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Redox-active cobalt complexes
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Cobalt(111) complexes with tetradentate aliphatic Schiff’s bases containing also compounds
of the vitamin PP series or their analogs as axial ligands were synthesized as potential antitumor
agents. The behavior of these redox-active complexes in chemical processes that presumably
govern their biological action was studied. These processes include aquation and subsequent
decomposition, electrode and homogeneous redox reactions, and catalytic activity in
autooxidation of biosubstrates, especially at the stages of generation and consumption of
reactive oxygen species (ROS). The antitumor action of these complexes in vivo was studied.
Changes in the organisms of laboratory animals characteristic of processes involving ROS were
followed at the cellular and molecular levels. The tumor-selective action of the complexes is
due to specific features of microenvironment of tumor cells. Some of them exhibit a strong
antimetastatic effect, which exceeds that for a number of drugs used in clinical practice.
A complex with nicotinamide was recommended for preclinical studies. The scope of applica-
tion of the redox-active transition metal complexes in oncology is discussed.
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The last reports of the World Health Organization
state that at present up to 6 million people in the world die
every year of malignant tumors. The experts” forecasts are
not comforting: in the following two decades, this num-
ber is expected to reach 20 million and oncological dis-
eases would come out on top among the causes of mortal-
ity leaving behind the cardiovascular pathology. The in-
crease in the number of malignant tumor cases is attrib-
uted to both the deterioration of the environmental situa-
tion in many countries and aging of population. Despite
the progress in the oncological sciences, attained, first of
all, due to advances in molecular biology, the intense
search for new in principle methods for prophylaxis, diag-

* Materials were presented at the Mark Vol pin Memorial Inter-
national Symposium "Modern Trends in Organoimetallic and
Catalytic Chemistry" dedicated to his 80th anniversary.

nosis, and therapy of malignant neoplasms does not stop
in laboratories throughout the world. In recent years, new
antitumor chemotherapeutical preparations, radiation
sources, irradiation techniques, and means for the gene
therapy and biotherapy of cancer have been developed
and proposed for clinical use. An extremely topical task is
the development of tumor-selective cytostatic agents,
which would strongly injure tumor cells but affect as little
as possible the usual organs and tissues and have no seri-
ous side effect on the patient s organism. Certain progress
has already been attained along this line, but the problem
is still far from being solved. In recent years, especially
after decoding of the human genome, the interest in the
pathophysiological aspects of the malignant growth has
revived and the attempts to relate them to the molecular
mechanisms of functioning of cell systems have been re-
sumed. This is a very important turning point in oncol-
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ogy, because, from the standpoint of physical chemistry,
a malignant tumor is a complex, highly organized, open
(in the thermodynamic sense) system closely connected
to the organism where it has appeared and is being devel-
oped. Therefore, one should take into account the so-
called tumor microphysiology or, in other words, the
microenvironment of tumor cells, in particular, microcir-
culation, oxygenation, acidity, and the bioenergetic sta-
tus of the tumor tissue.!=3 They are closely connected to
each other and can have a pronounced influence on the
properties of the tumor such as invasiveness, metastatic
potential, cellular heterogeneity, and tumor progression.
It is believed4 that tumor progression is based on "insta-
bility of the genome", which is modulated by the micro-
environment of the tumor cells. Experimental and clini-
cal works showed that the direct response of the tumor to
irradiation, chemotherapy, local hyperthermia, immuno-
therapy, and photodynamic therapy and remote results of
the therapy and expression of various tumor markers that
are of diagnostic value depend appreciably on the state of
the tumor blood flow and other microphysiological pa-
rameters.5—7

The microenvironment of the tumor cells is largely
predetermined by the features of the tumor blood flow. It
is known that the active angiogenesis, which is typical of a
tumor tissue, cannot meet the demands of the growing
tumor for the nutrients including oxygen. This results in a
pronounced decrease in the oxygenation level of the tu-
mor tissue and, as a consequence, an increase in the
hypoxic fraction of tumor cells stable against irradiation
and a number of chemotherapeutical preparations. In turn,
the increasing tumor hypoxia causes the compensatory
activation of glycolysis, giving rise to a large amount of
lactic acid, which is retained in the tumor due to the poor
blood flow and decreases the extracellular pH. Thus, the
tumor tissue is characterized by defective microcircula-
tion and retarded local blood flow, substantial hypoxia,
and enhanced acidity. It thus follows that the cell micro-
environments in the malignant and normal tissues are
substantially different. These specific features of tumor
microphysiology, which also largely determine the course
of processes in the tumor cells, should be taken into ac-
count in the development of new antitumor preparations
and treatment of oncological patients.

The elucidation of the specific features of the tumor
microphysiology and elaboration of the ways of its modi-
fication and control have stimulated the search for, and
development of, antitumor preparations that are able to
exhibit a cytotoxic effect only in the microenvironment
typical of tumor cells. A number of ways for solving this
important problem are currently known, namely, (i) the
search for hypoxia-dependent substances that exhibit a
cytotoxic effect only at high pO, values; (ii) the use of
inhibitors of angiogenesis; (iii) development of pH-de-
pendent cytostatics whose effect is manifested at low pH

values. All these imply the elaborartion of preparations
that keenly respond to relatively small (quantitative)
changes of the environment.

The discovery® of the high anticancer activity of
cis-[PtCl,(NHj3),] has stimulated the study of the possi-
bility of using compounds of other metals aas well, first of
all, transition metals, in the chemotherapy of malignant
tumors. The expectancies for their antitumor activity are
based on the high and diverse coordination abilities of
these metals with respect to bioligands, in particular, pro-
teins and nucleic acids. Preparations based on cisoid
platinum(i1) complexes, for example, cisplatin, platidiam,
carboplatin, and oxaliplatin are widely used in clinical
practice, despite their pronounced nephrotoxicity. Al-
though the research has now covered the great part of the
Periodic Table and antitumor activities have been found
for many complexes of other metals, only iron, cobalt,
and ruthenium preparations have reached the first stage of
clinical trials.?—32 It is noteworthy that the most clear-cut
and persistent antitumor effects were found for compounds
of the Group VIII elements.

