
Abstract. The radiation-biological effects of resveratrol (Res)
alone or with mitomycin C (MMC) were investigated under
various conditions in human breast cancer cells (MCF-7). The
data of the survival curves obtained in aerated media (acting
species: 42% OH, 54% O2

ñ–) showed that Res possesses
antitumor activity and also acts as an efficient radical scavenger.
This property was extremely enhanced in the presence of MMC.
In media saturated with N2O (90% OH, 10% H) Res at low
concentrations acted as a radiation-protecting agent, but at
higher concentrations its cytostatic effect predominated. At the
same time, the MMC-activity was reduced. In anaerobic media,
Res demonstrated its radiation-protecting ability, but in mixtures
the MMC-ability was reduced in comparison to that of pure
MMC due to competition reactions between Res and MMC for
the available free radicals. Finally, in a cell suspension
containing formate as a specific scavenger for OH and H
radicals (pH=7.4), Res successfully competed for these species
and showed antitumor activity. Considering the reaction rate
constants of the involved substrates and the implemented
concentrations in each medium, the kinetic probability of each
survival curve was calculated. Based on these data it was evident
that the bifunctional property of Res (acting as radiation
protector and also having antitumor activity) was based on an
electron ejection process from its excited single state and on its
reactivity with the primary radicals (OH, H, eaq

–). 

Resveratrol (Res; trans-3,4’,5-trihydroxystilbene) is found in
a variety of plants, black and green tee, peanuts, berries, red

wine, etc. (1). Results from a preview study have shown that
the moderate consumption of red wine may offer some
beneficial effects, which could be related to the anti-oxidant
properties of the contained polyphenolic compounds,
tannins, flavonoids, as well as phenolic acids (2). A large
number of studies investigated the manifold properties of
Res and the related substances. These investigations showed
the anticancer action in vitro and in vivo, as well as the anti-
inflammatory and antioxidant effects of Res (e.g., 3-14).
Murias et al. (15) synthesized five polyhydroxylated Res
analogs and investigated their structure-activity
relationships between pro- and anti-oxidant properties, as
well as cytotoxity. Some of these compounds showed
extremely high radical scavenging effect and very strong
cytostatic activity. Based on the experimental data, the
authors concluded, that the oxidation of ortho-
hydroxystilbenes resulted in intermediates, which consume
additional oxygen to form cytotoxic oxygen radicals. Wu et
al. (16) investigated the interaction of six common
polyphenols (quercetin, silymarin, resveratrol, naringenin,
daidzein and hesperetin) with the multidrug-resistance-
associated proteins. Their results suggested that these
flavonoids enabled transport activities of MRP1, -4 and -5
proteins and influenced the bioavailability of anticancer and
antiviral drugs in vivo. 

As previously reported, anti-oxidant vitamins (C, E, ‚-
carotene) act as electron donors and can contribute to the
increase of the semiquinone formation of mitomycin C
(MMCñ–) and other cytostatics (17-20). Similar properties
have also been established by the vitamins B1 (thiamine)
(21), B2 (riboflavin) (22), B3 (nicotinamide) (23), B6
(pyridoxine) (24) and vitamin B11 (folic acid) (25). This
capability is based on functional groups in the molecule, e.g.
-OH, -NH2, -SH, -HPO4, etc., which enable the excited
states to eject or/and to transfer electrons to an electron
acceptor (26). This process competes with the deactivation
of the excited molecule by fluorescence (26). Since, the Res
molecule contains three OH-groups (Figure 1), it is
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conceivable that it can affect the efficiency of cytostatics, e.g.
MMC, under the influence of ionizing radiation, by ejecting
one electron of its excited singlet state.

Taking into account the above mentioned properties of
Res, its actions under irradiation with Á-rays, as well as its
effect on MMC under various conditions, were also
investigated. As a model for these studies, the human breast
adenocarcinoma cell line MCF-7 was used.

Materials and Methods

General remarks. A "Gammacell 220" (Nordion International Inc.,
Canada), providing a dose rate of 46 Gy/min was used as the
irradiation source. For preparation of the aqueous media, triple
distilled water and chemicals (Merck, Aldrich) with the highest
purity available were used. Res (>99%, Sigma) and mitomycin C
(MMC, Kyowa Hakko Kogyo Co. Ltd., Tokyo, Japan) were used
as obtained. The media and supplements for the cells were
obtained from Invitrogen GmbH (Lofer, Germany).

