
In cells of living organisms, metabolic processes lead

to constant generation of reactive oxygen species (ROS)

and reactive nitrogen species (RNS), which in low con�

centrations perform physiological functions, including

signaling and regulatory ones. Under the influence of

environmental factors (ionizing and nonionizing radia�

tion, toxins, xenobiotics, etc.), ROS/RNS can be gener�

ated in amounts exceeding protective abilities of the

antioxidant and repair systems of the organism (oxidative

stress), which results in damage to biomacromolecules

[1]. More than 30 products of oxidatively generated mod�

ification of nucleobases are known, among which 8�oxo�

7,8�dihydroguanine (8�oxo�G) is the most widespread

and the best�studied. 8�Oxo�7,8�dihydro�2′�deoxy�

guanosine (8�oxo�dGuo) was first identified in vitro in the

early 1980s by Japanese researchers [2, 3], and during the

subsequent 30 years the properties of 8�oxo�dGuo and its

role in DNA have been considered in thousands of publi�

cations. Among the natural nucleobases, guanine (G)

within DNA has the lowest redox potential (1.29 mV with

respect to the normal hydrogen electrode (NHE) [4]) and

is easily oxidized in position C8, producing 8�oxo�G [5].

The redox potential of 8�oxo�G is still lower (0.74 mV)

[4]), which results in its further oxidation to spiroimin�

odihydantoin (Sp), iminoallantoin (Ia), and guanidino�

hydantoin (Gh) [6]. The generation of 8�oxo�G (and of

its modification products) is the most frequent type of

oxidative damage of nucleic acids [7], and 8�oxo�G is
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considered to be one of the main biomarkers of oxidative

stress [8]. According to modern evaluations, the steady�

state level of 8�oxo�G in nuclear DNA varies from 0.3 to

6 bases per 106 guanine residues [9], whereas in mito�

chondrial DNA there are 1�3 bases per 105 G [10]. On

average, 105 8�oxo�G residues are produced in a cell every

day [4, 11]. It was shown that 8�oxo�G has mutagenic

properties; during DNA replication, it produces in the

syn�conformation the mismatch 8�oxo�G:A, which

results in the G→T transversion [12]. Oxidation of the

base in 2′�deoxyguanosine strengthens the glycoside bond

[13], and the damage must be repaired enzymatically.

Most frequently, 8�oxo�G is recognized in double�helical

DNA, and in eukaryotes it is excised from the DNA

under the influence of a highly specific 8�oxoguanine

DNA glycosylase 1 (OGG1) through the base excision

repair (BER) mechanism. Minor pathways of 8�oxo�G

repair in DNA include nucleotide excision repair (NER),

mismatch repair (MMR), nucleotide incision repair

(NIR), and correction of mismatches (proofreading) by

DNA polymerases [14]. MMR is catalyzed by glycosylase

MYH (an Escherichia coli MutY homolog), which elimi�

nates adenine from the mismatched 8�oxo�G:A [15]. The

cytoplasmic pool of dGTP (which is oxidized more easi�

ly than G in DNA) is removed by a highly specific hydro�

lase from the Nudix family (MTH1/2 in humans, which

is an E. coli MutT homolog). This hydrolase hydrolyzes

8�oxo�dGTP to 8�oxo�dGDP, which is not rephosphory�

lated. 8�Oxo�dGDP is dephosphorylated to 8�oxo�

dGMP and then to 8�oxo�dGuo by a nucleotidase or

phosphatase [16]. It has been shown that exogenous 8�

oxo�dGuo is not phosphorylated to 8�oxo�dGMP and is

not degraded to 8�oxo�G, i.e. it is not used by the cell

repeatedly for synthesis of nucleotides [17, 18]. Cell

membranes are easily permeable for 8�oxo�dGuo, but

they are impermeable for 8�oxo�dGTP [19]. Upon

removal from DNA, 8�oxo�G/8�oxo�dGuo enters the

bloodstream and then is eliminated from the body with

urine. The average background values of 8�oxo�G and 8�

oxo�dGuo concentrations determined by liquid chro�

matography–tandem mass spectrometry (LC�MS/MS)

in healthy adults are 0.21 and 0.016 ng/ml in blood plas�

ma, 0.85 and 0.01 ng/ml in saliva, and 12.2 and 3.8 ng/ml

in urine, respectively [20]. In DNA, 8�oxo�G in the

absence of repair can cause the arrest of the cell cycle and

apoptosis [21]. Enzymatic repair of oxidative DNA base

damage, its mechanisms, and its biological consequences

have been considered in several reviews [22�24].

Earlier, oxidative modification of guanine in DNA

and RNA was believed to be exceptionally genotoxic and

mutagenic, and thus causing very harmful damage to

nucleic acids, but this concept is now reconsidered [25,

26]. It is now thought that easily oxidized G and 8�oxo�G

in RNA and in untranscribed parts of genomic DNA

(including telomeres and adjacent regions) can act as

intracellular antioxidants, a buffer capable of intercepting

highly reactive free radicals and damping their chemical

activity. It is known that the amount of RNA in the cell is

fourfold higher than the amount of DNA, and 8�oxo�G is

detected in 30�70% of mRNA [27]. It seems that the

mammalian organism is tolerant to high stationary levels

of 8�oxo�G in the genomic DNA in cells: in hepatocytes

of 14�month�old mice with knockout of the OGG1�

encoding gene, the 8�oxo�G contents in nuclear DNA

and mitochondrial DNA were, respectively, seven and

∼20 times higher than in wild�type control mice; howev�

er, this did not lead to dysfunction of mitochondria or

increase in the frequency of tumor formation in tissues

[28]. Moreover, Ogg1−/− mice are resistant to development

of inflammation [29]. 8�Oxo�G plays an important role in

chromatin relaxation and initiation of DNA transcription

due to the nicking action of OGG1 during 8�oxo�G

repair [30] and, as discriminated from 8�oxoadenine and

thymine glycol, it has virtually no effect on the activities

of RNA polymerases [31]. It seems that there is an opti�

mal tissue�dependent intracellular level of genomic 8�

oxo�G that is necessary for normal physiological process�

es in the organism [25].

BIOMEDICAL PROPERTIES OF EXOGENOUS

8�oxo�dGuo, FREE 8�oxo�G, AND OXIDIZED

EXTRACELLULAR DNA

Biomedical properties of exogenous 8�oxo�dGuo.
The properties and biological functions have been studied

for a long time only for 8�oxo�G/8�oxo�dGuo produced

in biological systems endogenously under the influence of

ROS in conditions of oxidative stress. The properties,

functions, and action mechanisms of exogenous 8�oxo�

G/8�oxo�dGuo that entered the cell/organism from out�

side an organism became a subject of studies only during

recent years. In 2004, authors from South Korea showed

in the pioneering work [32] that exogenous 8�oxo�dGuo

(0.1�0.2 mM) protects in vitro thymidine both free and

within oligodeoxynucleotides (0.01 mM and 1 μM,

respectively) against oxidative degradation and super�

coiled circular plasmid DNA against chain break and

relaxation under the action of Fenton’s reagent (0.1 mM

copper sulfate, 0.1 mM ascorbic acid, 5 mM hydrogen

peroxide, 10 mM Tris�HCl, pH 7.4, at 20 and 37°C for 20

and 120 min, respectively). 8�Oxo�dGuo was shown to be

about two times more efficient as a scavenger of hydroxyl

radicals than mannitol, sodium formate, tert�butanol,

sodium azide, and dimethylsulfoxide (DMSO) [32]. In

one work [33], the ability of 8�oxo�dGuo to scavenge OH

radicals was quantitatively evaluated using EPR. In the

presence of 5,5�dimethylpyrrolin�N�oxide (DMPO,

1 mM) as a spin trap, the Fenton reaction (0.05 mM fer�

rum sulfate, 1 mM hydrogen peroxide, 50 mM sodium

phosphate, pH 7.4, 37°C) was accompanied by genera�

tion of a signal specific for the DMPO–OH complex; 8�
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oxo�dGuo decreased the intensity of this signal dose�

dependently and eliminated it completely at concentra�

tions > 5 μg/ml (17.7 μM). In another work [34], the

antioxidant activities of 8�oxo�dGuo, 8�oxo�Guo, Trolox

(Tro), ascorbate (Asc), uric acid (UA), N�acetyl�L�cys�

teine (NAC), and superoxide dismutase (SOD) were

compared in the following model chemical systems: oxi�

dation of 2′,7′�dichlorofluorescein (DCHF) by the

Fenton’s reagent (0.75 mM ferric chloride, 6 mM hydro�

gen peroxide, phosphate�buffered saline, pH 7.0, 37°C)