The mechanism of the antitumor action of platinum(ir)
complexes has been described previously.33 The antitu-
mor effects are found for those complexes where two
ligands activated with respect to substitution occupy
cis-positions relative to each other and the activity is due
to the ability of such complexes to suppress DNA replica-
tion by forming stable coordination bonds as bridges within
a DNA strand.

The principles of action and, correspondingly, of the
targeted selection of other metal complexes have not been
established as yet. The situation is especially intricate for
redox-active complexes, which undergo reversible reduc-
tion under conditions similar to the physiological ones.
This type of redox systems is known for many transition
metals, first of all, Co, Fe, Mn, and Cu and are especially
typical of low-spin Col//1T complexes with planar tetra-
dentate macrocyclic and chelating strong- and moderate-
field ligands. At least, three possible mechanisms of ac-
tion have been proposed for these complexes. First, it has
been assumed34 that some of the complexes suppress tu-
mor growth by binding the histidine units of polypeptide
chains. In some other cases, release of cytotoxic ligands
from the reduced forms of complexes is possible under
hypoxic conditions. It is this mechanism that was pro-
posed for the antitumor action observed in in vitro experi-
ments35—37 with mixed-ligand complexes of cobalt(ii)
with acetylacetone and nitrogenous analogs of yperite.
M. E. Vol'pin put forward a hypothesis38 that redox-
active complexes of transition metals able to catalyze the
autooxidation of ascorbic acid (AA) can be used in the
therapy of cancer. This reaction is known to involve gen-
eration of reactive oxygen species (ROS), namely, the
superoxide ion, the hydroxyl radical, and hydrogen per-
oxide. These are potent cytotoxic agents as they can
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damage key biomolecules such as DNA.3 Those of the
above-mentioned complexes that would be capable of
selective accumulation in malignant tissues may be ex-
pected to exhibit the antitumor activity when used to-
gether with AA. The fruitfulness of this approach has been
demonstrated4%:41 in the cases of the redox-active cobalt
phthalocyanine complexes and cobalt complexes of the
B, series combined with AA.

Interestingly, cobalt chelates with aliphatic tetra-
dentate Schiff’s bases, unlike the corresponding com-
plexes with phthalocyanines and B, derivatives exhibit4?
an antitumor action regardless the presence of AA.* Two
points are pertinent in this respect. First, AA is by no
means the only one bioreductant, vital functions being
also borne by other redox systems, for example, those
based on nicotinamide adenine dinucleotide or glu-
tathione. Second, redox-active complexes are able to cata-
lyze not only the formation of ROS but also the reactions
where ROS are consumed, i.e., they exhibit nonspecific
oxidase, peroxidase, and catalase activities.44 In addition,
the complexes themselves can gradually lose the catalytic
activity, being destroyed under the action of the ROS
formed. These facts suggest that selective attack of malig-
nant neoplasms requires a particular balance between these
processes depending on the catalytic activity of the given
complex in each of the above-mentioned reactions and
on the distribution of oxygen between the normal tissue
and the tumor.

From this standpoint, the antitumor action of cobalt
complexes with aliphatic tetradentate Schiff’s bases de-
serves further investigation, in particular, using chemical
models, for the following reasons. First, the good pros-
pects of these complexes were pointed out by both publi-
cations concerning their biological, in particular antitu-
mor, activities*3 and preliminary results of our investiga-
tions.# Second, they are convenient objects for studying
the dependence of the antitumor effect of redox-active
complexes on the structure, reactivity, and physicochemi-
cal characteristics, as their structures can be easily varied
by introducing additional axial ligands. Of special interest
are complexes with biogenic ligands, whose function may
be to weaken the side toxic effect caused by the xenobiotic
core of the complex, to enhance its antitumor action,
and/or to facilitate its transport through cell membranes.
Our goal was to study the antitumor effects of cobalt
complexes with tetradentate aliphatic Schiff’s bases and
biogenic axial ligands; we chose compounds of the vita-
min PP series as the axial ligands. Previously, these com-
plexes have been unknown. Encouraging preliminary re-
sults of medicobiological trials have already been re-
ported.45—47

* For cobalt chelates with aliphatic tetradentate Schiff’s bases, a
moderate antitumor activity has been found43 in addition to the
antiinflammatory and bactericide effects.

Chemical studies

Synthesis and characterization of the complexes. Co-
balt chelates with tetradentate aliphatic Schiff’s bases de-
rived from ethylenediamine and acetylacetone or its
derivatives were prepared. The newly synthesized
compounds, [N,N -ethylenebis(2-iminopent-3-en-4-
olate)|bis(pyridine-3-carboxamide)cobalt(+1) chloride
(1Ac, Y = Cl), [N,N’-ethylenebis(2-iminopent-3-en-
4-olate)]|bis(pyridine-3-carboxamide)cobalt(+1)
tetraphenylborate monohydrate (1Ac, Y = BPhy, - H,0),
[N,N -ethylenebis(3-chloro-2-iminopent-3-en-4-
olate)|bis(pyridine-3-carboxamide)cobalt(+1) chloride
(1B, Y =Cl), [ N,N -ethylenebis(2-imino-5,5,5-trifluoro-
pent-3-en-4-olate)]|bis(pyridine-3-carboxamide)co-
balt(+1) chloride (1C, Y = CIl), [N,N -ethylene-
bis(2-iminopent-3-en-4-olate)|bis(pyridine-4-carbox-
amide)cobalt(+1) chloride (1Ad, Y = CI), [N,N -ethyl-
enedi(2-iminopent-3-en-4-olate)|(pyridine-3-carb-
oxylate)[pyridine-3-carboxylic acid]cobalt (2), are Co!ll
complexes. They are stable in air, unlike reduced forms,
i.e., Coll complexes, and, therefore, suitable for injec-
tions. It is known that axial bases (L, L") in these oxidized
forms are bound much more strongly than in reduced
forms, especially if they are strong-field ligands.48 There-
fore, one may hope that these complexes would reach the
cell targets being undissociated.
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* [Co(acac,en)L,lY.

