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Abstract-Tetraplatin (Ormaplatin) has good antitumor activity against some cisplatin-resistant cells 
and is currently being studied in clinical trials. We have studied the effect of extracellular reduced 
glutathione (GSH) on the cytotoxicity and biochemical pharmacology of tetraplatin in L1210 leukemia 
cells. Parent L1210/0 cells were exposed to tetraplatin for 2 hr with or without GSH in Hanks’ balanced 
salt solution (HBSS), and cytotoxicity was assessed by a soft agar clonogenic assay. GSH (10 or 101) PM) 
increased tetraplatin (10 PM)-induced cell kill by about 2 logs: concentrations of the thiol 10-fold below 
or above these levels increased cell kill to a lesser degree. GSH-mediated increases in the cytotoxicity 
of tetraplatin were also observed against cisplatin-resistant L121O/DDP and tetraplatin-resistant L1210/ 
DACH cells. An equimolar concentration of 1.2.diaminocyclohexane-platinum(l1) dichloride [DACH- 
Pt(II)CI,] alone was as cytotoxic as the combination of tctraplatin and GSH. Intracellular accumulations 
of tctraplatin in both L1210/0 and LI21O/DDP cells were increased by GSH, whereas in L121O/DACH 
cells platinum uptake decreased in the presence of the thiol. Reactions between tetraplatin and salmon 
sperm DNA in the presence or absence of GSH (1 or lOO,uM), performed at 37” in HBSS, revealed that 
levels of total and interstrand DNA-platinum adducts were minimal in the absence of GSH. whereas in 
the presence of GSH DNA adducts of tetraplatin were substantial and similar to those seen with DACH- 
Pt(II)CI?. Tetraplatin ( 10 !dM) incuhatcd at 37” in HBSS with GSH (10 PM-l mM) was reduced chemically 
to the DACII-Pt(l1) species within 5 min; a 200-!1M tetraplatin solution required a GSH concentration 
of at least 100 /&I for substantial reduction to occur. This chemical reduction of tetraplatin appears to 
be a prerequisite for its biological activity. Thus. cxtracellular GSH can modulate the biological activity 
of tctraplatin. and the combination may prove useful in specific clinical applications, such as intracavitary 
platinum therapy. 

Key worti.s: tetraplatin: glutathione: chemical reduction; cytotoxicity: intracellular uptake; DNA adducts 

The discovery of cisplatint by Rosenberg et al. [I] 
has had a significant impact in the treatment ot 
testicular, ovarian and bladder cancers [2, 31. 
However, the therapeutic efficacy of cisplatin is 
limited because of its significant side-effects. 
which include nephrotoxicity. nausea and vomiting. 
myeloxuppression an d peripheral neuropathy [4]. 
Development of drug resistance [S. 61 is another 
major factor that has also impeded cisplatin USC. 
Several platinum complexes have been developed 
and tested in an effort to overcome these problems 
[7]. One such complex is tetraplatin (Ormaplatin). 
which entered clinical trials in IWO [8. Y] as a result 
of its activity against cisplatin-resistant murinc 
[IO. 1 I] and human [12, 131 cell lines. It has equal 
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-i- :\bbrcviations: ci5platin. cn-diammlnedichloro- 
platinum(I1): tctraplutin (Ormaplatin). /rtrrwR.R-.S,S- I ,7- 
di~~minocyclohexane tctrachloroplatinurn(IV): DA<‘Il. 
fr-clnc-li.R-S.S-I .2-diaminoc\clohcx~~lic~ GSH. reduced 
glutathione: IIBSS. Hank\’ balanced salt solution; FI3S. 
letal bovine strum: DTNB. 5.5’~dithiohis (2.nitrobenroic 
acid); ISC. interstrand cross-link; TSH. total \ulfhydryl: 
and NPSFI. non-protein sulfhydryl. 

