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This paper considers studies aimed at identifying markers of genotoxicity (chromosomal aberrations, micronuclei, and
DNA damage assessed by the DNA comet assay) in patients with both gestational diabetes mellitus (GDM) and diabetes type 1
and 2 (T1DM and T2DM, respectively), as well as possible changes in the levels of these genotoxic markers under the influence
of medicines and nutritions. Patients with T2DM are characterized by an increased level of genotoxicity markers. The results
of genotoxicity markers in patients with TIDM and GDM studies are contradictory, however, they indicate the presence of
an increased genotoxic load rather than its absence. The levels of genotoxic damage in diabetic patients may be reduced by
physical exercises, diet, and/or hypoglycemic drugs. Metformin, Afobazole and Noopept are recommended for experimental
and clinical studies as possible drug candidates that reduce the levels of genotoxic biomarkers in diabetic patients.
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B pabote paccMoTpeHbl MCCNeAO0BaHWSA, HanpaBneHHble Ha BbIABMIEHWE MapKepoB FeHOTOKCMYHOCTU (XPOMOCOMHble
abeppauuu, Murpoagpa u nospexpaenua OHK, peructpupyemble MetogoM [IHK-KoMeT) y naumeHToB € recrauyoHHbIM
caxapHbIM guabetom (TCL) n caxapHbiM anabetoM (CL) 1-ro v 2-ro TMNOB, a TaKKe BO3MOMHbIE U3MEHEHWUS YPOBHEN 3TUX
rEHOTOKCUYECKMX MApKepOB MO, BIMAHMEM JIeKapCTBEHHbIX npenapaTtoB 1 auneT. bonbHble C[l 2-ro Tvna xapaktepusyloTca
YBE/IMYEHHBIM YPOBHEM MapKePOB FEHOTOKCUYHOCTU. Pe3ynbTaThl MCCieL0BaHUI MApKEPOB FEHOTOKCUYHOCTM Y MaLMEHTOB
c CO 1-ro tvna n I'C[ npoTvBOpeuMBhl, 0HAKO, CBUAETE/NLCTBYIOT CKOpPEe O HaNNYMM MOBBILIEHHON MEHOTOKCUYECKON
Harpy3ke, YeM 06 ee OTCYTCTBUM. YPOBHM FEHOTOKCUYECKUX NOBPEMKAEHUI Y 60nbHbIX CL MOryT 6bITb CHUMEHBI NOA, BIN-
AHUEM DU3NYECKMX YNParKHEHUI, OUET /UK TUMOTTIMKEMUYECKUX NIEKApCTB. K aKCNepUMEHTaNbHOMY U KIMHUYECKOMY
M3YYEHMI0 B KAYeCTBE BO3MOMHbIX JIEKAPCTBEHHbIX KaHAWAATOB, CHUMAIOLLMX YPOBHU FEHOTOKCUYECKUX OMOMapKepoB
y 60nbHbIX AabeToM, pekoMeHLoBaHbl MeTGopMuH, Agobason® n Hoonent®.
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INTRODUCTION

In 2017, there were 463 million people globally with
diabetes mellitus (DM). According to forecasts the num-
ber of people with this pathology will increase steadily in
the medium term and will reach 693 million by 2045 [1-3].
In the Russian Federation at the beginning of 2019, there
were 4,584,575 patients with DM (3.12% of the population
of the Russian Federation), including 256.2 thousand patients
with type 1 diabetes (T1DM), 4.24 million people with type
2 diabetes (T2DM), (92.49% of the total number of DM pa-
tients), and 89.9 thousand patients with other types of DM.
According to the statistics, since 2000, the number of DM
patients in Russia has grown 2.2-fold [4].

General ideas about the pathogenesis of DM and its
complications have been discussed repeatedly and in
detail in the modern literature. They are summarized
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schematically in Figure 1 [5-9]. Oxidative stress caused
by hyperglycemia and an integral part of the pathogenesis
of DM, as well as the associated processes of lipid per-
oxidation, represents a source of reactive oxygen species
and overoxidized lipids. Many studies represent free radi-
cal DNA damage as the main mechanism of endogenous
mutagenesis [10].

