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Aim: To estimate the selectivity of action of cobalt complexes on tumor tissue. Materials and Methods: Cobalt(III)
complexes containing both the tetradentate Schiff-base ligand derived from acetylacetone and ethylenediamine,
and compounds of the vitamin PP series or their synthetic analogs, viz. nicotinamide, isonicotinamide or nicotinic
acid, as extra (axial) ligands, were tested in vivo on transplanted mice tumors, namely Lewis lung carcinoma
(3LL), melanoma B16, and mammary adenocarcinoma Ca755. Concentrations of malondialdehyde in tissue extracts
were measured by standard biochemical methods. The rate of DNA unwinding was used to detect DNA damage in
tumor cells. Level of tumor hypoxia as well as bioenergetic status were estimated using *'P NMR spectroscopy in
perchloric acid extracts of tissue. Results: A significant and selective increase of malondialdehyde in tumor tissue
reflecting activation of lipid peroxidation was found after administration of the complexes. The bioenergetic status
in tumor was also selectively affected by the complexes: minimization of signals of high-energy phosphates was
observed two hours after injection of the complexes. An increase of the number of DNA single-strand breaks was
registered in tumor tissue, supporting the suggestion that the complexes may directly affect DNA. A correlation
between the above tumor effects and the structure of axial ligands was demonstrated. Conclusion: Cobalt(III)
complexes affect tumor tissue with a very high level of selectivity; in particular they activate lipid peroxidation,
induce DNA single-strand breaks, suppress the bioenergetic status, and enhance hypoxia. It is supposed that the
selective action of these complexes on tumor tissue is due to peculiarities of tumor microphysiology, in particular
significant tumor hypoxia.
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The main goal of cancer therapy is to attain maxi—
mum therapeutic gain, i.e. maximum damage of tumor
cells in combination with minimum damage to normal
cells. This can be achieved in principle via selective
antitumor preparations, the cytostatic effects of which
would be restricted within tumor tissue. While 100%
selectivity may be impractical, achievement of reason—
ably high selectivity seems to be a feasible aim.

One approach to identification of selective cytostat—
ics is based on the difference in characteristics between
malignant and normal tissue, especially in the level of
oxygen tension. Thus tumor tissues are known to fea—
ture low oxygen tensions or, in other terms, they are char—
acterized by a high hypoxic fraction [1, 2]. The latter con—
dition is a prerequisite for development of so—called
bioreductive agents which are activated under hypoxia,
yielding active metabolites capable of killing tumor cells
[3, 4]. One of such agents, tirapazamine, entered phas—
es |-l of clinical trials quite successfully [5].

In this connection, we are interested in transition metal
complexes, the antitumor activities of which have been
of potential interest in tumor chemotherapy since the dis—
covery of cytostatic effects of platinum complexes. In
particular, complexes of cobalt(lll) seem to offer prom-
ise due to a high electron affinity of the metal in the triva—
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lent state, ability to bind to DNA and, last but not least,
the ready reducibility of the compounds in question [6].
A communication [7] that some cobalt—containing sub—
stances are accumulated in tumor tissue in larger con—
centrations than in normal ones should be also noted.

In general, redox-active transition—-metal complex—
es capable of catalyzing both formation and consump-
tion of reactive oxygen species (ROS) are of special in—
terest, as first emphasized by M. Vol'pin [8, 9]. Our studies
are focused on a specific type of redox—active cobalt
complexes, namely those including both tetradentate
aliphatic Schiff base and biogeneous or related synthetic
nitrogenous base ligands. Presumably, such complex—
es may be reversibly reduced under hypoxia, giving rise
to a catalytic autoxidation process resulting in genera—
tion of reactive oxygen species (ROS). On the other hand,
a high level of hypoxia just occurs in solid tumors which
contain significant regions at low oxygen tensions [10].
We hypothesized that these properties may be exploit—
ed for the development of new anticancer agents.

