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Abstract

The antidiabetic drug metformin (MF) exhibits redox-modulating effects in various pathologies associated with oxidative
stress and mitigates ionizing radiation-induced toxicity, but the underlying mechanisms remain to be elucidated. Thus, we
studied some radiomitigatory effects of MF and explored the possible mechanisms behind them. Highly sensitive lumines-
cence methods and non-competitive enzyme-linked immunosorbent assay (ELISA) were used in in vitro studies, and in vivo
the damage to bone marrow cells and its repair were assessed by the micronucleus test. In a solution, MF at concentrations
exceeding 0.1 uM effectively intercepts «OH upon X-ray-irradiation, but does not react directly with H,O,. MF accelerates
the decomposition of H,0O, catalyzed by copper ions. MF does not affect the radiation-induced formation of H,0O, in the
solution of bovine gamma-globulin (BGG), but has a modulating effect on the generation of H,0, in the solution of bovine
serum albumin (BSA). MF at 0.05-1 mM decreases the radiation-induced formation of 8-oxoguanine in a DNA solution
depending on the concentration of MF with a maximum at 0.25 mM. MF at doses of 3 mg/kg body weight (bw) and 30 mg/
kg bw administered to mice after irradiation, but not before irradiation, reduces the frequency of micronucleus formation in
polychromatophilic erythrocytes of mouse red bone marrow. Our work has shown that the radiomitigatory properties of MF
are mediated by antioxidant mechanisms of action, possibly including its ability to chelate polyvalent metal ions.
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Introduction

The study of new promising radiomitigators (Obrador et al.
2020) and radiotherapeutic agents, possible mechanisms
of their action is an active area in current research. Ion-
izing irradiation of the organism induces excessive produc-
tion of reactive oxygen species (ROS) and oxidative stress
(OS). Exposure to ionizing radiation (IR) disturbs the redox
homeostasis, damages proteins, cell membranes, nuclear
and mitochondrial DNA, destroys a number of biological
processes in cells and tissues of the body. Radiomitigators
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are applied to compensate for the formation and to repair
damage caused by IR (Obrador et al. 2020). Although many
chemical compounds are being investigated as protective
agents, their use for medical purposes to eliminate the harm-
ful effects of radiation is problematic given the lack of evi-
dence on their long-term effectiveness and safety. To over-
come this obstacle, we resorted to an alternative approach
and searched radioprotective drugs among widely used con-
ventional pharmaceuticals, because existing “older” drugs
repositioned for new indications have well-known safety and
pharmacologic profiles, and their therapeutic modalities for
clinical applications are thoroughly investigated.

MF (1,1-dimethylbiguanidine hydrochloride) is the first-
choice drug for the treatment of type 2 diabetes mellitus
used since the late 1950s (DeFronzo and Goodman 1995).
Recently, it has found use in radiation therapy of tumors
and other pathological conditions (Piskovatska et al. 2020).
MF protects only normal cells without preventing damage
to cancer cells (Najafi et al. 2018) and also shows syner-
gism with some chemotherapeutic agents (Honjo et al. 2014;
Koritzinsky 2015). Beyond its hypoglycemic antidiabetic
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activity, MF reveals pleiotropic effects (Pietrocola and Kro-
emer 2017), causing a decrease in morbidity and mortality
rates from cardiovascular diseases (Han et al. 2019; Schern-
thaner et al. 2022) and reduction in the risk of developing
various oncological diseases (Pernicova and Korbonits 2014;
Cheng et al. 2022). MF exhibits geroprotective and anticar-
cinogenic effects (Martin-Castillo et al. 2010; Chen et al.
2012; Campbell et al. 2017), can inhibit cellular ROS pro-
duction and stimulate DNA damage responses (DeFronzo
and Goodman 1995), thus reducing cancer risk. MF dimin-
ishes the risk of mortality in patients infected with SARS-
CoV-2 virus (Bramante et al. 2021). MF acts as an inhibitor
of complex I in mitochondria (Owen et al. 2000), which in
turn leads to an AMP protein kinase (AMPK)-dependent
(Hawley et al. 2010) and AMPK-independent (Kalender
et al. 2010) cell response. MF is able to modulate the cellular
metabolism and production of mitochondrial ROS by acti-
vation of AMPK (Toyama et al. 2016). MF inhibits tumor
growth via affecting its downstream targets (including p53/
p63/p73) and regulating signaling pathways (mTOR, NF-«xB,
and others) (Yi et al. 2019).

