxaliplatin reaction with Cd/Zn-thionein in
Hepes buffer. The reaction mixture (diamonds) contained 135 uM
oxaliplatin, 353 pM Cd/Zn-thionein, 10 mM Hepes and 4.62 mM
NaCl (pH 7.4). The control mixture (circles) contained 135 pM
oxaliplatin, 10 mM Hepes and 4.62 mM NaCl. Panel a shows
AAS-determined Pt contents of the eluates with 11 <fg < 13 min,
corresponding to unbound oxaliplatin. Panel b shows the areas of
HPLC peaks with fg ~I11 min, corresponding to unbound
oxaliplatin. The value of k, calculated from the data of Panel a
was 0.51 M~" s™!, and the value calculated from the data of Panel
b was 0.37 M~ ! 57!
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b=10.35, respectively. This showed that both Pt contents
and peak areas could be used to monitor the reaction.
The zero slopes for the control mixture in both deter-
minations (Fig. 8, circles) made subtraction to correct
for oxaliplatin reaction with the buffer unnecessary.

The value of k, for oxaliplatin binding to Zn{Cd—
thionein was calculated, using (Eq. 1), as 0.51 M~ s7!
from the Pt contents (Fig.8a, diamonds) and
0.37 M~ ' s7! from the peak areas (Fig. 8b, diamonds),
Table 2. The reaction mixture was dialyzed after 7 h. Pt
content in the inside solution was ~135 uM, confirming
that all of the oxaliplatin was bound to Cd/Zn-thionein.
This is consistent with the plots of Fig. 8, which show
that the amount of unreacted oxaliplatin is essentially
zero after 7 h.

Pharmacokinetics of carboplatin

The pharmacokinetics of carboplatin was determined in
four patients. The C,,, of free plasma Pt for the three
patients who received standard doses of carboplatin at
80-175 mg/m” was 31.3+ 8.0 uM, and for the one pa-
tient who received “‘a high dose” of carboplatin at
~540 mg/m? was 216 pM. The tip was 49.1+ 5.0 min.
Thus, ~25 uM carboplatin concentration (used as a
measure of drug-induced cytotoxicities) mimics clinical
levels. For comparison, the C,,x of free plasma Pt for
the 19 patients who received cisplatin at 30 mg/m? was
45+1.6 uM and the ¢, was 254+ 5.4 min [43]. The
Cmax Of free plasma Pt for patients who received oxa-
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liplatin at 85 mg/m2 was 3.6+0.5 pM and the 7, was
~14.1 min [9].

Discussion

We have used four quantitative measures of cell dam-
age to compare the impact of Pt drug treatments on
tumors. These measurements are: (1) reaction with
cellular DNA to form Pt-DNA adducts, (2) loss of cell
viability, (3) impairment of cellular respiration, and (4)
DNA fragmentation. The results are shown in Table 1.
Moreover, we have determined the rate constants for
oxaliplatin and carboplatin reactions with Cd/Zn-thi-
onein (Table 2). The rate constants for cisplatin reac-
tion with Cd/Zn-thionein and Pt drug reactions
with GSH are also shown for comparison [6, 16, 17],
Table 2.

For a graphical comparison of the four measures of
cell damage, Fig. 9 shows the number of Pt-DNA
adducts per million nt (1), the loss of cell viability (2,
calculated as the difference between treated and un-
treated cells), the loss of cellular respiration (3) and
the induction of DNA fragmentation (4, calculated as
the difference in the intensities of DNA fragments for
treated and untreated cells). Although the order of
toxicities is cisplatin > oxaliplatin > carboplatin by
any of the four measures, there are striking quantita-
tive differences between them. This makes it impossi-
ble to compare the drugs at concentrations that give
equal cytotoxicity, and makes it necessary to use equal
drug concentrations for our comparisons.

50 -
40 BN Bcisplatin | .
@ oxaliplatin
9 30 + N B carboplatin
i
0
G 20 - By RN o
9 i
3
10+ NN T
23
3
0 fidemn

1 2 3 4
cytotoxicity criteria

Fig. 9 Comparisons of cytotoxicities of the three Pt drugs by four
criteria. / number of Pt-DNA adducts/10° nt; 2 percent loss of
viability (untreated minus treated cells); 3 loss of cellular
respiration (k for untreated cells minus k for treated cells in uM
0,/h/10° cells); 4 intensity of DNA fragments for treated cells
minus intensity for untreated cells (arbitrary units)
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Thus, despite a ~tenfold difference in the amount of
DNA platination by cisplatin and oxaliplatin, the
impairment of cellular respiration and the intensity of
DNA fragmentation are similar for the two drugs. One
possible explanation for these results is that oxaliplatin
lesions are more cytotoxic. This is consistent with data
showing that the extent and specificity of replicative
bypass are influenced by the carrier ligand of Pt adducts
[46]. Carboplatin treatment, on the other hand, pro-
duced low levels of DNA platination, loss of cell via-
bility and DNA fragmentation.

Overall, our findings are consistent with the reported
~100-fold difference between cisplatin and carboplatin
reactions with DNA [22]. This demonstrates the influ-
ence of the ligands occupying the Pt coordination sphere
on reaction with DNA and induction of cell apoptosis or
necrosis. The results also suggest that the processes
leading to drug-induced cell death may differ for dif-
ferent Pt drugs.