Handling of the MCF-7 cells. The human breast adenocarcinoma
MCF-7 cells were maintained in a humidified atmosphere
containing 5% CO2 using an incubator (Cytoperm "Heraeus",
Vienna, Austria). They were grown in DMEM High Glucose
medium with 10% heat-inactivated fetal calf serum, 1% fugizone
and 1% penicillin-streptomycin. The cells growing as monolayers
were detached from the vessel surface using 2.5% trypsin-
ethylenediamine tetraacetic acid (trypsin-EDTA) solution. The
cells were then plated in sterilized plates (diameter 10 cm) and
allowed to grow until they reached 60% confluence. The medium
was then changed and the cells were incubated without additives
(series A), in the presence of: 2 Ìmol Res (denoted as series B),
50 Ìmol Res (C), 1 Ìmol MMC (D), as well as with 2 Ìmol Res, +
1 Ìmol MMC (E) and 50 Ìmol Res, + 1 Ìmol MMC (F) at 37ÆC.

After 48 h of treatment the medium was removed and the cells
were washed with phosphate-buffered saline (PBS, pH=7.2).

In order to obtain a definite concentration of oxidizing (OH,
O2

ñ–) or reducing species (eaq
–, H), the aqueous media with cells

were saturated either with argon, air or N2O. In an additional
series of experiments, 1 mmol formate was added (acting as
scavenger for OH and H, as explained below) and the media were
saturated with argon. Subsequently, the samples were irradiated
with various Á-ray absorbed doses. The cells were then incubated
with DMEM High Glucose medium containing 10% heat-
inactivated fetal calf serum, 1% fugizone and 1% penicillin-
streptomycin for 48 h. After staining with crystal violet, visibly
colonies were counted using an inverted microscope (Olympus) at
40x-magnification. The results are calculated and presented as
N/N0-ratio (N0 = number of cells before and N = number after
treatment) as a function of the absorbed radiation dose. The
experiments were performed at least in triplicate. The survival
curves obtained under different experimental conditions were
compared and discussed.

Radiolysis of water. The human organism is composed approximately
by 70-75% of water. When water is subjected to ionizing radiation it
is radiolyzed to reducing (eaq

–, H) and oxidizing radicals (OH) in
addition to molecular products (H2, H2O2). The yields G-values:
number of species formed or decomposed per 100 eV absorbed

energy. 1 Gy (Gray)=100 rad=6.24x1015 eV/g matter) of the
primary products of water radiolysis at pH=6 to 8.5 are given in the
general reaction, declaring the total summation of free radicals
G(eaq

–+H+OH)=6.1=100%:

H2O → eaq
–, H, OH, H2, H2O2 [1]

G-value: (2.7) (0.6) (2.8) (0.45) (0.72)

All radicals react in anaerobic aqueous solutions, but in the
presence of oxygen, the eaq

– and H atoms are converted to peroxyl
radicals:

H + O2 → HO2
ñ (k=2x1010 L.mol–1.s–1) [2]

eaq
– + O2 → O2

ñ– (k=1.9x1010 L.mol–1.s–1) [3]
HO2

ñ → H+ + O2
ñ– (pK=4.8) [4]

Hence, in such case 46% OH and 54% O2
ñ– are involved in the

radiation-induced process.
In aqueous media saturated with nitrous oxide (N2O), all eaq

–

are transformed into OH-radical, therefore, considering the G-
values given in [1], 90% OH and 10% H will react:

eaq
– + N2O → OH + OH–

+ N2 (k=0.91x1010 L.mol–1.s–1) [5] 

In solutions containing sufficient formate concentration, OH and
H are scavenged and the resulting ñCOO– radical anion (27) can
transfer one electron to an appropriate acceptor, e.g. MMC.

HCOO– + OH → ñCOO– 

+ H2O (k=2.7x109 L.mol–1.s–1) [6]

HCOO– + H → ñCOO– 

+H2 (k=2.5x108 L.mol–1.s–1) [7]
ñCOO– + MMC → CO2
+ MMCñ– (biologically active species) [8]
and: eaq

– + MMC → MMCñ–

(k=2.2x1010 L.mol–1.s–1) [9]

It should be mentioned that similar free radicals (eaq
–, OH, O2

ñ–,
etc.) are also produced in the human organism by enzymatic and
various redox-processes. Therefore, using ionizing radiation, one
can produce the desired kind and concentration of free radicals in
order to study their specific biological effects.