In general, MF affects the redox homeostasis of the body
and has an impact on diseases associated with OS. Redox
stress leads to genetic instability, an increase in the rate of
mutations, loss of proteostasis, a decrease in life expectancy
and to various diseases, including malignant tumors. There
are few reports in the literature that MF is a potential versa-
tile radiation modulator and radioprotector/radiomitigator
(Miller et al. 2014; Abdullaev et al. 2018; Mortezaee et al.
2019; Yahyapour et al. 2019; Tajabadi et al. 2020; Wang
et al. 2020). Thus, MF is a promising therapeutic agent capa-
ble of effectively ameliorating radiation toxicity. Although
MF has long been used in medicine, mechanisms of its mul-
tiple effects are yet incompletely understood (Triggle et al.
2022). In this work, the antioxidant, genoprotective, and
radiomitigatory properties of MF have been studied in vitro
and in vivo upon X-ray-irradiation.

Materials and methods
Materials

The following reagents were used in the work: hydrogen
peroxide (CAS: 7722-84-1), tris(hydroxymethyl) ami-
nomethane (CAS: 77-86-1), 2,2’-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt (ABTS,
CAS: 30931-67-0), bovine serum albumin (BSA, CAS:
9048-46-8), horseradish peroxidase (CAS: 9003-99-0), cit-
ric acid (CAS: 77-92-9), sodium citrate tribasic dihydrate
(CAS: 6132-04-3), 4-iodophenol (CAS: 540-38-5), com-
mercial high-polymer DNA from the salmon sperm (CAS:
9007-49-2), MF (1,1-dimethylbiguanide hydrochloride,
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CAS: 1115-70-4), sodium sulfate (Na,SO,, CAS: 7757-
82-6), coumarin-3-carboxylic acid (CCA, CAS: 531-81-
7), 7-OH-CCA (CAS: 779-27-1) (Sigma-Aldrich, USA),
bovine gamma-globulin (BGG, CAS: 9007-83-4) (Serva,
Germany), skimmed milk powder (Sampo, Russia), conju-
gate of secondary antibodies with horseradish peroxidase
(Bio-Rad, USA), monoclonal antibodies to 8-oxoguanine
(8-0x0G) (Bruskov et al. 1996), immersion oil (Cargill,
USA), Giemsa-Romanowsky dye (Panreac, Spain), metha-
nol (CAS: 67-56-1) (LaChema, France), luminol (CAS:
521-31-3) (AppliChem, Germany), hydrochloric acid
(HCI, CAS: 7647-01-0) and copper sulfate (CuSO, x 5H,0,
CAS: 7758-99-8) (Reachim, Russia). Sodium chlo-
ride (NaCl, CAS: 7647-14-5), sodium phosphate mono-
and dibasic (NaH,PO,x2H,0 (CAS: 13472-35-0) and
Na,HPO, x 12H,0 (CAS: 10039-32-4)) (Panreac, Spain)
were used to prepare 1 mM phosphate buffer, pH 7.4 (PB),
and phosphate buffered saline (PBS), pH 7.4 (PB + 150 mM
NaCl). All reagents were used without further purification.
Freshly prepared bidistilled water had pH of 5.8 and con-
ductivity of 120 uS/m.

X-ray-irradiation

The animals and solutions were irradiated at the Common
Use Center “Group of Radiation Sources” of the Institute
of Cell Biophysics, Russian Academy of Sciences, using an
RUT-15 therapeutical X-ray device (MosRentgen, Russia)
at a dose rate of 1 Gy/min (200 kV, 20 mA, focal distance
37.5 cm). Filters (1 mm Cu/l mm Al) of a half-value layer
(HVL) of 1.6 mm Cu were used in the system. Instrumental
dosimetry was carried out by the Center personnel using
a dosimeter VA-J-18 type 27 006 (RFT (Rundfunk- und
Fernmelde-Technik), Germany) with an ionization cham-
ber as a radiation detector. Mice (5 animals per group) were
irradiated at a dose of 1.5 Gy. Solutions were irradiated at
doses of 5-15 Gy.

Measurement of hydrogen peroxide

The concentration of hydrogen peroxide in irradiated solu-
tions of MF was measured by the method of enhanced
chemiluminescence using a luminol-4-iodophenol—per-
oxidase system (Shtarkman et al. 2008). A counter for lig-
uid scintillation Beta-1 (MedApparatura, Ukraine) operat-
ing in the mode of single photon counting was used as a
highly sensitive chemiluminometer. The high sensitivity of
this method allows registration of hydrogen peroxide at a
concentration as low as 1 nM. The content of H,0, was
determined by using the calibration curves of chemilumi-
nescence dependence on the known concentration of H,O,
in the solution. During measurements of long-lived reactive
protein species (LRPS), the method for determination of
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H,0, was modified. Protein solutions (300 pl) in 1 mM PBS
were irradiated in 0.65-ml eppendorf polypropylene tubes
(SSI, USA). The ratio of the sample volume to the highly
diluted “counting solution” was 1:1. All measurements were
performed at 25 °C in a dark room. The concentration of
hydrogen peroxide used for calibration was quantified by
spectrophotometry at 240 nm using a molar absorption coef-
ficient of 43.6 M~! x cm™! on a spectrophotometer Cary 100
Scan (Varian, Australia).