We have synthesized and thoroughly characterized
some complexes of the above type, namely those in—
cluding nicotinamide (nic), isonicotinamide (i—nic), nic—
otinic acid (nic—ac) and some other nitrogenous bases
as axial ligands. It is noteworthy that the molecular
weights of our complexes do not exceed 620 Da. These
values are appropriate for chemotherapeutical agents,
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since low—molecular drugs (with molecular mass
=500 Da) can be relatively readily delivered into cells
and are, ceteris paribus, most appropriate for industrial
production [11].

These cobalt complexes were shown to produce
substantial anticancer effects: inhibition of primary tumor
growth and metastases was in the range of 45-80% and
65-99% respectively [12]. Presumably, the mechanisms
of these effects reflect their reactivity. Namely, they may
be reduced under hypoxic conditions to generate ROS
which attack and damage biomolecules, thus retarding
tumor growth [13]. However, there have been no quan—
titative data yet on the selectivity of action of the com-
plexes upon tumor tissues. This study was aimed to test
the hypothesis that our cobalt complexes, which are re—
ducible under hypoxia with the generation of ROS, may
selectively affect tumor tissue including those with sig—
nificant hypoxic regions.

MATERIALS AND METHODS

Compounds. Octahedral cobalt(lll) complexes con—
taining both the equatorial tetradentate dianionic Schiff
base ligand derived from acetylacetone and ethylene—
diamine, and axial monodentate ligands of the vitamin
PP series or their synthetic analogs [14] were tested in
the experiments in vivo. Compounds were either ca—
tionic complexes of the common symbolic formula
[Co(acac,en)L,]Br, where L is nicotinamide (nic) or isoni—
cotinamide (i-nic), (AC-30 and AC-40, respectively),
or the neutral complex [Co(acac,en)(nica)(nica_,)]
(AC-31) including both nicotinic acid (nica) and its anion
(nica_y) as axial ligands.

Complexes were dissolved in aqua pro injectionibus
immediately before use and injected intraperitoneally. They
were administered at a dose of 12 mg/kg of body weight.
This dose was chosen as a therapeutic one in accor—
dance with LD, values of the substances in question.

Tumors. Transplanted mice tumors, namely Lewis
lung carcinoma (3LL), melanoma B16, and mammary
adenocarcinoma Ca755, were treated in this study. Fe—
male mice of the inbred strain C57BI/6, mean weight 20—
25 g, were used. Tumors were transplanted intramuscu—
larly into a leg. The principles and methods of transplan-
tation were conventional. Animals were kept in Makrolon
cages bedded with dust-free wood granules, and had
free access to a standard diet and tap water. Administra—
tion of complexes was performed when tumors were ca.
0.9-1.2 cm?® in volume. All experiments had been ap-
proved by the regional animal ethics committee.

Methods. The concentrations of malondialdehyde
in tissue extracts were determined by standard bio-
chemical methods. The rate of DNA strand unwinding
which had been proved [15] to be a sensitive measure
of DNA damage in living cells was monitored using a
fluorimetric technique applicable to different DNA dam—
aging agents and cells from animal organs [15]. Prac-
tically, the rate of strand unwinding was determined after
the treatment of crude cell lysates with aqueous alkali.
3P NMR spectra (121.5 MHz) of perchloric acid tissue
extracts were recorded with a Mercury — 300 BB Spec-

trometer (Varian, USA) equipped by Sparcs station 4,
using a probe tube of 5 mm inner diameter. As a stan-
dard substance, methylenediphosphonic acid trisodi—
um salt (Sigma, USA) was used. The Pi/PCr, PiNTP
and PME/BNTP ratios were used as the most reliable
and frequently applied 3P NMR parameters for esti—
mation of the changes in the tissue bioenergetics and
levels of hypoxia [16].