Results and Discussion

Toxicity of resveratrol. The toxicity of Res on the MCF-7
cells was investigated at two substrate concentrations (2 and
50 Ìmol Res) as a function of the incubation time (h). The
results are presented in Figure 1. Obviously, in both cases
Res acted as a promoter for cell growth. This effect
proceeded linearly up to 50 h incubation time and
thereupon is enhanced. It is interesting to note, that with an
increase of substrate concentration, this ability decreased,
suggesting a toxic effect. Consequently, low Res
concentration promoted cell proliferation, but at higher
concentrations (≥50 Ìmol Res) became toxic. In order to
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further investigate the role of Res concentration under
irradiation, two concentrations, 2 and 50 Ìmol, were used in
all further studies.

Radiation effect on Res and Res/MMC in the presence of air. As
mentioned above, under these conditions, only oxidizing
radicals (46% OH and 54% O2

ñ–) are reactive. The survival
curves of the MCF-7 cells observed in buffer media at pH=7.4
(curve A), as well as in the presence of 2 and 50 Ìmol Res
(curves B and C, respectively), for 1 Ìmol MMC (curve D) and
the curves of the corresponding mixtures of Res and MMC
curves (curves E and F, respectively), are shown in Figure 2.

As expected, the course of curve A (N/N0-ratio) expresses
the elimination of the cells as a function of absorbed
radiation dose (Gy). The presence of 2 Ìmol Res acted as a
radiation protector (curve B), but curve C for 50 Ìmol Res
indicates a decrease in this protective effect. Here, the
antitumor property of Res was evident. The course of
survival curve D for 1 Ìmol MMC shows a very low
antitumor effect. This appears as a consequence of a lack of
eaq

–, needed to produce MMCñ– (semiquinone, active form
of the drug). Theoretically, no MMC effect should be
expected under these conditions. The observed low
antitumor efficiency (curve D) can be attributed to the
formation of MMCñ+ (radical cation) (28), which might act
to some degree like the MMCñ– species. The course of
survival curve E for 1 Ìmol MMC +2 Ìmol Res illustrated
by an extraordinary radiation protection towards the
reactive OH and O2

ñ– radicals was unexpected. The mixture
of 1 Ìmol MMC and 50 Ìmol Res under irradiation resulted
in a rather unusual course (F). It is very likely that the
produced radiolytic products of Res strongly influenced the
co-operative action of both compounds. Moreover, in

aerated media a relatively higher yield of H2O2 is formed
by combination of O2

ñ– species, which is certainly also
involved in the process.

Radiation effect of Res and Res/MMC in the presence of N2O.
In this case, the acting species were 90% OH radicals and
10% H atoms, leading to completely different survival curves,
as presented in Figure 3. Whereas curve B corresponding to 2
Ìmol Res showed a slight radiation protection effect in
comparison to the buffer-curve A, the survival curve C for 50
Ìmol Res demonstrated a very strong antitumor property. The
1 Ìmol MMC treatment (curve D) under the strong action of
the OH radicals, resulted in a protective effect against the
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Figure 1. N/N0-ratio for the survival of human breast cancer cells (MCF-
7) in media (pH= 7.4) containing 2 Ìmol (A) and 50 Ìmol (B)
resveratrol in dependence of the incubation-time (h).

Figure 2. Survival curves (N/N0-ratio) of MCF-7 cells as a function of the
absorbed irradiation-dose (Gy) in medium saturated with air (pH= 7.4,
DL = 46 Gy/min) for: (A) buffer, (B) 2 Ìmol Res, (C) 50 Ìmol Res, (D)
1 Ìmol MMC, (E) 1 Ìmol MMC + 2 Ìmol Res and (F) 1 Ìmol MMC +
50 Ìmol Res.