Measurement of hydroxyl radicals

The concentrations of OH-radicals were determined using
coumarin-3-carboxylic acid (CCA), a fluorescent probe
highly specific to «OH (Manevich et al. 1997). The CCA
concentration used in the test solutions was 0.5 mM. The
intensity of fluorescence was measured on a Cary Eclipse
spectrofluorimeter (Varian, Australia) with A, =400 nm and
Aem =450 nm. Calibration for formation of hydroxyl radicals
was done using a commercial preparation of 7-OH-CCA.
The radiation-chemical yield of «OH was assumed to be
equal to 240 nM/Gy (Ward 1988). The measurements were
carried out at the Regional Common Use Center “Struc-
tural and functional studies of biosystems” of the Institute of
Theoretical and Experimental Biophysics, Russian Academy
of Sciences.

Immunoenzyme assay for determination
of 8-oxoguanine in DNA

The method used for the enzyme immunoassay and the prop-
erties of 8-oxoG-specific antibodies have been described
in detail previously (Bruskov et al. 1996; Shtarkman et al.
2008). DNA from the salmon sperm dissolved in PBS was
used at a concentration of 400 pg/ml. MF was added to the
DNA solution just before irradiation. DNA samples were
denatured in a boiling water bath for 9 min and cooled on
ice. Aliquots of 50 pl were transferred into the wells of
immunoassay plates (Costar, USA). DNA was immobilized
using a simple dry adsorption procedure with incubation for
3 h at 80 °C until complete evaporation of the solution. To
block non-specific sites, 300 pul of a solution containing 1%
skimmed milk powder in 0.15 M Tris—HCI buffer, pH 8.5,
and 0.15 M NaCl was used. Then the plates were incubated
on a plate shaker for 2 h at 37 °C. The formation of an anti-
gen—antibody complex with antibodies (50 pl/well) specific
to 8-0x0G (dilution 1:1000) was carried out in a blocking
solution by incubation for 2 h at 37 °C. Next, the formation
of a complex of the conjugate of antimouse IgG—peroxi-
dase with 8-oxoG-specific antibodies (50 pl/well, 1:1000)
was accomplished in a blocking solution by incubation
with stirring for 2 h at 37 °C. Samples were washed three
times (300 pl/well) with 50 mM Tris—HCI buffer, pH 8.5,

and 0.15 M NaCl on a shaker for 3 min. Thereafter, a chro-
mogenic substrate (18.2 mM ABTS) and 10 mM hydrogen
peroxide in 75 mM citrate buffer, pH 4.2, were added. The
optical density of the samples at 405 nm was measured using
a Multiscan FC microplate reader (Thermo Fisher Scientific,
Finland). Details of the procedure for the calibration and
determination of the concentration of DNA solutions have
been published elsewhere (Shtarkman et al. 2008).

Animals and micronucleus test (MN-test)

Males of random-bred white Kv:SHK mice aged 5-6 weeks
and weighing 25-29 g (nursery Kryukovo, Russian Acad-
emy of Sciences) were used. Animal handling was done
according to institutional guidelines for animal care. Mice
were kept in a vivarium under controlled conditions of con-
stant room temperature (23 +2 °C), ventilation and 12 h day/
night cycles, and were given standard commercial mouse
feed (Arno, Russia) and drinking water ad libitum.

The cytogenetic damage to the red bone marrow cells
of mice during in vivo irradiation was determined from
the formation of polychromatophilic erythrocytes (PCE)
with micronuclei (MN) (Vral et al. 2011). MF for injec-
tion was prepared in physiological saline (150 mM NaCl)
at concentrations of 3 and 30 mg/kg bw. MF solutions were
injected intraperitoneally (i.p.) to mice 15 min before or
after the irradiation with a dose of 1.5 Gy, because linear
dose-response relationship between irradiation dose and the
number of MN is seen in the dose range of 0-2 Gy (Jag-
etia and Reddy 2002). Non-irradiated (0 Gy) and irradiated
(1.5 Gy) mice, which were injected with the same volume
of saline, comprised the control groups. Additional control
(non-irradiated mice injected with MF) was absent, because
it is already known that at the maximum studied dosage of
the drug administered intraperitoneally, MF does not have a
genotoxic effect (Amador et al. 2012).

The intraperitoneal route of drug administration was cho-
sen for our study due to its advantages. It is fast and safe,
robust, well-tolerated in laboratory animals, ensures rapid
and efficient absorption of small molecule pharmacological
agents (which include MF (Graham et al. 2011)) from the
peritoneal cavity and secures their therapeutic bioavailabil-
ity. Nowadays, i.p. administration of drugs is generally con-
sidered as a justifiable route for exploratory pharmacologi-
cal studies involving rodents (Al Shoyaib et al. 2020). It is
recognized that pharmacokinetics of small molecular weight
drugs administered through the i.p. route resembles that of
orally administered drugs. Thus, the i.p. route of administra-
tion is well-suited for the study of MF as an oral drug and
allows one to achieve maximum effect within the framework
of a 28-h MN-test.