or greater therapeutic effectiveness [ 10, 11. 141 and 

is less nephrotoxic than cisplatin [IS, 161. 
In light of the fact that substitution reactions with 

platinum(W) complexes, relative to platinum(I1). 
are slow. it has been suggested that tetravalent 
compounds such as iproplatin express their antitumor 
activities via chemical reduction to biologically active 
platinum(I1) species [l7. 181. Recently. Chaney and 
his colleagues investigated the biotransformation of 
tetraplatin irk vitro [ 1%221 and irl r~ir~o [23] by using 
a two-column 11PLC separation system: they 
demonstrated that tetraplatin was reduced rapidly 
to DACH-dichloroplatinum( II) [DACH-Pt( II)Cl,]. 
with a half-life of 5-15 min in RPM1 1610 tissue 
culture medium containing 15% FBS and 3 XC in 
undiluted rat plasma. Thiir studies indicated that 

protein sulfhydryl was the major extracellular 

reducing agent for tetraplatin irz vitro and in virw. 
GSF f is a tripeptidc thiol that is a major constituent 

of the intracellular nonprotein sulfhydryl pool of 
most cell types and participates in many important 
cellular functions. including detoxication of xeno- 
biotics. amino acid transport. and DNA repair 
mechanisms [zJ]. Moreover. increases in cellular 
GSH levels have been associated with resistance to 
cisplatin in certain murine and human cancer cell 
lines [5]. Many studies have been conducted in which 
the activity of cisplatin was potentiated by depletion 
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Fig, I. Structures of tetraplatin and DACH-Pt(II)CI> 

of the intracellular GSH level using buthionine-SR- 
sulfoximine, an inhibitor of glutathione synthesis 
[25-30]. Eastman [31], on the other hand, 
demonstrated the importance of GSH in the 
reduction/activation of the inert tetraplatin before 
its interaction with purified DNA. This suggests that 
extracellular concentrations of GSH will play a 
significant role in the reduction/activation process 
(Fig. 1) and may also modulate the biochemical 
pharmacology of the platinum(IV) and/or the 
resulting platinum(II) species. However, the few 
studies that have been reported on the subject are 
not clear on the role of GSH in the cytotoxicity of 
tetraplatin [19-23, 31], and no information is 
available at all with resistant cell lines. The 
experiments described here were designed to assess 
the influence of extracellular GSH on cytotoxicity 
and intracellular accumulation of tetraplatin in 
platinum-sensitive and -resistant L1210 cells and on 
total DNA adduct and interstrand cross-link 
formation with salmon sperm DNA. 

MATERIALS AND METHODS 

Drugs and chemicals. The two drugs used in this 
study, DACH-Pt(II)C12 and tetraplatin (Fig. 1), 
were prepared as described previously [10]. The 
compounds were dissolved in saline immediately 
before use. HBSS, RPMI 1640 tissue culture medium 
and FBS were purchased from Whittaker M.A. 
Bioproducts Inc. (Walkersville, MD); GSH, DTNB 
and salmon sperm DNA were obtained from the 
Sigma Chemical Co. (St. Louis, MO). 

Celllines. Platinum-sensitive and-resistant murine 
leukemia L1210 cell lines were provided by Dr. Alan 
Eastman (Department of Pharmacology, Dartmouth 
Medical School, Hanover, NH) and have been well 
characterized [29, 32, 33]. The extent of resistance 
of L1210/DDP to cisplatin and of L1210/DACt I to 
tetraplatin depends on the assay used: in a 
proliferative cell-count assay, we have reported these 
cells to be 50- and 36-fold resistant, respectively, 
while in a clonogenic assay the LI210/DACH cells 
were found to be 123-fold resistant to tetraplatin 
[34]. All cell lines were maintained in RPMI 1640 
medium supplemented with 10% FBS, 50ltg/ 
mL penicillin, 5() !~g/mL streptomycin, 100 #g/mL 
neomycin and 0.3 mg/mL L-glutamine. Cells were 
grown at 37 ° in a humidified atmosphere of 5% CO~ 
in air, The original cell lines were stored at -70  ° 

and fresh cells were removed and cultured from 
original stock every 3-4 months. 