(a) or by 0.5 mM peroxynitrite (b), oxidation of low�den�

sity lipoproteins (LDL; 200 μg protein/ml) by singlet

oxygen (c), inhibition of generation of superoxide anion�

radicals on oxidation of hypoxanthine catalyzed by xan�

thine oxidase (d). The antioxidant activity of the com�

pounds decreased in the series:

(a) 8�oxo�dGuo > 8�oxo�Guo > Tro > NAC > UA >
Asc (1 mM each);

(b) 8�oxo�dGuo > 8�oxo�Guo > Asc > NAC > UA >
Tro (1 mM each);

(c) 8�oxo�dGuo > 8�oxo�Guo > Tro > NAC > Asc >
UA (100 μM each);

(d) SOD > Tro > 8�oxo�dGuo > 8�oxo�Guo (1 mM

each).

Based on these results, it was supposed that 8�oxo�

dGuo entering in vivo due to DNA repair into the cyto�

plasm and further into blood plasma and urine can play a

positive role in the organism and possibly display antioxi�

dant properties and protect adjacent macromolecules

against damage by radicals.

Like many antioxidants and some natural purine

nucleosides [35], 8�oxo�dGuo displays radioprotective

properties [36]. 8�Oxo�dGuo (60 mg/kg) given per os to

C57Bl/J mice before a total single exposure to γ�radiation

at dose 2�7 Gy decreased in splenocytes the generation of

ROS/RNS and the level of cellular lesions caused by

them; in particular, it decreased the amount of nitrotyro�

sine in proteins. In spleen lymphocytes, it decreased the

content of transcription factors – of nuclear factor κ�

light�chain�enhancer of activated B cells (NF�κB) and of

activator protein�1 (AP�1), as well as of proinflammatory

cytokines associated with the signaling cascade of trans�

forming growth factor�β (TGF�β).

Photoprotective properties of 8�oxo�dGuo were

studied in vitro on immortalized human HaCaT line ker�

atinocytes and in vivo on SKH�1 hairless mice [34]. 8�

Oxo�dGuo (15�30 μg/ml) was added into the culture

medium or was applicated as an ointment (1 mg/ml) onto

the dorsal region of the animals’ skin 1 h before exposure

to mid�wavelength UV (UVB, 312 nm) at dose 15 or

180 mJ/cm2, respectively. In the keratinocytes incubated

with 8�oxo�dGuo, the ROS production under the influ�

ence of UVB was decreased dose�dependently (to 2.5�

fold), as well as the ROS�stimulated expression of pro�

teins: mitogen�activated protein kinases (MAPK) (ERK,

JNK, p38), transcription factors (c�Jun, ATF�2), and

matrix metalloproteinases (MMP�1 and �9). By the end

of two days after the exposure, 8�oxo�dGuo abolished in

the mice the skin eczematous reaction and hyperplasia of

the epidermis nearly completely, and during a few hours it

significantly decreased in the treated mice the generation

of hydrogen peroxide, the level of protein carbonyls, and

expression of some MAPKs (JNK, p38) and transcription

factors (c�Jun, ATF�2) and MMPs (MMP�9 and �13).

2′�Deoxyguanosine (dGuo) at the same concentrations

did not cause such effects, or they were negligibly small.

Antioxidants frequently have an antiinflammatory

effect [37]; therefore, the influence of exogenous 8�oxo�

dGuo was studied on the course of pathologic states and

diseases in the genesis of which inflammation plays an

essential role.

Antiallergic and immunosuppressive effects of 8�

oxo�dGuo were studied on mice sensitized with ovalbu�

min [38, 39]. 8�Oxo�dGuo was introduced to animals per

os (6�60 mg/kg) 6 h before repeated injection of the anti�

gen, and this was associated with a dose�dependent

decrease in respiratory pathway resistance, number of

leukocytes in bronchoalveolar lavage liquid (LL) (includ�

ing eosinophil number – up to 2.5�fold), in the level of

IgE antibodies specific to ovalbumin (up to 2�fold).

Histologic signs of inflammation and pulmonary tissue

restructuring (hypertrophy of bronchial smooth muscle

cells, hyperplasia of mucosa�secreting goblet cells, colla�

gen deposits, leukocytic infiltration of peribronchial and

perivascular regions) were decreased. 8�Oxo�dGuo dose�

dependently (2�fold and stronger) lowered in LL the lev�

els of proinflammatory cytokines (interleukins IL�4, �5,

�13, interferon�γ (IFN�γ) and of tumor necrosis factor�α
(TNF�α)), which were increased on the allergic reaction

background. 8�Oxo�G used at the same doses did not

cause these effects, or they were insignificant. Antiallergic

effect of 8�oxo�dGuo was also observed when it was given

to mice (30 mg/kg, per os, daily for three days) after

development of allergic reaction to ovalbumin: in pul�

monary tissue there was a decrease in deposits of colla�

gen, fibronectin, laminin and in the number of mast and

goblet cells, in blood plasma the titers decreased of oval�

bumin�specific IgE, in bone marrow mast cells the

expression decreased of mRNA of proinflammatory cells

and chemokines of the NF�κB/AP�1 signaling pathway

(IL�4, �6, �13, TGF�β, TNF�α, RANTES, CCL5) [40].

The antiinflammatory activity of 8�oxo�dGuo was

also studied in vivo in another model [19]. Mice were

injected intraperitoneally (i.p.) with bacterial lipopoly�

saccharide (LPS) and 4 h before they were injected with

8�oxo�dGuo (i.p., 60 mg/kg), which suppressed the

development of LPS�induced inflammatory reactions.

Blood plasma was isolated 2 h after the LPS injection,

and 8�oxo�dGuo was shown to dose�dependently

decrease the level of proinflammatory cytokines (IL�4,

�18, �12p70, TNF�α) with efficacy equal or higher than

the efficacy of acetylsalicylic acid at the same concentra�
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tion. 8�Oxo�Guo (60 mg/kg) significantly decreased the

levels of IL�18 and TNF�α, whereas the effects of dGuo

and Guo were insignificant. 8�Oxo�dGuo decreased neu�

trophilic infiltration of pulmonary tissue and increased

survival of mice up to 40% at 36 h after the LPS injection

under conditions of toxic shock (survival in the control

was 0, and 10% in the aspirin�treated mice).

8�Oxo�dGuo manifested antiinflammatory action

on nervous tissue of mice injected with LPS into the brain

striatum and in vitro upon addition of LPS into microglia

culture line BV2 cells [41, 42]. 8�Oxo�dGuo injected into

the striatum 1 h before the injection of LPS virtually nor�

malized in the tissue the expression of proinflammatory

enzymes cyclooxygenase�2 (COX�2) and inducible NO

synthase (iNOS); on addition into the cultural medium,

8�oxo�dGuo (to 100 μg/ml) significantly decreased in the

medium the levels of IL�6, TNF�α, and IFN�γ, and in

the BV2 cells it decreased nearly 2�fold the activity of

COX�2, decreased NO production about 2.7�fold, and

lowered dose�dependently ROS production with efficacy

comparable with the action of 10 mM NAC.