Statistical analysis. Values given in this study are
means + s.e.m. The significance of the differences be-
tween the various groups was estimated by Student’s test.
Differences were considered as significant if pwas < 0.05.

RESULTS AND DISCUSSION

Our principal hypothesis is that these cobalt com—
plexes generate ROS in hypoxic zones characteristic
of tumor rather than normal tissues. Thus, the maximal
damage to biomolecules in the experimental animals
upon administration of the complexes should be local-
ized in malignant tissues.

Lipid peroxidation. Levels of lipid peroxidation were
estimated by determination of the concentration of mal-
ondialdehyde (MDA) as a terminal product of lipid perox—
idation. The data thus obtained are presented in Table 1.
Table 1. Malondialdehyde concentrations (nmol/mg tissue) in Lewis lung
carcinoma and some normal tissues in tumor-bearing mice upon

administration of the cobalt complexes AC-30, AC-40, or AC-31 at a dose
of 12mg/kg

Tissue Time after complex administration (hours)
0 (control) 1 2 6 24
Complex AC-30
Tumor 59+12 10621 17.2+2.7* 152+0.9* 5109
n=15 n=6 n=6 n=>5 n=6
Liver 6.2+09 10.6+51 5307 55+£065 7.6+ 09
n=15 n=6 n=6 n=>5 n=6
Kidney 6.9+05 178+6.4* 745+12 103+37 7.0+18
n=15 n=6 n=6 n=>5 n=6
Complex AC-40
Tumor 59+12 92+1.9° 112+22* 123+1.8* 6.9+14
n=15 n=6 n=6 n=>5 n=6
Liver 6.2+09 78+21 75+17 69+055 6.4+ 05
n=15 n=6 n=6 n=>5 n=
Kidney 69+05 77+27 8723 75+37 6.2+14
n=15 n==6 n=6 n=>5 n=6
Complex AC-31
Tumor 59+12 815+09* 1215+ 99+12* 585+14
n=15 n=7 1.7 n=7 n=4
n=7
Liver 6.2+09 42+13 48+10 53+20 7.8+15
n=15 n=7 n=7 n=7 n=4
Kidney 6.9+05 61+05 85+15 76+19 84=+11
n=15 n=7 n=7 n=7 n=4
* p< 0.05in comparison with control value; n — number of mice.

The administration of complex AC-30 resulted in a
2.9-fold increase of MDA concentration in tumor 2 h
after injection accompanied with minor changes of MDA
content in liver only. However, the MDA concentration
in kidney was increased by a factor of 3.0 1 h after
AC-30 injection. In the case of complex AC-40, there
was a 1.9-fold increase of MDA content in tumor 2 h
after injection without changes of MDA content both in
liver and kidney. Further, MDA concentration increased
by a factor of 2.1 in tumor 2 h after AC-31 injection,
while it did not change in liver and kidney. These re—
sults support the suggestion that our complexes are
selectively reduced in tumors, initiating a catalytic au—
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toxidation process involving generation of ROS. This
oxidative stress apparently activated the peroxidation
of lipids leading to the formation of MDA.

DNA damage. No significant differences in the rate of
DNA unwinding in peripheral white blood cells was found
between experimental groups of animals, either treated
with i.p. injections of complexes AC-30 and AC-31, or
untreated (controls). Only in the animals treated with
AC-30, the DNA unwinding somewhat speeded up 2 h
after injection of the complex; namely, it became ca. 10%
faster compared with that in untreated donor animals.

