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ABSTRACT

Aim. To analyze the mRNA level of genes encoding antioxidant enzymes and the transcription factors Nrf2 and
Foxol regulating their expression and the activity of glucose-6-phosphate dehydrogenase (G6PDH) and NADP-
dependent isocitrate dehydrogenase (NADP-IDH) and assess the correlation between these parameters, oxidative
status, and motor coordination parameters in rats with rotenone-induced parkinsonism.

Materials and methods. The study was performed on male Wistar rats aged 4-6 months and weighing
200-250 g.Parkinsonism was modeled by subcutaneous administration of rotenone for 10 days at a dose of
2.5 mg/ kg. To confirm the development of the pathology, motor coordination tests and histological staining of
the cerebral cortex and striatum with hematoxylin and eosin were used. The oxidative status was analyzed based
on the levels of conjugated dienes, carbonyl amino acid residues in proteins, and a-tocopherol. The enzyme
activity was studied spectrophotometrically by the formation of NADPH. Real-time PCR was used to analyze
the level of gene mRNA.

Results. During the study, an increase in serum and brain concentrations of conjugated dienes, carbonyl amino
acid residues, and a-tocopherol was observed in the experimental group of rats compared to the controls. It could
be associated with the redistribution of this compound between tissues during pathology development. The animals
with experimental parkinsonism, in addition, were characterized by a decrease in the mRNA level of the Sod1,
Gpxl, Gsr, Gsta2, Nfe2l2, and Foxol genes, as well as the activity of G6PDH and NADP-IDH. In the rats with
experimental parkinsonism, a negative correlation of NADPH-IDH activity in the brain with serum o-tocopherol
level and a positive correlation with GpxI and Foxol mRNA levels in the striatum were found. The level of
oxidatively modified proteins in the brain of the animals with PD was negatively correlated with the concentration
of Gsta2 mRNA in the striatum, while the specific activity of G6PDH in the serum was characterized by the
positive relationship with grip strength.

Conclusion. The data obtained indicate that the inhibition of transcription of the genes encoding antioxidant
enzymes and regulatory factors Nrf2 and Foxol contributed significantly to the development of oxidative stress in
PD. A decrease in the activity of GOPDH and NADP-IDH led to a decrease in the availability of NADPH, which is
a limiting factor in the functioning of the glutathione antioxidant system. Obviously, the inhibition of GOPDH and
NADP-IDH was also an important pathogenic factor in the progression of the pathology. Along with a decrease
in the content of antioxidant gene mRNA in the brain tissues, the level of a-tocopherol increased in the rats with
parkinsonism, which could be the result of an imbalance in the functioning of antioxidant system.

Keywords: Parkinson’s disease, oxidative stress, antioxidant system, glucose-6-phosphate dehydrogenase, NADP-
dependent isocitrate dehydrogenase
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YpoBeHb MPHK reHOB aHTMOKCMAAHTHON CUCTEMbI 1 aKTUBHOCTb
HAA®H-reHepupyowmnx ¢pepmeHTOB NpN POTEHOH-UHAYLNPOBaAHHOM
NapKUHCOHM3MeE Y KpbIC

Kpbinbckunm E.[l., PasyBaes I'.A., lMonosa T.H., Huxaes J1.E., AkunuHa A.U.

Boponeocckuii cocyoapcmeennwiil ynueepcumem (BI'Y)
Poccus, 394018, 2. Boponeaic, Ynusepcumemckas na., 1

PE3IOME

Hens. VccnenoBanue ypoBas MPHK reHoB aHTHOKCHIAHTHBIX ()EPMEHTOB U PETYIHPYIONIMX HX KCIPECCHIO
TpaHCKpUNIMOHHEIX (akTopos Nrf2 u Foxol, aktuBHOCTH IIoK030-6-(octaraernaporenassr (6D AN u HuKo-
THHAMHAANeHUHANHYKIeoTHADochaT-n3onurpataeruaporenassl (HAJD-UAD), a Taxke aHanu3 KOPpPESIAOH-
HBIX CBSI3€H MEXIly JaHHBIMH ITapaMeTpaMH, COCTOSTHHEM OKCHAATHBHOTO CTAaTyca 1 MOTOPHO-KOOPANHAIIMOHHEI-
MH HOKa3aTelIsIMU Y KPBIC C POTEHOH-HHAYIUPOBAHHBIM ITapKHHCOHH3MOM.