Clonogenic assays. Exponentially growing cells 
were exposed for 2 hr to the drug (0.1 to 200ltM) 
with or without GSH (0.1 F~M to lflmM) in HBSS 
at 37 °, and then washed twice with PBS. Between 
102 and 105 cells were suspended in 3 mE of complete 
medium containing (). 1% Noble agar in closed tubes 
(in triplicate), as described previously {34], and 
colonies were counted after 10-14 days of incubation. 
The Ic50 and IC~0 values, defined as the concentrations 
(/~M) needed to reduce cell survival by 50 and 9{)5'f. 
respectively, compared with control cells, were 
determined from sigmoidal plots of surviving fraction 
versus log drug concentration, using a computer 
program (GraphPAD Software, San Diego, CA). 

Drug uptake studies. Exponentially growing cells 
were resuspended to 10 ~ cells/mL in HBSS and were 
exposed for 2 hr to the platinum drug (0-100 ~;M) 
at 37 ° with or without GSIt (0-10/)0 ItM). After 2 hr, 
duplicate 1.5-mL portions were transferred to 
microcentrifuge tubes for assessment of drug 
accumulation. The cells were washed twice with ice- 
cold PBS, pelleted by centrifugation (12,500g, 
2 min) and stored at -20  ° until analyzed for platinum 
by flameless atomic absorption spectrophotometry 
(model AA300/GTA-96; Varian, Victoria, 
Australia) using conditions, described previously 
[35], that gave a detection limit of 10()pg platinum. 

Sulfhydryl measurements. Non-protein (NPSH) 
and total sulfhydryl (TSH) contents were determined 
using a modification of the Ellman method [36, 37]. 
Briefly, 10 s cells were disrupted in a sonicator in 
2 mL of 0.02 M EDTA. For determination of NPSt I, 
the cell lvsate (50(IltL) was treated with 10of 
trichloroacetic acid (5011!~L) and centrifuged 
(12,5(10g, 2 min), and the supernatant (800 !~L) was 
adjusted to pH 8.9 with 0.4 M Tris buffer (1.6 roLl 
before the addition of Ellman's reagent ( I0mM 
DTNB in methanol, 25 I~L). TSH was determined 
by adding the cell lysate (I()0#L) to 0.2 M "I'ris 
buffer (1 mL, pH 8.2) and 0.02 M EDTA (0.9 ml,) 
followed by 20uL of the Ellman's reagent. All 
samples were allowed to develop for 30 min at room 
temperature, and absorbance was then read al 
412nm. Protein sulfhydryl content was deter- 
mined from the difference between the TStt and 
NPSH contents. The protein concentration of cell 
lysate was determined by the method of Lowry et 
al. [3811. 
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Fig, 2. Cytotoxicity of DACH-Pt(II)C12 and tetraplatin (TP) in the presence and absence of GSH. Left 
panels show survival of L1210/0 (A), L1210/DDP (C) and LI210/DACH (El cells exposed for 2 hr to 
a range of concentrations of tetraplatin, tetraplatin with GSH (10#M in A, 100#M in C and El, or 
DACH-Pt(II)CI~ in HBSS. Right panels: survival of L1210/0 (B), L1210/DDP (D) and LI210/DACH 
(F) exposed to tetraplatin or DACH-Pt(II)CI2 with various concentrations of GSH. Platinum drug 
concentrations used were 10#M against LI210/0 and 10(I!~M against LI210/DDP and LI210/DACH 

cells. Data are means _+ SD (shown if larger than the size of the symbols); N - 3. 
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In vitro reduction of tetraplatin with GSH. 
Tetraplatin (10 and 200#M) was incubated with 
GSH ((/. 1 #M to 1 mM) at 37 ° in HBSS, aliquots were 
removed at predetermined times, and unchanged 
tetraplatin was determined by HPLC. The HPLC 
system consisted of a Waters 600 multisolvent 
delivery system (Waters Associates, Milford, MA) 
with a 250 x 4.6ram Hypersil ODS (C18) 5#m 
column (Alltech Associates, Inc., Deerfield, ILl, a 
model 481 UV detectoT, and a peak-integrating data 
module. The mobile phase was water flowing at 
1.0mL/min, and the analytical wavelength was 
197.5 rim. Under these conditions, tetraplatin and 
DACH-Pt(II)CI2 have retention times of 6.2 -+ 0.1 
and 7.8-+ 0.1 rain (mean -+ SD, N = 10), respect- 
ively. Concentration × peak area curves for 
tetraplatin and DACH-Pt(II)CI_~ were linear by 
regression analysis (r > 0.999) in the range 0-8 nmol. 