In acute experimental autoimmune encephalomyelitis

(EAE) in mice, an experimental model of multiple sclero�

sis, 8�oxo�dGuo decreased parameters of disease severity

[43]. Injection to mice of 8�oxo�dGuo (i.p. 60 mg/kg)

during five days after the induction of EAE relieved clini�

cal symptoms (decreased by ∼20% the mean clinical index

of the disease as compared to the control), in the nervous

tissue decreased by ∼25% the number and activity of mast

cells, lowered migration into the tissue of their circulating

precursors, and increased the population of immunosup�

pressive regulatory T�lymphocytes (Treg). In the nervous

tissue of the experimental mice, 8�oxo�dGuo decreased

the levels of proinflammatory cytokines (TNF�α, IL�6,

�17), chemokines (CCL2/CCR2), and cellular adhesion

molecules (VCAM�1, PECAM�1) and leuko�trienes.

Atherosclerotic lesions of blood vessels associated

with formation of atheromatous plaques is accompanied

by chronic inflammation of the vascular intima and

migration and anomalous proliferation of smooth muscle

cells of the vascular wall, i.e. processes regulated by ROS�

mediated signaling cascades [44]. In DNA of cells isolat�

ed from human atherosclerotic plaques (macrophages and

smooth muscle and endothelial cells), the level of 8�oxo�

G was many times higher than in DNA of the vascular wall

cells of normal arteries [45]. The possibility of antiathero�

sclerotic action of exogenous 8�oxo�dGuo was studied on

mice with knockout of the gene encoding apolipoprotein

E (ApoE). In these mice, one of the common carotid

arteries was partially ligated, and then the mice received a

lipid�enriched diet for two weeks [46]. 8�Oxo�dGuo (30

mg/kg) was given to mice per os daily beginning from two

days before the ligation. In the experimental mice, plaque

areas were significantly lower, vascular lumen in distal

parts of the carotid artery was increased, triglyceride con�

centration in blood plasma was slightly but significantly

decreased, infiltration of plaques with monocytes/

macrophages and foam cells was lowered, accumulation of

extracellular matrix components in the plaques was

decreased, and the generation of ROS including superox�

ide anion�radicals by vascular wall cells was decreased.

The influence of exogenous 8�oxo�dGuo was studied

on the course of some gastrointestinal tract (GIT) diseases

where oxidative stress and inflammation play a key role in

pathogenesis [47]. Acute gastritis was caused in rats by

water�immersion restraint stress (WIRS): the animals in

cramped wire cages were partially immersed in warm

water for 10 h [33]. In the gastric mucosa of the stress�sub�

jected rats, multiple foci of erosion and ulceration, hem�

orrhages, oedema, and ischemic necrosis were observed.

In animals that received 8�oxo�dGuo (50 mg/kg) per os

once 1 h before the stress initiation, pathologic changes in

the mucosa were significantly less pronounced, and the

therapeutic efficiency of 8�oxo�dGuo was comparable

with that of Rebamipide, which is widely used in clinical

practice as a gastroprotector. On the background of 8�oxo�

dGuo, the levels of some proinflammatory cytokines and

signaling proteins (TNF�α, vascular endothelial growth

factor (VEGF)) in the gastric mucosa were significantly

decreased. In a model of chronic gastritis in mice induced

by infecting with Helicobacter pylori and salt�enriched

diet, 8�oxo�dGuo consumption with potable water ad libi�

tum significantly attenuated signs of inflammation and

atrophy of the gastric mucosa and prevented its dysplasia

and precancer transformation [47]. Acute colitis in mice

was initiated by addition of dextran sulfate (5%) into

potable water for one week; some of the animals during

this period were injected with 8�oxo�dGuo (i.p. 50�

150 mg/kg) [48]. Inflammation of the large intestine was

accompanied by a decrease in the weight of the mice,

reduction of intestine length, anal hemorrhages and

hematochezia, destruction of mucosa, and increase in it of

inflammation mediators (COX�2, iNOS, TNF�α, IL�6).

8�Oxo�dGuo dose�dependently (significantly at high con�

centrations) decreased the expression of the above�

described pathologic changes in the large intestine.

In humans, chronic systemic inflammation underlies

metabolic syndrome (MS), which is a complex of hor�

monal and metabolic disturbances on the background of

abdominal obesity. This complex involves a change in glu�

cose tolerance, insulin�resistance, and compensatory

hyperinsulinemia, hypertriglyceridemia, etc. [49]. MS is

a risk factor for development of type 2 diabetes mellitus

and cardiovascular diseases. The influence of exogenous

8�oxo�dGuo on the development of MS was studied in

mice of the KKAy and db/db strains that are genetically

predisposed to obesity and diabetes mellitus [50]. Starting

from the age of 6 weeks, the mice received daily intragas�

tric injections of 8�oxo�dGuo (60 mg/kg) for 2 months;

every 2 weeks, biological samples were taken for analysis.

In the control mice, signs of metabolic disturbances

appeared by the 8th week and then increased: excessive
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body weight, increased fasting serum glucose and insulin

levels, dyslipidemia (increased levels in blood of triglyc�

erides and LDL cholesterol), steatosis, increase in blood

of inflammation markers (TNF�α, IL�6, MMP�9), and

decrease in adiponectin level (an antiinflammatory hor�

mone of fatty tissue). In the animals treated with 8�oxo�

dGuo, the severity of metabolic disturbances (hyper�

glycemia, insulin�resistance, morphologic disorders in

the liver) was significantly less pronounced, and the sys�

temic inflammation signs were suppressed (blood con�

tents of cytokines diminished, and adiponectin level

increased).

A relation between chronic inflammation and

appearance of malignant tumors was noted even in the

nineteenth century by Rudolf Virchow. Now it is thought

that inflammation mediates up to 20% of clinical cases of

cancer by influencing all phases of tumorigenesis: muta�

genesis and instability of genome of cells with their subse�

quent malignization, suppression of immune response of

the organism, tumor formation and growth, tumoral

angiogenesis and invasiveness, and dissemination of

metastases [51]. Having in mind antiinflammatory prop�

erties of 8�oxo�dGuo and its structural similarity with

purine analogs 6�thioguanine (6�TG) and 6�mercapto�

purine (6�thioinosine), which are known anticarcino�

genic agents, possible antitumoral effects of exogenous 8�

oxo�dGuo were studied. Studies in vitro revealed [52] that

incubation of human myelosarcoma line KG�1 cells with

8�oxo�dGuo (50�200 μg/ml) for 96 h led to a sharp

decrease in the number of viable cells in the MTT�test

(down to ∼25% at the highest concentration of 8�oxo�

dGuo). The KG�1 line cells are characterized by absence

of the OGG1 enzyme activity as a result of the point

mutation Arg(229)Gln in the gene encoding it, whereas

the normal activities of other enzymes of 8�oxoguanine

repair, MYH and MTH1, are retained [52, 53]. Under the

influence of 8�oxo�dGuo, cells die through apoptosis,

which is indicated by increase in the number of

hypodiploid cells (Sub�G1) and by the degree of DNA

fragmentation in them, loss by the cells (by 40% of their

total number) of the mitochondrial transmembrane

potential Δϕm, cytochrome c release from mitochondria,

decrease in level of anti�apoptogenic protein BCL�2, and

increase in caspase�8, �9, and �3 in the cells. Moreover, 8�

oxo�dGuo can inhibit the growth of the KG�1 cells in the

G1 phase of the cell cycle [54]. Tumor cells of other lines

(H9, CEM�CM3, Molt�4) with low OGG1 activity also

were sensitive to the cytotoxic effect of exogenous 8�oxo�

dGuo, whereas leukemic cells of a line with normal activ�

ity of the enzyme (U937) were tolerant to 8�oxo�dGuo

[52]. 8�Oxo�dGuo and dGuo were injected (i.p. 3.3�

330 mg/kg daily for two weeks) to mice with transplanted

tumor of human myeloleukosis lines KG�1 and U937

[55]. 8�Oxo�dGuo suppressed dose�dependently the

tumor growth induced by KG�1 and reduced tumor vol�

ume (∼3.5�fold compared with the control mice injected

with saline) and weight (∼3�fold), but it did not influence

tumor growth in mice inoculated with U937 cells. 2′�
Deoxyguanosine (dGuo) displayed a weak and statistical�

ly insignificant action in the first case (KG�1) and did not

influence tumor growth in the second case (U937),

whereas 6�TG (33 mg/kg daily) virtually completely

inhibited tumor progression in both cases. The cytotoxic

action of 8�oxo�dGuo on KG�1 cells in vivo is based on

induction of apoptosis and inhibition of the cell cycle,

which is indicated by increased level of proapoptotic pro�

teins (caspase�8, �9 and �3), histologic signs of apoptosis,

increased fragmentation of DNA, and differently direct�

ed changes in the level of proteins regulating the cell cycle

rate (lowering of cyclins D3 and E, kinases CDK2 and 4,

and increase in cyclin�dependent inhibitors of kinases

p16 and p27). In another work [48], antitumor properties

of 8�oxo�dGuo were studied in vivo in a model of col�

orectal cancer associated with ulcerative colitis.

Colorectal cancer was induced in mice by injection of

azoxymethane (AOM; 10 mg/kg) and the subsequent

maintenance of the animals for 1 week on water with

2.5% dextran sulfate. During the following 20 weeks, the

mice received 8�oxo�dGuo with food (50 and 100 mg/kg

daily). It was shown that on the background of 8�oxo�

dGuo treatment, the number and size of tumor foci

formed in the large intestine of mice were decreased,

tumor progression was inhibited at the stage of dysplasia

and adenoma (in control mice without 8�oxo�dGuo ade�

nocarcinoma developed), in tissue levels of some inflam�

mation�related cytokines, chemokines, and proteins were

decreased (in particular, TNF�α, P�selectin, monocytic

chemotactic protein�1 (MCP�1), matrix metallopro�

teinases (MMP�2, �3, �9, �11), NADPH oxidase type 4

(NOX4), COX�2), lipid peroxidation was decreased (mal�

onic dialdehyde (MDA) content), as well as expression of

β�catenin, a protein of the Wnt signaling pathway

involved in the regulation of carcinogenesis.

Biological features of free 8�oxo�G. Oxidation in

DNA of guanine to 8�oxo�G mediated through ROS

(especially through hydroxyl radicals and singlet oxygen

as the most reactive) and its subsequent enzymatic repair

initiated by OGG1 generates free intracellular 8�oxo�G.

Although in vitro 8�oxo�G plays in solution the role of an

antioxidant and scavenger of free radicals [32], free 8�

oxo�G generated in biological systems as a result of repair

(or injected from the outside) displays, unlike 8�oxo�

dGuo, pronounced proinflammatory features. Acting as

an alarmin, 8�oxo�G triggers an organism’s protective

reactions for maintaining homeostasis, especially by

stimulating the immune system and activating inflamma�

tory reactions.

Intranasal application of 8�oxo�G to mice

(50 ng/kg) and subsequent full�transcriptome RNA

sequencing and quantitative PCR of pulmonary tissue

showed that the 8�oxo�G caused selective changes in the

expression of genes related to different intracellular
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proinflammatory signaling pathways and biological

processes [56]. A single injection of 8�oxo�G activated

signaling cascades leading to increased production of

cytokines, chemokines, and interleukins associated with

innate immunity reactions and cellular homeostasis [57].

Multiple injections to mice of 8�oxo�G at the same dose

increased the number of transcripts involved in transduc�

tion pathways of cadherin�, integrin�, TGF�β�, and Wnt�

mediated signals associated with biological adhesion,

intercellular communications, and histological remodel�

ing of pulmonary tissue [58]. In control experiments,

injections to mice of G, dGuo, 8�oxo�dGuo, 8�oxo�A,

and FapyG (2,6�diamino�4�hydroxy�5�formamidopy�

rimidine) did not elicit these effects [57, 58]. 8�Oxo�G

acts as a connecting link between the damaging effects of

environmental agents and the organism’s inflammation�

like defense reactions directed for maintaining homeosta�

sis of the organism’s internal milieu.

Exogenous 8�oxo�dGuo, free 8�oxo�G, and cell
aging. The geroprotective effect of exogenous 8�oxo�

dGuo was shown on Chinese hamster cell culture, and

this effect depended on the proliferative state of the cul�

ture [59]. The addition of exogenous 8�oxo�dGuo (1�

1000 nM) to young cells (5 days of culture) did not influ�

ence the level of 8�oxo�G in the cellular DNA, whereas in

“old” cells (17 days) it sharply (4�5�fold) decreased it.

Exogenous 8�oxo�dGuo (1 μM) diminished the density

of the “old” cell culture.

Daily addition of 8�oxo�G (but not of G, dGuo, 8�

oxo�dGuo, FapyG, A, dAdo, or 8�oxo�A) to final con�

centration of 0.1�10 μM into the culture medium of

human diploid lung fibroblasts (HDLF) and of mouse

embryonic lung fibroblasts (MELF) decreased cell prolif�

eration (up to irreversible blockade of the cell cycle in the

G1 phase) and accelerated replicative cell aging (reaching

the Hayflick limit) [60]. In the fibroblasts, lipofuscin and

senescence�associated β�galactosidase (SA�βGal) accu�

mulated, but neither telomere shortening nor increase in

mutation rate was observed. Exhaustion in cells of the

OGG1 pool using small interfering RNAs (siRNA) pre�

vented the accelerated senescence of the cells caused by

8�oxo�G. In in vivo experiments, Balb/c mice received

multiple intranasal injections with 8�oxo�G (0.5 μg/kg),

and in lung tissue cells activation of small GTPases of the

Ras family was observed, as well as a differential expres�

sion of genes related with aging and cell cycle regulation.

The authors suggested that the accelerated cell aging

under the influence of 8�oxo�G during DNA repair under

conditions of oxidative stress can be a defense mechanism

preventing undesirable proliferation of cells and decreas�

ing risk of their malignant transformation and tumorige�

nesis.

Biomedical features of oxidized extracellular DNA.
During recent years, interest has grown in extracellular

nucleic acids, DNA and RNA, which are freely circulat�

ing in blood plasma and other biological fluids [61, 62]

and, in particular, in oxidized extracellular DNA

(ecDNA) containing 8�oxo�G [63]. EcDNA can enter

blood due to cell death in the organism’s tissues because

of apoptosis and necrosis, after the death of blood cells,

viruses, and bacteria, and due to a spontaneous release by

living cells of exosomes and de novo synthesized DNA

(metabolic DNA). EcDNA is different from genomic

DNA by the presence of motifs enriched with unmethy�

lated CpG�dinucleotides and of single� and double�

strand breaks; the physiological concentration of ecDNA

in blood of healthy adults is 1�40 ng/ml [64]. In healthy

subjects, ecDNA is usually bound to the cell surface, the

size of ecDNA fragments in blood is ∼23 kb and more,

and 8�oxo�G content in ecDNA extracted from the cul�

ture medium of normal endotheliocytes was <1 residue of

8�oxo�G per 107 G; in chronic diseases, ecDNA freely

circulates in blood, usually as nucleosomes or as compo�

nents of vesicles, and the size of the fragments can both

significantly decrease (to 100 bp) and increase, and the 8�

oxo�G level in ecDNA can increase to 50�400 8�oxo�G

per 106 G [65, 66]. Introduction into the incubation

medium of different human cells, such as umbilical vein

endothelial cells (HUVEC) [67], mesenchymal stem cells

(MSC) [66], and mammary gland carcinoma cells

(MCF�7) [68], of fragments of genomic DNA (20�

50 ng/ml) oxidized in vitro and containing 8�oxo�G

caused a significant and rapid (∼30 min) “explosive”

growth of ROS biosynthesis followed by a decrease to the

initial (or lower) values, and also a transient increase in

the number of single� or double�strand breaks in DNA.