Figure 3. Survival curves (N/N0-ratio) of MCF-7 cancer cells as a
function of the absorbed irradiation-dose (Gy) in medium saturated with
N2O (pH= 7.4, DL = 46 Gy/min) for: (A) buffer, (B) 2 Ìmol Res, (C) 50
Ìmol Res, (D) 1 Ìmol MMC, (E) 1 Ìmol MMC + 2 Ìmol Res and (F) 1
Ìmol MMC + 50 Ìmol Res.



radiation, as determined by the rather high reaction constant,
k (OH + MMC) = 5.8x109 L.mol–1.s–1 (29). The mixture of 1
Ìmol MMC and 2 Ìmol Res (curve E) produced a slight
radiation-protection effect, whereas the curve F for 1 Ìmol
MMC and 50 Ìmol Res illustrated strong antitumor property,
apparent when comparing curve D for 1 Ìmol MMC only with
curve F. Res clearly exercised a synergistic effect towards
MMC, and an intermolecular electron transfer process is
likely involved in this case. Like other phenols, Res is able to
eject electrons from the excited single state (26).

Radiation effect of Res and Res/MMC in anaerobic media.
The implementation of 2 Ìmol Res (curve B, Figure 4)
showed a pronounced radiation-protecting effect, compared
to the buffer curve A. This radical scavenger ability of Res
increased in the presence of 50 Ìmol Res (curve C). The
survival curve D, corresponding to 1 mmol MMC
demonstrated a very strong antitumor efficiency, as
expected. However, the addition of 2 Ìmol Res to 1 Ìmol
MMC (curve E) and particularly the addition of 50 Ìmol
Res (curve F) resulted in a gradual decrease in the
antitumor efficiency of MMC.

In order to interpret the individual survival curves, the
interaction of the primary products of water radiolysis [1] with
Res in competition with MMC should be considered. Under
the present conditions, oxidizing radicals (46% OH) and
reducing species (44% eaq

–, 10% H) are involved in the
radiation-induced processes. Based on the molecular structure

of Res (composed of phenol-ethylene-resorcinol) its rate
constants for the reactions with OH, H and eaq

– were
calculated, and are presented in Table I together with those
of MMC for comparison. Very recently the rate constant for
the reaction of OH radicals with Res was determined by pulse
radiolysis, k(OH+Res) = 6.9x109 L.mol–1.s–1. This value is
lower compared to that given in Table I. Both values were
considered in the calculations and the results were compared.
The results of the second value (32) are given in brackets.

Based on the data of Table I, and the second value (ref.
32), the calculation of the reaction probability for curve E
and F, Figure 4, of: (i) 2 Ìmol Res and 1 Ìmol MMC
mixture and (ii) 50 Ìmol Res and 1 Ìmol MMC with OH,
H and eaq– led to the following conclusions:

ñ The OH in case (i) were 90% (70%) and in (ii) >99%
(98%) consumed by Res, while the remainder reacted
with MMC.

ñ The H atoms reacted 70% with Res and 30% with MMC
in case (i), but 98% with Res in case (ii).

ñ The eaq
– were scavenged exclusively by MMC in case (i), but

about 88% in case (ii), while the remainder reacted with Res.
These kinetic considerations show that the used substrate

concentrations and the corresponding rate constants of the
reactions with the primary products of water radiolysis were
determining factors for the observed processes. The
reaction probabilities also reflect the radiation-biological
behavior of the in vitro experiments.

Radiation effect of Res and Res/MMC in the presence of formate.
In the presence of sufficient formate concentration, the OH
and H radicals are converted into ñCOO– species. The latter
are capable of mediating one electron transfer to MMC to
produce the active semiquinone form, MMCñ– [8]. Under
these conditions the highest MMC efficiency was expected.

Taking into consideration the kinetic data presented in
Table I and k(OH+Res)=6.9x109 L.mol–1.s–1 (32), the
probability of the competitive reactions between Res, MMC
and formate with OH, H and eaq

– were calculated. It was
established that in the survival curve B (Figure 5)
corresponding to 2 Ìmol Res, about 98% OH (99.5% OH)
and 97% H were scavenged by formate. However, in the
presence of 50 Ìmol Res (curve C) 65% OH (89% OH) and
56% H were consumed by formate and remaining OH and H
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Figure 4. Survival curves (N/N0-ratio) of MCF-7 cancer cells as a
function of the absorbed irradiation-dose (Gy) in medium saturated with
Argon (pH= 7.4, DL = 46 Gy/min) for: (A) buffer, (B) 2 Ìmol Res, (C)
50 Ìmol Res, (D) 1 Ìmol MMC, (E) 1 Ìmol MMC + 2 Ìmol Res and
(F) 1 Ìmol MMC + 50 Ìmol Res.

