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The relationship between the lipophilicity, cytotoxic effects, and intracellular accumula�
tion for potential antitumor agents, viz., amino complexes of platinum(IV) with the redox�active
nitroxyl radicals cis,trans,cis�PtIV(RNH2)(NH3)(OCOR´)2Cl2 (R is 2,2,6,6�tetramethyl�1�oxyl�
piperidin�4�yl, OCOR´ are n�alkylcarboxylates C2—C8), was studied in comparison with
cisplatin. In a series of four platinum nitroxyl complexes (PNCs), an increase in the lipophilicity was
found to lead to a considerable increase in the cytotoxicity and the efficiency of accumulation
in HeLa cells. However, PNCs are characterized by the slower development of cytotoxic
effects after a short time exposure compared with hydrophilic cisplatin. This can be attributed
to the fact that PtIV complexes are prodrugs and need to be reduced to chemically more active
PtII derivatives in order to exhibit cytotoxic effects.

Key words: platinum(IV) nitroxyl complexes, cytotoxicity, lipophilicity, intracellular accu�
mulation.

Platinum group antitumor agents are among leading
anticancer drugs. Cisplatin and its analogs (carboplatin
and oxaliplatin) are used in almost half of the treatment
regimens both for monotherapy and in combination with
other antitumor drugs.1,2 Substantial drawbacks of plati�
num complexes are high toxicity and serious side effects.1

Yet another adverse factor for chemotherapy using cis�
platin and its analogs is the rapid development of tumor
resistance to these agents.3 The development of resistance
is associated with a decrease in the intracellular accumu�
lation of the agents, an enhancement of their detoxifica�
tion by glutathione and metallothioneins, and more efficient
damage repair.1,4,5 Therefore, efforts are being directed
toward the development of new platinum compounds with
improved characteristics, in particular, those having high
efficiency of intracellular accumulation, which is required
to overcome tumor cell resistance to chemotherapy. In�
vestigations of platinum(IV) complexes with axial carb�
oxylate ligands hold promise in this area of research.6

It is known that at near�millimolar concentrations,
simple nitroxyl radicals have an effect on tumor cell via�
bility through redox�mediated signals and induce cell
death, which depends on numerous factors, including oxi�
dative damage, the cessation of the cell cycle, and apo�
ptosis.7—10 At lower concentrations, nitroxyl radicals pos�

sess antioxidant properties11 and can enhance chemo�
therapeutic properties of different classes of antitumor
agents.10,12

In the present work, we investigated a series of platin�
um(IV) nitroxyl complexes (PNCs) containing aliphatic
carboxylic acid (acetic, butyric, valeric, caproic, and ca�
prylic) residues as axial ligands (compounds 1a—e), which
we have recently synthesized. The aim of this study is to
determine the relationship between the lipophilicity, the
accumulation of complexes in the cells, and the dynamics
of the development of cytotoxic effects in comparison with
the corresponding characteristics of cisplatin.

R = Me (a), (CH2)2Me (b), (CH2)3Me (c), (CH2)4Me (d), (CH2)6Me (e)

Experimental

Platinum(IV) nitroxyl complexes were synthesized by a pro�
cedure described earlier.13,14

Cisplatin
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Experiments were performed in the HeLa cell culture. The
cells were grown under a 5% CO2 atmosphere in the DMEM
cell culture medium supplemented with 10% fetal calf serum
(PAA Laboratories).

Evaluation of cytotoxic effects of platinum complexes and their
dependence on the time of incubation. The cytotoxic effects of the
platinum complexes were evaluated using 3�(4,5�dimethylthiaz�
ol�2�yl)�2,5�diphenyltetrazolium bromide (MTT) by a proce�
dure described earlier.15—17 The cells were seeded into wells of
cell culture plates in a standard incubation medium at a density
of ~60 cell/mm2 of the surface area of the well bottom (15000
cells per well in 24�well plates or 2500 cells per well in 96�well
plates). Before the application, cisplatin and complexes 1a—c
were dissolved in water; complexes 1d,e that are poorly soluble
in water, in DMSO. The compounds under consideration were
added to the incubation medium at different concentrations 24 h
after the seeding of the cells. Solutions of complexes 1d,e in
DMSO were added so that the final concentration of the latter in
the incubation medium was 0.1%. It was found that this concen�
tration of DMSO has no effect on the viability of HeLa cells.