ROS level in the cells increased, in particular due to a

large increase in the amount of mRNA of the gene encod�

ing the NOX4 enzyme [67], which in turn activated the

redox�sensitive transcriptional nuclear E2�related factor

2 (NRF2) and the related regulatory cascade that controls

the cell response to oxidative stress (including expression

of genes KEAP1, SOD1, BCL2) and stimulates the activi�

ty of antioxidant systems of the cell [66]. Incubation of

human fibroblasts with DNA oxidized in vitro (20 ng/ml,

∼400 8�oxo�G per 106 G) induced a pronounced adaptive

response of the cells to subsequent stress (poor culture

medium or exposure to X�rays at a dose of 1.2 Gy),

increasing fibroblast survival, decreasing in them the

number of double�stranded DNA breaks, decreasing the

number of apoptotic cells, and stimulating transcription�

al factor NRF2 activity and suppressing NF�κB – all this

led to a 2�fold decrease in the production by the cells of

the proinflammatory cytokines TNF�α and IL�6 [64].

Exposure at a dose of 0.1 Gy or treatment with in vitro

oxidized human DNA or ecDNA isolated from the cul�

tural medium of irradiated cells caused in HUVEC

endotheliocytes similar changes in cell morphology and

in contents of ROS and NO, i.e. the effect of DNA con�

taining 8�oxo�G on the cells was similar to the “bystander

effect” [67, 69]. The cell response to the presence of oxi�

dized DNA depended on the level in it of 8�oxo�G [67,
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70], on the position of 8�oxo�G in the chain, chain

length, and the nucleotide sequence [71]. According to

data of different authors, the oxidation of G inside a CpG

motif (i.e. the presence in ecDNA of the dinucleotide

CpOxoG) could strengthen or weaken the activity of oxi�

dized DNA [71�73]. The degradation of oxidized DNA to

the nucleotide level inactivated its immunostimulatory

effect on mouse macrophages [71].

Mitochondrial DNA (mtDNA) of eukaryotes is oxi�

dized more easily than nuclear DNA because it is located

closer to the respiratory chain, which is a source of ROS,

and also due to the absence of histone proteins and to the

low efficiency of the mtDNA enzymatic repair system.

Therefore, the background level of oxidized bases in

mtDNA is several times higher than in nuclear DNA [74].

The transfection of LPS�primed macrophages from

mouse bone marrow with oxidized mtDNA (2 μg/ml)

that contained 8�oxo�G (to 5 ng/ml) activated intracellu�

lar inflammasomes and nearly a 2�fold growth (as com�

pared to intact mtDNA) of the inflammatory interleukin

IL�1β production by the cells was observed, but in the

presence of free 8�oxo�dGuo (200 μM) the effect was

completely inhibited [75]. Both the native and oxidized

extracellular mtDNA (7�10 μg) have an immunostimula�

tory effect on human and mouse plasmacytoid dendritic

cells (pDC) in vitro and in vivo, respectively, enhancing

the generation by these leukocytes of proinflammatory

cytokines and chemokines (IL�8, TNF�α, CXCL1). The

stimulatory activity of mtDNA containing 8�oxo�G is

significantly higher than the activity of native mtDNA

[76]. MtDNA of human neutrophils oxidized by ROS

during NETosis and containing 8�oxo�G displays proin�

flammatory properties both in vitro on coincubation

(250 ng) with human peripheral blood mononuclear cells,

increasing their expression of mRNA of cytokines IL�1β,

�6, and TNF�α, and in vivo on parenteral injection into

mice (1 μg), inducing interferon�stimulated genes (ISG)

MX1, IRF7, and IFIT1 [77]. Highly purified native

mtDNA (A260/A280 = 1.91 and A260/A230 = 1.67) is unable

to activate human neutrophils [78]. Intraarticular injec�

tion into mice of free mtDNA (1�5 μg) or of a 20�meric

oligonucleotide containing one 8�oxo�G residue

(10 nmol), but not free nuclear DNA, resulted in the

development of arthritis [73, 79]. In sinovial fluid (SF) of

impaired joints, extracellular mtDNA and 8�oxo�dGuo

(>1.5 ng/ml) are detected in the great majority of patients

with rheumatoid arthritis as differentiated from healthy

subjects. The level of 8�oxo�dGuo in the SF positively

correlates with the presence in the patients’ blood of the

rheumatoid factor (RF), which is a diagnostic marker

indicating risk of development of systemic manifestations

of the disease [73, 79].

Both genomic and mitochondrial DNA isolated

from organisms of different biological species (human,

mouse, herring) and oxidized by exposure to UV�radia�

tion displayed interferonogenic properties in vitro

depending on the 8�oxo�G content in the DNA. Thus, it

seems that the key factor that determines proinflammato�

ry properties of ecDNA is the degree of its oxidation, and

not its origin [77].

ACTION MECHANISMS OF EXOGENOUS

8�oxo�dGuo, FREE 8�oxo�G, AND OXIDIZED

EXTRACELLULAR DNA

Mechanisms of antiinflammatory action of exogenous
8�oxo�dGuo. The antiinflammatory action of 8�oxo�

dGuo is realized through various pathways. First, 8�oxo�

dGuo is a highly effective scavenger of ROS, which are

proinflammatory mediators in different types of cells

[80]. Due to scavenging of ROS, 8�oxo�dGuo not only

prevents the immediate damaging action of ROS on bio�

logical macromolecules, but it also inhibits the key link of

some proinflammatory signaling cascades (e.g. ROS

directly stimulate MAP kinases (ERK, JNK, and p38) in

cells, which activates transcription factor AP�1, and then

increases the expression of matrix metalloproteinases [81,

82]). This mechanism of the antiinflammatory action of

8�oxo�dGuo was shown in models of photoinduced skin

lesions and of stress�caused gastritis in mice [33, 34]. The

most important other universal mechanism of the protec�

tive action of 8�oxo�dGuo mediated through Rac pro�

teins (isoforms Rac1 and Rac2) was demonstrated in

some cell models in vitro, as well as in animals [19, 33, 38,

41, 42, 50]. Rac (Ras�related C3 botulinum toxin sub�

strate) is a monomeric 20�30 kDa protein of the GTPase

Rho family, which belongs to the superfamily of small low

molecular weight GTP�binding G�proteins – Ras (Rat

sarcoma viral oncogene homolog). Rac proteins are acti�

vated by many agonists, including phosphatidyl inositol

3�kinase (PI3K), TNF�α, and growth factors. Rac pro�

teins are involved in regulation of important biological

processes, including the cell migration, cytoskeletal

dynamics, adhesion, proliferation, apoptosis, tumorigen�

esis, and gene expression [83]. In a cell, Rac proteins

function as a molecular binary “switch” responsible for

transitions between inactive (GDP�bound) and active

(GTP�bound) conformations. This process is regulated

by proteins (guanine�nucleotide exchange factors

(GEFs)) that promote the replacement of GDP by GTP.

