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Abstract. The linkage between mercury-caused neuro- and genotoxicity via the inhibition of DNA repair
machinery: fish brain model. Nedzvetsky V.S., Gasso V.Y., Herrmann B., Novitsky R.O. Heavy metals in model
conditions as well as industrial pollution launch disturbances in neural cells of different animals and human beings.
The neurotoxicity of mercury, which is one of the most toxic heavy metals, has been studied for several decades.
However, its low doses chronic exposure effects for neural tissue cells are still poorly understood. Therefore, the basic
molecular mechanisms of mercury should be clarified. The purpose of our research is to clarify the mechanism of
mercury genotoxicity, the role of the DNA repair protein apurinic/apyrimidinic endonuclease 1 (APE1) in neural tissue
cells, and the response to inorganic mercury-induced neurotoxicity. In our model, we used juvenile rainbow trout
exposed to mercury chloride with a range of doses 9-36 ug/L for 60 days to study the cytotoxicity of chronic
exposure. We detected the reactive oxygen species (ROS) production as an index of oxidative stress and APEI as
a marker of cellular DNA damage response in a neural cell. The ROS level was measured by using the
Sfluorometric method based on 2',7'-dichlorofluorescein diacetate reaction. The analyses of markers of the DNA
repair (APEI1) and apoptosis (B cell lymphoma-2 anti-apoptotic protein — Bcl-2) were carried out with western
blotting. The mercury chloride chronic exposure induced statistically significant upregulation of the ROS
production in the fish brain. Contrary, the mercury low doses stimulated the downregulation of APE1 expression
in the brain tissue. Furthermore, mercury chronic exposure inhibited the expression of Bcl-2 in the animals
treated with 18 and 36 ug/L mercury chloride. The harmful effect of mercury could be promoted by oxidative
stress generation. The downregulation of APEI expression could lead to a lack of DNA damage response efficacy
and initiate the decline in neural cell functioning. Obtained data on the APEI expression have shown that the
neurotoxic effect of mercury could be mediated, at least partially, by the decline in cellular DNA damage response
in the brain. The evaluation of decrease in DNA repair response via detection of the APEI expression can be a
prospective tool to reveal the deleterious effects of toxicants in terms of their neuro- and genotoxicity.
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Pedepar. 3B's130Kk MiK iHAYKOBAHMMM PTYTTIO Heilipo- Ta FeHOTOKCHYHICTIO 4yepe3 rajbMyBaHHsI MeXaHi3MiB
penapanii JIHK: mo30k pu6 sik moaeib. Hexssenbkuii B.C., I'acco B.S1., I'eppmann b., HoBiubkuii P.O. Baocki
Memanu 8 MOOeNbHUX YMO8AX ma Npu NPOMUCIOBOMY 3a0PYOHEHHI SUKIUKAIOMb NOPYUIEHHS 8 HeUpOHHUX KIimuHax
pizHux euoie meapur i moounu. Hetipomokcuunicmo pmymi, sika € 0OHI€I0 3 HAUOLIbW MOKCUYHUX BANCKUX MEMAlis,
BUBUANIACS NPOMA2OM OeKinbkox Oecsamuiimb. OOHAK XPOHIYHI HACHIOKU SNAUBY IT HU3LKUX 003 OJisi KIIMUH Hep8ogol
MKAHUHU 6Ce e HeOOCMAMHbO 3PO3YMINL, MOMY OCHOBHI MOJEKVIAPHI MEXAHisMu 6niugy pmymi HeoOXiOHO
nposacrumu. Memolw Hauwo2o0 OOCHIONCEHHA € YMOUHEHHSI MEXAHI3MY 2eHOMOKCUYUHO20 6énaugy pmymi, poas JJHK-
penapayitinozo 6inka anypurosoi/anipumiournosoi enoonykieazu 1 (APE1) y knimunax Hepeoeoi mxanuHu ma peakyis
Ha HEeUPOMOKCUYHICIb, BUKTUKAHY HEOP2AHIYHOI pMYmMmIo. Y Hawliti MoOeni Mu 6UKOPUCIOBY8ALU I08CHITbHY (opeib,
AKY nioodasanu eniugy xaopudy pmymi 8 dianazowi 003 9-36 mxe/n npomsazom 60 OHi6 O 8UEUEHHS YUMOMOKCUUHOCHI
npu xporiynomy enauei. Mu eusHauanu ymeopenus peakxmusHux gopm xkuctio (ROS) sk inoexkc okucHozo cmpecy ma
APEI] sk mapkepa peaxyii nowxoodscenns xnimunnoi [JHK y nepeosux knimunax. Pieenv ROS eumiproganu 3a
00nomMo2010  hryopomempuuno2o memody, 3acHo8ano2o Ha peakyii 2',7"-ouxnopo-gryopecyein-oiayemamy. Auaniz
mapxepie penapayii J[HK (APEl) ma anonmo3sy (auwmuanonmomuunuti 6inoxk BCL-2) nposoounu 3a 00nomoeoro
western blotting. Xponiunuii éniug xaopudy pmymi iHOYKYE CIAmucmuyHo 3uavyue npooykyeanns ROS y mo3xy pubd.
Haenaxu, nusvxi 0o3u pmymi cmumymosanu 3uudicenns excnpecii APEI y mxanunax mosxy. Kpim moeo, xponiunui
6nue xaopudy pmymi 6 konyenmpayisx 18 ma 36 mxe/n ineioye excnpeciio BCL-2 y meapun. Llxionusuti éniue pmymi
MODICe CIMUMYTIIO8AMUCS OKUCHIOBAIbHUM cmpecom. 3nudicenns excnpecii APE1 mooice npuzsooumu 0o HedocmamHvol
epexmusnocmi penapayii [JHK ma euxiuxamu nocipuieHHs. pyHKYioHy8aHHs Hepeogux kiimun. Ompumarni 0aHi wooo
excnpecii APE] nokaszanu, wo HeupomoxcuyHuil egpekm pmymi modice 6ymu onocepeoko8anull, NPUHAUMHI YACMKOB0,
nocipuwieHHAM KiimunHoil peakyii na nowkooocennss [JHK y xknimunax mosxy. Oyinka nopywensv penapayii /[HK 3a
Odonomoeoro susnauenns excnpecii APEI moowce 6ymu nepcneKmueHuUM HCMPYMEHMOM Olsl BUABLEHHS WKIOIUBO2O