Y=Cl, Bror BPh,

(Co(acac,en)(nica)(nica_y))

Note: im is imidazole, nic is nicotinamide, i-nic is isonicotin-
amide, nica is nicotinic acid, nica_y is the anionic residue of
nicotinic acid
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In a study of the antitumor activity of cobalt com-
plexes we showed24:42 that impurities can have a substan-
tial influence on the pharmacological characteristics of
these substances. Therefore, to reduce the content of im-
purities, we tested and optimized several routes for the
synthesis of these complexes. The "half-template” method
used previously# to prepare Co!ll complexes with tetra-
dentate Schiff’s bases proved to be the the method of
choice. This involves three successive steps: (1) synthesis
of a free Schiff’s base, (2) synthesis of a Co!! chelate with
the Schiff’s base from a Co!l salt and this free ligand
under anaerobic conditions, and (3) the introduction of
the corresponding Lewis base (L), which becomes an axial
ligand, followed by oxidation of the reaction mixture with
atmospheric oxygen. In all cases, the yields exceeded 70%.

The new complexes 1Ac, 1Ad, and 1B—D and com-
plexes 1Aa and 1Ab known previously®® were identified
and characterized by elemental analysis, TLC, and by
'H NMR, UV/Vis, and IR spectroscopy; where appropri-
ate, aquametry was used to determine the water of crys-
tallization. The individuality and the degree of purity of
these substances were established by reversed-phase HPLC
and capillary electrophoresis with spectrophotometric de-
tection, including that with fast scanning of the spec-
trum.51:52 In all cases, the arbitrary purity defined as the
ratio of the area of the major peak on the chromatogram
or electrophoregram to the sum of all signals at 310 nm
was at least 99%.

In addition, the structure of the complex with nicoti-
namide 1Ac, which is the most promising antitumor agent,
was determined by X-ray diffraction.* Like most of the
compounds considered, this is a cationic octahedral Co!ll
complex containing two nicotinamide molecules as
monodentate axial ligands, which are coordinated to the
central metal ion through the pyridine N atoms (Fig. 1).
The neutral complex with nicotinic acid (2) is an excep-
tion, as it contains both the acid molecule and its anionic
residue as the axial ligands.

The physicochemical characteristics of these com-
plexes in the processes assumed to be related to their
biological activity have been studied.

Aquation and subsequent decomposition. The behavior
of the complexes under pseudo-physiological or related
conditions, namely, in aqueous media at pH 5—9 and
20—60 °C, has been studied using mainly spectrophoto-
metric kinetic measurements and 'H NMR spectroscopy.
The two axial ligands underwent successive and reversible
replacement by water (aquation). This was followed by a
slow extensive decomposition of the resulting diaqua com-
plex. In this connection, it should be noted that we were
unable to isolate diaqua complex 1A (L, L” = H,0). Ap-
parently, decomposition starts with an electron transfer

* Z. A. Starikova, the materials are being prepared for publi-
cation.

inside the coordination sphere from the equatorial Schiff’s
ligand to the central Co!!l jon, and the lower electron-
donating ability of water compared to nitrogenous bases
favors this transfer. Thus, the whole process can be repre-
sented by Scheme 1. Selected data on the aquation kinet-
ics and equilibria are presented in Table 1.

Scheme 1
L L
(1) H,0
L T
| I
L H,0
H,0
(2) H,0 Co' complexes
_ and other
L decomposition products
I
H,0
(3)
Slowly
VI, V2 2> V3

Both steps of aquation are pseudo-first-order reac-
tions. The pH dependence of the reaction rates indicates
the involvement of acid-base catalysis usual for Co!ll
amino complexes.

The aquation of the diammino complex 1Aa proceeds
more easily than that of related complexes with aromatic
heterocyclic nitrogenous bases 1Ab—Ad and 2 to such an
extent that kinetic measurements had to be carried out
in different temperature ranges, namely, 15—25 and
50—60 °C, respectively.

The first step of the aquation of diammino complex
1Aa in a neutral medium proceeds approximately 15 times
as fast as the second one, which is attributable to the
trans-labilizing effect of the other (remaining) NH; ligand.
For other complexes of the series 1A, the first step of
aquation is much slower so that the rates of both steps
become comparable. Obviously, this stabilization of the
starting complex is due to both the formation of a dative
bond by the antibonding MO of the aromatic hetero-
cycles and to the decrease in the frans-labilizing effect of
the remaining axial ligand, which is a weaker electron
donor than ammonia.