Binding of platinum complexes to DNA. Multiple 
500-~g aliquots of salmon sperm DNA in 1 mL of 
TE buffer (10 mM Tris, 1 mM EDTA,  pH 8.0) were 
incubated at 37 ° with platinum complexes (5-20 #M, 
approximately 1 platinum :75 nucleotides at 20 itM) 

with or without GSH (1 or 100 #M). After 24 hr, the 
reaction was quenched by the addition of 200 #L of 
10 M ammonium acetate and precipitation of DNA 
with 2.5 mL of absolute ethanol. The precipitated 
DNA was washed twice with 70% ethanol and then 
dissolved in 250 #L of water at room temperature 
overnight. The DNA content was assessed by 
absorption at 26(1 nm, and the amount of platinum 
in the sample was determined by flameless atomic 
absorption spectrophotometry. 

DNA interstrand cross-links (IS(;). Salmon sperm 
DNA (1(10/tg/mL in TE buffer, pH 8.0) was treated 
with platinum complexes (0-10/~M) with or without 
GSH (1 or 100#M) at 37 ° for 24hr. DNA was 
precipitated, as described above, and dissolved in 
TE buffer. ISC were detected using an ethidium 
bromide fluorescence assay as described before 
[39, 40]. Briefly, two identical sets of triplicate 100- 
#L aliquots containing 10 leg of DNA were transferred 
to borosilicate glass tubes, and 400uL of an 
assay buffer (20 mM potassium phosphate buffer 
containing 2 mM EDTA,  pH 12.0) was added. The 
DNA in one set was denatured by heating to 100 ° 
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Table 1. Cytotoxicity of tetraplatin, tctraplatin with GStt, 
and DACH-Pt(II)CI2 in L121(1 cells 

LI210/0 LI210/DDP L 12 I(!,/DACI-t 

IC50* l('gfl* [C5fl* l('~lil* I('>ll* I('~l)* 
Treatment (uM) (uM) (uM) (pM) (ttM) (uM) 

TP 1.2 5.8 34.11 I00 144.3 190 
(I14- (I) (28) (17) (1211) (33) 

TP + GSH$ I).75 1.5 24.9 54.6 87.8 140 
(I) (I) (33) (36) 11171 (93) 

DACH-Pt(II) 0.61 1.4 32.8 53.3 73.9 IOO 
(11 (1) (54) (38) 11211 (711 

* The concentration of tetraplatin (TP) or DACH- 
Pt(II)CI2 (DACH-Pt(I1)) that. after a 2-hr exposure in 
HBSS, reduced cell survival to 50¢4 (it.q,) or 905; - (](',,,,) of 
control values, as measured by a clonogenic assay. 

+ Values in parentheses indicate resistance factors 
relative to L12111/1). 

$ GSIt concentration: 111 !tM, L1210/0; lilt)uM, LI210/ 
DDP and L1210/DACH. 

for 10min in a heating block, and then cooled 
immediately to 15 ° . One  milliliter of the assay buffer 
was added to each tube, followed by 1.5 mL of a 
21tg/mL ethidium bromide (EB) solution in the 
assay buffer to yield a final EB concentrat ion of 
1 ! lg/mL in a w~lume of 3 mL. The fluorescence was 
measured in an LS5B digital spectrof luorometer  
(Perk!n-Elmer ,  Norwalk,  CT) with wavelengths set 
tit 305 rim for excitation and 590 nm for emission. 
The cross-linking index (CEI l  was calculated using 
the following equat ion that was derived from the 
report of Brent [39]: 

e L I  = [ ( - I n  Xdrugncatcd ) ( - I n  X.<,,~lmi)] 

where X = (FNIt  F H ) / F N H ,  FNt t  = fluorescence 
without heating, and FIt  = fluorescence after the 
heat ing/cooling cycle. 

Statistical anah, sis. Statistical significances were 
deterinincd by Student 's  t-test: values of P < 0.05 
were considered signilicant. 