Table I. Rate constants (k) for the reactions of MMC and Res with OH,
H and eaq

– in neutral aqueous solution.

Reaction with MMC k (L.mol–1.s–1) Res k (L.mol–1.s–1)

OH 2.7x109 (29) 2.9x1010 (31)
H 3.1x109 (31) 4.0x109 (31)
eaq

– 2.2x1010 (30) 6.0x107 (31)



reacted with Res. In the survival curve D for 1 Ìmol MMC,
practically all eaq

– were converted into MMCñ–, as well as
those originating from the electron transfer process from
ñCOO– to MMC [8]. Hence, the highest yield of MMCñ–

(G=6.1) was obtained. In the mixture of 2 Ìmol Res and 1
Ìmol MMC (curve E, Figure 5) approximately 98% OH
(99.3%) and 96% H reacted with formate and were
converted into ñCOO– species. In the case of 50 Ìmol Res
and 1 Ìmol MMC (curve F, Figure 5) about 65% OH (88%
OH) and 55% reacted with formate and resulted in ñCOO–,
approximately 85% eaq

– reacted directly with MMC, resulting
in G (MMCñ–) ≈ 2.3. In this case the expected total yield, G
(MMCñ–) ≈ 4.4, is much lower compared to that in case E.
However, corresponding survival curves E and F in Figure 5
show an opposite character, since curve F was expected to be
above curve E. This discrepancy can be explained by the fact
that Res also acts as an electron donor, leading to additional
formation of MMCñ– species. As mentioned before, phenol
and related compounds, like Res, can eject electrons from
their singlet excited states (26). Thus, upon increasing the
concentration of Res, its antitumor ability also becomes more
pronounced. This effect is illustrated by comparison of the

¢D37-values given in Figure 5, indicating that survival curve
D shows the greatest antitumor effect.

Conclusion

Radiation-biological studies of Res, as well as of Res/MMC-
mixtures, with breast cancer cells (MCF-7) as a model, were
performed under various conditions in order to elucidate
the interactions and the biological properties of the systems. 

The N/N0-ratio of 2 Ìmol Res registered as a function of
the incubation-time (h) showed an increase on cell

multiplication. But this effect was reduced by implementation
of 50 Ìmol Res, indicating a bifunctional behavior of the
substrate (Figure 1).

The survival curves (expressed also as N/N0-ratio) for the
MCF-7 cells in the presence of air (pH=7.4) as a function
of absorbed radiation dose (Gy), where 46% OH and 54%
O2ñ– species were involved, indicated that both Res
concentrations acted protective against radiation. This effect
was greatly increased for 2 Ìmol Res + 1 Ìmol MMC
(Figure 2).

In media saturated with N2O (90% OH, 10% H), th
2 Ìmol Res acted as an efficient radical scavenger, but 
50 Ìmol Res showed an excellent antitumor efficiency.
Similar behavior was observed with the corresponding
Res/MMC- mixtures (Figure 3).

In media saturated with argon (acting species: 46% OH,
44% eaq

–, 10% H, Figure 4), both Res concentrations
showed a strong radiation-protection effect. The mixture of
2 Ìmol Res + 1 Ìmol MMC (curve E) illustrated an
efficient cytostatic effect, nearly as good as that of MMC
(curve D); but the curve F for 50 Ìmol Res + 1 Ìmol MMC
predominantly showed a radiation-protective behavior.

Using formate as a specific scavenger for OH and H
radicals in media saturated with argon (pH=7.4) under
similar conditions with the above mentioned, both Res
concentrations displayed a radiation protection effect
(curves B and C, Figure 5). However, in the presence of
MMC (curves E and F) the media showed a strong
cytostatic efficiency. Naturally, curve (D) for MMC
demonstrated a very strong antitumor effect. The course of
the curves is discussed on the basis of the calculated kinetic
probability for each survival curve. The radiation-induced
antitumor ability of the corresponding systems is illustrated
by the ¢D37-values given as insert in Figure 5. (Positive

¢D37-values express radiation protecting and the negative
ones anticancer efficiency).