Electrode processes. The electrode potentials of re-
dox-active complexes provide important characteristics
of these compounds from the standpoint of their possible
biological action. Therefore, we studied the behavior of
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C(23)

Fig. 1. Molecular structure of [Co(acac,en)(nic),]BPh,- H,O (1Ac).

complexes 1 on a glassy carbon electrode in an aprotic
medium. The mechanism of their cathodic reduction cor-
responds to the scheme proposed previously3? for the elec-
trode reactions of cobalt complexes with tetradentate
Schiff’s bases in aprotic solvents (Scheme 2). The elec-
tronic effects in the equatorial (polydentate Schiff’s) ligand

Table 1. Equilibrium and kinetic constants? for the aquation of
cobalt(11) complexes with a tetradentate Schiff’s base derived
from acetylacetone and ethylenediamine

k
[Co(acac,en)LL’]" + H,0O —‘kl
-1
=== [Co(acac,en)L(H,0)]* +L",

k
[Co(acac,en)L(H,0)]* + H,0 .T;-

=== [Co(acac,en)(H,0),]* + L

LL k+102 ky-102 k_+1073 k_,-1072  K;-10°

K, 104 min~! L mol~! min—! mol L-!

nic 3.31 2.51 1.49 1.83 2.23, 1.37
1.77°

i-nic 3.99 3.21 1.93 2.05 2.07, 1.56
0.854

nica, 3.23 1.14 0.80 3.31 4.00, 0.36

nica_gy 3.40°

4 Determination method and conditions: absorption spectros-
copy in the visible and UV regions; phosphate buffer with pH 7.4
in H,0, 60 °C, the sum of concentrations of cobalt(ii1) com-
plexes was ~10~4 mol L~!.

b Determined by '"H NMR spectroscopy in D,0; 25 °C, the sum
of concentrations of cobalt(11) complexes was ~10~! mol L1,

affect appreciably the potentials of both reduction steps,
i.e., Colll/Il and Co!/1, whereas the variation of the axial
ligand (monodentate Lewis base) has a pronounced effect

Scheme 2
[Collchel)L,]* === [Col(chel)L,]
1
: A
1 |
v :
[Collichel)]t =—= [Co'(chel)] .—;_- [Col(chel)]”
2
.
Me  ,/~—\ Me
=N.__ L N=
N S /M
(0] L (0]
R R
[Colll(chel)]*
Complex R L —(EDpe —(ED1pp
\%
1Aa Me NH, 1.07 1.80
1Ac Me nic 0.62 1.85
1Ad Me i-nic 0.60 1.87
1C CF, nic 0.24 1.33

Note. The CV data were obtained on a glassy carbon electrode in
a 0.1 M solution of BuyNBF, in MeCN at 25 °C; potential
sweep rate 0.1 V s~!; the cathodic peak (Epc) and half-wave
(£} ) potentials are referred to SCE.
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only on the first step. The reason for this difference has
already been discussed.5?

Homogeneous redox reactions and catalytic processes
involving ROS. The reduction of cobalt(ii1) complexes
with tetradentate Schiff’s bases in an aqueous solution
has been studied by pulse radiolysis taking 1Ad as an ex-
ample. The superoxide, carbon dioxide, and methyl
viologen radical anions that were generated upon the pulse
served as the test reducing agents. The equilibrium redox
potentials of these species are —0.45, —0.65, and —2.15V
(vs. SCE). The carbon dioxide and even methyl viologen
radical anions but not the superoxide radical anion re-
duce this complex promptly and efficiently (the second-
order rate constants are 2.0+ 108 and 1.8 108 L mol~! s~ 1,
respectively). This means that in this case, the Co!l/II
redox potential falls in the range from —0.45 to —0.65 V
(vs. SCE), which agrees with CV data.

Two independent methods, namely, CV and the su-
peroxide dismutase (SOD) biosensor, were used to esti-
mate the antioxidant activity of complexes 1Aa, 1Ac,
and 1Ad, i.e., the ability of these redox systems to accept
the ROS in buffer and physiological solutions compared
to that of AA. Both methods gave similar results: in terms
of increasing antioxidant activity, these complexes can be
arranged in the sequence

1Aa >> 1Ad > 1Ac. (1)

The catalytic autooxidation AA in the presence of com-
plexes in question was studied. To prove the intermediate
formation of the ROS and to monitor the reactions in-
volving them, we used enzymological techniques in com-
bination with the same biosensor.

The catalytic activity of complexes 1 and 2 in the
autooxidation of AA estimated from the initial rates of the
reaction decreases in the sequence

1B > 1Ad > 1Ac > 2 > 1Aa > 1Ab > 1C. )

The apparent catalytic activity of complexes gradually
changes as the process develops. The loss of activity per
catalytic cycle decreases, while the growth increases in
the sequence

1Aa > 1Ab | 1B > 1Ad > 1Ac > 2 >> 1C, 3)

where the character "|" corresponds to switching of the
sign of the effect to the opposite one.

Generally speaking, the change in the apparent cata-
Iytic activity of complexes may be due to the following
reasons: (1) their destruction under the action of the ROS,
(2) gradual change in the ratio (approach to the equilib-
rium) between the oxidized and reduced forms of the
catalyst, and (3) the developing aquation process. The
switching of the sign of the effect in the series of the
complexes (3) indicates that different situations with pre-
dominance of one or another of these effects can occur
during the process.

The influence of enzymes that cause either ROS de-
composition, namely, SOD and catalase (Cat), or ROS
consumption (xanthine oxidase combined with xanthine
as the substrate) on the catalytic oxidation of AA has also
been followed. In all cases, the processes under interest
were inhibited; in the first two cases, this was indicated by
a decrease in the degree of conversion of AA, while in the
last-mentioned case, by a decrease in the steady-state
superoxide concentration. Superoxide dismutase and Cat
inhibit the autooxidation of AA to comparable extents,
except for the case of the least catalytically active com-
plex 1C (Table 2). This implies that the extents to which
superoxide and the hydroxyl radical (more precisely,
hydrogen peroxide) are involved in the process are of the
same order of magnitude. A similar situation has also
been observed for hydroxocobalamine (B),,),*! whereas
in the case of Fe and Co phthalocyanine complexes, the
effect of SOD is much more pronounced.33

Table 2. Effect of superoxide dismutase (SOD) and catalase (Cat) on the autooxidation of ascorbic acid (AA) in
the presence of cobalt complexes with tetradentate Schiff’s bases?