Further, the rates of unwinding of DNA from tumors
of mice administered with AC-30 by means of i.p. in—
jections were compared with those from DNA from tu-
mors from untreated animals. The former measured 2 h
after injection proved much faster than the latter, namely
by a factor of 3.5 on average (Fig. 1). Thenupto 48 h
after the injection, the proportion of double-stranded
DNA increased, while still remaining below the initial
high level. Namely, 2, 24 and 48 h past the injection, it
was 33, 55 and 58% respectively, as compared with
81% for untreated tumors. The initial level for determi—
nation of the rate of unwinding of DNA strands in tumor
cells was taken as 100% at 0 °C during the 30—min
period of equilibration with alkali.
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Fig. 1. Relative number of double-strand DNA (%) in Lewis lung
carcinoma cells 60 min after incubation in alkali

The changes of DNA unwinding rate in tumor cells
of 3LL-bearing mice treated with AC-31 were qualita—
tively similar to those in the above experiments with
AC-30, but less pronounced: 2, 24 and 48 h after in—
jection of the former complex, the proportion of dou-
ble—stranded DNA was 46, 61 and 65.5%, respectively
(controls — 78.1%).

These data demonstrated that cobalt complexes
exert a direct effect on the structure of DNA, producing
strand breaks in tumor cells. The level of DNA damage
evidently depends on the nature of the axial ligands in
the complexes.

Tumor bioenergetics. >'P NMR spectra of perchloric
acid (PCA) extracts of tumor tissue and muscle of 3LL
carcinoma-bearing mice as well as those from healthy
controls were recorded in order to monitor the effects of
administration of complexes AC-30, AC-40 and AC-31.

In this manner, levels of phosphorus—containing sub—
stances in tissues of mice killed at various intervals (2, 6,
24 and 48 h) after injection of the complexes have been
measured. The spectra of 3LL carcinoma tissue had a

similar profile to that found in the literature, with variations
in the relative concentrations of metabolites (Fig. 2).
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Fig. 2. 3P NMR spectrum of perchloric extract of Lewis lung car—
cinoma of untreated mice

After administration of complex AC-30, levels of
high—energy phosphates in tumor tissue declined sig—
nificantly 2 h after injection (Fig. 3B). The ratios Pi/PCr,
Pi/sNTP and PMEBNTP were significantly increased
by this time point: by 5.2—, 4.1- and 3.5-fold, respec-
tively, presenting convincing evidence for an elevated
hypoxia level in tumor tissue as well as a significant
reduction of the energy status.

These ratios did not completely return to the pre—
treatment level 24 h after AC-30 injection (Fig. 3C),
being something lower than the initial values (by 17, 22
and 26% respectively) 48 h following complex injection
(Fig. 3 D).

In the case of administration of complex AC-40, levels
of high—energy phosphates in tumor tissue also declined
2 h after injection. The Pi/PCr, Pi/SNTP and PME/BNTP
ratios increased with maximum values at 2 h after injec—
tion, by a factor of 3.2, 2.8, and 1.5 respectively. Then
the decrease of Pi/NTP and PME/BNTP ratios (both by
a factor of 1.7) and Pi/PCr ratio (by a factor of 1.4) was
observed at 6 h after injection relative to the values at
the 2 h point. Nevertheless, at 24 h, they were still ele—
vated (by a factor of 1.7, 2.3, and 33% respectively in
comparison with the pre—treatment levels). Thus, chang—
es of intensities in the resulting 3P NMR spectra with
time deviated somewhat with AC—-40 compared to those
after administration of AC-30.

After administration of AC-31, levels of high—ener—
gy phosphates in tumor tissue also declined 2 h after
injection. The ratios Pi/PCr, Pi/pNTP and PME/BNTP
increased, but not so markedly as they did in the case
of AC-30. At this time point, these ratios were elevated
(by 20%, 12%, and 2—fold respectively), and they al-
most completely returned to the pretreatment level with—
in 24 h after AC-31 injection.

The data obtained suggest that one of the causes of
antitumor activity of cobalt complexes is their capacity
to reduce the energy status in tumors as well as to en—
hance the tumor hypoxia which also influences the an-
titumor activities of these complexes. It may be also con—
cluded that the level of cellular damage inflicted by com—
plexes depends on the nature of their axial ligands.