In conclusion, our results indicate that Res has
bifunctional properties: it acts (i) as a radical scavenger
(radiation protector) and (ii) as an antitumor agent, judging
from its ability to eject electrons from the singlet excited
state. Because of the radiation-induced competition process,
the biological behavior of Res in neutral media depends on
the concentration and on the reactivity of the present
components with the primary species: eaq

–, H, OH and
O2

ñ–, produced either by radiation or enzymatically in
human organism 
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Figure 5. Survival curves (N/N0-ratio) of MCF-7 cancer cells in media
containing 1000 Ìmol formate and saturated with Argon at pH=7.4 for:
(A) buffer, (B) 2 Ìmol Res, (C) 50 Ìmol Res, (D) 1 Ìmol MMC, (E) 1
Ìmol MMC + 2 Ìmol Res and (F) 1 Ìmol MMC + 50 Ìmol Res.



References

1 Aggarwal BB, Bhardwaj A, Aggarwal RS, Seeram NP,
Shishodia S and Takada Y: Role of resveratrol in prevention
and therapy of cancer: preclinical and clinical studies.
Anticancer Res 24: 2783-2840, 2004.

2 Maggi-Capeyron MF, Ceballos P, Cristol JP, Delbose S, Le
Doucen C, Pons M, Leger CL and Descomps B: Wine phenolic
antioxidants inhibit AP-1 transcriptional activity. J Agric Food
Chem 49: 5646-5652, 2001.

3 Subbaramaiah K, Michaluart P, Chung WJ, Tanable T, Telang
N and Dannenberg AJ: Resveratrol inhibits cyclooxygenase-2
transcription in human mammary epithelial cells. Anm NY
Acad Sci 889: 214-223, 1999.

4 Bartelli AA, Ferara F, Diana G, Fulgenzi A, Corsi M, Ponti W,
Ferrero ME and Bertelli A: Resveratrol, a natural stilbene in
grapes and wine, enhances intraphagocytosis in human
promocytes: a co-factor in anti-inflammatory and anticancer
chemopreventive activity. Int J Tissue React 21: 93-104, 1999.

5 Nakagara H, Kiyozuka Y, Uemura Y, Senzaki H, Shikata N,
Hioki K and Tsubura A: Resveratrol inhibits human breast
cancer cell growth and may migitiate the effect of linoleic acid,
a potent breast cancer cell stimulator. J Cancer Res Clin Oncol
127: 258-264, 2001.

6 Kuo PL, Chiang LC and Lin CC: Resveratrol-induced apoptosis
is mediated by p53-dependent pathway in Hep G2 cells. Life Sci
72: 23-34, 2002.

7 Kang JH, Park YH, Choi SW, Yang EK and Lee WJ:
Resveratrol deravatives potently induce apoptosis in human
promyelocytic leukemia cells. Exp Mol Med 35: 467-474, 2003.

8 Scralatti F, Sala G, Somenzi G, Signorelli P, Sacchi N and
Ghidoni R: Resveratrol induces growth inhibition and apoptosis
in metastatic breast cancer cells via de novo ceramide signaling,
FASEB J 17: 2339-2341, 2003.

9 Fuggetta MP, D’Atri S, Lanzilli G, Tricarico M, Cannavo E,
Zambruno G, Falchetti R and Ravagnan G: In vitro antitumor
activiy of resveratrol in human melanoma cells sensitive or
resisitant to temozolomode. Melanoma Res 14: 189-196, 2004.

10 Zhou HB, Chen JJ, Wang WX, Cai JT and Du Q: Anticancer
activity of resveratrol on implantated human primary carcinoma
cells in nude mice. World J Gastroenterol 11: 280-284, 2005.

11 Levi F, Pasche C, Lucchini F, Ghidoni R, Ferraroni M and La
Vecchia C: Resveratrol and breast cancer risk. Eur J Cancer
Prev 14: 139-142, 2005.

12 Marier JF, Chen K, Prince P, Scott G, del Castillo JR and
Vachon P: Production of ex vivo lipopolisaccharide-induced
tumor necrosis factor-alpha, interleukin-1-beta, and interleukin-
6 is suppressed by trans-resveratrol in a concentration-
dependent manner. Can J Vet Res 69: 151-154, 2005.

13 Moussa SS, Moussa SS and Moussa SA: Effect of resveratrol
on angiogenesis and platelet/fibrin-accelerated tumor growth in
the chick chorioallantoic membrane model. Nutr Cancer 52: 59-
65, 2005.