Against the background of existing ideas about the medical
significance of genotoxic lesions, their role in the occurrence
of neoplasms, hereditary diseases, and miscarriages [11],
we can explain the interest in the study of genotoxicity mark-
ers in DM patients.

This review aimed to analyze the results of studies per-
formed using the most common markers of genotoxicity in
patients with T1DM, T2DM, and gestational diabetes and to
discuss possible methods of reducing genotoxicity in such
category of patients.

HYPERGLYCEMIA
(causes: insulin resistance and/or insulin deficiency)

l

Oxidation of glucose in hyperglycemia occurs under inhibition of glycolysis enzymes along alternative pathways: polyol pathway,
hexosamine pathway, causes non-enzymatic glycosylation, activation of protein kinase C

l

Glucose autooxidation and the emergence of reactive oxygen species in some of the other specified
processes leads to oxidative stress

l

Mitochondrial dysfunction

Disruption of the endothelial nitric oxide synthase pathway
T NF-kV and stress signaling pathways

T pro-inflammatory cytokines

1 adhesion molecules (VCAM-1, ICAM-1)

T growth factors

l

Targets: B-cells, neurons, kidney and retinal cells, endothelium, cardiomyocytes, vascular smooth muscle cells.
Pathogenetic processes: inflammation, endothelial dysfunction, atherosclerosis, impaired vasorelaxation, senescence,
apoptosis, hypertrophy, fibrosis, remodeling

ey Q Cu [4]

Cardiovascular
diseases

B-cell Cardiomyopathy

dysfunction

Retinopathy Nephropathy Neuropathy

Figure 1. Medical significance of oxidative damage to nucleic acids, lipids, and proteins in hyperglycemia ([9], significantly modified)
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MATERIALS AND METHODS

Literature search was performed from January 1, 1990
to January 31, 2021 using the MedLine/PubMed scientific
literature database (National Library of Medicine, National
Institutes of Health, Bethesda, Maryland, USA, http://www.
ncbi.nlm.nih.gov/PubMed) and the scientific electronic library
of the Russian Science Citation Index (http://elibrary.ru). The
search was performed using the keywords “diabetes”, “mi-
cronuclei”, “DNA comet”, “chromosomal aberrations”, and
the corresponding Russian-language translations for Rus-
sian sources. When searching the PubMed database, we
additionally used the “humans” filter. We considered studies
published both in Russian and English languages for which
full-text versions of articles were available, as well as those
indexed by DOI for English sources.

Articles focused on identifying the most verified and
widely used genotoxic markers in peripheral blood lympho-
cytes were recognized as acceptable for registration and
analysis, subject to the following criteria:

1) the balance of the populations surveyed by gender and
age in the group of patients and healthy volunteers, each of
which exceeded 10 people;

2) the use of verified cytogenetic research methods
[chromosomal aberrations (CA) test, the cytokinesis-block
micronucleus (MN) cytome assay, registration of DNA dam-
age by the DNA comet assay];

3) availability of acceptable statistical analysis, presen-
tation of mean values for groups with standard errors or
standard deviations;

4) compliance with ethical standards during the study,
approval of the study protocol by the Ethics Committee.

From the full-text versions of the articles, information was
selected about the research subjects (the number of subjects
in each group, gender, age, duration of disease, concomitant
diseases and medications, smoking status, alcohol consump-
tion, and nutritional quality) and biomarkers studied, as well
as the actual research results, such as “mean + SD”. Only
publications containing a detailed description of the study de-
sign and results were considered in detail.

During the discussion of the results, the data obtained
in the analysis of genotoxicity markers in the cells of the
buccal and lingual epithelium were also recorded, as well
as other results of interest from the perspective of as-
sessing the modification of genotoxicity in this category
of patients.

RESULTS

An electronic search in the MedLine/PubMed data-
base yielded a total of 598 publications, and among them,
50 original research articles were selected, on the basis of
full-text reviews, that met the selected inclusion criteria.
MN or CA in peripheral blood lymphocytes (PBL) were used
as biomarkers of genotoxicity in 14 cases, and DNA damage
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assessed by the DNA comet assay in 36 cases. The informa-
tion collected is summarized in Tables 1 and 2.