GEFs for Rac (Rac�GEFs), which include proteins

VAV2, TIAM1, TRIO, etc., catalyze the dissociation of

GDP by modifying the nucleotide�binding site of Rac. It

is just the active form of Rac that ensures the realization

of its biological functions by transducing a signal from

membrane receptors and triggering Rac�dependent sig�

naling cascades whose molecular targets are some NOX

isoforms, actin, protein kinases JNK and p38, transcrip�

tion factor NF�κB, etc. [84]. Directly or indirectly

through protein kinases JNK/p38, Rac influences the

activity of a group of signal transducers and activators of
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transcription (STATs), which include polypeptides play�

ing an important role in the cell response to stimulation

by proinflammatory cytokines (IL�6, �10, �11, IFN�γ,

oncostatin M, etc.) and growth factors (EGF, TGF, G�

CSF, leptin, etc.) and in inflammation�induced cellular

carcinogenesis [85, 86]. STAT3 mediates cell and organ

responses to an extremely wide spectrum of signals [87].

The action on cytoplasmic membrane of oxidative stres�

sors (ROS, proinflammatory cytokines) triggers in the

cell a reaction cascade (Fig. 1): PI3K is activated, which

in turn activates Rac�GEF, which increases GTP binding

in the nucleotide�exchanging center of Rac. The activat�

ed Rac stimulates both NF�κB� and STAT3�dependent

signaling pathways. In the first case, Rac binds subunit

p67(phox) of the NOX enzymatic complex, which sharply

strengthens the production by the enzyme of ROS, acti�

vating transcription factor NF�κB and thus increasing the

expression of proinflammatory genes COX2, NOX1, iNOS,

etc. In the other case, the activated Rac forms a complex

with STAT3, stimulates its phosphorylation on Tyr and

Ser residues, and induces transcriptional activity of

STAT3, which is associated with inflammation�caused

carcinogenesis. 8�Oxo�dGuo was shown to dose�depend�

ently prevent the activation of Rac, making difficult its

binding to GTP, possibly due to a competitive inhibition

mechanism. However, 8�oxo�dGuo does not influence

the functional state of Rac�GEF and PI3K [33]. It was

shown by molecular modeling that 8�oxo�dGuo corre�

sponds well to the topology of the Rac1 nucleotide�bind�

ing site and forms hydrogen bonds with adjacent amino

acid residues Lys116, Asp118, and Ala159, producing a

Rac1•8�oxo�dGuo•GEF triple complex and preventing

the dissociation of GEF that blocks the activation of Rac1

[46]. 8�Oxo�dGuo suppresses Rac activity more efficient�

ly than 8�oxo�Guo and 8�oxo�GTP, whereas 8�oxo�G,

dGuo, Guo, and Ado lack this ability [19, 38, 41, 88, 89].

Mechanisms of proinflammatory action of free 8�oxo�
G. Proinflammatory action of 8�oxo�G is also mediated

through small GTPases (Fig. 2). It was shown that free 8�

oxo�G that is a result of base excision repair produces with

high affinity (dissociation constant Kd ≈ 0.56 nM) in the

cytoplasm a complex with the OGG1 molecule binding to

a site beyond the catalytic center of the enzyme [90]. 8�

Oxo�G induces a conformational change in OGG1 that

allows the OGG1•8�oxo�G complex to physically inter�

act with GTPases of the Ras superfamily, activating them

by facilitating the replacement of GDP by GTP in the

nucleotide�binding site of the protein, i.e. functioning as

GEF [91]. The activated (GTP�bound) Ras liberates

OGG1•8�oxo�G. 8�Oxo�G and OGG1 do not interact

with Ras separately, and the OGG1 binding to 8�oxo�G is

highly specific: 8�oxo�dGuo, FapyG, G, 8�oxo�A, or uric

acid does not form a complex with OGG1 [90, 92].

OGG1 complexing with free 8�oxo�G increases the AP�

lyase activity of the enzyme [93]. DNA glycosylases

NEIL1 and NEIL2 (Nei endonuclease VIII�like DNA

glycosylases) involved in repair of oxidized bases during

replication and transcription of DNA do not influence

Ras proteins. Increase in Ras�GTP level is caused by both

free 8�oxo�G generated in the cell endogenously during

DNA repair and the exogenous compound, and the min�

imal concentration of 8�oxo�G required for recording the

effect on cell culture line MRC5 is 100 nM [90]. On

intranasal injection into mice of 8�oxo�G solution, an

effect can be recorded already at dose 5 ng/kg, which can

be reached in vivo during excision repair of DNA [94].

Functioning of OGG1•8�oxo�G as a GEF has been

demonstrated in vitro, in cellulo, and in animal models of

NF�κB signaling pathway

Fig. 1. Possible mechanism of the influence of exogenous 8�oxo�dGuo on the inflammatory cascade initiated by infection or stress. Under the

influence of an external biological, chemical, or physical pathogen, kinase PI3K and protein Rac�GEF are activated successively. The acti�

vated Rac�GEF catalyzes GDP→GTP translocation in the nucleotide�binding site of Rac. The activated Rac (Rac�GTP) stimulates NOX,

which generates ROS. A high level of ROS activates transcription factor NF�κB, which strengthens the expression of redox�dependent inflam�

mation mediators – NOX1, COX�2, iNOS, etc. 8�Oxo�dGuo prevents the binding of GTP with Rac, presumably through competitive inhi�

bition, and thus prevents the development of the inflammatory cascade and of tissue lesion mediated by oxidative stress. Adapted from [33]

with changes.
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some pulmonary diseases [92]. Small GTPases activated

by 8�oxo�G include “canonic” Ras, such as Harvey sar�

coma viral oncogene homolog (H�Ras), Kirsten sarcoma

viral oncogene homolog (K�Ras), and neuroblastoma

Ras viral oncogene homolog (N�Ras) [90, 91, 94], Rac1

[92], and RhoA (Ras homolog gene family, member A)

[95]. Addition to cells of 8�oxo�dGuo decreases the level

of Rac1�GTP in them [92], which is consistent with

results of independent works [19, 38, 41, 88].

The activation of Ras triggers the chain of intracellu�

lar signal transmission through cascades connected with

kinase PI3K and mitogen stress�related kinase 1 (MSK1)

and also through the three�component mitogen�activated

protein kinase cascade through the successive phosphory�

lation of RAF1 kinases (virus�induced rapidly accelerat�

ed fibrosarcoma murine leukemia viral oncogene

homolog 1), MEK1/2 kinases (MAPK/ERK kinase 1/2),

ERK1/2 kinases (extracellular signal�regulated kinase

1/2)  [90, 91, 94]. This results in the activation of IKK,

kinase of the nuclear factor κB inhibitor (IκB); IκB is

phosphorylated, ubiquitinylated, and cleaved in protea�

somes, releasing homo� and heterodimers of the NF�κB

proteins including RELA (p65), which are translocated

into the cell nucleus. Transcriptional factors NF�κB are

activated by Ras�GTP, and this activation leads to

increase in the expression by cells of proinflammatory

chemokines (of families C�C and C�X�C) and cytokines

(IL�1β, TNF�α) and to accumulation of neutrophils in

the tissue [94, 96].

Rac1�GTP is responsible for a transient local

increase in intracellular generation of ROS (mainly

H2O2) by membrane�bound NOX4. The depletion of

Rac1 or NOX4 under the influence of siRNA leads to a

significant decrease in the production of ROS, as com�

pared to the control, after the addition of 8�oxo�G to the

cells [92]. It is known that there is a causal relationship

between increased level of ROS in the tissue and induc�

tion of an inflammatory reaction [97].

RhoA activation causes an increase in the synthesis

of α�smooth muscle actin (α�SMA) and its polymeriza�

tion with generation of “stress” fibers and increase in the

fraction of insoluble α�SMA [95].

OXIDATIVE STRESS

IMMUNE

RESPONSE
Transcriptional

coactivators

Fig. 2. Schematic description of proinflammatory effect of free 8�oxo�G produced by OGG1 during base excision repair (BER) in DNA. In

DNA under conditions of oxidative stress, 8�oxo�G is generated, and it is released during repair by DNA glycosylase OGG1. The free 8�oxo�

G enters the cytoplasm, where it binds to OGG1 with production of the OGG1•8�oxo�G complex, which functions as a GEF and activates

small GTPases (Ras, Rho, Rac), stimulating in them GDP→GTP nucleotide exchange. Activated small GTPases induce the expression of

proinflammatory genes, which provide triggering and realization of innate and acquired immunity reactions. Adapted and changed from [94].