Complex The ratio Degree of conversion of AA (%) over 1 h Relative suppression of
used as complex : AA without in the presence of autooxidation by the enzyme (%)
catalyst an enzyme
SOD Cat SOD Cat
—b — 26 8 12 72 55
1Aa 1:10 28 17 16 39 43
1B 1:1000 74 9 18 88 75
1C 1:10 52 28 46 46 11
2 1:10 35 28 23 21 35
B¢ 1:10 45 41 37 8 16

@ Aqueous buffer solutions, pH 7.0, 25 °C, the AA, SOD, and Cat concentrations were 5+ 10~5 mol L~! and

1 and 2 mg mL~!, respectively.
b Blank experiment.
¢ Hydroxocobalamine.



2642 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 12, December, 2003

Osinsky et al.

Attempt at matching the reactivity to the antitumor
effects. The model approach makes it possible to outline a
relationship between the chemical properties and physi-
cochemical characteristics of redox-active complexes,
on the one hand, and their antitumor action, on the
other hand.

Of the complexes we studied, two complexes, 1Ab
and 1B, proved to be clearly ineligible due to the high
general toxicity of free ligands, imidazole and 3-chloro-
acetylacetone, respectively.

Complex 1C, containing a CF; group in the equato-
rial Schiff’s ligand, appears to have no prospects either,
due to the too high oxidation potential of the Co!l/Il
redox pair (see Scheme 2), i.e., difficulty of oxidation of
the Co!! reduced form under physiological conditions.
This accounts for very low catalytic activity of this com-
plex in the autooxidation of AA (see sequence (2)).

These data in combination with the results of medico-
biological tests, which are outlined below, suggest that
the stability against aquation and high and persistent cata-
Iytic activity in the autooxidation of AA or another
bioreductant are favorable for the antitumor action of
redox-active cobalt(i11) complexes, all other factors being
the same.

Medicobiological studies

Complexes 1Aa, 1Ac, and 1Ad were tested in detail.
Determination of acute toxicity of 1Ac (typical example)
containing nicotinamide as the axial ligand gave the fol-
lowing results: for F; (C57BI/DBA;) mice, LDsj,4 =
68.3 mg kg~!; maximum tolerable dose (MTD) =
41 mg kg~!; therapeutic doses, 10—12 mg kg~!; therapeu-
tic index, 4.3; and range of therapeutic effect, 3.4. The
decrease in the body weight of animals at doses of up to
60 mg kg~! was not more than 3.8%. These values attest
to a moderate acute toxicity of the complex not exceeding
that of known antitumor preparations. It is also note-
worthy that the complexes under investigation did not
exhibit a substantial acute toxicity, in particular, hemo-,
hepato-, or nephrotoxicity.

The influence of the complexes on the tumor growth
were studied in experiments with transplanted murine tu-
mors, in particular, with mammary adenocarcinoma
Ca755, melanoma B16, and Lewis lung carcinoma. All
three complexes, first of all, 1Ac and 1Ad, exhibited rather
high antitumor, especially antimetastatic effects (Figs. 2
and 3, Table 3). It should be emphasized that the anti-
metastatic effect of the complex with nicotinamide (1Ac)
proved to be more pronounced than that found for the
conventional modern preparations, platidiam and cyclo-
phosphamide (see Fig. 3). On the basis of these results,
the complex with nicotinamide, 1Ac, can be recom-
mended for preclinical studies in order to develop a phar-
maceutical form.
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Fig. 2. Antitumor activity of cobalt(1i1) complexes 1Aa, 1Ac, and
1Ad: tumor growth suppression (TGS) of the primary trans-
planted tumors in mice having mammary adenocarcinoma
(Ca755) (a), melanoma B16 (b), and Lewis lung carcinoma (c).
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Fig. 3. Antimetastatic activity of complex 1Ac (7), platidiam (2),
and cyclophosphamide (3) in mice with Lewis lung carcinoma
(model with amputation): metastasing growth suppression
(MGS) as regards the number (a) and the bulk of (b) metastases.

To evaluate the possible effect of the Co”a1q ions
(which are likely to be formed upon complete decompo-
sition of the complexes), we studied the effect of CoCl,
on the growth of transplanted tumors. This cobalt(11) salt
exhibited only insignificant antitumor effect (about 8 times
less pronounced than that of 1Ac).

The fact that the most pronounced antitumor activity
was found for complex 1Ac containing nicotinamide as
the axial ligand stipulated the necessity of verifying also
the effect of free nicotinamide and its combination with
complex 1Aa containing relatively weakly bound ammo-
nia as the axial ligand on the tumor growth. The experi-
ments demonstrated rather low antitumor activity of nico-
tinamide (below 25%), while the introduction of nicotin-
amide together with 1Aa even decreased the antitumor
effect of this complex from 76 to 22%. The reason for the
last-mentioned fact is obscure. Nevertheless, it was clearly
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Table 3. Antimetastatic activity of cobalt(ii1) complexes

Com- The number of  Metastasing growth suppression
plex mice without in the lungs (%) determined from
metastases
the number the bulk
(%) of metastases of metastases

Lewis lung carcinoma — the model without amputation

1Aa 15 67 70
1Ac 17.5 74 80
1Ad 15 77 78

Lewis lung carcinoma — the model with amputation
1Aa 27.5 67 90
1Ac 34 84 99
1Ad 35 84 95

Melanoma B16

1Aa 37.5 75 76
1Ac 40 71 99
1Ad 35 65 85

shown that the pronounced antitumor effect is inherent in
complex 1Ac rather than in the products of its possible
transformations.