The subjects of the study were patients with type 1 or 2 dia-
betes or gestational diabetes. Unless otherwise indicated in the
table, patients with bacterial infections, cancer, or hepatitis C
or B and those who were HIV positive were excluded. Patients
must not have taken immunosuppressants or antibiotics for
at least 1-3 months before the study and must not have un-
dergone X-ray examination or radiation therapy for more than
6 months before the study. Control groups consisted of healthy
volunteers living in the same region, matched by age and gen-
der to the patient groups, and the presence of gestational dia-
betes during pregnancy. Medical history and information about
recent medical procedures and medications taken were col-
lected from study participants. In some studies that used ques-
tionnaires, data were also collected on smoking status, alcohol
consumption, nutritional quality, and lifestyle. Peripheral blood
was collected for research by venipuncture. The protocols of all
mentioned studies were approved by the Ethics Committees.

Patients with gestational diabetes mellitus (GDM)

In 2019, 16% of pregnancies (20 million births) ended
in the birth of children with hyperglycemia, mainly due to
gestational diabetes [12, 13]. The search identified only four
studies of genotoxicity biomarkers in patients with gesta-
tional diabetes. Two of them were focused on the analysis
of cytogenetic status [14, 15], and the assessment of DNA
damage was discussed in two studies [16, 17].

The results of cytogenetic studies did not coincide;
however, they shared a common tendency. Some resear-
chers [14] revealed an increase in the levels of CA in patients
compared with a comparable sample of healthy pregnant
women. Other researchers [15] registered a moderate but
statistically insignificant increase in the level of CA when
compared between pregnant women with GDM and with-
out DM and newborns in mothers with and without GDM.
The authors explained the absence of the initially assumed
cytogenetic effect by a relatively short period of exposure to
an increased glucose level (the average gestational period
for detecting GDM is 25.4 + 5.6 weeks), as well as by proper
control over the level of glycemia during pregnancy.

An increased level of DNA damage in PBL, defined as
the average value of the percentage of DNA in the comet
tail, was observed in two studies [16, 17], the total sample
of which consisted of 160 patients and 155 healthy pregnant
women. The discovered phenomenon was explained by the
authors as a consequence of hyperglycemia, obesity, hyper-
tension, and/or insulin resistance.

Lymphocytes from infants born from GDM mothers were
also examined. As a result, a positive correlation was estab-
lished between the mean level of glucose in the mother's
blood and an increased level of DNA damage in the chil-
dren [18]. In addition, newborns of mothers with GDM had
a higher level of DNA damage in umbilical cord blood cells
compared with those of mothers with euglycemia [19].
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Thus, at the present stage of research development,
it can be concluded that the level of genotoxicity markers
is increased both in pregnant women with GDM and their
newborns. It is noteworthy that these data are aligned with
the results of V.V. Zabrodina, who showed an increase in
the levels of DNA damage in pregnant rats and their off-
spring in a model of streptozotocin-induced diabetes [20].
Nevertheless, it should be borne in mind that nowadays,
data of a very limited range of clinical genotoxic studies are
available, and a confident conclusion about the genotoxic
profile of GDM patients can only be made on the basis of
additional results of new independent studies.

Patients with type 1 diabetes mellitus

As a result of the search, 12 articles were selected, in-
cluding 3 studies using cytogenetic parameters in the PBL
of T1DM patients as a biomarker, and 9 studies using DNA
damage detected using the DNA comet assay.

In 2 of 3 cytogenetic studies [21, 22], an increased value
of MN levels in T1DM patients was revealed [65 patients
(26 men, 39 women) were analyzed in total] compared with
control groups (74 healthy volunteers, 18 men, 56 women).
Study 3 presented only a tendency toward an increase in
the CA level in TIDM patients, which was not supported by
statistical significance [23].

It is noteworthy that in the group of pregnant T1DM pa-
tients, the average number of MN per 1000 cells was sig-
nificantly higher (p < 0.001) than that in the control group of
pregnant women. A similar effect was observed in the cor-
responding groups of newborns (p < 0.05). At the same time,
there were no significant correlations between the incidence
of MN in mothers with TIDM and that in their newborns,
the duration of diabetes, or HbAlc levels [22]. This finding
is clearly consistent with the data obtained in the study of
patients with hyperglycemia due to GDM (see above).

