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INTRODUCTION

Genotoxic effects of different regions of the ultravi-
olet (UV) light spectrum are mediated via different
mechanisms. The main products of DNA damage
caused by 200–280 nm UV light (ultraviolet C) are
pyrimidine dimers forming DNA upon absorption of
light quanta [1]. Ultraviolet A (320–400 nm) and ultra-
violet B (280–320 nm), which are not absorbed by
nucleic acids, can induce in cells a cascade of photore-
actions accompanied by the generation of reactive oxy-
gen species (ROSs). As this takes place, pyrimidine
dimers are effectively repaired by the systems of error-
free excision repair, while the products of a free-radical
DNA attack, especially such as links with proteins and
crosslinks, are repaired far less effectively and with a
wide involvement of the error-prone repair systems.
Therefore, near ultraviolet is a serous inducer of human
skin carcinoma, despite lower energy of its quanta [2–5].
Most of solar ultraviolet reaching the earth surface is
represented by 300–400 nm radiation [5]. This range
seems to be optimal for selecting protective substances.
In practice, mostly sunscreen products, i. e. substances
screening the skin from the light, are used to protect
aginst the carcinogenic effect of solar radiation [6].
Their efficiency is limited by a variety of factors,
mainly by the impossibility of creating a stable film of
necessary thickness. The solution of the problem of
defence against the negative effects of solar energy
must be based on a complex approach that integrates
the work of various mechanisms. This determines the
importance of searching for compounds able to protect
the cell from genotoxic effects of ultraviolets A and B.
Obviously, the wider the list of such substances, the

more possibilities for producing highly effective com-
plex preparations.

A number of publications describe the antioxidant
effect of the methylene blue dye (
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'-tetrameth-
ylthionine) that belongs to the group of thiasines and is
widely used in biology and medicine. This substance is
able to penetrate easily in living cells and to scavenge
reactive oxygen species in concentrations differing by
several orders of magnitude from toxic ones [7]. Yet,
the photosensibilizing activity of methylene blue was
described [8]. Thus, the study of the capacity of this
compound to modify destructive effects induced by
photoinduction of ROSs is surely of interest.

MATERIALS AND METHODS

A variant of the SOS-lux test previously employed
for studying the antimutagenic effects of some natural
compounds was used in this work as a system for
assessing genotoxicity of the exposure under study [9–
11]. The reporter of the SOS response was lux-operon.
The 

 

Escherichia coli

 

 strain PT-1 (C600(pPLS-1)) car-
rying the pPLS-1 plasmid, in which the operon of
bioluminescence is under the control of the SOS pro-
moter, was used [12]. To control effects unrelated to
SOS induction, the PT-5 (C600(pPLS-5)) strain whose
lux-operon is under the control of a consitutive pro-
moter was used [13].

 

Escherichia coli

 

 strains were grown in LB medium.
0.1 ml of overnight

 

 E. coli

 

 culture was placed in 50 ml
of the medium and incubated in a thermostat for 1 h at
37

 

°

 

C. One ml of the culture was placed in a 40-mm
plastic Petri dish without a cover, which was irradiated
with UV light with a wavelength of 300–400 nm using
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 with the transformation of the latter in the sin-
glet state. In connection with this, scavengers of reactive oxygen species (ROSs) are potential protectors against
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a unit with a low-pressure mercury lamp as a source of
radiation (HG-125). The lamp was located in the focus
of a parabolic reflecting mirrow, and the UV flow was
directed to the exposed object through an aluminium
guiding system to diminish the angle of scattering. This
made it possible to generate an axis-symmetric and
even radiation flow at distances from 20 cm to 2 m; the
minimum area of the irradiated surface was 80 

 

×

 

80 mm, and the uneveness (with 50 mm deviation from
the axis) did not exceed 20%.

Methylene blue solution (pure for analysis, Dia-m,
Russia) in distilled water was added to a necessary final
concentration 30 min prior to irradiation.

After irradiation, the suspensions of microorgan-
isms were kept for a necessary time (Table 1) at 

 

25°ë

 

,
then luminescence was measured with an LT-01 lumi-
nometer (Russia).

The factor of SOS response induction (

 

I

 

s

 

) was calcu-
lated by the formula:

 

(1)

 

where 

 

L

 

k

 

 is luminescence intensity of the control sam-
ple; 

 

L

 

e

 

 is luminescence intensity of the experimental
sample.

