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Effect of Free Radicals on the Biological Action of Genistein
In Vitro and Synergism with Mitomycin C
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Abstract. Background: The effect of oxidizing and reducing
free radicals on the biological properties of genistein (GEN)
were investigated in vitro. Materials and Methods: MCF-7
cells were treated with GEN (5 umol or 40 umol) and/or
mitomycin C (MMC; 2.5 umol). For testing a possible
radiosensitizing and synergistic effect of GEN in relation to
MMC, a radiation dose of y-rays was applied up to 8 Gy. In
order to produce the desired free radicals, the media were
saturated with: (i) air (46% OH and 54% O,'~), (ii) N,O
(90% OH, 10% H), or (iii) argon (44% € ag 10% H and
46% OH). The survival fractions of the cells were determined
by clonogenic assay. Results and Conclusion: GEN was found
to be able to sensitize MCF-7 cells against the action of
reducing (e o, H, R°) as well as of oxidizing (OH, 0,") free
radicals. This ability was enhanced with increasing GEN
concentration. Moreover, GEN acted synergistically with
MMC in reducing as well as in oxidizing environments.

Genistein (GEN; 4,57 trihydroxyisoflavone) is a phyto-
estrogen of the isoflavonoid group. It is contained mainly in
soya beans in addition to genistin and daidzin. Based on its
molecular structure (Figure 1), it offers several positions for
free radical attacks, leading to formation of several transients,
which may have various biological properties. This fact has
initiated an abundant number of studies in the last two decades,
covering a broad spectrum of objectives. It was established for
example that genistein is involved in various processes: the
reduction of oxidative DNA damage and lipid peroxidation (1),
regulation of HMG-CoA-reductase in MCF-7 human breast
cancer cells (2), increase of the radiation effect in cervical
cancer cells (3), inhibition of the invasive potential of human
hepatocellular carcinoma by altering the cell cycle (4), and the
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action of the synthetic isoflavone, phenoxodiol, in the
management of ovarian and other forms of human cancer (5).

The anticancer therapeutic potential of soya isoflavones
has been discussed in a review paper (6). It has also been
established that genistein is a very good scavenger for
strongly reducing e, [k (e7q + GEN)=6.2x10° Imol~! 571
(7) as well as for oxidizing OH-radicals [k (OH +
GEN)=2.3%10'0 Imol! s7!] (8). This fact classifies genistein
as a substance with many biological properties.

Oxidizing (e.g. OH, O,™) as well as reducing (e.g. € ag>
Re) free radicals are generated in the human body. They play
a determining role in the correct course of the involved
biological processes. The same free radicals can also be
produced by ionizing radiation in aqueous media. Following
this pathway, one has the possibility for investigating their
specific action on selected substrates under desired
experimental conditions by experiments in vitro or in vivo.

It should also be pointed out that biological compounds
having functional groups such as —-OH, -NH,, -NHCHj3;,
—HPO42_ and —SH can eject electrons from their singlet
excited states (9). This process is in competition with the
fluorescence of a given compound. Since GEN possesses
three —OH groups, it appears to act as a potent electron
donor in addition to its other biological abilities. Very
recently, it was reported that the use of genistein sensitizes
the radiation effect on lung cancer cells. This finding
contributes to a better therapy efficiency (10).

Taking all these properties into account, the aim of the
present work embraces: (i) comparison of the antitumor
effect of genistein (GEN) in various aqueous media, where
oxidizing or reducing free radicals, or mixture of both types
are involved; (ii) investigations of a possible synergistic
effect of GEN on mitomycin C (MMC) used as a typical
cytostatic agent.

Materials and Methods

Chemicals. The applied chemicals were of the highest purity
available (Fluka-Aldrich, Merck). Mitomycin C (MMC; Kyowa
Hakko Kogyo Co Ltd, Tokyo, Japan) was used as obtained. The
media and the supplements for the cells were obtained from
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Invitrogen GmbH (Lofer, Germany). The aqueous solutions were
prepared with triple distilled water and were saturated with high
purity air, N,O or argon, respectively in order to achieve the desired
type of free radical under gamma irradiation.

Radiation. A Gammacell 220 (Nordion International Inc, Canada)
instrument, providing a dose rate of 40 Gy min~1(®, served as an
irradiation source for the production of free radicals. The dose rate
was controlled periodically by means of a modified Fricke-
Dosimeter, using G (Fe3+)=15.6 (11), where G=number of formed
or decomposed species on absorption of 100 eV energy.

Water radiolysis and yield of primary products. The water radiolysis
(Eq. [1]) and the yield (G value)(® of the primary active species,
formed in the absence and in the presence of air as well as in media
saturated with N,O (conversion of e, into OH), are briefly
discussed.