Analysis of DNA damage in patients with T1IDM by the
DNA comet assay resulted in an ambiguous picture. In four
out of nine studies, there were no significant differences
between the groups of patients with TIDM (265 patients in
total) and the control groups of healthy volunteers (265 sub-
jects). High significance (p < 0.01) was revealed only in two
out of five studies, indicating an increase in DNA damage in
this category of patients. The authors associate the absence
of an increased level of DNA damage with a high living stan-
dards and an appropriate drug therapy for patients. Thus,
despite the formal predominance of studies indicating an
increase in genotoxic markers in T1DM patients, the study
of genotoxicity markers in this category of patients requires
additional research.

Patients with type 2 diabetes mellitus

In comparison with other types of DM, T2DM is the most
common disease. Most of the analyzed studies focused on
the assessment of genotoxic markers in T2DM. MN were
selected as a genotoxicity biomarker in 9 of 34 publications
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selected for the review, and DNA damage detected by the
DNA comet assay was found in 25. A study that met all the
inclusion criteria, in which the classical CA method was
used, was presented by only one study [24].

In 10 studies focused on the analysis of MN or CA in
PBL, 487 patients (219 men and 268 women) and 337 control
subjects (165 men and 172 women) were examined. Sum-
mary data on age, duration of therapy, and the frequency of
MN, as well as the multiplicity factor of the MN frequency in
the group of patients compared with the control group are
presented in Table 1. In 9 out of 10 studies focused on the
analysis of MN or CA, the significance of the differences be-
tween groups of patients and the control group was shown,
and the significance was high in 6 cases (p < 0.001). Two
studies [25, 26] showed a correlation between the duration
of disease and the incidence of MN, while two others [27, 28]
did not justify this correlation. In one study [29], no differ-
ences were revealed; the authors explained this by the small
size of the surveyed sample of patients, and a small differ-
ence between the groups in terms of the levels of glycated
hemoglobin HbATc (9.7 £ 1.3 vs. 7.9 + 1 mg/dL).

These data are consistent with the results of studies,
in which the authors chose the level of MN in the cells of
the buccal and lingual epithelium as a biomarker as less
invasive methods for obtaining a biomaterial. Thus, in a
recent study [30], it was demonstrated that in T2DM pa-
tients, the MN level in the cells of the buccal (0.52 + 0.27
vs. 0.07 £ 0.06%o; p < 0.001) and lingual (0.41 +0.21 vs.
0.06 + 0.05%o; p < 0.001) epithelium was increased in com-
parison with that in a group of healthy volunteers of the same
age. A similar result was obtained a little earlier by Rus-
sian scientists (0.52 + 0.04 vs. 0.34 + 0.05%o; p < 0.05) [31],
as well as by other researchers [32] on a large group of
female patients (n = 146), when the level of MN in the cells
of the buccal epithelium was 1.85 + 1.4 vs. 0.29 + 0.4%o
in the control group.

In 25 studies focused on the analysis of the level of DNA
damage, assessed by the DNA comet assay in PBL, 1,090
patients were examined (in several studies, the gender of
the patients was not specified), and 945 were the control
volunteers. A significant increase in the level of damage
was revealed in 18 out of 25 publications focused on the
study of DNA damage by the DNA comet assay in the PBL
of T2DM patients, while in 8 cases the significance was high
(p < 0.001). At the same time, in 7 out of 25 studies, such
a result was not observed, which the authors explained by
good control over glycemic status and/or low study power.

The first information on the possible induction of cyto-
genetic damage in T2DM patients appeared around half a
century ago [33, 34]. Based on recent findings showing an
increase in the levels of genotoxic markers in T2DM patients
in most studies (27 out of 34), it is logical to infer an in-
creased genotoxic load in these patients.

It is noteworthy that several of the cited authors set
themselves the task of identifying correlations between the
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levels of glycated hemoglobin and genotoxicity biomarkers.
Some of them indicated the presence of such a relationship
with DNA damage [35-38] or MN [29, 32] in patients with
T2DM or DNA damage in T1DM patients [39], while others
did not reveal it in patients with T2DM [27, 40, 41] and T1DM
[23, 42, 43]. Our own attempts to identify such correlations
based on a generalized analysis were unsuccessful.