The sign of significance of the effect of SOS induc-
tion was a statistically significant excess of 

 

L

 

e

 

 over 

 

L

 

k

 

estimated by the 

 

t

 

-test.
The antimutagenic potential (

 

A

 

, %) was calculated
by the formula:

 

(2)

 

where 

 

I

 

a

 

 is the factor of SOS response induction by the
exposure under study in the presence of a protector; 

 

I

 

p

 

is the factor of SOS response induction by the exposure
under study.

All experiments were carried out in three indepen-
dent replications.

RESULTS

The data on the development in time of a SOS
response induced in 

 

E

 

. 

 

coli

 

 by UV radiation with a
wavelength of 300–400 nm are presented in Table 1. A
maximum effect develops within 120 min after irradia-
tion, and the factor of induction reaches the value of
9.8, then gradually decreasing. The fact that the
observed enhancement of luminescence intensity is
determined exactly by SOS induction follows from the
absence of significant differences of this parameter in
the PT-5 strain whose lux-operon is under the control of a
constitutive promoter (data not shown). Thus, 120-min
exposure after irradiation is an optimal time for study-
ing protectors.

As seen from Table 2, an increase in the dose of
300–400 nm ultraviolet radiation leads to an increase of
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the effect up to the maximum value of the induction
factor equal to 9.7 (390 J/m

 

2

 

). Further increase of the
dose leads to gradual attenuation of the effect. Doses
over 3120 J /m

 

2

 

 produce no significant enhancement of
bioluminescence of the PT-1 strain. No statistically sig-
nificant alterations in luminescence of the PT-5 strain
were recorded for doses 65 to 7800 J/m

 

2

 

, suggesting
that the obtained effects are determined by SOS
response induction rather than by a general activation
of bioenergetics of bacterial cells.

Further increase of the dose results in the suppres-
sion of luminescence of both strains.

Thus, the dependence of the SOS induction factor
on the dose of ultraviolet radiation with a wavelength
300 to 400 nm in the semilogarithmic scale has the

 

Table 1.  

 

Dynamics of SOS response induction in the 

 

E. co-
li

 

 strain PT-1 after exposure to UV radiation (300–400 nm,
390 J/m

 

2

 

)

Time 
after exposure, min

Intensity of PT-1 strain 
bioluminescence, units*

Induction 
factor, 

 

I

 

S

 

Before exposure 0.60 

 

±

 

 0.05 0

30 1.62 

 

±

 

 0.09 0.7**

60 4.83 

 

±

 

 0.28 4.2**

90 6.05 

 

±

 

 0.73 8.4**

120 7.52 

 

±

 

 0.78 9.8**

150 5.69 

 

±

 

 0.36 7.5**

 

Notes: * The mean of four values.
** Differences from the control are statistically significant,

 

t

 

 < 0.05.

 

     

 

Table 2.  

 

SOS response induction in the 

 

E. coli

 

 strain PT-1
by UV with a wavelength of 300–400 nm

Radiation 
dose, J/m

 

2

 

Intensity of PT-1 strain 
bioluminescence, units*

Induction 
factor, 

 

I

 

S

 

0 0.315 

 

±

 

 0.022 0

65 0.451 

 

±

 

 0.038 0.43

130 2.32 

 

±

 

 0.245 5.4**

260 3.09 

 

±

 

 0.281 7.8**

390 3. 37 

 

±

 

 0.402 9.7**

780 2.91 

 

±

 

 0.200 7.3**

1560 2.15 

 

±

 

 0.089 4.8**

2340 0.725 

 

±

 

 0.056 1.3**

3120 0.460 

 

±

 

 0.049 0.46

3900 0.410 

 

±

 

 0.032 0.3

7800 0.347 

 

±

 

 0.035 0.1

 

Notes: *

 

The mean of four values.