RESIILTS 

('ytotoxici O, evaluation. Cytotoxicities against thc 
three LI21I) l e e s  of tetraplatin alone, tetraplatin 
with GSt t  and DACH-P t ( I I )CI :  alone are presented 
in Fig. 2 (panels A, C and El :  the data are 
summarized as ic~, a n d  I(-'<m va lues  in Table 1. 
Against all three cell lines, DACtI-Pt(I1)CI~ was 
more potent  than tetraplatin alone. Simultaneous 
exposure of cells to tetraplatin and OSt t ,  however,  
rcstllted in an increase in potency that approached 
the level of cell kill observed with D A C t l - P t ( l l ) C L  
at an equivalent  concentrat ion.  The greatest thiol- 
mediated increases in tetraplatin cytotoxicity (by O.S 
to 1.7 log cell kill: P <-:_ 0.05 vs tetraphitin ahme) 
were observed at the highest drug concentrat ion 
examined. Figure 2 (panels B. D and F) also shows 
the effects of extracelhllar (}Stt levels on the 
cvtotoxicitv of a 10 (in L1210 cells) or i00lIM (m 
l]I210/DISP and L121I)/DACI 1 cells) concentrat ion 
of the platinum complex. In till cell lines, GSFt alone 

displayed no cytotoxicity and had no gross effect on 
the cytotoxicity of the plat inum(It)  compound.  G S H ,  
however,  had a substantial effect on the cytotoxieity 
of tetraplatin: increasing GSH concentration above 
(I. 1 FIM increased tctraplatin-induced cell kill until a 
maximal increase in eytotoxicity (P < 0.05 vs 
tetraplatin alone) was seen at 10 and!or 100:/M 
thiol, with higher concentrations of GSH (>  1 mM) 
having a lesser effect. 

Intracelhdar accumulation. Figure 3 (panels A,  ( '  
and E) shows intracellular levels of platinum 
following a 2-hr incubation of the platinum complex 
(6.25 to 100 gM) with or without GSH (1 or 100 uM). 
There were no gross differences in phttintun 
accumulation between tetraplatin and tetra- 
p l a t i n + l g M  GSH or between DACtl -Pt ( I I )CI~ 
and tctraplatin + 100 gM GSH. t lowever ,  in L 121 Off) 
and L I 2 1 0 / D D P  cells, DACt t -P t ( I I )CI :  and 
tetraplatin + GSH (100gM),  in general,  produced 
greater intracellular platinum levels than those sccn 
with tetraplatin alone or tctraplatin + GSII  (1 pM), 
with a 2-fold difference (P < 0.05) being observed 
between these groups at l()0!tM phltinum drug 
concentration. In contrast, accuinulation of D A C I  l- 
Pt(II)Cl:  and tetraplatin + l(l(l!tM G S l t  in LI2111.' 
D A C t l  cells was significantly less ( P ,  1t.05) than 
accuinulation of tetraplatin or tctraplatin + l uM 
GSt t  at all platinuin drug concentrations exainincd. 
Figure 3 (panels B, D and F) also demonstrates  the 
effect of extraccllular G S | I  concentratioil  on 
intracelluhir phttinunl accumuhitioil in I_1210 cells 
exposed to 100 pM tetraplatin or DACII-Pt(II)CI~.  
lntracellular accumulations of tetraplatin in both 
1.1210/0 and L I 2 1 0 / D D P  cells increased pro- 
gressively with an increase in GSI t  concentrat ion.  
and at l()0 uM GSH the accunluhttiotl was 
significantly greater (P --(t.05) than in cells exposed 
to tetraplatin alone or tetraplatin + l#tM GSI t :  <~ 
higher GS[t  level (1 raM) caused a subsequent 
decline in celhflar platinuna ctmtent. In 1.12111/ 
D A C t l  cells, uptake of letraplatin decrcased 
signil icantly with increasing GStt  concentratioi~ 
above I()I~M ( P .  ().()5 vs tetraplai in alone). 
t\ceun~iulation of I )A(7t t -Pt( I I )CI~ :.ilso decreased 
significantly in the t~resenee of l m M  ( iS t l  level 
( P - 0 . 0 5  \'s drug alone) in all three cell lines. 