BNIUBY MOKCUKAHMIB 3 MOUKU 30pY IX HEUpO- ma 2eHOMOKCUUHOCTI.

Mercury is confirmed as one of the most toxic
environmental contaminants for all living organisms
including humans. Global industrialization causes
mercury pollution [10] and generates dangerous risk
factor for both human and animal health [11] due to
high mercury potential bioaccumulation in living
organisms [3, 14]. Heavy metals entail disturbances
in neural cells of different animals [4, 7]. The neuro-
toxicity of mercury is known [1, 15] and the fish
brain is confirmed as a convenient model to study
neurotoxicity mechanisms. There was demonstrated
a direct interaction of inorganic mercury with the
cells involved in the blood-brain barrier (BBB)
functions that induces the disturbance in the BBB
integrity [17]. The delayed effect of inorganic me-
rcury in the fish model of low doses mercury
exposure was recently approved [14].

The intracellular effect of mercury is multifac-
torial due to many molecular targets. One of the
unspecific consequences of mercury cytotoxicity is a
generation of redox imbalance, which can induce
lesions of all macromolecules including DNA. The
genotoxic effect of mercury is known [3]. However,
the effect of mercury exposure on DNA repairing
machinery remains uncovered.

One of the most often occurred DNA lesions is
single-strand breaks (SSB). Exposure to environ-
mental toxicants can entail a meaningful increase in
SSB of DNA [11]. The enzymatic system of the SSB
restoring called the base excision repair (BER) is
evolutionary conservative and stable in eukaryotic
cells. The key enzyme of BER is mammalian apu-
rinic/apyrimidinic endonuclease 1 (APEl). Both
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upregulation and downregulation of this enzyme are
associated with abnormalities in the cell functioning
and viability. Taking into account that DNA repair
machinery is involved in cellular response initiated
by cytotoxic injury, the modulation of mechanisms of
DNA lesions restore could reflect the vital adaptive
potential to maintain genomic stability and cell
viability. The fish brain is generally applicable to study
detrimental effects of environmental contaminants
including mercury. Similar models can clarify some
molecular mechanisms of tissue-specific mercury
cytotoxicity in mammals including humans [9].

The purpose of our research is to clarify the
mechanism of mercury genotoxicity, the role of
APE] in neural tissue, and the response to inorganic
mercury-induced neurotoxicity.

MATERIALS AND METHODS OF RESEARCH

Rainbow trouts (Oncorhynchus mykiss (Wal-
baum, 1792)) were divided into 4 groups (7 fish
each) and exposed to low doses of 9, 18, and
36 ug/L HgCl, for 60 days. After 60 days treatment,
the fish were sacrificed according to the procedures
of the Oles Honchar Dnipro National University
Bioethics Committee rules and to the principles
outlined in the Helsinki declaration. The reactive
oxygen species (ROS) level was measured by using
the fluorometric method based on 2',7'-dichlo-
rofluorescein diacetate (DCFHDA) reaction [S]. The
analysis of markers of the DNA repair (APE1) and
apoptosis (B cell lymphoma-2 anti-apoptotic protein
— Bcl-2) was carried out with western blotting [13].
We use ANOVA and Duncan multiple comparison
test and employ the IBM SPSS Statistics 28.0.1.0,
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License Subscription 15-Dec-2021 [8]. Results are
shown as a mean + standard error (SE) of seven inde-
pendent experiments. Comparisons were considered
statistically significant in the case of p<0.05.