14 Zang Q, Tang X, Lu QY, Zhang ZF, Brown J and Lee AD:
Resveratrol inhibits hypoxia-induced accumulation of hipoxia-
inducible factor 1 alpha and VEGF expression in human tongue
squamous cell carcinoma and hepatoma cells. Mol Cancer Ther
4: 1465-1474, 2005.

15 Murias M, Jaeger W, Handler N, Erker T, Horvath Z, Szekeres
T, Nohl H and Gille L: Antioxidant, prooxidant and cytotoxic

activity of hydroxylated resveratrol analogues: structure-activity
relationship. Biochem Pharmacol 69: 903-912, 2005.

16 Wu CP, Calgagno AM, Hladky SB, Ambudkar SV and Barrand
MA: Modulatory effects of plant phenols on human multidrug-
resistance proteins 1, 4 and 5 (ABCC1, 4 and 5). FEBS J 272:
4725-4740, 2005.

17 Getoff N, Platzer I and Wickelbauer C: Transients and cooperative
action of ‚-carotene, vitamin E and C in biological systems in vitro
under irradiation. Radiat Phys Chem 55: 699-704, 1999.

18 Kammerer C, Czermark I, Getoff N and Kodym R:
Enhancement of mitomycin C efficiency by vitamin C, E and 
‚-carotene under irradiation. A study in vitro. Anticancer Res
19: 5319-5322, 1999.

19 Heinrich E and Getoff N: Radiation-induced effect of the
vitamins C, E and ‚-carotene on sanazole efficiency. A study in
vitro. Anticancer Res 20: 3615-3618, 2000.

20 Ortmann EK, Mayerhofer T, Getoff N and Kodym R: Effect of
antioxidant vitamins on radiation-induced apoptosis in cells of a
human lymphoblastic cell line. Radiat Res 161: 48-55, 2004.

21 Heinrich E and Getoff N: Effect of vitamin B1 and mixtures of
B1 with other vitamins on cytostatic effiency of sanazole under
irradiation. A study in vitro. Radiat Phys Chem 67: 487-492, 2003.

22 Fuga L, Kragl M and Getoff N: Vitamins B2 (riboflavin) and a
mixture of vitamin B2 and C affects MMC efficiency in aerated
media under irradiation. Anticancer Res 24: 4031-4034, 2004.

23 Getoff N: Effect of vitamin C, E and ‚-carotene on the
cytostatic activity of nicotinamide (vitamin B3). In Vivo 17: 169-
172, 2003.

24 Svoboda B and Getoff N: Vitamins B6 and C effect mitomycin C
efficiency under irradiation. Anticancer Res 22: 949-952, 2002.

25 Delipetar-Grudl A and Getoff N: Radiation-induced sensitizing
effect of folic acid (vitamin B11) and its synergistic action to
mitomycin C: in vitro experiments and radiolysis. Oncology Res
14: 559-566, 2004.

26 Getoff N: A review on the relationships between Q (eaq
–) and

QF of excited compounds in aqueous solution. Radiat Phys
Chem 34: 711-719, 1989.

27 Getoff N: Control of geenhous gases emission by radiation-
induced formation of useful products. Utilization of CO2.
Radiat Phys Chem 75: 514-523, 2006.

28 Getoff N: Mitomycin C radical cation studied by pulse
radiolysis. In Vivo 17: 173-176, 2003.

29 Getoff N, Solar S and Quint RM: One-electron oxidation of
mitomycin C and its corresponding peroxyl radicals. A steady-state
and pulse radiolysis study. Radiat Phys Chem 50: 575-583, 1997.

30 Getoff N: Cytostatica efficiency enhancement by vitamins C, E
and ‚-carotene under irradiation. State of the art. Radiat Phys
Chem 60: 351-358, 2001.

31 Getoff N: Estimation of reaction rate constants of primary
radicals (OH, eaq

–,H) with composed molecules based on their
molecular structure. To be published, 2006.

32 Mahal HS and Mukherjee T: Scavenging of reactive oxygen
radicals by resveratrol: antioxidant effect. Res Chem Intermed
32: 59-71, 2006.

Received April 4, 2006
Revised August 29, 2006

Accepted September 15, 2006

ANTICANCER RESEARCH 26: 4403-4408 (2006)

4408



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 793.701]
>> setpagedevice