Reduction qf tetraplatin with (;,S'tt. l llctlbation ;it 
37 <' of tetraplat in with GSII  ill l tBSS resulted in ~1 
rcductiori of the p la l in t in l ( IV)  Ctnl/plex tllld it 
eoncol l l i tant  cippear~illCt: <!f l ) i t ( ' t l - P t ( i l ) ( ' l , ,  as 
nioqi tored by 1 fPl .( ' .  Typiccll t IPl ,(" chroll iato~l-alns 
for standards and for ti le reaction bci~\ce!i letraplatu/ 
and GSIt  arc shown in Fig..4. No in lc i lc lJno peaks 
were smell at the retention times ut iiHcrc<d. <ind this 
facil i tated peak inlegratiOll  with high ace!!racy !,>r 
qtlcmtitati'~ e ptirposes. Resul t s  ntoni i  t)l-il-ig lhc 
disappearailcc of tetrciplatin are sumin',n-ized iit l 'ablc 
2. Abou t25  40<7 drop ill l l i l tM te t rap la t in~ tasscen  
by 2 hr in ti le abSellce or ple~,eilce of Io\~ 
eoncelltrilti,,~llS of ( iS t t  ((1.1 or I . ( l l IM) .  t l i ghc l  
levels of GSt l  (~  I()I~M). on the other halld, 
completely reduced ttlis concentrat ion el tc t iaplat in 
to DACI t -P t ( I I ) ( ' I :  wi thin 5 iron. Fhe higher 
ctmcentrat ion of tetraplathl  (2I l l ) / ;M) underwent  
negligible spontaneous tr:.nlsforl l lation {llld requh-cd 
:i GSI I  level of Il l0 tiM or higher lor the ieduct io l l  
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Fig. 3. Accumulation of DACH-Pt(II)CI2 and tetraplatin (TP) in the presence and absence of GSH. 
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Data are means -+ SD (shown if larger than the size of the symbols); N = 3. 
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Fig. 4. HPLC chromatograms of tetraplatin and DACH- 
Pt(II)CI> Tetraplatin and the platinum(II) complexes 
eluted at retention times of 6.2 and 7.7 to 7.8rain, 
respectively. The large peak is the solvent front eluting at 
about 3.3 rain. The chromatograms show (A) the separation 
of the two compounds (2 nmol each) as a standard mixture, 
or (B) the extent of conversion of tetraplatin to DACH- 
Pt(II)Cl2 5rain after the reaction between tetraplatin 
(200 #M) and GSH (100 #M). Each of the two standards, 
when examined individually, gave a single peak after the 
solvent front at the indicated elution times (not shown). 

Table  2. Reduct ion  of tetraplatin with G S H *  

% Tetraplatin remaining 

TP ( 10 #M) TP (200 #M) 

GSH (,uM) GSH (uM) 
Time 
(min) 0 0. I l 10 0 0. l 1 I0 100 1000 

5 100t 86.1 80.7 0 100 100 100 90.7 34.4 0 
120 72.4 75.5 60 .9- -$99 .9  100 100 83.4 7.6 - -  
240 62.4 3.8 - -  
360 84.5 89.6 81.9 

* Reactions were conducted in HBSS, and disappearance 
of tetraplatin (TP) was monitored by HPLC. 

f Results are presented as means of two experiments. 
:~ Not determined. 

r eac t ion  to a p p r o a c h  or  r each  c o m p l e t i o n  wi th in  the  
4- to 6-hr  t ime span  of  the  s tudy.  

Reaction of platinum complexes with sahnon 
sperm DNA. R e a c t i o n s  b e t w e e n  t e t r ap l a t i n ,  
t e t r ap la t in  + G S H  (1 or  100 p M )  or  D A C H - P t ( I I ) C 1 2  
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Fig. 5. Total DNA-platinum binding (A) and DNA-platinum interstrand cross-links (B). DNA was 
incubated with tetraplatin (TP) or DACH-Pt(II)CI2 with or without GSH (1 or 100 #M), and adduct 
levels were measured 24 hr later. Data are means + SD (shown if larger than the size of the symbols): 

N=3.  