Thus, the question of the relationship between genotoxic-
ity markers and levels of glycated hemoglobin remains open
to date and can only be resolved with a significant expansion
of the samples available for analysis.

GENOTOXIC BIOMARKERS

IN NUTRITIOLOGICAL AND
PHARMACOLOGICAL CORRECTION
OF HYPERGLYCEMIA

An integral factor potentially capable of influencing the
levels of genotoxic markers in DM patients is the use of
drugs and diet to control patients’ glycemic status. Their
effect can be expressed both as a direct genotoxic effect
and as a comutagenic or antimutagenic modification of the
action of endogenous genotoxicants, which are products of
free radical reactions during oxidative stress, which inevita-
bly accompanies hyperglycemia.

Currently, in published literature there are results of
several studies focused on the targeted assessment of the
cytogenetic status of patients undergoing therapy with hypo-
glycemic drugs and/or receiving the diet therapy.

The common design feature of most studies is the ab-
sence of a comparable group of T2DM patients not receiving
therapy. This does not enable clear differentiation of the ef-
fects of endogenous genotoxicants, which are products of
oxidative stress that are possible in T2DM, from the effects
of exogenous medicinal or dietary factors. In all such cases,
it is appropriate to suggest integrative genotoxic effect in
the “therapeutic effect - disease” system, rather than the
identification of a genotoxic or genotoxicant-modifying effect
of a single drug and/or dietary factor.

An increase in the levels of genotoxic markers with drug
therapy and/or diet therapy has been demonstrated in several
studies. CA levels in PBL increased in T2DM patients receiv-
ing chlorpropamide therapy (daily doses were 100-400 mg)
compared with a group of healthy, age- and gender-matched
volunteers [44].

In T2DM patients who received daily therapy with a combi-
nation of pioglitazone (30 mg/day) and glimepiride (4 mg/day)
for the long term (over 5 years), an increased frequency of
micronuclei in buccal epithelium cells was observed com-
pared with a group of healthy, age- and gender-matched
volunteers (8.63 + 2.23 vs. 2.93 + 1.4%q; p < 0.001) [45].

A greater than 5-fold excess MN level was revealed in
the cells of the urothelial epithelium in T2DM patients tak-
ing metformin and/or glibenclamide (doses not indicated)
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in comparison with a group of healthy volunteers (24.98 + 2.87
vs. 5.02 + 1.01%o; p < 0.001). At the same time, the analy-
sis showed a significant increase in the number of MN in
patients taking only metformin (23.02 + 4.44) or a combina-
tion of metformin and glimepiride (24.98 + 2.87%o) relative
to that in subjects taking only glimepiride (17.52 + 3.28) [46].

In T2DM patients treated with sitagliptin (100 mg/day),
thiazolidinediones with pioglitazone (30 mg/day), or rosigli-
tazone (4 mg/day) or those receiving medical dietary therapy
[50% of calories from carbohydrates, 30% from fat (6% satu-
rated), and 20% from protein, with cholesterol not exceed-
ing 300 mg/day, and fiber 35 g/day] for 6 months [47], the
frequency of PBL with MN was significantly higher in the
pharmacological treatment groups (1.5 + 0.9, 2.6 + 1.2 and
2.2 + 1.1%o, respectively) in comparison with the nutritional
control group (1.0 + 0.6%o). At the same time, in a compari-
son of the drug treatment groups with each other, the fre-
quency of MN was significantly lower (p < 0.01) in the sita-
gliptin therapy group, which may indicate a higher genotoxic
potential of treatment with thiazolidinediones in comparison
with the pyrazine inhibitor of dipeptidyl peptidase-4.

In this study, the number of cells with CA was also
assessed. The above findings concerning a more intense
cytogenetic status in patients receiving pharmacotherapy
were also valid for the total number of CA (0.07% + 0.02%,
0.14% + 0.05%, 0.15% + 0.05% vs. 0.04% + 0.03%) [47].
It is fair to note that the last given indicators are not entirely
clear, since they are an order of magnitude less than the val-
ues of the spontaneous level of chromosomal mutagenesis
in humans, which is generally accepted to be estimated at
1%-3% of aberrant PBL.