MartepuaJjibl 1 MeToAbl. MccnenoBanue ObUTO BBITOIHEHO Ha KpbIcax camuax Bucrap B Bo3pacte 4—6 Mec 1 Mac-
coit 200-250 r. [TapkHCOHU3M MOJETHPOBATIH IIyTEM MOJKOXHOTO BBEJCHHUS B TeueHue 10 cyT poTeHOHa B 03¢
2,5 mMr/kr. 1715t MOATBEPIKASHUS Pa3BUTHS MATOJIOTHH HCIIOJIB30BAN MOTOPHO-KOOPAWHAIIOHHBIE TECTHI U THCTO-
JIOTUYECKHE METO/bI C OKPAIIMBaHUEM KOPBI MOMYIIAPUH U TOI0CATOTrO TeJla TOJTOBHOTO MO3Ta TeMaTOKCHINHOM
1 503uHOM. COCTOSIHME OKCHIATHBHOTO CTAaTyCa OIIEHWBAIN Ha OCHOBAaHWH KOHIIEHTPAIMH JHEHOBBIX KOHBIOTA-
TOB, KapOOHWJIBHBIX OCTAaTKOB aMHHOKHCIIOT B Oelkax M 0-TOKOodepona. AKTUBHOCTh (PEPMEHTOB HCCIECIOBATH
cnekrpodoromeTpuuecku mo odpazoBannto HAJIOH. /Insa anammza yposHs MPHK reHoB ncmonb3oBamu MeTox
MOJIMMEPA3HOH LIETTHON PEaKLMU B PeaTbHOM BPEMEHHU.

PesyabTathl. B Xoze nccienoBanus y KpbIC ONBITHON IPYMIIBI 10 CPABHEHUIO C KOHTPOJIEM HaOII0JaIoCh BO3-
pacTaHue B CBIBOPOTKE KPOBU M MO3I€ KOHIIEHTpPAllUU AUEHOBBIX KOHBIOTaTOB, KAPOOHUIIBHBIX OCTATKOB aMHUHO-
KHUCJIOT, a TaKKe 0-TOKOo(deposa, 4To MO0 OBITh CBA3aHO C Mepepaclpe/ieiieHHeM JaHHOTO COSIUHEHMS MEeX-
Jly TKaHSAMH IPHU Pa3BUTHM MATOJOTUU. [/ )KUBOTHBIX C 3KCIICPUMEHTAIBHBIM ITAPKUHCOHU3MOM, KPOME 3TOTO,
6110 XapaktepHo cHikeHune ypoBHs MPHK renoB Sodl, Gpx1, Gsr, Gsta2, Nfe2l2 n Foxol, a Tax)ke akTHBHOCTH
6l u HAA®-U/T. ¥V Kpbic ¢ SKCIEPUMEHTATBHBIM TAPKHHCOHU3MOM ObLiIa Hal/IcHa OTpHUIlaTeIbHAS KOP-
persinust aktuBHOCTH HAJID-U/AT B Mo3re ¢ KOHIEHTpalueil o-Tokodeposia B CHIBOPOTKE U MOIOKHUTEIbHAS — C
ypoBHeM MPHK Gpx! u Foxol B monocatoMm Teje roJIOBHOTO MO3ra. YPOBEHb OKUCIHTEIILHO-MOAU(PUIIMPOBAH-
HBIX OCJKOB B MO3I¢ KUBOTHBIX C IMATOJOTUEH OTpHIATEIbHO KOppeaupoBan ¢ kourentparueir MPHK Gsta2 B
II0JI0CAaTOM Telle, a yAenbHas akTUBHOCTh ['6D/I[" B ChIBOpOTKE XapaKTepH30BaIach HAIMUUEM IOJIOKUTEIbHON
B3aUMOCBSI3H C CUJIOH XBarta.