Mice were sacrificed by cervical dislocation 28 h after irra-
diation, when irradiated reticulocytes matured. The method
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for determination of MN was described in detail previously
(Schmid 1975) and was used with minor modifications.
Briefly, immediately after sacrificing the animal, both femora
were removed in toto by cutting through the pelvic bones and
below the knee. The bones were freed from muscles by the
use of gauze. A micro-tube was filled with serum (40 pl). The
needle was inserted a few millimeters deep into the proximal
part of the marrow canal. Then the femur was submerged in
the serum and by gentle aspirations and flushings the marrow
was forced out. Promptly, a small drop (5 ul) of the suspension
was put on the end of a slide and spread by pulling the material
behind a polished cover glass held at an angle of 45°. The prep-
arations were then air-dried, fixed for 5 min with methanol,
air-dried again, and stained for 20 min with 10% Giemsa in
phosphate buffer, pH 6.8. The number of MN in PCE was cal-
culated using a light microscope at a magnification of 1000 X .
No less than 2000 PCE per mouse were counted, 5 animals per
group. All procedures with mice were carried out taking into
account the international rules for working with laboratory
animals and the requirements of the Commission on Biological
Safety and Bioethics of the Institute of Theoretical and Experi-
mental Biophysics of the Russian Academy of Sciences.

Statistical analysis

Data are expressed as mean + SD. In all in vitro studies, the
number of independent experiments (n) is 10, in all in vivo
studies it is 5. The background values of hydroxyl radicals,
hydrogen peroxide and 8-0xoG are subtracted from the
results. Statistical significance was assigned to p <0.05.
The data were subjected to one-way analysis of variance

Fig. 1 Effect of MF on concen-
tration and dose dependencies
of H,0, formation in 1 mM
phosphate buffer, pH 7.4 (PB),
and in 1 mM phosphate buffer, 1000 'I'

pH 7.4, with 150 mM NaCl '}
(PBS) upon X-ray-irradiation: 1

a Drug concentration depend- 800 - _}
ence, irradiation with 10 Gy;

=%

b Dose dependence. * — sig- = *
nificantly different from control € {- *
(p<0.03, n=10) 5, 600+
o
N
T
400 -
200

[]PB+10Gy
_[PBs+10 Gy

(ANOVA) followed by the Bonferroni post hoc test. Graphi-
cal and mathematical processing of the data was performed
using the OriginPro 8.1 software package.

Results

Metformin reduces the formation of ROS induced
by X-ray-irradiation

Water is the main primary target of IR, and the effect of MF
on the yield of water radiolysis products was investigated.
MEF reduces the formation of hydrogen peroxide upon irra-
diation of PB and PBS with X-rays. The radiation-chemical
yield of H,O, formation in 0.1 mM phosphate buffer, pH 7.4,
with 150 mM NaCl (PBS) is 20% higher than in the 0.1 mM
phosphate buffer, pH 7.4 (PB) (Karmanova et al. 2020). MF
at a concentration of 250 uM, 1 mM, and 10 mM reduces the
formation of hydrogen peroxide in PBS by X-ray-irradiation
at a dose of 10 Gy by 25%, 35%, and 55%, respectively
(Fig. 1a). With a decrease in the radiation dose, no signifi-
cant difference in the effect is observed (Fig. 1b).

Next, we studied the interaction of MF with eOH, which
is the primary product of radiolysis, and interaction of MF
directly with H,O,. MF reacts with ¢OH (Fig. 2a and lit-
erature data (Trouillas et al. 2013)), but does not react with
H,0, (Fig. 2b and literature data (Trouillas et al. 2013)).
MF at a concentration of 10 mM reduces by 95% the forma-
tion of «OH in PB upon X-ray-irradiation at a dose of 5 Gy
(Fig. 2a). However, MF (10 mM) added to H,O, solution

[a]

PB

—@— MF 250 uM in PB T
—A— MF 1 mM in PB Y 1000
—v—PBS i
—&— MF 250 uM in PBS [ 500
—<— MF 1 mM in PBS
3 T
4 %
. *3;. 600 .9
4 | F 5
=
400
L 200
L] 1 0

0 0.1 0.25

[Metformin], mM
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Fig.2 a Influence of MF on the 1.5+ E l:] FB+HO [E
generation of hydroxyl radicals 22
in 1 mM phosphate buffer, pH [CJFB+MF 10 mM + H,0,
7.4 (PB), irradiated with 5 Gy | T 1.8 -
of X-rays. b Impact of 10 mM T -
MF on the decay of H,0, '|' 1.6 4 'l' '|'
(initial concentration is 1.5 uM) b 1.0 J. .
in PB. * — significantly different :’: 7 s 1.4 J. J_ {‘
from control (p<0.05, n=10) by = 1
P ® =z 12- ~I~ I | I I
o .
5 % 1.0 1 |
e = 0.8
O 0.5 h 0 6 -
* 0.4
I .
0.2
0 0
0 0.1 10 0 025 1 6

[Metformin], mM

(1.5 pM) does not change the concentration of H,0, signifi-
cantly within 6 h (Fig. 2b).