RESULTS AND DISCUSSION

We measured the relative ROS content in the
brain samples of fish from the control and exposed
groups to mercury chloride. A concentration-depen-
dent increase in ROS content was observed in all
exposed to mercury fish groups in comparison with
the untreated control (Fig. 1).

In order to investigate the possible genotoxic
effect of inorganic mercury on the fish brain,

relative APE1 content was measured with western
blot in the brain extracts. The decline in APE1
expression was detected in groups exposed to 18
and 36 pg/lL mercury chloride doses. The
detection of anti-apoptotic protein Bcl-2 as a
marker of programmed cell death has shown that
exposure to inorganic mercury is potent to inhibit
this apoptosis suppressor. The most representable
data on APE1 and Bcl-2 expression in control and
exposed to mercury chloride fish groups measured
with western blot analysis presented in figure 2.
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Fig. 1. The effects of mercury chloride on the ROS level, APE1 and Bcl-2 expressions
in the brain of rainbow trout

Taking together the results obtained in our study,
the cytotoxicity of inorganic mercury is accompanied

6

the dose-dependent increase of ROS and the decline
in the content of APE1 and Bcl-2 in brain tissue.
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In spite of number of reports, molecular mecha-
nisms of mercury neurotoxicity remain undisco-
vered. Mercury is involved in the initiation of BBB
disruption and neural tissue cell abnormalities [2].
Since inorganic mercury neurotoxicity remains
poorly understood, we have tested the chronic effect

C 9 18

of its low doses in the brain cells. Oxidative stress is
confirmed to be a widespread cause of DNA
damage, irreversible injury, and programmed cell
death [12]. Mercury-induced mitochondrial dysfun-
ction accompanied by the DNA oxidizing can switch
cell fate to death through genome instability [2].

APEIL, 37 kDa

Bcl-2, 26 kDa

B-actin, 43 kDa

36

mercury chloride, pg/L

Fig. 2. The western blot results of APE1 and Bcl-2 in the brain of control (C)
and exposed to mercury chloride fish groups

Observed in our study dose-dependent ROS
production in the brain is agreed with literature data
on the effect of sublethal mercury doses [14]. Be-
sides, ROS upregulation is confirmed as the initiator
of DNA breaks. In the presented study, we have
investigated the APE1 as a marker of DNA repair in
the brain to elucidate the possible mechanisms of
inorganic mercury genotoxicity. The activity of APEI
mainly is associated with DNA repair pathways.
Moreover, the APEl is a key player in the BER
pathway and provides the vital function of genome
stability in the various cells including neural tissue.

Detected ROS production in the brain may
induce DNA breaking. Observed in our study dec-
line in APE1 content reflects the inhibition of BER.
BER is an evolutionary conservative pathway di-
rected to restore the SSB caused by different factors
The SSB of DNA is one of the common DNA dama-
ges, which can block the transcription processes [6].

The defects in DNA repairing can directly initiate
a decline in cell viability and a lack of neuronal
functioning. Thus, the detection of DNA repair
enzymes in the brain cells exposed to toxic agents is
a prospective way to evaluate the both neurotoxic
and genotoxic effects of environmental contaminants
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including mercury. Total coordination of cellular
response initiated by DNA lesions launches the DNA
damage response and the BER pathway is the largest
part of the total DNA damage response machinery.

Taking into account obtained results, APE1 could
be considered as one of the important target for mer-
cury genotoxicity. Furthermore, the decline in APEI
expression could be proposed as prospective bio-
marker to evaluate mercury-induced genotoxicity.

Despite the known genotoxicity of mercury, its
link with neurotoxicity is poorly understood [16].
The suppression of APE1 in neural cells can inhibit
DNA repair response, increase genomic instability
and trigger the cells to apoptosis. Thus, similar
irreversible abnormalities disturb brain cell functions
as well as their viability. Moreover, mercury-indu-
ced oxidative stress can directly initiate programmed
cell death via the initiation of mitochondria-depen-
dent regulators of apoptosis. The members of Bcl-2
family are mitochondria-associated pro-apoptotic
and anti-apoptotic proteins. All of them are sus-
ceptible to intracellular signaling, which regulates
cell viability as well as can trigger the damaged cells
to the programmed cell death.
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As observed in our study, the decrease in anti-
apoptotic protein Bcl-2 is evident that mercury
exposure initiates apoptotic changes. Therefore,
mercury is potent to induce programmed cell death in
neural tissue cells via two independent effects: genome
instability and mitochondria-associated apoptosis.
Actually, the found increase in APE1 expression may
be a convenient biomarker of mercury neurotoxicity.

CONCLUSIONS

1. Exposure to low doses of inorganic mercury
induces oxidative stress, inhibits DNA repair res-
ponse, and activates mitochondria-dependent apop-
tosis in neural cells.

2. The evaluation of decrease in DNA repair
response via detection of the apurinic/apyrimidinic
endonuclease 1 expression can be a prospective tool
to reveal the deleterious effects of environmental
contaminants as well as their genotoxicity.
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