TNF�αα, CCLs, CXCLs, etc.
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Thus, 8�oxo�G through small GTPases via the sig�

naling cascades of Ras–kinases (MAPK, PI3K,

MSK1)–NF�κB and Rac1–NOX4–ROS activates in

organs and tissues the expression of proinflammatory

mediators and reactions of innate immunity. It is thought

that free 8�oxo�G constantly produced in the cell during

the repair of oxidative damage of DNA acts as a second�

ary messenger that acts synergically with signaling

processes induced by oxidative stress [98]. Activating Ras

and subsequent signaling pathways, OGG1•8�oxo�G

serves as a secondary source of ROS and thus amplifies

the primary redox�signal and provides reliable triggering

the nonspecific immunity reactions in response to exter�

nal stimuli [99].

It should be noted that some small GTPases includ�

ing Ras and Rho contain redox�sensitive motifs near the

nucleotide�binding site, and this allows ROS or RNS to

stimulate the nucleotide exchange reaction

(GDP→GTP), acting like a GEF [100]. It seems that sig�

naling and regulatory functions of ROS are partially

mediated through small GTPases [94].

In endotoxin�treated mouse cells, OGG1 stimulated

inflammatory response, acting as a coactivator of tran�

scription factor STAT1 and demonstrating its own tran�

scriptional activity, thus increasing the expression of

proinflammatory mediators (COX�2 and iNOS) [101].

Ogg1−/− mice not expressing OGG1 display increased

resistance to inflammation induced by various agents

(oxidative stress, bacterial infection, LPS, allergens) and

attenuated reactions of innate and acquired immunity

[29, 94]. The weak immune reaction to LPS in these ani�

mals is associated with the decreased level of proinflam�

matory cytokines/chemokines in their blood plasma,

notwithstanding the signs of acute oxidative stress in their

tissues. On the contrary, Neil2 −/− mice are very sensitive to

inflammation induced by LPS, oxidative stress, and

TNF�α, whereas exhaustion of the NEIL2 cell pool initi�

ates nonspecific inflammation [102]. Thus, OGG1 dis�

plays a proinflammatory and NEIL2 an antiinflammato�

ry effect, maintaining and balancing in tandem the

inflammatory response of the cell to external pathogens.

Mechanisms of proinflammatory action of oxidized
extracellular DNA. It seems that the immunostimulatory

effects of oxidized DNA can be realized on its interaction

with a receptor or sensor on the cell surface or within the

cell. Membrane sensors of DNA include some of the Toll�

like receptors (TLR) and cytoplasmic receptors comprise

proteins RIG1, IFI16, AIM2, DAI, etc. [103]. It was

shown that DNA fragments containing CpG�sequences

can bind to receptor TLR9, which leads to activation of

transcription factor NF�κB, synthesis of proinflammato�

ry cytokines and chemokines, and generation of ROS

[104, 105]. TLR9 is located in endolysosomes and triggers

a cascade of inflammatory reactions, the process in which

the adaptor protein MyD88 (myeloid differentiation pri�

mary�response protein 88) plays an important role [106].

A 20�meric oligodeoxynucleotide containing an 8�oxo�G

residue increased approximately twofold the production

of TNF�α and IL�6 induced by CpG�containing DNA

fragments in primary cultures of macrophages obtained

from the spleen of wild�type C57Bl/6 mice; this effect

was completely absent in macrophages isolated from mice

with knockout of the gene encoding TLR9 (TLR9–/–),

which is evidence of direct participation of TLR9 in the

reception of oxidized DNA [71]. Incubation for 3 h of

HUVEC endotheliocytes with oxidized ecDNA enriched

in CpG�dinucleotides (∼10 kb, 50 ng/ml) increased sev�

eral times the expression level of mRNA of protein TLR9

(the effect was suppressed by chloroquine, an inhibitor of

TLR receptors) and of intracellular nucleic acid sensors

AIM2 and RIG1 [107]. The cell reaction to oxidized

DNA depends on the level of its oxidative modification;

therefore, it is possible that the reception of oxidized

DNA is realized by a set of sensors capable of binding oxi�

dized DNA or by a specialized sensor that discriminates

the level of DNA damage [67].

MtDNA contains unmethylated CpG�dinu�

cleotides, and it was shown that in humans circulating

mtDNA can, through TLR9, stimulate polymorphonu�

clear neutrophils, inducing their migration and degranu�

lation and thus provoking systemic inflammation [108].

In mice, mtDNA through TLR9 activates in

macrophages the signaling cascade of MAP kinase p38

and increases the production of proinflammatory

cytokines IL�1β, IL�6, and TNF�α [109], and in car�

diomyocytes mtDNA increases the level of mRNA of

genes IL1b and IL6 [110]. The action of both native and

oxidized mtDNA on TLR9 is confirmed by abolishment

of their immunostimulatory effect on human leukocytes

(pDC) in the presence of a specific competitive inhibitor

of TLR9, the oligonucleotide TTAGGG [76].

The activation of inflammasomes is another mecha�

nism for realizing the proinflammatory effect of cytoplas�

mic and extracellular DNA [111]. During apoptosis, oxi�

dized mtDNA containing 8�oxo�G enters the cytoplasm,

where it interacts with inflammasomes of the NLRP3

family (nucleotide binding domain and leucine�rich

repeat pyrin domain containing 3), which are responsible

for innate immunity reactions and proinflammatory

response of phagocytes to the action of pathogens [75].

Oxidized mtDNA binds directly to receptor protein

NLRP3, which results in activation of the protein com�

plex of inflammasomes, including caspases 1 and 5, and

in increase in production of interleukins IL�1β and IL�18

by the apoptotic cells. The DNA�sensor function of

inflammasomes is realized without the involvement of

TLRs [111].

The proinflammatory properties of the double�

strand cytoplasmic (including mitochondrial) DNA can

also be realized by its binding to 2′�3′�cyclic GMP�AMP

synthase (cGAS), which leads to synthesis of cyclic dinu�

cleotide guanosine monophosphate–adenosine mono�
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phosphate (cGAMP) and activates protein STING (stim�

ulator of interferon genes) located on the endoplasmic

reticulum, inducing the synthesis by the cell of first group

interferons (type I IFN), in particular IFN�β [112, 113].

The cGAS–cGAMP–STING signaling cascade partici�

pates in the detection by mouse splenocytes of the 8�oxo�

G�containing oxidized mtDNA from human neutrophils

when it is injected parenterally into the animals [77].

MEDICAL POTENTIAL OF EXOGENOUS

8�oxo�dGuo, FREE 8�oxo�G, AND OXIDIZED

EXTRACELLULAR DNA

The above�described works showed that free 8�oxo�

dGuo has high biological activity: it displays antioxidant,

antiinflammatory, and antiallergic effects in vitro, in cellu�

lo, and in vivo; therefore, it is a promising therapeutic

agent for treatment of diseases whose pathogenesis

involves oxidative stress and chronic inflammation, such

as atherosclerosis, arthritis, osteoporosis, gastritis,

bronchial asthma, diabetes mellitus, neurodegenerative

diseases, malignant neoplasms, etc. It is necessary to

administer the preparation from the outside because the

rate of endogenous generation of 8�oxo�dGuo in the

human body is low: it is reported [19] to be on average

0.55 μg/kg daily, which is insufficient for therapeutic

effect. It seems that a small amount of 8�oxo�dGuo is

produced in the human gastrointestinal tract during

digestion of thermally treated food containing DNA,

because guanine in DNA is oxidized under the action of

heat [114].