The effect of metformin on the formation

of long-lived reactive protein species in BSA

and BGG solutions under irradiation and on their
decay with the formation of ROS

In addition to short-lived ROS, long-lived reactive protein spe-
cies (LRPS) induced by IR are formed in cells and solutions
of various proteins (Dean et al. 1993; Koyama et al. 1998;
Ivanov et al. 2019). It has been established that LRPS possess
pro-oxidative properties and their decay causes an extension of
OS by generation of ROS for a long time (Bruskov et al. 2012).

Albumins are the most abundant serum proteins (Roche
et al. 2008), for which the formation of LRPS was previously
shown at low BSA concentrations (Bruskov et al. 2012). In
this paper, we studied the influence of MF on the process of
hydrogen peroxide generation by long-lived reactive species
of BSA within 6 h after irradiation at a concentration of BSA
that is comparable to physiological one. A BSA solution of
10 mg/ml was used, and this concentration is only 2—3 times
lower than the physiological norm for serum albumin.

All the experiments with proteins were carried out in PBS.
At a concentration of 10 mg/ml, pro-oxidant properties of BSA
at first prevail over its antioxidant properties. Within 1 h after
irradiation of BSA solution with 15 Gy, H,0, was formed
by 86% more than in the control (irradiated PBS) (Fig. 3a).
However, after 6 h the content of H,0, decreased to a value of
50% below control. When added to BSA solution before irra-
diation, MF increased the formation of H,O, after irradiation
only by 15% compared to the control. At the same time, the

Incubation time, h

concentration of H,0, in a solution of BSA with MF obtained
from the calculation of the integral areas for 6 h after irradia-
tion is 35% higher than in the control and is 3% higher than in
a solution of BSA without MF (Fig. 3b). This effect does not
depend on the concentration of MF in the range from 10 pM
to 1 mM. Note that 10 pM is the therapeutic concentration of
the drug.

The effect of Cu?* at concentrations of 5 nM, 5 uM, and
125 pM on the radiation-induced (10 Gy) formation of H,O,
in PB was investigated with the addition of 250 pM MF
(Fig. 3c). According to the literature (Tian and Song 2007),
MF forms complex with copper at a ratio of 2:1. Sulfate
anions only slightly decrease the formation of H,0,. Cu**
at concentrations of 5 pM and 125 pM reduced the forma-
tion of H,0, by 20% and 60%, respectively. The addition
of 250 pM MF significantly enhanced this effect: at 5 pM
Cu?*, about 2% of the control was observed, and at 125 UM,
background H,0, values were recorded.

In a solution of BGG (5 mg/ml) irradiated with 15 Gy,
H,0, is formed by 10% less than in the control immedi-
ately after irradiation (Fig. 2d). Then, within next 6 h, there
is a slow decrease in the content of hydrogen peroxide by
another 15% of the originally formed amount (1.35 pM
H,0,). MF in the concentration range of 10 pM—1 mM does
not affect this process significantly, probably being a less
effective scavenger of ¢OH compared to BGG.

The effect of metformin on radiation-induced
formation of 8-oxoguanine in a DNA solution

The most sensitive biomarker of oxidative damage to DNA is
the formation of 8-oxoG (Kasai 1997). High-molecular DNA
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Fig.3 The effect of MF on the
formation of long-lived reactive
protein species (LRPS) in BSA
and BGG under irradiation

and on their decay with the
formation of ROS: a Formation
of H,0, in a solution of BSA
10 mg/ml in 1 mM PBS upon
irradiation with 15 Gy depend-
ing on the time after irradiation
and the effect of MF (10 pM,
250 pM, and 1 mM) on this
process; b Estimation of 6-h
area under the “concentration of
hydrogen peroxide—time” curve
(AUC) for PBS, BSA 10 mg/
ml, and BSA 10 mg/ml with MF
250 pM after irradiation with
15 Gy; ¢ Formation of H,0, in
PB upon X-ray-irradiation at a
dose of 10 Gy. Impact on this

[a] [b]