Study of the mechanisms of the antitumor action of the
complexes. We assumed that complexes 1Ac, 1Ad, and
even (at least partially) 1Aa can reach the biological tar-
gets (tissues, cells) without being decomposed, while in
the targets, they are reversibly reduced. This gives rise to
the Co!l/IIl redox pairs, which catalyze the autooxidation
of biological substrates with the intermediate formation
of the ROS. The ROS thus generated attack the bio-
molecules of the tumor cell (in particular, lipids, pro-
teins, and DNA) to oxidize some of them (lipids) and
damage some other (single- and double-strand scissions
of DNA). For this to take place, the given Co!l/IIl pair
should possess an appropriate redox potential such that
the starting Co!l complex could be reduced in the hy-
poxic areas of the tumor tissue selectively with respect to
normal tissues and organs.

This assumption was verified in an experiment in mice
with Lewis lung carcinoma in which the contents of
malondialdehyde (MDA) and reduced glutathione (GSH)
were determined and the activity of glutathione-S-trans-
ferase (GST) in the tumor tissue and in some normal
tissues of the tumor-bearing animal was measured. The
obtained results clearly demonstrated a substantial selec-
tivity of the action of the complexes on the tumor. In
particular, the content of MDA, which is the final lipid
peroxidation product and a marker of its activity, increased
3.5-fold in the tumor 60 min after injection of com-
plex 1Ac, whereas the content of MDA in the liver and
kidneys increased only 1.5- and 2.4-fold, respectively.
The content of MDA in the blood did not change. After

24 h, the content of MDA in the tumor remained at the
same level, whereas in the normal tissues it has returned
to the initial level.

This experiment showed that 1Ac activates lipid
peroxidation in animal tissues, this effect being most pro-
nounced in the tumor. This activation is known to stimu-
late the protective function of the thiol system, which
includes, first of all, GSH and the enzyme GST. Upon
the injection of complex 1Ac, the content of GSH in the
tumor halved, whereas its content in the liver remained
the same. It was also found that the activity of GST in the
tumor decreased as soon as 30 min after the injection.
Subsequently, it continued to decrease and the initial
level is not restored even after 24 h. Meanwhile, in nor-
mal tissues, only a slight decrease in the enzyme activity
was observed, the initial activity being restored already
after 60 min. These results attest to selective suppression
of the protective system of the tumor tissue under the
action of 1Ac. While analyzing the rersults obtained, one
can state that the cobalt complexes in question are selec-
tively reduced in the tumor tissue, thus initiating the lipid
peroxidation.

The selectivity of action of the complexes was also
found in experiments where the bioenergetic status> of
the tumor and the normal tissues was determined by
31P NMR spectroscopy. The complexes cause a substan-
tial and rather selective decrease in the level of tumor
bioenergetics (in normal tissues, only a slight decrease
was noted) and an increase in the fraction of hypoxic
tumor cells, especially 2 h after the injection. Probably,
inhibition of the energetic metabolism in the tumor is a
mechanism of action of these complexes.

Damage of DNA in the tumor cells, in particular, an
increase in single-strand scissions of DNA is noteworthy,
which is indicative of the ability of complexes or their
metabolites, including ROS, to interact with this impor-
tant biomolecule. Experiments in vivo showed that ad-
ministration of the complex in animals with transplanted
tumors increased the level of apoptotic cells in the tumor
by a factor of almost 3. Note that the level of apoptosis in
normal tissues almost was not changed.

Experiments on determination of the influence of 1Ac
on the activity, in the tumor tissue, of type IV matrix
metalloproteinases (MMP-2 and MMP-9), which play a
key role in the tumor dissemination, were carried out.
The activities of MMP-2 and MMP-9 in the tumor were
found to decrease markedly after administration of the
complex according to the therapeutic regimen, which may
imply one more possible mechanism of the antitumor, in
particular, antimetastatic action of the complex.

Attention is drawn by the fact that the sequence of the
antitumor effects of complexes 1Aa, 1Ac and 1Ad (see
sequence (1)) is opposite to the sequence of antioxidant
activity. To make this finding general, wider series of
complexes are to be studied.
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We found that after administration of complex 1Ac
into a tumor-bearing animal, the level of NO formation
from L-arginine in the tumor is halved. The fact that the
level of NO formation in the normal tissues of the tumor-
bearing animal, which is usually 2—3 times higher than in
a healthy animal, was not changed after administration of
the complex, still lacks an explanation.

The observed decrease in the NO level in the tumor
under the action of this cobalt complex is of obvious
interest, especially in view of the data that an enhanced
level of NO in the tumor is correlated with its growth and
metastazing.3> Note that ruthenium complexes that have
a pronounced antitumor effect also exhibit a substantial
antioxidant activity.28:55 These complexes were found36:57
to "neutralize" NO, due to coordination of the paramag-
netic NO molecule to the paramagnetic Ru!ll complex.
This may be followed by transformations of the NO
ligand, including catalytic transformations involving bio-
substrates, in the metal coordination sphere. It was sug-
gested38 that these processes are responsible for the anti-
tumor effect of Ru complexes. As a result, the angiogen-
esis in the tumor, otherwise stimulated by NO, is re-
tarded.

In conclusion, we would like to emphasize that, irre-
spective of the mechanism of the antitumor activity of the
cobalt complexes we considered, the high selectivity of
their effect on the tumor is most important from the clini-
cal oncology standpoint. This selectivity is due, on the
one hand, to a set of their chemical properties and, on the
other hand, to specific features of the microenvironment
of tumor cells. This gives hope for the development of
effective antitumor drugs on the basis of these complexes
or related structures.