In order to evaluate the cytotoxic effects, two series of ex�
periments were performed. In one series, the cells were incubat�
ed at a constant exposure with the platinum complexes at differ�
ent concentrations for 24 h, followed by MTT staining and the
determination of the IC50 dose (the concentration of the com�
pound at which MTT staining decreases by 50%). In another
series, the dependence of the development of cytotoxic effects
on the time of exposure of the compounds was studied using
shorter exposures (from 2 to 12 h). In these experiments, the
compounds under study were added to the incubation medium at
the IC50 dose 24 h after the seeding of the cells. The medium was
changed for a fresh portion, which did not contain the com�
pounds under study, after 2, 4, 6, 8, 10, and 12 h. The com�
pounds, which have not penetrated into the cells, were removed
from the culture medium. Within 24 h after the addition of the
platinum complexes, MTT staining of the cells was performed
during 4 h at a dye concentration of 0.5 mg mL–1. The crystals of
MTT formazan that formed were dissolved in DMSO. The ab�
sorbance of the solutions was determined at a wavelength of 570
nm. The absorbance of the samples at a wavelength of 650 nm
was set to zero. The intensity of MTT staining of the cell samples
from the control wells (which were not treated with the platinum
complexes) (I = A570 – A650) corresponded to 100% cell viability.

Evaluation of lipophilicity. The lipophilicity of the complexes
is characterized by the n�octanol—water partition coefficient
(logPow). The procedure is based on HPLC18 and was accom�
plished on a Milikhrom�5 chromatograph (2×64 mm column,
Separon C18 (5 m), detection at 240 nm; MeCN—H2O, 60 : 40,
as the eluent). Anisole, toluene, ethylbenzene, biphenyl, and
dibenzyl were used as reference compounds with known values
of logPow. The retention volumes (Vr) for the column used were
determined by chromatography of the reference compounds,
and the Vr—logPow calibration plot was constructed. The depen�
dence is linear with a correlation coefficient of 0.98. Then the
retention volumes of PNCs were determined and logPow for these
compounds were found from the calibration curve. For the most
hydrophilic complex 1a, logPow was determined by EPR; for
complex 1b, by both methods. After the stirring of a solution of
the complex in a mixture composed of equal volumes of the
solvents for 0.5 h, the concentrations of the complexes in aqueous
and n�octanol phases were determined by EPR. From these val�

ues, logPow = log(Co/Cw) were calculated, where Co and Cw are
the concentrations of the complexes in n�octanol and water,
respectively.

Determination of the platinum content in cells. The cells were
seeded into culture flasks in a standard incubation medium and
were grown to the culture density of 70—80%. The complexes
were added to the medium at a concentration of 50 mol L–1 and
incubated for 4 h. Relatively high concentrations of the complexes
were used because of the limited sensitivity of an AAS�3 spectro�
meter. The cells were removed from the support with trypsin and
washed one time with a PBS solution (137 mmol L–1 NaCl,
2.68 mmol L–1 KCl, 4.29 mmol L–1 Na2HPO4, 1.47 mmol L–1

KH2PO4, pH 7.4). An aliquot of the cells was taken to measure
the protein content; the other cells were used to determine the
platinum content. The amount of the protein in the samples was
determined by the Lowry method.19

In order to determine the platinum content, the samples
were subjected to wet ashing by a method described earlier.20—22

The cells were dissolved in concentrated (70%) nitric acid
(0.55 mL) for 24 h at ~20 C. The solution was refluxed for
10 min and cooled to ~20 C. Then concentrated (30%) hydro�
gen peroxide (0.45 mL) was added to the solution, and the mix�
ture was repeatedly refluxed for 10 min. The atomic absorption
analysis was performed on an AAS�3 spectrometer (atomization
in air—acetylene flame using the resonance line at 265.9 nm at
a spectral slit width of 0.3 nm with deuterium background cor�
rection). The platinum concentration in the samples was calcu�
lated from the calibration curve, which was constructed using
standard solutions. The platinum content in the cells was ex�
pressed as the ratio of the amount of platinum to the amount of
the protein in the sample ((g Pt)•(mg protein)–1).