Examination of 3'P NMR spectra of the PCA tumor
extracts has shown that the ability of AC-30 to en-
hance tumor hypoxia is much higher than those of the
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Fig. 3. %' P NMR spectra of perchloric extracts of Lewis lung car—
cinoma in control and after AC-30 treatment

two other complexes. At the same time, all the com—
plexes induce an essential reduction of tumor ‘bioen-
ergetic status’. One can conclude that these peculiar-
ities of the biological effects of the complexes corre—
spond to their antitumor and antimetastatic activities.

Further, evaluation of muscle response to the com-
plexes was also performed after their administration into
tumor—bearing mice. Some results thus obtained are pre—
sented in Fig. 4. After AC-30 administration, the Pi/PCr,
Pifs—NTP and PME/B-NTP ratios in muscle tissue were
not significantly changed: they remained almost stable
with marginal changes within the observation period. The
Pifs—NTP and the PME/B-NTP ratios showed some grad—
ual increase up to 24 h following complex administration
(43% and 28% respectively), and did not completely re—
turn to the base-line value 48 h after injection.

In muscle tissues of tumor—bearing mice, the Pi/PCr,
Pi/BNTP and PME/BNTP ratios increased by a factor of
1.4, 1.1 and 1.3 respectively at 2 h after AC-40 injec-
tion and then gradually increased 1.7—, 1.4— and 1.6—
fold by the 48 h point.

After AC-31 administration, almost the same situ—
ation was observed for muscle tissue up to 6 h as it
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Fig. 4. Pi/pNTP and PME/BNTP in muscle of tumor—bearing mice
(3LL) after AC-30 administration in compare to those in tumor

was after AC-30 administration, but then there was a
gradual increase of the PME/B—NTP ratio to 37% at
48 h following complex administration.

It is pertinent that similar results were obtained with
the Guerin carcinoma in our previous study [17].

The data thus obtained support the assumption that
cobalt complexes display some selectivity with respect
to tumor tissue and have time—dependent effects on
tumor and muscle tissue.

Overall, we conclude that injections of complexes
AC-30, AC-40 and AC-31 causes significant reduction
of bioenergetic status and enhancement of tumor hy—
poxia. Similar effects were also observed in muscle tis—
sue, but to a considerably less extent, and they became
notable only a long time after complex administration. It
is possible that the antitumor efficacy of cobalt com-
plexes results from both the reduction of energy status
of tumor tissue and an increase in tumor hypoxia [17].

Conclusion. The outcome of this work as well as re—
sults of similar experiments with the Guerin carcinoma in
rats provide convincing evidence that the actionin vivo of
these cobalt complexes cause significant changes in me—
tabolism, namely activation of lipid peroxidation, DNA
damage and reduction of the bioenergetic status in tumor
tissue while practically lacking effects in normal tissues.
In general, they reveal a high selectivity of action by the
complexes upon tumors and support our principal as—
sumption that it is due to their specific reactivity. Namely,
our recent studies both in vitro andin vivo [14] have shown
that such complexes may be reduced in hypoxic regions
of malignant tumors with the formation of ROS, viz. su—
peroxide anion. It is noteworthy that its generation was
observed as a tumor-selective process.

Finally, all these findings support the feasibility of
the development of selective anticancer agents on the
basis of such redox-active cobalt complexes.
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CENEKTUBHOCTb AEUCTBUA PEAOKC-AKTUBHbIX
KOMIJIEKCOB KOBAJIbTA(lll) HA OINYXOJIEBYIO TKAHb