Thus, evidence of an increase in genotoxic markers in
patients under the influence of hypoglycemic drugs was
presented in singular studies, which are unconfirmed and
insufficiently convincing. The issue of the genotoxic effects
of hypoglycemic drugs in treated patients requires more ex-
tensive research.

More convincing and numerous examples demonstrate a
decrease in the levels of genotoxic markers under the influ-
ence of pharmacological and/or nutritional factors.

A decrease in DNA damage (p < 0.001) was revealed
in T2DM patients after an 8-week period of additional daily
consumption of 300 g of a mixture of vegetables, including
various cruciferous species, as well as spinach, carrots, and
legumes in combination with vegetable oil (25 ml per day)
rich in polyunsaturated fatty acids. A decrease in DNA dam-
age was registered as early as week 4 of the study and per-
sisted for 8 weeks after diet cessation [48]. It is noteworthy
that the same group of researchers did not reveal the effect
of a similar diet on the MN levels in buccal epithelial cells in
T2DM patients [49].

Regular consumption of green tea (twice daily, 150 ml
1% w/v) for 12 weeks led to a significant (p < 0.001) reduction
in the level of DNA damage in T2DM patients in a placebo-
controlled (water) study [50]. Vitamin E intake (900 mg/day)
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for 12 weeks resulted in a significant (p < 0.05) decrease
in the level of DNA damage in PBL identified by the DNA
comet assay in smokers and nonsmokers with T2DM [51].
A decrease in the frequency of MN in buccal epithelial cells
was registered in two independent studies in T2DM patients
with daily folic acid intake (5 mg orally three times a day)
for 30 days [52-54]. No effect of regular consumption of low
doses of the known antioxidant vitamin C on MN levels in
peripheral blood cells of patients with T2DM or prediabetes
was revealed [40]. However, this fact is not very informative,
since the authors did not provide data on the initial provi-
sion of patients with this essential element of antioxidant
protection in humans. Long term treatment with simvastatin
(20 mg/day over 2 years) reduces oxidative damage to DNA
in patients with dyslipidemic T2DM [55].

Information about the possibility of reducing the levels of
genotoxic biomarkers was confirmed in studies where pa-
tients received a diet in combination with drugs. In particular,
it was shown that, after a 7-day hospitalization during which
T2DM patients adhered to a diabetic diet with a low sugar
content under glycemic control (insulin, metformin), the level
of DNA damage decreased significantly (p < 0.05), however,
it did not reach the level of the control group of healthy vol-
unteers (p < 0.05) [56]. Moreover, it was convincingly dem-
onstrated that, with metformin monotherapy (on average
1.7 £ 0.9 g/day) for more than 5 months, the frequency of
MN in the PBL of patients was inversely proportional to the
concentration of metformin in the blood plasma of T2DM
patients (p = 0.009) [57].

Thus, it can be stated that drugs used to control hyper-
glycemia or diet are not indifferent to the genotoxic status
of DM patients. It is important to note that exercise and
other environmental factors can also reduce the levels of
genotoxic biomarkers. For example, 4 months of moderate
physical training three times a week significantly reduces the
levels of DNA damage (p < 0.05) [58], and bariatric surgery
leads to a significant decrease in the level of MN in the pe-
ripheral lymphocytes of T2DM patients 1 year after surgery
(p < 0.05) [591.

DISCUSSION

The results of the analysis of various genotoxic events in
diabetes are heterogeneous, primarily in terms of DNA dam-
age indices. Several authors [60, 61] suggest that this can
be explained by the choice of cohorts of patients with differ-
ent disease durations. Indeed, permanent oxidative stress
can lead to activation of adaptive mechanisms on various
levels, from the antioxidant defense system to DNA repair.
Along with this, it should be mentioned that the methodol-
ogy for registering DNA damage by the DNA comet assay
was established relatively recently [62]. In this regard, the
discrepancies revealed can be explained by the peculiarities
of the instrumental part of the studies, which often cause
interlaboratory discrepancies in the results of this test [63].
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In addition, in the cited studies, various protocols for the ob-
taining and storage of the tested samples were used, which
also has an impact on the estimated values [64].