Table 3. Total (TSH) and non-protein (NPSH) sulfhydryl 
contents in LI210 cells 

Cell line 

TSH NPSH Protein 
(nmol/ (nmol/ 

mg mg (#g/[ × I(P 
protein) protein) cells) 

L1210/0 72.3-+ 1.9" 18.1± 1.6 131.3 + 14.5 
L1210/DDP 91.2 ± 6.9¢ 32.6 ± 4.(l~- 190.1 ± 24.9+ 
L1210/ 77.8 ± 5.8 20,3 ± 3.8 155.3 ± 18.5 
DACH 

* Mean _+ SD (derived from four independent experi- 
ments). 

+ P < 0.05 vs L1210/0. 

and DNA were investigated at 37 ° in HBSS at several 
platinum drug concentrations, and both total DNA- 
platinum adducts (Fig. 5A) and DNA interstrand 
cross-links (Fig. 5B) were measured 24hr later. 
Tetraplatin without GSH showed minimal reaction 
toward DNA, whereas with GSH (100~tM) the 
platinum(IV) complex produced substantial 
total and interstrand adduct levels, which were 
similar to those seen with DACH-Pt(II)CI 2. 
Tetraplatin + GSH (1 pM) reacted with DNA to a 
lesser degree and lower levels of total DNA-platinum 
binding and cross-links were observed. 

TSH and N P S H  contents in L12IO cells'. The thiol 
levels were determined to assess the potential of 
cells to reduce tetraplatin intracellularly. Levels of 
TSH in the three cell lines were 3- to 4-fold greater 
than NPSH (Table 3). Some differences in thiol 
levels were also apparent between the cell lines. 
Relative to the parent L1210/0 line, TSH, 
NPSH (primarily GSH) and protein contents were 
significantly higher by 30-80% in L1210/DDP cells 
(P < 0.05), but were similar in L1210/DACH cells. 

DISCUSSION 

Tetraplatin is a third-generation platinum complex 
in which the central platinum is in the +4 oxidation 

state with an octahedral configuration (Fig. 1). This 
complex has shown antitumor activity comparable 
with or superior to that of cisplatin against a number 
of murine and human tumor lines both in uitro and 
in v ivo,  and has been shown to maintain that activity 
against cisplatin-resistant cells [ 10-14]. Its mechanism 
of action is likely to be through its interaction with 
DNA to form interstrand and intrastrand cross-links 
(or adducts), as has been demonstrated for cisplatin 
[7]. Its activity, however, depends on its rapid 
chemical reduction to the +2 oxidation state as a 
first step, with thiols playing a major reductive role 
[19-23, 31]. Although intracellular protein and non- 
protein thiol concentrations can be high in tumor 
cells (Table 3), the rapid in v ivo  chemical reduction 
of tetraplatin (Tv2 = 3 sec) in the thiol-rich plasma 
will predominate [20, 23], and tissue distribution of 
the intact platinum(IV) complex per  se is likely to 
be low. Thus, the cytotoxicity of tetraplatin will be 
dependent on accessibility of tumor to the reduction 
products. In vitro, reduction in tissue culture systems 
(T~/2 = 5-15 min) appears to be relatively slower 
[19], and the status of thiol levels in the medium on 
cytotoxicity of tetraplatin becomes critical. 