Results and Discussion

Earlier,14 we have synthesized complexes containing
axial carboxylate ligands of different structures, which can
change the lipophilicity, and nitroxyl radicals, which can
modulate the biological activity of the compounds. In the
present work, we studied the relationship between the cyto�
toxic properties of PNCs and their lipophilicity and the
intracellular accumulation in comparison with cisplatin.
It is known that DNA is the major target for platinum
complexes.23,24 To be targeted to DNA, the agents should
effectively penetrate into the cells. This ability of agents is
well�characterized by the lipophilicity, which is expressed
as the partition coefficient logPow in the two�phase
octanol—water mixture.

The values of logPow determined by HPLC and/or EPR
for the series of PNCs under consideration vary in a wide
range from –0.41 to 4.8 (Table 1). The most hydrophilic
complex in this series — compound 1a — is much more
lipophilic (based on the value of logPow) than cisplatin25

because it contains the bulky organic ligand (nitroxyl rad�
ical). The cytotoxic effect of complex 1a is nearly an order
of magnitude lower than that of cisplatin (see Fig. 1 and
Table 1). In the series of complexes 1a—e, which differ
only by the length of the axial ligands, there is a correla�
tion between the lipophilicity and cytotoxic effects (Fig. 1).
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An elongation of the axial ligands in PNCs (complex�
es 1b—e) leads to a substantial increase in their cytotoxic�
ity and results in the formation of complexes, which have
cytotoxicity higher than that of cisplatin. For example,
IC50 of complexes 1b and 1c is 3—5 times smaller and
IC50 of 1d and 1e is 50—100 times smaller than that of
cisplatin.

The cytotoxicity of the platinum complexes can be
influenced by the difference in the level and/or the rate of
their intracellular accumulation, as well as by other fac�
tors. In order to elucidate this question, we measured the
intracellular accumulation of cisplatin and complexes 1a—c,
which are quite soluble in water (see Table 1). Although
the lipophilicity of complex 1a is higher than that of cis�
platin, both compounds show comparable levels of accu�

mulation in HeLa cells. This result could be attributed to
the low rate of the transfer of complex 1a from the solu�
tion into the cells. However, this is inconsistent with the
fact that nitroxyl radicals of different structures easily pen�
etrate through lipid membranes. The ease of their inter�
phase transfer is evidenced by the nearly equal efficacy of
the antioxidant action in the lipid and aqueous phases for
radicals, the Pow values of which differ by an order of
magnitude.26 Therefore, the efficiency of intracellular ac�
cumulation of complex 1a is lower than that expected
based on its higher lipophilicity compared with cisplatin.

The efficiency of accumulation of complex 1a is com�
parable with that of cisplatin, but its cytotoxicity is ap�
proximately an order of magnitude lower. The antioxidant
action of the nitroxyl radical may be one of the factors
responsible for the lower cytotoxicity of complex 1a com�
pared with cisplatin. The antioxidant action of the nitr�
oxyl radical has been reported earlier.6

In order to study other factors that can influence the
cytotoxic properties of the platinum complexes, we inves�
tigated the dependence of the cytotoxic effects on the time
of incubation of HeLa cells with solutions of cisplatin and
water�soluble PNCs (complexes 1a—c). In this case, the
cytotoxic effects are determined only by the amount of the
complex accumulated in the cell during the incubation. As
can be seen in Fig. 2, the level of cytotoxicity for cisplatin
characteristic of 24�h incubation is achieved already with�
in 6—8 h and the further incubation does not lead to the
enhancement of cytotoxicity of cisplatin. This may indi�
cate that the major part of cisplatin from the solution is
accumulated in the cells and causes cytotoxic effects dur�
ing the period of time 6 h.