The authors wish to thank N. Yu. Krainova, E. A.
Mironov, E. A. Paskonova, A. S. Peregudov, M. Yu.
Romashova, and Z. A. Starikova for participation in the
experiments.

This work was supported by the INTAS (Grant
00-665).

References

1. R. Ganss and D. Hanahan, Cancer Res., 1998, 58, 4673.

2. P. Carmeliet and R. K. Jain, Nature, 2000, 407, 249.

3.G. U. Dachs and G. M. Tozer, Eur. J. Cancer, 2000,
36, 1649.

4. T.Y. Reynolds, S. Rockwell, and P. M. Glazer, Cancer Res.,
1996, 56, 5764.

5.J. M. Brown and A. J. Giaccia, Cancer Res., 1998, 58, 1408.

6. D. J. Chaplin, M. R. Horsman, M. J. Trotter, and D. W.
Siemann, in Blood Perfusion and Microenvironment of Human

oo

10.
11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Tumors, Eds. M. Molls and P. Vaupel, Springer, Ber-
lin—Heidelberg, 1998, p. 133.

. P. Vaupel, D. Kelleher, and O. Thews, Eksperimental ‘naya

onkologiya (Experimental Oncology), 2000, 22, 15.

.B. Rosenberg, L. van Camp, J. E. Trosko, and V. H.

Mansour, Nature, 1969, 222, 385.

. A. Evangelou, S. Karkabounas, G. Kalpouzos, M. Malamas,

R. Liasko, D. Stefanou, A. T. Vlahos, and T. A. Kabanos,
Cancer Lett., 1997, 119, 221.

A. M. Evangelou, Crit. Rev. Oncol. Hematol., 2002, 42, 249.
M. M. El-Naggar, A. M. El-Waseef, K. M. El-Halafawy,
and I. H. El-Sayed, Cancer Lett., 1998, 133, 71.

. E. R. T. Tiekink, Crit. Rev. Oncol. Hematol., 2002, 42, 225.

N. Miyazaki, H. Nakano, N. Kawakami, M. Kugotani,
K. Nishihara, Y. Aoki, and K. Shinohara, Int. J. Hyper-
thermia, 2000, 16, 457.

P. R. Warrell, Jr., C. J. Coonley, D. J. Straus, and C. W.
Young, Cancer, 1983, 51, 1982.

B. J. Foster, K. Clagett-Cark, D. Hoth, and B. Leyland-
Jones, Cancer Treatment Rep., 1986, 70, 1311.

A. D. Seidman, H. I. Scher, M. H. Heinemann, D. F.
Bajorin, C. N. Sternberg, D. D. Dershaw, M. Silverberg,
and G. J. Bosl, Cancer, 1991, 68, 2561.

J. H. Malfetano, J. A. Blessing, and H. D. Homesley,
Am. J. Clin. Oncol., 1995, 18, 495.

P. Collery, B. Keppler, C. Madoulet, and B. Desoize, Crit.
Rev. Oncol. Hematol., 2002, 42, 283.

V. A. Shlyakhovenko, L. I. Zagoruiko, V. V. Kozak,
Yu. V. Yanish, V. M. Kokozei, and A. S. Chernova,
Eksperimental'naya onkologiya (Experimental Oncology),
1999, 21, 73.

D. R. Richardson, Crit. Rev. Oncol. Hematol., 2002, 42, 267.
D. C. Ware, B. D. Palmer, W. R. Wilson, and W. A. Denny,
J. Med. Chem., 1993, 36, 1839.

L. C. Perin, W. R. Wilson, W. A. Denny, and W. D.
McFadyen, Anti-Cancer Drug Design, 1999, 14, 231.

M. E. Vol'pin, I. Ya. Levitin, and S. P. Osinsky, Angew.
Chem., Int. Ed. Engl., 1996, 35, 2395.

M. E. Vol'pin, 1. Ya. Levitin, and S. P. Osinsky, in Metal
lons in Biological Systems, Eds. A. Sigel and H. Sigel, Marcel
Dekker, New York, 1999, 36, Ch. 15.

S. P. Osinsky, I. Ya. Levitin, L. N. Bubnovskaya, I. I.
Ganusevich, A. L. Sigan, M. V. Tsikalova, and L. 1.
Zagoruiko, Eksperimental'naya onkologiya (Experimental
Oncology), 1999, 21, 216.

J. Yoshii, H. Yoshii, S. Kuriyama, Y. Ikenaka, R. Noguchi,
H. Okuda, H. Tsuinoce, T. Nakatani, H. Kishida, D. Nakae,
D. E. Gomez, M. S. De Lorenzo, A. M. Tejera, and
H. Fukui, Int. J. Cancer, 2001, 94, 768.

N. Katsaros and A. Anagnostopoulou, Crit. Rev. Oncol.
Hematol., 2002, 42, 297.

G. Sava, I. Capozzi, K. Clerici, R. Gagliardi, E. Alessio, and
G. Mestroni, Clin. Exp. Metastasis, 1998, 16, 371.

G. Sava, A. Bergamo, S. Zorzet, B. Gava, C. Casarsa,
M. Cocchietto, A. Furlani, V. Scarcia, B. Serli, E. Iengo,
E. Alessio, and G. Mestroni, Eur. J. Cancer, 2002, 38, 427.

R. E. Aird, J. Cummings, A. A. Ritchie, M. Muir, R. E.
Morris, H. Chen, P. J. Sadler, and D. 1. Jodrell, Br. J. Cancer,
2002, 86, 1652.

E. Melendez, Crit. Rev. Oncol. Hematol., 2002, 42, 309.



Redox-active cobalt complexes

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 12, December, 2003

2645

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44

45.