 

** Differences from the control are statistically significant,

 

t

 

 < 0.05.
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form of a bell-shaped curve presented in the figure with
a maximum at 390 J/m

 

2

 

. This dose is optimal for study-
ing the effects of protection against the exposure under
consideration. The data on methylene blue-mediated
modifications of SOS induction by UV (300–400 nm)
are presented in Table 3. Concentrations of 0.01–1 nM
do not have a statistically significant influence on the
level of the induction factor. For higher concentrations

a protector effect is recorded. The efficiency of protec-
tion by methylene blue increases with an increase of its
dose, reaching the maximum (suppression of SOS
induction to the level statistically undistinguishable
from the background level) at a concentration of
1000 nM. Further tenfold increase of the concentration
does not lead to the reduction of the effect.

DISCUSSION

The SOS-lux test was developed as a method for
quantitative assessment of genotoxic effects [11]. We
proposed a modification that makes it possible to calcu-
late the true values of SOS induction in the presence of
substances inhibiting the activity of bacterial luciferase
[13]. The capacity of the test to register the linear
growth of SOS response intensity with an increase of
the dose of exposure and substances directly interacting
with DNA was supported experimentally [12, 14]. The
nonlinear pattern of the dose–effect curve obtained in
this study seems to be determined by the complexity of
free-radical processes leading to DNA damage under
the action of UV on bacterial cells. It should be noted
that the nonlinear pattern of dose–effect curves is also
characteristic for a number of other mutagens whose
action is based on the generation of ROSs, in particular,
for oxygen under pressure [15, 16]. Nevertheless, the
tenfold induction of a SOS response recorded in our
experiments permits this parameter to be used for qual-
itative assessment of the protector activity.

Methylene blue belongs to the group of thiasine
dyes. The history of clinical application of this com-
pound covers more than 100 years. It was initially used
to treat methemoglobinemia, both congenital and toxi-
cological. It was found at the end of the 20th century
that methylene blue has a wide adaptogenic potential;
in particular, it protects the cell from destructive conse-
quences of ischemia–reperfusion [17], increases the
lifetime of mice [18], restores the cognitive functions
after oxidative stress [19, 20], etc.

In the opinion of [7] who described some effects of
methylene blue based on which it was assigned to gero-
protectors, the adaptogenic properties of this substance
are determined by its antioxidant activity. According to
the universal mechanism discovered by Skulachev,
hydrophobic cations are able to be accumulated in
membrane structures carrying a positive charge, for
example, in mitochondria and bacterial cells [21].
Methylene blue molecules possess all necessary fea-
tures for such accumulation [7]. In addition, a compar-
atively low redox potential of this substance (11 mV)
facilitates cyclic transformations between the reduced
and oxidated forms [22], which permits this substance
to employ the energy of the electron transport chain for
deactivating ROSs generated in the cell [7]. It is these
features that are likely to explain the fact that the anti-
oxidant properties of methylene blue in experiments
with mammalian cells are expressed at 10–1000 nM
concentrations, several orders of magnitude lower than
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The dependence of the factor of SOS response induction in
the

 

 E. coli 

 

strain PT-1 on the dose of UV (300–400 nm).

 

Table 3.  

 

SOS response induction in 

 

E. coli

 

 by ultraviolet ra-
diation (300–400 nm, 390 J/m

 

2

 

) in the presence of methylene
blue

Methylene blue 
concentration, nM

 

A

 

, % Induction factor, 

 

I

 

S

 

0 0 9.0 

 

±

 

 1.1

0.01 2 8.8 

 

±

 

 1.0

0.1 0 9.1 

 

±

 

 0.9

1 19 7.3 

 

±

 

 0.8

10 86 1.3 

 

±

 

 0.1**

100 80 1.8 

 

±

 

 0.2**

1000 91 0.8 

 

±

 

 0.1**

10000 90 0.9 

 

±

 

 0.1**

 

Notes: * The value of the induction factor and a standard error
were calculated from the data of three independent exper-
iments.

** Statistically significant protector effect, 

 

P

 

 < 0.05.
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toxic concentrations [7]. The protector effect estab-
lished by us in respect of 300–400 nm UV is also
recorded within this range of concentrations. It also
seems to be mediated through the antioxidant mecha-
nism due to similarity in metabolism of mitochondria
and aerobic bacteria. Our data suggest that methylene
blue in concentrations proved to be safe by experiments
with animals [18] and by the 100-year experience of
application of this substance in medicine will be able to
effectively protect the skin against the genotoxic action
of the ultraviolet component of sunlight. Testing this
inference with the use of experimental models that are
more adequate for humans will become the subject of
our further studies.
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