In this investigation, we have demonstrated that, 
in the absence of extracellular GSH, DACtt-  
Pt(II)CI_, has greater cytotoxicity than tetraplatin. 
Furthermore, it is transported in L1210/0 and LI210/ 
DDP cells to a greater extent and in L1210/DACtf 
cells to a lesser extent than tetraplatin. This 
observation in L1210/DACH cells is interesting, but 
the underlying mechanism of the preferential 
accumulation of tetraplatin over the platinum(ll) 
drug in this cell line is not known. The data, 
nevertheless, draw the speculation that LI210/ 
DACH cells may have distinctly different membrane 
properties from the other two L1210 lines. Although 
comparisons of biological properties indicate 
superiority of DACH-Pt(II)C12, tetraplatin may still 
be favored in any chemotherapeutic application from 
the viewpoint of aqueous solubility, which is very 
poor for the platinum(II) complex (0.26 mg/mL for 
the R,R  component) and relatively higher for the 
platinum(IV) agent 121.5 mg/mL for the R,R  
complex) [41]. 
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The results presented in this report further indicate 
that cytotoxicity, intracellular accumulation and 
formation of DNA adduets with tetraplatin were 
modulated by GSH, and under optimal conditions 
were similar to levels seen with DACH-Pt(II)CI2 
alone. It is very likely, therefore, that in the 
extracellular fluid GSH accelerates the chemical 
reduction of tetravalent platinum complex to the 
platinum(II) compound, which then enters the cell 
and interacts with DNA to elicit biological activity. 
That tetraplatin can transform rapidly to the DACH- 
Pt(II)CI2 complex was confirmed with our HPLC 
system. Complete reduction of tetraplatin can occur 
with less than equimolar concentration of the thiol, 
which suggests that other mechanisms may be at 
play in the process, such as platinum(II)-assisted 
chemical reduction that has been reported recently 
[21]. Higher GSH levels reduced the uptake and 
cytotoxicity of tetraplatin. Eastman [31] has observed 
a similar decrease in the reaction between tetraplatin 
and purified DNA with increasing GSH, and 
proposed that this may be due to a direct chemical 
reaction between the platinum and the thiol, leading 
to the formation of a relative inert platinum-GSH 
product. 

Reduction of tetraplatin inside the cell to cytotoxic 
species following its accumulation is highly probable 
based on substantial thiol levels that are present in 
L1210 leukemia cells and on the demonstration of 
cytotoxicity in HBSS, a solution which does not 
support significant tetraplatin reduction, as has been 
noted here and elsewhere [21, 31]. Although 
cisplatin-resistant L1210/DDP cells have higher 
levels of the thiol than parent L1210/0 or tetraplatin- 
resistant L1210/DACH cells, intracellular reduction 
of tetraplatin is likely to be rapid in all cell lines 
and, therefore, the reductive process can be excluded 
as a factor responsible for differences in the potencies 
of this drug among the three lines, Our conclusion 
supporting intracellular chemical reduction of 
tetraplatin as an initial cytotoxic process agrees with 
that of Eastman [31] but contrasts with that of 
Chancy et al. [21], who have suggested that 
intracellular reduction of tetraplatin is not important 
for biological activity. Our data, however, do indicate 
that tetraplatin alone was about 2- to 4-fold less 
potent (comparing IC90 values) than DACtt-  
Pt(II)CI2 against wild type and variant L1210 cells, 
but this was consistent with lower intracellular 
accumulations of the platinum(IV) complex in 
L1210/0 and L1210/DDP cells. In L1210/DACH 
cells, on the other hand, the lower potency of 
tetraplatin was not consistent with its greater 
accumulation relative to DACH-Pt(II)CI:, and this 
indirectly supports the finding of Chaney et al. [21] 
that intracellular biotransformation pathways of 
tetraplatin may be different from those of DACH- 
Pt(II)CI2. These differences in uptake and, thus, 
cytotoxicity were observed in a non-reducing 
extracellular environment provided by HBSS, but 
in the presence of extracellular GSH, which rapidly 
reduces tetraplatin, differences between the two 
complexes were greatly diminished. Lack of a 
difference in biological activity between the drugs 
in a reducing environment is consistent with the data 
of Gibbons et al. [19], who conducted their in t?itro 

investigations with tetraplatin and DACH-Pt(II)CI2 
in RPMI 1640 medium that could facilitate tetraplatin 
reduction. 

In summary, extracellular GSH can enhance the 
in vitro cytotoxicity of tetraplatin through its chemical 
reduction to DACH-Pt(II)CI2. As platinum(IV) 
complexes acquire greater interest, it becomes 
critical to monitor thiol levels in cells and in the 
extracellular compartments as potential modulators 
of drug cytotoxicity during preclinical evaluation. 
Clinically, thiol monitoring in the peritoneal cavity 
may be particularly important in examining the 
recently reported potential of tetraplatin for 
intraperitoneal chemotherapy [42]. 
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