Ifenw : ycraHOBUTD CTENEHb CEJEKTHBHOCTH JAECTBHSI KOMILIEKCOB KOOAJIbTa HA OIyX0JIEBYIO TKaub. Mamepuaivl u memo-
0vi: komiutexcol kobanbTa(Ill) ¢ Terpanenrtatbiv ocoBanueM Ilndda u3 anernianerona 1 dTHICHAMAMEHA, COAEpKa-
e TaKkKe (B KauecTBe aKCHAJBHBIX JIUTAHIOB) coeuHeHus psia ButamuHa PP (HukoTHHaMK Wi HUKOTHHOBYIO KHCJIO-
Ty) WM HX aHAJIOT (M30HMKOTMHAMU/ ), TECTHPOBAUCH B OIBITaX in vivo. VicciemoBaau nepeBHBHbIE OIyXOJU MBbIIeid, B
4aCTHOCTH KapuuHoMmy Jerkux Jlbiouc, menanomy B16 u amenoxapiuHomy mosouHoit skene3sr Ca753. KonmeHrpaimio
MaJIOHOBOTO THAJIb/IETH/IA B OMYXOJIH ONpPEEIsUIM CTAHAAPTHBIM OHOXUMUYECKHM MeTozIoM, nospeskaenue THK B omyxo-
JIEBBIX KJIETKAX OLIEHMBAJM 1O CKOpocTd packpyuuBanus JTHK, ypoBeHb rMIOKCHH U OHOIHEPTeTHYECKHIA CTATyC ONpesie-
Jsum ¢ nomoupio P SIMP-criekTpocKonMy B IEPXJIOPHBIX TKAHEBBIX DKCTpaKTaX. Pe3ynvmamovi: yCTaHOBIEHO Cylie-
CTBEHHOE U CeJIEKTHBHOE TOBbIIIeHHEe KOHIIEHTPALMH MAJIOHOBOTO JHAJIBETH/A B OIyXOJIH IOCJIe BBEIeHHsT KOMILIEKCOB,
YTO CBUIETEJIHCTBYET 00 AKTHBAIMM NEPEKNCHOTO OKHCJIEHHs IUNuA0B. BrosnepreTnyeckuii craTyc B OIyX0JH CENeKTHB-
HO IIO/IABJISUICS TIO/L BJIMSIHHEM KOMILIEKCOB: Yepe3 2 4 IocJie HX BBEIEeHHsT CUTHAIIbI Gorathix sHeprueii ¢pocdaros npakti-
YeCKH OTCYTCTBOBaIH. B omyxo/H yBeuMBaIOCh KOJMYECTBO OJHOHHTEBbIX pa3peBoB JIHK, uTo nossossier mpeanomno-
SKUTh TPSMOe TOBpesKaloniee JeiicTBie KoMiuiekcoB Ha Mosekyry JIHK. BolsiBieHa KOppessiius MeKIy BbIPasKeHHOC-
THIO OTMEYEHHBIX COOBITHIA B OIyX0JH U XUMHYECKOH MPHPO/IOii AKCHAIBHOTO JIMTaH/Ia. 3aKIi04eHUe: KOMILIEKCHI KOOAb-
Ta BBICOKOCEJIEKTHBHbI B OTHOIIEHUH OITyXOJIEBOIl TKAHU, B YACTHOCTU AKTHBHUPYIOT NMPOLECCHI NEPEKNCHOTO0 OKHCICHHUS
JIMITMJIOB, BHI3bIBAIOT OjiHOHMTEBbIE paspbiBbl [THK u yraeraior 6uosHepreTuky. BrickazaHo npeanosio;KeHue, uro cejek-
THBHOE 110 OTHOLIEHHIO K OIyXOJH JIEiiCTBHE KOMILTIEKCOB O0YCJIOBIEHO OCOOEHHOCTSIMH MUKPOOKDPY>KEHHUS OIyXO0JIEBBIX
KJIETOK, B YACTHOCTH BBIPa’KEHHO! BHYTPHOITyXOJIEBO THIIOKCHEN.

Knioueevte croéa: pefokc-akTHBHbIE KOMIUIEKCHI KOOAIbTa, TUIIOKCHUS OIYXOJH, CEJIEKTHBHOCTb, aKTHBHbIE (HOPMBI
KHCJI0poJa.
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