H,O —avav— e, H, OH, H,, H,0,, H*,j, OH7 Eq. [1]
with at pH G values ~6.5 to 8.5: (2.7) (0.6) (2.8) (0.45) (0.72) (3.2)
(0.5), respectively.

aq

Total radical G (e‘aq + H + OH)=6.1=0.612 pumol J-1=100% Eq. [2]

The above G values are valid for air-free media. In the presence of
air, e7,q and H are converted into peroxyl radicals, hence the
reactive species are: 46% OH and 54% O, :

H+ 0, — HO, (k=2x1010 Imol-! s-1) Eq. [3]
eyq+ 0y = 0y (k=1.9x1010 Imol-! s-1) Eq. [4]
HO, — H+ + 0," (pK=438) Eq. [5]

In aqueous solutions saturated with N,O, e~
converted into OH radical:

€q T NoO — OH* + OH™+ N, (k=0.9x1010 Imol-! s-1) Eq. [6]
In such cases, 90% OH and 10% H are involved in the initiated
processes.

aq is specifically

Cell culture. As a model for the experiments in vitro, human breast
adenocarcinoma MCF-7 cells were used. The cells were maintained
in a humidified atmosphere containing 5% CO, using a Cytoperm
incubator (Heraeus, Vienna, Austria). The cells were cultured in low
glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum (FCS),
1% glutamine and 0.5% penicillin/streptomycin.

Clonogenic assay. Logarithmically growing cells (1x105 cells/dish)
were put into sterilized plates (diameter 10 cm) and allowed to attach
overnight. Media were then changed and the cells were incubated for
48 h with different concentrations of GEN (5 pumol, 40 pmol),
mitomycin (MMC; 2.5 pmol), or in a mixture of both (40 umol
GEN + 2.5 umol MMC). After 48 h, the samples were irradiated
with y-rays (12, 13). Samples were stained with 0.5% crystal violet
solution for 15 min and colonies (>50 cells) were scored as
survivors. Each experiment was performed in triplicate and repeated
at least three times.

Statistical calculation. The calculated standard deviation of several
determinations were found to be less than 5% .

Genistein
(4'5,7-Trihydroxyisoflavone)

§ ol

(1] ] 100 150
Genistein concentration (umol)

Figure 1. Toxicity (N/NO ratio) as a function of genistein concentration;
Model: Breast cancer cells (MCF-7) in DMEM (pH ~7.4) in the
presence of air. Inset: MMC toxicity on MCF-7 cells under the same
conditions.

Results and Discussion

Toxicity of GEN and MMC. The toxicity of both GEN and
MMC in MCF-7 cancer cells was investigated under the
same conditions in aerated aqueous media (pH ~7.4;
incubation time 48 h for comparison). The obtained results
are presented in Figure 1 as N/N ratio in dependence of the
applied substrate concentration, where: N, = number of cells
before treatment and N afterwards. From the observed N/N|,
ratio, it is obvious that toxicity of MMC is much stronger
than that of GEN. Based on these data, appropriate
concentrations of GEN and MMC were implemented in the
in vitro experiments.

Effect of oxidizing radicals on GEN and MMC activity.
Action of OH and O,"~ species. First, the survival curves
(N/NO - ratio of MCF-7 cells) were studied in dependence
of the acting radical concentration (proportional to the
absorbed radiation dose, Gy) in aerated aqueous media (pH
~T74). In order to get a deeper insight in the involved
process, the course of the curves was followed for GEN and
MMC individually as well as in mixtures of both. Under the
applied experimental conditions only oxidizing radicals
(46% OH, 54% 0O,'") are operating.

@1Gy (Gray)=100 rad=6.24x1015 eV/g absorbed energy; ("G value=number of changed molecules per 100 eV (1.60x10!7J) absorbed energy.

For conversion into SI units: multiply the G value by 0.10364 to obtain G (x) in umol/J.
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Figure 2. Survival curves (N/N, ratio) as a function of absorbed
radiation dose (Gy) of MCF-7 cancer cells in aerated aqueous solutions
(pH ~7.4) of various systems: (A) buffer, (B) 5 umol GEN, (C) 40 umol
GEN, (D) 2.5 umol MMC and (E) 40 umol GEN + 2.5 umol MMC.

As expected, the cytostatic effect of MMC is much
stronger then that of GEN (compare curves B and C with D
in Figure 2). Furthermore, it is clearly demonstrated that
increasing the GEN concentration from 5 pmol (curve B) to
40 umol GEN (curve C, Figure 2), the antitumor activity of
GEN is correspondingly enhanced. It is also interesting that
GEN acts synergistically with the cytostatic action of MMC
(curve E). This effect indicates an electron transfer process
from GEN to MMC, as previously observed for other
substrates (12-15). In this connection, it should be mentioned
that not only the semiquinone of MMC (MMC®"), but, in the
presence of air, also the oxidized forms of MMC, such as OH
adducts (MMC.OH) and peroxyl radicals (MMC.O,") (16)
as well as radical cation (MMC"*) (17) were involved in the
cytostatic action of MMC. The reaction mechanism of the
system in aerated media appears to be rather complicated.
This is demonstrated by the reaction probability (P) of both
MMC and oxygen, where P=product of reaction rate constant
(k) and substrate concentration (mol/l). It is obvious that a
competition for e~ between MMC and O, occurs, since: k
(MMC + e ,,) = 2.2x10'% Imol! s~ (13) and k (O, +
e ,g)=1 .9><101% Imol~! s7! (Eq. 4) in addition to the electron
transfer from MMC®™ to O, with a rate constant rate: k
(MMC'™ + O, = MMC + 0,")=2x10% Imol~! s~ (18).
Based on all these facts, it is clear that several parameters are
implicated in the process, which can affect the final results.
The OH radicals can attack GEN predominantly at double
bonds at various positions (formation of OH adducts) as well