——BSA

—@—+ MF 10 uM
—A— + MF 250 uM
-~ +MF1mM
[ PBS Control

CPBS

[ BSA
I BSA
+ MF 250 uM

process of sodium sulfate (Na*) 0 F—T——T—
or copper sulfate (Cu*) and the 0 1 2
addition of 250 uM MF; d Time
dependence of the formation

of H,0, in a solution of BGG

5 mg/ml in PBS after irradiation

Time after irradiation, h

T T T T T T T

3 4 5

with 15 Gy and the effect of MF PB Control E
(10 uM, 250 pM, and 1 mM) :
on this process. Except for b, -+ Cu2+
n=10 for all the plots +
—A—+ Na
—¥— MF 250 uM
1000 —®MF+ Cuf+
| T—€-MF +Na 2
800 - g" 08]| —™BGG
s 1 + = =¢:\l || —©®—+MF 10 uM
= 600+ = 06| —A—+MF250uM
ON | | -+ MF1mM
N 400 - [ PBS Control
I 0.4
200 0.2
0-_3_2 O-PI'I'I'I'I'I'I'
10°10°0.1 1 10100 01 2 3 4 5 6
[Me™], uM Time after irradiation, h

from salmon sperm was used to determine the genoprotective
properties of MF in vitro upon irradiation of a DNA solution
with 10 Gy of X-rays. MF in the range from 0.05-0.25 mM
reduces the formation of 8-0xoG in direct proportion to the
concentration of MF, reaching a maximum effect (36% of
control) at 0.25 mM (Fig. 4). But with an increase in the
concentration of MF to 0.5-1 mM, this effect weakens to the
level of 75% of control and its saturation occurs.
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Radiomitigatory properties of metformin

Hematopoietic system is one of the most sensitive to the
effects of IR, and the radiosensitivity of red bone mar-
row cells is extremely high. The micronucleus test allows
one to analyze in vivo the damage to nuclear DNA after
irradiation of animals. The MN-test is one of the com-
mon methods for studying the genotoxicity of IR (Bagheri
et al. 2018). We studied the effect of MF administered
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6+ *

*
——
*
*

54

—— %

44
34

8-OxoGua per 105 Gua

24
14

0

0 25 50 100 250
[Metformin], uM
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Fig.4 Influence of MF on the formation of 8-0xoG in the solution
of salmon sperm DNA in PBS under X-ray-irradiation at a dose of
10 Gy. * — significantly different from control (p <0.05, n=10); ** —
significantly different from 250 pM MF (p <0.05, n=10)

intraperitoneally to mice before or after irradiation with
1.5 Gy on the frequency of formation of PCE with MN in
red bone marrow of animals (Fig. 5). MF (3 and 30 mg/
kg bw) exhibits genoprotective effect, reducing the per-
centage of PCE with MN by 65% and 75%, respectively,
when administered to mice i.p. 15 min after irradiation at
a dose of 1.5 Gy (Fig. 5a). At the same time, introduction
of MF (30 mg/kg bw) 15 min before irradiation does not
have statistically significant effect (Fig. 5b). Thus, MF is
effective when administered immediately post-irradiation,
consistent with survival data gained in mice (Abdullaev
et al. 2018).

Fig.5 Influence of MF on the

frequency of polychromat- 6 |
ophilic erythrocytes (PCE) 5
with micronuclei (MN) in bone |
marrow of X-ray-irradiated 4

mice: a Dose dependence of
the effect of MF (3 or 30 mg/kg
bw, administered i.p. after irra-
diation); b Dependence of the
effect of MF (30 mg/kg bw, i.p.)
on the time of its administration

3-

Percentage of
PCE with MN

to mice relative to irradiation

Discussion

Aqueous solutions are the main primary target of the
damaging effects of IR on living systems (Halliwell and
Gutteridge 2015; Bruskov et al. 2020). During the radi-
olysis of water, the following reaction products are formed
— hydroxyl radicals, hydrogen atoms (radicals), protons,
hydrated electrons, hydrogen molecules and hydrogen per-
oxide (1):
H,0 - OHe«+H«+H" + ¢, +H, + H,0,. 1
Three ways of formation of H,0, are possible: recom-
bination of hydroxyl radicals (2), reaction of a hydrogen
atom with a hydroperoxide radical (4), and dismutation of
hydroperoxide radicals (3):

«OH + +«OH = H,0,; @
H ++HO,+ = H,0,; €)
HO, « +HO,« = H,0, + '0,. 4)

Unlike other short-lived radicals, H,0, is a long-lived
form of ROS. Hydrogen peroxide in cells and tissues of the
body performs a signaling-regulatory role associated with
the maintaining of redox homeostasis.

Influence of MF on the radiation-induced generation of
hydrogen peroxide, starting at about 250 pM, is probably
due to the formation of less e OH, recombination of which
leads to the formation of hydrogen peroxide (reaction 2).