Given the possibility of artifactual distortions in the re-
sults of the DNA comet assay and fewer studies denying an
increase in DNA damage in hyperglycemia, as well as the
obvious consistency among studies revealing a correlation of
DNA damage in DM with cytogenetic biomarkers of CA and
MN, we can reasonably infer an increase in DNA damage in
diabetic patients.

The available pool of experimental data is obviously
insufficient for a confident conclusion about an increase in
genotoxicity markers in T1DM patients and, in part, GDM.
The continuation of research in this field is all the more im-
portant because it is necessary to answer the question of
whether antimutagenic protection and, consequently, efforts
to develop it are needed for this category of patients.

The totality of the above information enables goals to be
set for rationalizing the therapy of GDM, T2DM and, in the fu-
ture, T1DM, considering the effect on genotoxicity markers.
This is all the more important because DNA damage is a trig-
ger for carcinogenesis and increases with the development
of tumors. Diabetes, as shown for T2DM, is associated with
an increased risk of developing cancer of the liver, pancreas,
endometrium, colon and rectum, breast, and bladder. How-
ever, the link may be partly due to common risk factors for
the two diseases, such as aging, obesity, diet, and physical
inactivity [65, 66]. In addition to the direct or indirect effect
of reactive oxygen species on DNA through lipid peroxidation
and/or peroxynitrite, it should also be noted that, according
to new data, the Akt/tuberin signaling pathway may be in-
volved in the process of DNA damage [67, 68].

DNA damage initiates cell death and, therefore, can be
considered as a factor in the development of cyto- and his-
topathogenesis in DM [69], which determines the need to
develop methods of antimutagenic protection in DM not only
in terms of prevention of oncogenesis, but also the preven-
tion of degenerative processes.

From the point of view of rationalizing therapy, metfor-
min attracts particular attention. First, this dimethylbiguanide
derivative, an oral antiglycemic drug, is the most frequently
prescribed first-line treatment for T2DM worldwide [70].
Secondly, there are experimental studies proving its antimu-
tagenic properties. For example, oral single or daily 4- or
8-week administration of metformin at doses of 100, 500,
and 2500 mg/kg significantly reduces the levels of bone
marrow cells with CA and MN in a rat model of strepto-
zotocin diabetes in a dose-dependent manner [71]. A similar
effect was observed using the same experimental model of
diabetes after daily 4-week oral administration of metfor-
min at a dose of 50 mg/kg in combination with pioglitazone
(1 mg/kg) when registering MN in bone marrow cells [72].
Metformin, at doses of 62.5, 125, and 250 mg/kg after 7-day
daily administration, significantly dose-dependently reduced
the frequency of polychromatophilic erythrocytes in the bone

159



160

GENETIC
TOXICOLOGY

marrow of male Swiss albino mice 24, 48, or 72 hours af-
ter intraperitoneal administration of the cytostatic antitumor
drug Adriamycin at a dose of 15 mg/kg [73]. Data from in
vitro studies also indicate the protective effect of metformin
against ionizing radiation and several chemical agents [74].
Third, the single but direct finding described above indicates
its ability to reduce MN levels during monotherapy in T2DM
patients [57]. It can also be contrasted with a single study [46],
which showed the co-mutagenic effect of metformin.
Certainly, inversion of the protective effect is not uncommon
among antimutagens [75]. Nevertheless, this finding has not
yet been confirmed either clinically or experimentally, while
the evidence for the antimutagenic effects of metformin has
been reproduced in the studies of various authors. Hence,
there is an obvious recommendation for research aiming to
extend the understanding of the antimutagenic/anticarcino-
genic properties of metformin in experimental and clinical
trials. As a result, hypoglycemic therapy may be enriched
with new opportunities to prevent the genotoxic complica-
tions of diabetes.

It is possible that, for antigenotoxic prophylaxis in diabet-
ic patients, it is advisable to use antimutagenic vitamin the-
rapy, possibilities for which were discussed earlier [75, 76],
as well as the well-known anxiolytic Afobazole®, which
demonstrated experimentally antimutagenic properties [77]
as well as antidiabetic and cytoprotective activity in a model
of streptozotocin-induced diabetes [78] and a model of GDM
in rats [79]. Noopept® is also an interesting drug, which has
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