0.2 + AcH %
radicals
4 90
H 10
o 2 4 & 8
Absorbed radiation dose (Gy)

Figure 3. Survival curves (N/Ny ratio) as a function of absorbed
radiation dose (Gy) for MCF-7 cancer cells in aqueous media (pH ~7 4)
saturated with N,O: (A) buffer, (B) 5 umol GEN, (C) 40 umol GEN, (D)
2.5 umol MMC and (E) 40 umol GEN + 2.5 umol MMC.

as scavenge e, released by GEN. The above facts
demonstrate the complexity of the involved processes.

Action of OH and H species. In aqueous media saturated
with N,O, the radiation-induced processes are initiated by
90% OH (strongly oxidizing) and 10% H (strongly
reducing) free radicals. The mean values of the survival
curves of these experiments, under otherwise the same
conditions as before, are depicted in Figure 3. The survival
curves, N/NO ratio in dependence of the absorbed radiation
dose, are similar to those shown in Figure 2, however the
observed effects are much more strongly expressed. This fact
suggests that the OH radicals are decisive in regard to
reactivity towards GEN, k (OH + GEN)=2.3%10'9Imol~! 57!
[10] and MMC, k (OH + MMC)=5.8x10® Imol™! s~! (15).
In this case, the antitumor action of the MMC transients, as
well as very likely the involvement of the final products
resulting from OH attack on MMC, are again demonstrated.
The synergistic effect of GEN with MMC (curve D and E,
Figure 3) is likewise more strongly pronounced, as in aerated
media (Figure 2).

Action of reducing (¢ agp H) and oxidizing (OH) free
radicals on GEN and MMC activity. Experiments in vitro
using MCF-7 cancer cells in aqueous media (pH ~7.4),
saturated with argon, containing GEN or MMC alone as well
as mixture of both, were performed. In this case, reducing
(44% € g and 10% H) as well as oxidizing (46% OH) both
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Figure 4. Survival curves (N/N, ratio) as a function of absorbed
radiation dose (GYy) for MCF-7 cancer cells in air-free aqueous solutions
(pH ~74) in various media: (A) buffer, (B) 5 umol GEN, (C) 40 umol
GEN, (D) 2.5 umol MMC and (E) 40 umol GEN + 2.5 umol MMC.

free radicals in about equal concentration are operating. The
mean values obtained in several series of experiments are
presented in Figure 4.

Under the present experimental conditions, the course of
all survival curves expresses much stronger antitumor effect
in comparison to those shown in Figures 2 and 3. Obviously,
the GEN as well as MMC transients formed by the attack of
reducing species (e’aq, H), namely GEN*~ and MMC"~, have
much stronger antitumor activity. Naturally, the GEN and
MMC transients, produced by the corresponding OH attack,
also contribute to the antitumor effect.

Here, again, with increasing the GEN concentration,
antitumor efficiency is also enhanced (see curves B and C,
Figure 4). In addition to this, the synergistic effect of GEN
with respect to MMC is also highly expressed (compare
curves D and E, Figure 4).

The role of final products. Commonly, less attention is given
to the biological effects of the products originating from the
free radical attack on a given substrate. This subject matter is
of special interest because the biological influence of these
products is always implemented in the results of the
experiments in vitro. The final products of the substrate may
also be responsible for the frequently observed, undesired
side-effects. Following these aspects, the GEN degradation
by free radicals and the formation of final products under
various conditions has been separately reported (19). The
highest decomposition effect was observed in the presence
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of air. As final products of GEN in aerated media, a mixture
of aldehydes and carboxylic acids was determined, in
addition to as yet unidentified products.

Conclusion

The highlights of the experiments of the present work can be
stressed as follows. In aerated media (Figure 2, acting
radicals: 46% OH and 54% O,"7), GEN exhibits a strong
antitumor effect, which rises with increasing concentration.
Additionally, GEN shows a synergistic effect on MMC
antitumor action, very likely due to an electron transfer
process. In solutions saturated with N,O (Figure 3, acting
species: 90% OH, 10% H), practically the same effect was
observed as in aerated media; note particulary, the nexus
between MMC and the mixture of MMC and GEN (Figure
3, curves D and E). In air-free media (Figure 4, acting
radicals: 44% € g 10% H and 46% OH) both effects, i.e.
the antitumor action of GEN as well as its synergistic action
on MMC, are much more strongly expressed, certifying the
role of solvated electrons (e‘aq).

Summing up, it can be stated that GEN shows an
antitumor property and can increase the efficiency of MMC
in reducing as well as in oxidizing environments. The
concentration of the substrates play a decisive role.
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