Redox-active metal ions, including Cu®>* (Argirova and
Ortwerth 2003), can catalyze Haber—Weiss reaction leading
to the formation of eOH from H,0, and superoxide (5):
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54 I

La] [b]

Percentage of
PCE with MN

1.5 Gy). * — significantly differ-

*
2 i *
1 ] ’ﬁ
(before or after irradiation with 0 1 I_!-I 0 ]
& &

ent from intact and irradiated 04‘ Q’CQA C‘)“ 0* ‘)0* é
controls (p<0.05, n=5) o\Q N Q{.@ *@ \Q \‘.3 N \‘.Q
TS SE &> O
& & <& Q& & & & Q@
* x \‘. x
O N S
o O & o
NN N

@ Springer



2456

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:2449-2460

0,.++ H,0, - «OH + HO™ + 0, )

The complex of MF with Cu** enhances the reaction of
H,0, decomposition and the production of «OH. MF forms
with Cu* ions delocalized electronic planar ring structures
(Tian and Song 2007; Vasantha et al. 2018). Such a structure
can substantially strengthen the catalytic properties of Cu>*
ions as judged from our results. There is some evidence for
the ability of the MF—copper complex to form a catalytic
cycle: unknown Cu**-containing species acts as a reducing
agent to reduce the N-hydroxy imino group, the oxidation
product of the imino group, to its initial form. The authors
suggest that it may be Cu®*-oxo-coordination complexes
with ROS (Halime et al. 2010), such as superoxide anion
and hydroxyl radical (Tian and Song 2007).

Besides the aquatic medium, the next main targets of
radiation exposure are proteins containing variety of reactive
amino acid residues. Proteins, being effective antioxidants
and scavengers of reactive products, protect from oxidative
damage other biological structures, including nucleic acids,
lipids, and others. Albumins and globulins play an important
role in the metabolic processes in the body due to their high
content. These proteins are likely implicated in some signal-
ing pathways and may influence the generation of ROS by
forming LRPS, which gradually decay with the formation
of ROS for extended time after irradiation, thus prolonging
OS (Simpson et al. 1992; Bruskov et al. 2012; Ivanov et al.
2017, 2019). Radiation-induced damage triggers changes in
cellular redox homeostasis, receptor signaling (Davies 2016)
and activates the expression of genes related to antioxidant
protection and repair processes (Petrou and Terzidaki 2017).
ROS generated by LRPS can participate in OS signaling
and in regulatory processes (Zhang et al. 2016a). Formation
of LRPS through the long-lived peroxyl protein radicals is
described previously (Ivanov et al. 2019).

The transport of small molecules and drugs as well as
chelation of metal ions are among the main biological func-
tions of serum albumin (Argirova and Ortwerth 2003; Roche
et al. 2008). Protein-bound metal ions can be a source of
oxidative damage to biomacromolecules. In a solution,
BSA exhibits both pro-oxidant and antioxidant properties
after irradiation. Albumin contains six methionine resi-
dues, Cys34, and the redox-active disulfide Cys392/Cys438
(Roche et al. 2008; Goncharov et al. 2015), which are capa-
ble of scavenging radicals. The N-terminal region of human
albumin AspAlaHisLys in complex with copper ions has a
pronounced superoxide dismutase activity (Kato et al. 2014)
facilitated by oxidation of the SH group of Cys34 (Gryzu-
nov et al. 2003; Belinskaia et al. 2020). It is this site that is
credited with both antioxidant (Gryzunov et al. 2003) and
pro-oxidant (Gryzunov et al. 2003; Goncharov et al. 2015;
Belinskaia et al. 2020) activities, which is also confirmed by
our results. Pro-oxidant activity of BSA, which is observed
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in the first hour after irradiation, can be caused by its Cu-
binding site along with other metal-binding sites (Roche
et al. 2008) and by the mechanism of LRPS pro-oxidant
action described above, which is common to all proteins.
The proposed mechanism for the production of ROS by
LRPS occurs through superoxide/hydroperoxide radicals,
so that MF cannot directly affect the formation of H,0, by
LRPS, but it has a clear modifying effect on the process.

MF is able to chelate the metal ions contained in BSA
(Argirova and Ortwerth 2003; Ali et al. 2020). In our experi-
ments, MF on addition to BSA solution before irradiation
even at a concentration as low as 10 pM decreased the con-
tent of H,O, within 1 h after irradiation and further blocked
the catalytic decomposition of H,O, up to 6 h. The observed
effect of MF can be partly explained by the following mecha-
nism. MF binds and displaces Cu?* ions from BSA, after
which the resulting complex MF—Cu?* begins to actively
decompose H,0, formed as a result of radiolysis and pro-
duced by LRPS. The resulting hydroxyl radicals react with
MF and the complex disintegrates. This process can occur
in the vicinity of the BSA active center, which will lead to
its oxidative damage and loss of function.