3axinoyenue. [loaydeHHble TaHHbBIE CBUIETEIBCTBYIOT, UTO YTHETCHUE TPAHCKPUIIIUY [€HOB AaHTHOKCHIAHTHBIX
(hepMeHTOB U peryisTopHEIX (akTopoB Nrf2 u Foxol BHOCHIIO CyIIecTBEHHBIH BKJIAJ B Pa3BUTHE OKUCIIHTEIb-
Horo ctpecca npu BIl. Habmromaemoe camxkenue aktuBHOocTH ['6D/AT n HAJID-UAT ymMeHbIIAIO AOCTYITHOCTH
HAJI®H — mumutupyromiero ¢axropa st GyHKIMOHHPOBAHUS TIIyTaTHOHOBOW aHTHOKCHIAHTHOH CHCTEMBI, UTO
TaKOKe, OYEBHIHO, SBISUIOCH Ba)KHBIM ITATOTEHETHYECKHM (DaKTOpoM IporpeccupoBanus naronorud. Hapsioy co
CHIDKEHHEM B TKaHsIX Mo3ra cozepkannsi MPHK reHoB aHTHOKCHIAHTHBIX (DepMEHTOB, y KPBIC C TAPKUHCOHM3MOM
BO3pacTajia KOHIIEHTPAIHs 0-TOKO(epoia, 9TO MOTJIO OBITh Pe3yIbTaTOM Pa3BUTHS AucOaaHca B yHKIIHOHHPO-
BaHUM aHTUOKCUJAHTHOMU CHCTEMBI.

KiroueBsbie ciioBa: 6one3Hb [IapkHHCOHA, OKUCIUTEIIBHBIH CTPEcC, aHTHOKCHIAHTHAS CHCTEMa, IIIF0K030-6-(hoc-
¢datnernaporenasa, HAJId-usonurparaernaporesasa

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HWHTEPECOB,
CBSI3aHHBIX C MyOIUKaNueil HaCTOSIIEH CTaThH.

Hcrounuk ¢puHAHCHPOBAHUS. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU (DHHAHCHUPOBAHUS IIPH MPOBEICHHU HUCCIIEN0-
BaHMUS.
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CooTBeTCTBHE NPUHIMNIAM 3THKH. VcceoBanue 0100peHO STHYECKUM KOMHTETOM I10 SKCIepTH3e GrnoMeu-
OUHCKHX UCCIeIoBaHUi BopoHEeKCKOro rocynapcTBeHHOro yHUBepcHuTeTa (mpoTokoa Ne 42-02 ot 04.10.2021).

Jasa nutupoBanus: Kpeuisckuil E.JI., PazyBaes I'.A., Ilonosa T.H., Huxaes JLE., Akununa A.M. YposeHs
MPHK renoB antHokcumgaHTHOH cucteMbl B akTuBHOCTE HA JIOH-renepupyromux ¢pepMeHToB IpH POTCHOH-NH-
JyIIPOBAHHOM IAPKUHCOHHM3ME Yy KpbIC. Bromremens cubupckoti meduyunsi. 2023;22(2):78-87. https://doi.

org/10.20538/1682-0363-2023-2-78-87.

INTRODUCTION

Parkinson’s disease (PD) is the second most
common neurodegenerative disease after Alzhei-
mer’s and the most common movement disorder in
the world. The pathogenesis of PD is characterized
by a loss of dopaminergic neurons in the substantia
nigra and the presence of Lewy bodies in the mid-
brain, which are aggregates of proteins with impaired
folding, including a-synuclein [1]. Neurodegenera-
tion in PD also occurs in the noradrenergic, seroto-
nergic, and cholinergic systems, the cerebral cortex,
the optic bulb, and parts of the autonomic nervous
system [2].

Oxidative stress has been demonstrated to occur
early in the development of PD. Thus, uncontrolled
generation of reactive oxygen species (ROS) is a
causal factor in the death of dopaminergic neurons
rather than an effect of other pathogenetic factors of
neurodegeneration [3]. The antioxidant system pro-
tects neurons from oxidative stress and includes such
enzymes as superoxide dismutase, catalase, glutathi-
one enzymes, and non-enzymatic antioxidants. The
nuclear factor-erythroid-2-related factor 2 (Nrf2) is a
key regulatory factor responsible for the implemen-
tation of the antioxidant response. Under steady state
conditions, the Nrf2 protein binds to the Kelch-like
ECH-associated protein (KEAP1) in the cytoplasm,
whereby it is ubiquitinated and undergoes proteaso-
mal degradation.