Exogenous 8�oxo�dGuo is not mutagenic: it pene�

trates across cell membranes but does not enter the nucle�

us [19]; it is not rephosphorylated to 8�oxo�dGTP in the

cell and is not incorporated into DNA [17, 18]. In the

available literature, there is no value of LD50 for 8�oxo�

dGuo, but some observations indicate low toxicity of this

compound. Thus, 8�oxo�dGuo at concentrations up to

500 μg/ml had no cytotoxic action on the microglial BV2

line cells during coincubation for 72 h [41, 42]. Daily

introduction of 8�oxo�dGuo (300 μg/ml) for 3 days into

the incubation medium of mast cells isolated from mouse

bone marrow did not increase the number of double�

strand breaks in DNA, which was assessed by the level of

expression of phosphorylated histone γ�H2AX [40]. Daily

injections of 8�oxo�dGuo (330 mg/kg daily) for two

weeks did not influence the weight of thymus�less Balb/c

mice, whereas in mice injected with 6�TG in a lower dose

(33 mg/kg daily), the body weight decreased by 35% [55].

No histological changes were observed in the tissues of

lungs, liver, and intestine in mice injected with 8�oxo�

dGuo in doses of 60 and 100 mg/kg daily [38, 39, 48].

Large�scale preclinical trials of 8�oxo�dGuo seem

promising for determination of pharmacological proper�

ties and toxicological characteristics of this compound,

its pharmacokinetics and metabolism, possible accumu�

lation, development of tolerance and addiction, with the

purpose of searching for possible advantages of the drug

in comparison with presently used pharmaceutical agents.

Under normal conditions, the inflammatory reac�

tion triggered by 8�oxo�G (OGG1•8�oxo�G) can be a

component of the organism’s physiological response to

deleterious agents and the organism’s defense against

external pathogens. However, if the external influence is

added to already existing pathological conditions

(immunosuppression, allergy, aging) when inflammatory

processes are not controlled in due manner, the proin�

flammatory signaling initiated by 8�oxo�G can lead to

aggravation of existing diseases. Neutrophils recruited by

chemokines/cytokines into the inflammation focus gen�

erate ROS/RNS, which induce lesions in DNA, and the

repair of the DNA might form a vicious circle supporting

chronic inflammation: OGG1•8�oxo�G → Ras�GTP →
proinflammatory signaling → chemokines/cytokines →
ROS/RNS → 8�oxo�G [56]. It is possible that the signal�

ing cascade activated by 8�oxo�G can be connected etio�

logically with somatic inflammatory diseases. Thus, it can

be concluded that an important therapeutic target for

prophylaxis and treatment of such diseases might be

modulation of: (i) OGG1 activity [115]; (ii) basal level of

8�oxo�G in DNA; (iii) GEF�like activity of the

OGG1•8�oxo�G complex. The age�related decrease in

OGG1 activity in tissues is presumably a manifestation of

cellular defense against exacerbation of pathophysiologi�

cal inflammatory processes [98]. The strategy of search�

ing for the manner of switching 8�oxo�G repair from

OGG1 onto NEIL1/2 seems promising, because these

enzymes do not interact physically with Ras GTPases

[90], and NEIL2 displays in mice an antiinflammatory

effect [102].

The high biological activity of ecDNA molecules is

determined by the presence in them of unmethylated

CpG�dinucleotides and 8�oxo�dGuo. DNA containing

CpG belongs to so�called “pathogen�associated molecu�

lar patterns” (PAMPs), which signal about an infectious

invasion and initiate the inflammatory and immune

response of the organism [116]. Oxidized DNA seems to

belong to the related group of “damage�associated

molecular patterns” (DAMPs), which consists of endoge�

nous molecules signaling about any deleterious influence

[117]. Oxidized DNA can induce inflammatory reactions

in vitro and in vivo [73] as it is and can also act in synergy

with CpG�containing DNA, increasing the immunostim�

ulatory features of the latter [71]. The biological action of

8�oxo�G�containing ecDNA on different types of cells is

different and depends on the level of its oxidation [67],

but in general its action resembles the action of ionizing

radiation: low doses of ecDNA stimulate the biosynthesis

of ROS and appearance of breaks in DNA, inhibit cell

division along with formation of adaptive response – the

activation of transcriptional factor NRF2, increase in
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expression of the genes SOD1 and BCL2, suppression of

NF�κB activity, and increase in stress resistance of cells;

high doses of oxidized ecDNA are toxic for cells [65]. In

clinical practice, it would be useful to take in considera�

tion the role of CpG�containing oxidized ecDNA as a

mediator of stress�signalization during the development

of the adaptive response of cells to deleterious factors.

Since it has been shown that tumor cells are more sensi�

tive to the action of oxidized DNA than normal cells and

their adaptive response to radio� and chemotherapy is

pronounced [68], it is obvious that oxidized DNA

released from tumor cells killed by therapy will stimulate

intact malignant cells and increase their survival. On the

other hand, an increase in the stress resistance of cells by

low doses of oxidized DNA can be favorable for cultiva�

tion of stem and differentiated cells aimed for cellular

therapy and tissue engineering [65]. Considering that the

effect of oxidized ecDNA on tissues is similar to the

“bystander effect”, it might be used for treatment of

malignancies in combination with ionizing radiation (or

instead of it) for reducing the radiation load on the

patient’s organism without decreasing the treatment

effect [67]. Normally, ecDNA is eliminated from the

blood circulation by blood endonucleases and is removed

from the organism as immune complexes with antibodies

specific to CpG�DNA [118]. In many diseases, there is a

pathologically high level of ecDNA in blood, and elimi�

nation of its excess would be useful. Approaches for stim�

ulating the mechanism of ecDNA elimination from the

organism are needed, especially those approaches that

can increase the activity of endonucleases by injection of

DNase I preparations into the blood flow and change the

expression levels of endonucleases or of their protein

inhibitors. Long�term periodic exposure to low doses of

ionizing radiation is accompanied by a steady increase in

the activities of blood endonucleases [119], which sug�

gests the possibility of modulating the activities of

endogenous DNases, in particular by external physical

agents. It seems that artificial manipulation of ecDNA

oxidation degree, its concentration, and the content in it

of CpG�dinucleotides will allow us to positively influence

the clinical course and outcome of chronic diseases that

are accompanied by massive death of cells and DNA

release from them [117].

Due to its low redox�potential, G within DNA is

easily oxidized, producing several derivatives with 8�oxo�

G as the major product. The genotoxicity of 8�oxo�G and

mechanisms realizing its mutagenic potential in the cell

are well�studied, but only recently a more complete pic�

ture of biological effects of 8�oxo�G formation in DNA

appears. It became clear that 8�oxo�G cannot be consid�

ered only as undesired byproduct of oxidative metabo�

lism, but it is necessary to consider its participation in the

provision of important physiological processes in cells:

chromatin relaxation, initiation of transcription, regula�

tion of gene expression, photorepair of pyrimidine

dimers, etc. [25, 26, 120, 121].

It has been experimentally demonstrated in recent

years that in cells free 8�oxo�G and 8�oxo�G�containing

molecules are not simply inert products of DNA repair or

degradation, but are active participants of intracellular

signalization capable of both initiating and inhibiting

such processes. Thus, free 8�oxo�G and oxidized ecDNA

act as alarmins and mediators of stress signalization in the

cell, triggering and potentiating inflammatory and

immune reactions, whereas 8�oxo�dGuo displays pro�

nounced antiinflammatory and antioxidant properties,

possibly balancing the effects of 8�oxo�G. Oxidized gua�

nine and molecules containing it could be an important

therapeutic target in the treatment of inflammatory, aller�

gic, and autoimmune diseases whose pathogenesis is sig�

nificantly influenced by oxidative stress.
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