M. Vol'pin, G. Gerassimova, A. Sirkin, O. Kaliya,
E. Lukyanets, Yu. Luzhkov, R. Yakubovskaya, V. Chissov,
and G. Vorozhtsov, Mark Vol pin Memorial Symp. (Moscow,
May 19—23, 2003), Book of Abstracts, Moscow, 2003, p. 74.
M. E. Lippard, in Bioinorganic Chemistry, Eds. 1. Bertini,
H. B. Gray, S. J. Lippard, and J. S. Valentine, University
Science Books, Mill Valley, CA (USA), 1994, p. 504.

O. Blum, A. Haiek, D. Cwikel, Z. Dori, T. Meade, and
H. B. Gray, Proc. Natl. Acad. Sci. USA, 1998, 95, 6659.

B. A. Teicher, M. J. Abrams, K. W. Rosbe, and T. S. Herman,
Cancer Res., 1990, 50, 6971.

D. C. Ware, W. R. Wilson, W. A. Denny, and C. E. F.
Rickhard, J. Chem. Soc., Chem. Commun., 1991, 1171.

W. A. Denny, W. R. Wilson, and M. P. Hay, Br. J. Cancer,
1996, 74, Suppl. 27, 32.

M. E. Vol'pin, 1. Ya. Levitin, and S. P. Osinsky, Proc.
3rd  Europ. Conf. on  Bio-inorganic  Chemistry
(Noordwijkerhout, The Netherlands, August 4—10, 1996),
Noordwijkerhout, The Netherlands, 1996, P2.

D. G. Knorre, O. S. Fedorova, and E. 1. Frolova, Usp. Khim.,
1993, 62, 70 [Russ. Chem. Rev., 1993, 62 (Engl. Transl.)].
US. Pat. 6,004,953, 1997; Chem Abstrs., 1997, 126, 195231.
M. E. Vol'pin, N. Yu. Krainova, I. Ya. Levitin, Z. Ya.
Mityaeva, G. N. Novodarova, A. A. Pankratov, V. 1. Chissov,
and R. 1. Yakubovskaya, Ros. Khim. Zhurn., 1998, 42, 116
[Mendeleev Chem. J., 1998, 42 (Engl. Transl.)].

L. N. Bubnovskaya, M. E. Vol pin, I. I. Ganusevich, I. Ya.
Levitin, V. K. Oganezov, S. P. Osinsky, A. A. Pankratov,
A. L. Sigan, V. V. Surgai, M. V. Tsikalova, and R. I.
Yakubovskaya, Ros. Khim. Zhurn., 1998, 42, 128 [ Mendeleev
Chem. J., 1998, 42 (Engl. Transl.)].

Z. Dori and D. Gershon, Int. Pat. WO90/06119; Chem.
Abstrs., 1991, 115, 15588.

. Inorganic Biochemistry, Ed. G. B. Eichhorn, Elsevier,

Amsterdam, 1975, 2, Ch. 28.

S. Osinsky, I. Levitin, L. Bubnovskaya, A. Sigan,
I. Ganusevich, V. Michailenko, and A. Kovelskaya,
Experimental ‘naya onkologiya | Experimental Oncology], 2000,
22, Suppl. 2, 39.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

S. Osinsky, I. Levitin, L. Bubnovskaya, A. Sigan,
I. Ganusevich, V. Michailenko, and A. Kovelskaya, Int.
J. Med. Biol. Environ., 2000, 28, 83.

L. Bubnovskaya, V. Michailenko, I. Kondrichin, S. Osinsky,
A. Kovelskaya, 1. Levitin, and A. Sigan, Experimental ‘naya
onkologiya | Experimental Oncology], 2002, 24, 128.

F. D. W. Kemmit and D. R. Russel, Cobalt, in Comprehen-
sive Organometallic Chemistry, Ed. G. Wilkinson, Pergamon,
Oxford, 1982, 5, p. 2.

A. Bigotto, G. Costa, G. Mestroni, G. Pellizer, A. Puxeddu,
E. Reisenhofer, L. Stefani, and G. Tauzher, Inorg. Chim.
Acta Rev., 1970, 4, 41.

A. Bottcher, T. Takeuchi, K. I. Hardcastle, T. J. Meade, and
H. B. Gray, Inorg. Chem., 1997, 36, 2498.

P. N. Nesterenko, I. Ya. Levitin, M. V. Tsikalova, and M. E.
Vol pin, Inorg. Chim. Acta, 1995, 240, 665.

P. Nesterenko, I. Levitin, N. Chernoglazova, E. Paskonova,
N. Penner, and M. Tsikalova, Inorg. Chim. Acta, 1998,
280, 295.

M. E. Vol'pin, N. Yu. Krainova, I. V. Moskaleva, G. N.
Novodarova, G. N. Vorozhtsov, M. G. Gal'pern, O. L.
Kaliya, E. A. Lukyanets, and S. A. Mikhailenko, Izv. Akad.
Nauk, Ser. Khim., 1996, 2105 [Russ. Chem. Bull., 1996, 45,
2000 (Engl. Transl.)].

P. Vaupel, Blood Flow, Oxygenation, Tissue pH Distribution,
and Bioenergetic Status of Tumors, Ernst Schering Research
Foundation, Berlin, 1994.

L. C. Jadeski, K. O. Hum, C. Chakrabotry, and P. K. Lala,
Int. J. Cancer, 2000, 86, 30.

T. W. Hayton, P. Legzdins, and W. B. Sharp, Chem. Rev.,
2002, 102, 935.

P. C. Ford and I. M. Lorkovic, Chem. Rev., 2002, 102, 993.
L. Morbidelli, S. Donnini, S. Filippi, L. Messori, F. Piccioli,
P. Oriolli, G. Sava, and M. Ziche, Br. J. Cancer, 2003,
88, 1484.

Received August 5, 2003