Our study shows that BGG is capable of both rapid ROS
interception during irradiation and further slow elimination
of H,0,, similarly to Cu®*-binding BSA. The addition of
MF to the solution does not modify the antioxidant effect
of BGG, probably due to the absence of direct interaction
between MF and gamma-globulins. Again, the ability of
MF to intercept ®OH is extremely low compared to BGG.
Available literature lacks data on the molecular interrelations
between MF and gamma-globulins (immunoglobulins, Ig).
There are only data on the signaling effect of MF on Ig levels:
induction of intestinal IgA (Ustinova et al. 2019), decrease of
serum IgG in inflammation (Kim et al. 2019), arthritis (Son
et al. 2014), and in autoimmune diseases (Singh et al. 2020).

The gene-protective effect of MF that we observed sug-
gests a direct interaction of MF with DNA. MF itself does
not directly cause DNA oxidation (Machini et al. 2019). The
positive charges of MF can bind to the negative charges of
DNA phosphate groups (Mondal et al. 2018). MF interacts
with the DNA helix mainly by the groove binding (Shahabadi
and Heidari 2012; Mondal et al. 2018). MF binds to double-
stranded (ds) DNA with the formation of a condensed, more
compact structure, in which purine bases are less prone for
oxidation. These data were obtained at a concentration ratio
(25 pM MF and 50 pg/ml dsDNA), which is comparable to
the concentration ratio corresponding to the maximum gene-
protective effect of MF (250 pM MF and 400 pg/ml dsDNA)
observed by us in our study. Later, after a week of incubation,
the authors found that the structure of MF-dsDNA complex
changed, which caused local unwinding of dsDNA. Presum-
ably, this process also took place in our case. Most likely, MF
manifests its protective function both by scavenging ¢OH and
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by stabilizing the DNA structure. With an excess of MF, its
stabilizing effect is leveled, and ¢OH interception is not suf-
ficient to protect DNA from the oxidative damage.

Primarily, the antioxidant and gene-protective properties
of MF are important for mitochondrial DNA (mtDNA). The
damage to mtDNA and mutations in mitochondrial genes
encoding the subunits of respiratory enzymes reduce the
production of ATP, which is necessary for repair processes,
and entail further injuries to the mitochondria (Richter
1992). MF is considered precisely as a mitochondria-tar-
geted radiomitigator (Abdullaev et al. 2018), which inhibits
the respiratory chain and prevents hyper-production of ROS.
Our results indicate that MF has the potential to directly
protect mtDNA from oxidative damage.

MF has been shown to be able to protect cells from IR-
induced damage both in vitro in cell cultures (Cheki et al.
2016) and in vivo (Xu et al. 2015; Abdullaev et al. 2018). In
MN-test, we used low doses of MF (3—30 mg/kg bw, i.p.),
which are 7-10 times lower than those used orally (Xu et al.
2015; Abdullaev et al. 2018) and 3 times lower than the dose
that was demonstrated to lack in vivo genotoxicity and does
not cause MN formation in mouse bone marrow cells (Ama-
dor et al. 2012). The result we obtained at a dose of 30 mg/
kg bw is comparable with the previous results (Abdullaev
et al. 2018). MN-test has shown that apart from its direct
antioxidant activity, MF exhibits pronounced radiomitiga-
tory properties when administered post-irradiation. Conceiv-
ably, the signaling is the most important component of the
radiomitigatory effect of MF, which is also indicated in the
literature (Miller et al. 2014; Xu et al. 2015).

Research into the effect of MF directly on erythropoiesis
was not the aim of our study; hence, the NCE/PCE ratio
was not calculated. Though the properties of MF have been
extensively investigated, the published literature contains
only few works devoted to the impact of MF on erythropoie-
sis. MF ameliorates defective erythropoiesis in models of
Diamond-Blackfan anemia (Wilkes et al. 2020) and Fanconi
anemia (Zhang et al. 2016b). MF increased the size of the
hematopoietic stem cell compartment and enhanced quies-
cence in hematopoietic stem and progenitor cells. However,
MEF improved peripheral blood counts only after 6 months
of therapy (Zhang et al. 2016b).

Conclusion

Our study has shown that MF alleviates radiation expo-
sure induced oxidative stress and exerts genoprotective and
radiomitigatory properties when administered to animals
after irradiation. MF may prove to be a useful treatment
option to allay the adverse side effects of radiotherapy in
cancer patients. Besides, MF is attractive for use in the
medical management of radiation accidents. The efficiency

of MF as a protective agent against the harmful effects of
radiation exposure depends on many parameters: dose of
IR, dosage of MF, dosing schedule, method of drug admin-
istration (Abdullaev et al. 2018), and others. Therefore,
further large-scale studies, both experimental and clinical,
are warranted.
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