Complex 1a, which is less efficiently accumulated in
the cells, does not exhibit noticeable cytotoxic effects up
to 12�h incubation (see Fig. 2, b). Meanwhile, under the
same conditions, complexes 1b and 1c are accumulated in
the cells ~40 times more efficiently than cisplatin (see
Table 1). Taking into account their efficient transfer from
the solution into the cells, it would be expected that these
complexes will cause a substantial decrease in the cell
viability. However, the development of cytotoxic effects
for complexes 1b and 1c after a short time exposure
(see Fig. 2, c, d) occurs much more slowly compared with
cisplatin than it was expected based on the difference in
the efficiency of intracellular accumulation. Therefore, an
additional time is required for complexes 1a—c to exhibit
cytotoxic effects. For complexes 1a and 1b, this time is
>12 h; for complex 1c, ~12 h.

The above�described results show that, apart from the
lipophilicity and the efficiency of intracellular accumula�
tion, the cytotoxic properties of PNCs are influenced by
the dynamics of the processes. After the penetration into
the cell, a small cisplatin molecule easily loses Cl ligands
through the hydrolysis to form chemically active aqua
complexes, which are capable of efficiently platinating

Fig. 1. Relationship between the lipophilicity (logPow) and the
cytotoxicity (IC50) of complexes 1a—e.
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Table 1. Values of logPow, 24�h IC50, and intracellular accumu�
lation of the platinum complexes in HeLa cells

Platinum logPow Concentration Platinum accumulationa

complex IC50 /(g Pt) (mg protein)–1

/mol L–1

Cisplatin –2.5325 12.6±2.9 0.10±0.02
1a –0.41b >120 0.06±0.02
1b 1.82c 4.2±0.8 4.0±0.7

1.92b

1c 2.10c 2.5±1.5 4.3±0.4
1d 2.55c 0.23±0.17 —
1e 4.80c 0.09±0.05 —

a Intracellular accumulation of the platinum complexes 4 h after
the incubation of HeLa cells in a medium containing the com�
plex at a concentration of 50 mol L–1.
b Determined by EPR.
c Determined by HPLC.
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DNA27 and inducing a chain of events, resulting in the
cell death.

Unlike PtII complexes, PtIV complexes are prodrugs
and need to be reduced to chemically more active PtII

derivatives in order to display cytotoxic effects. It is
known28 that PtIV complexes are very rapidly reduced in
the whole blood; the half�life time is 6.3 min. However,
the data on the rate of their reduction in cell cultures are
lacking. We believe that the low development of cytotoxic
effects of PNCs can be attributed to the low rate of their
reduction in HeLa cells and lower, compared with cis�
platin, activity of the PtII metabolites of these complexes.
Besides, the partial back diffusion from the cells cannot be
excluded for lipophilic PNCs (1b and 1c) after the re�
placement of the medium with a fresh portion, which does
not contain the complex.

Therefore, the lipophilicity and the presence of polar
moieties containing N and O atoms are the main structur�
al factors responsible for the relationship between the struc�
ture and the cytotoxicity of platinum(IV) complexes.29 The
activity of the complexes depends on the efficiency of cel�
lular accumulation, the rate of reduction of PtIV to PtII,
and the structure of the corresponding PtII metabolites.
Nitroxyl radicals6 and other redox�active compounds30

can modulate the biological activity of antitumor drugs
and improve their chemotherapeutic properties: decrease
the toxicity, alter the spectrum of antitumor activity, and
reduce the rate of the development of resistance. The re�
sults of the present study, along with the available pub�
lished data, suggest that the decrease in the cytotoxic ac�
tivity of complex 1a compared with cisplatin can be due to
the antioxidant effect of the nitroxyl radical,6,31 as well as
due to the slow kinetics of the development of cytotoxic
effects found for platinum(IV) complexes. A decrease in
the cytotoxicity can be compensated by the enhancement
of the lipophilicity and intracellular accumulation by
varying axial RCOO ligands. Meanwhile, the development
of cytotoxic effects even of lipophilic PNCs is slower com�
pared with cisplatin. Therefore, the structure with the op�
timal activity and toxicity combination can be found in
the series of PNCs (for example, compound 1c). However,
an additional time is needed for this compound to exhibit
activity.
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