As previously shown, a minor structural change in
the amine group can lead to a major change in the
chemical reactivity of the Pt drugs (Fig. 1) [3]. A steric
hindrance may explain the slow reactivity of carboplatin
with DNA [31]. The six-membered ring formed between
the Pt and the bi-dentate ligand (1,1-cyclobutanedi-
carboxylato) of carboplatin adopts a configuration that
forces the cyclobutane moiety to reside in an axial po-
sition of the Pt coordination sphere, which blocks a
nucleophile from reaching the Pt(II). The strain in the
five-membered ring of oxaliplatin is rapidly relieved by a
nucleophilic attack on Pt(II).

It is known that aquation of cisplatin occurs outside
the cell, and is followed by a rapid passage of the chloro-
aquo species through the membrane of Jurkat cells [45].
However, to our knowledge, similar data for oxaliplatin
and carboplatin are not available, although the aquation
rate of carboplatin seems to be two orders of magnitude
slower than that of cisplatin. Thus, the values of Pt-
DNA adducts (Table 1) are not adjusted for a presumed
unique cellular uptake of each Pt compound. Moreover,
the results in Table 1 do not assume a saturated uptake
for each Pt drug by 3 h. We also showed that ~93% of
Pt/DNA adducts are removed after incubating cells in
drug-free media for 2 h [40]. Therefore, Pt/DNA ad-
ducts (Table 1) are measured at the end of the incuba-
tion period with the drug.

By trapping Pt* ", cellular thiols (especially GSH and
MT) can influence the amount of Pt reaching DNA [49].
When cellular thiols are blocked with N-ethylmaleimide,
DNA platination by cisplatin increases ~eightfold [40].
We previously studied the reactions of Pt drugs with
GSH [7, 17] and the reaction of cisplatin with MT [16].
In the current study, we describe the reactions of oxa-
liplatin and carboplatin with MT. The results of all
measurements are shown in Table 2.

The Cd/Zn-thionein protein can be saturated with
seven Cd, Zn or Pt [16], but the reaction is second order
in its initial stages. Thus, we analyzed the reactions
according to mixed second-order kinetics. The second-
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order rate constant for cispldtin binding to Cd/Zn-thi-
onein (0.75+0.06 M~ s7") is VCI'P/ similar to that of
Cd5-thionein (0.5310.03 M~ ) and Zns-thionein
(0.65+£0.03 M~ s~ [16], conﬁrmmg that Pt can rap-
idly displace bound Zn and Cd. The rate constants were
calculated from disappearance of free (unbound) Pt
drugs from the reaction mixtures rather than from
appearance of Pt-thionein products. This measure was
necessary because the amount of Pt in eluates corre-
sponding to the products was less than the decrease of Pt
in eluates corresponding to the free drugs. Possible
explanations for this are that some products are trapped
in the column or unstable. Each reaction was run
simultaneously with a control (identical mixture without
Cd/Zn-thionein). Drug decay in the control mixtures
was always negligible, showing that loss of Pt in eluates
corresponding to the free drugs results from drug
binding to Cd/Zn-thionein (rather than drug hydrolysis
or reaction with the buffer). At the end of the incubation
periods, the remaining reaction mixtures were dialyzed
and the Pt contents in the inside solutions were deter-
mined by AAS. For the oxaliplatin reaction with Cd/Zn-
thionein, all Pt was recovered, confirming that all the
oxaliplatin was bound to Cd/Zn-thionein. In contrast,
for the carboplatin reaction with Cd/Zn-thionein, only
~4% of the Pt was recovered, and only a small fraction
of the Pt was lost from the parent carboplatin peak, even
at very long reaction times. The slowness of the reaction
made it necessary to obtain k, from initial rates rather
than from the full second-order kinetic expression.
Carboplatin binding to GSH is also slow, 22-fold slower
than cisplatin binding (Table 2), suggesting that the
drug generally reacts poorly with thiols [22]. Steric hin-
drance may explain the slow reactivity [31]. In contrast,
rates of oxaliplatin reactions with Cd/Zn-thionein and
GSH are similar to those for cisplatin [10]. For example,
oxaliplatin binding to GSH is 1.4-fold faster than that of
cisplatin (Table 2) [17].

The binding of Pt drugs to Cd/Zn-thionein is com-
pared using identical in vitro conditions. One can always
question whether in vitro measurements are relevant to
intracellular conditions, so that in vivo measurements
should be done if possible. However, ratios of rate
constants are likely to carry over from in vitro to in vivo,
even if absolute values do not.

It has been reported [29, 39, 41] that MT plays roles
in cell resistance other than as a Pt-blocker. Neverthe-
less, the limiting, by cellular thiols, of the amount of Pt
drug available to bind to DNA certainly contributes to
drug resistance. Therefore, Pt agents like carboplatin
that react less well with cellular thiols may be more
effective in tumors that over-express GSH and/or MT,
and in tumors in which these thiols are induced by prior
exposure to Pt drugs.

The differences in Pt drug activities (Tables 1, 2)
demonstrate a large influence of the ligands occupying
the Pt coordination spheres [10, 22]. These findings
provide information which should be helpful in design-
ing more potent Pt compounds.
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