Oxidative stress causes disruption of the Nrf2 —
KEAPI1 complex, leading to the release of Nrf2 and
its nuclear translocation. Nrf2 in the nucleus activates
the expression of antioxidant responsive elements
(ARE)-containing genes encoding, among others,
antioxidant enzymes [4]. Foxol is another regula-
tory factor involved in cell survival under oxidative
stress. This protein modulates the activity of numer-
ous genes, including genes related to antioxidant en-
zymes, autophagy, and apoptosis, in particular tumor
necrosis factor-a, FAS-ligand (tumor necrosis factor
ligand superfamily member 6), caspase-3, caspase-8

and caspase-9 [5]. Nicotinamide adenine dinucleotide
phosphate (NADPH), which is necessary for the re-
duction of oxidized glutathione, is another important
defense component that limits the functioning of glu-
tathione-related enzymes of the antioxidant system.
The main source of NADPH is the pentose phosphate
pathway, with glucose-6-phosphate dehydrogenase
(G6PDH) as the key enzyme [6]. NADP-dependent
isocitrate dehydrogenase (NADP-IDH) can act as an
alternative source of NADPH. This enzyme is lo-
calized predominantly in the cytoplasm, but a small
amount of enzyme activity is also found in the mi-
tochondria. NADP-IDH ensures the coordination of
carbon and nitrogen metabolism and is also involved
in the generation of NADPH [7].

Studies have shown that about 70% of neurons die
before the onset of clinical symptoms of PD. In this
regard, research revealing strategies to maintain redox
homeostasis, as well as possibilities of early diagno-
sis of parkinsonism seems relevant [8]. Currently,
experimental PD induced by rotenone administration
remains the preferred model of pathology and consis-
tently mimics the neuropathological features of PD
due to the ability of rotenone to reproduce the pro-
gressive nature of the disease with characteristic slow
cell death, motor disturbances, and signs of a-synu-
cleinopathy [9]. We have previously shown that the
activity of glutathione-related enzymes and catalase is
inhibited in rats with rotenone-induced parkinsonism
[10]. At the same time, studies demonstrating the re-
lationship between AREs at the transcriptional level,
NADPH-supplying enzymes, and oxidative status pa-
rameters in experimental PD remain very limited in
the literature.

The aim of this work was to investigate the mRNA
level of genes encoding antioxidant enzymes and the
transcription factors Nrf2 and Foxol regulating their
expression, to evaluate the activity of G6PDH and
NADP-IDH, and to assess the correlation between
these parameters, oxidative status, and motor coordi-
nation indices in rats with rotenone-induced parkin-
sonism.
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MATERIALS AND METHODS

The study was performed on male Wistar rats aged
4—-6 months and weighing 200-250 g. The animals
were kept in 12 hour light : 12 hour dark cycle with ad
libitum access to food and feed. The composition of
the animal feed is given in Appendix 1. The work was
performed in compliance with the principles of hu-
manity set out in the European Community directives
(86/609/EEC) and the Declaration of Helsinki. PD in
the rats was modeled by subcutaneous administration
of rotenone at a dose of 2.5 mg / kg as a solution in
98% purified olive oil and 2% dimethyl sulfoxide for
10 days [11]. The animals were randomly divided into
two experimental groups of 12 animals each. Group
1 consisted of animals that received subcutaneous in-
jections of the vehicle. Group 2 consisted of rats with
PD. Twenty-four hours after the last injection, the rats
were analyzed for motor indices, then they were sacri-
ficed, and biological material was taken.

The following tests were used to assess the ani-
mals’ motor skills and coordination: 1) the animal was
placed in a transparent cage, after switching on the
video recording, the researcher left the room. The vid-
eo recorded the number of upright postures in 3 min-
utes [11]; 2) the rat was held and allowed to catch the
electronic scale bracket with its forelegs. The scales
were pulled back and the maximum value of the index
was recorded [12]; 3) the animal was placed in a trans-
parent cage and a piece of sticky paper was glued to its
head. The time for the rat to perceive a stimulus and
remove the paper from the head was recorded [13].
All tests were performed three times, and the average
value of the parameters was calculated.

Brain tissue from three rats from each group was
used to prepare histologic specimens stained with he-
matoxylin and eosin. The rats were anesthetized, the
brains were quickly extracted and immersed in 10%
neutral buffered formalin for 2 hours, then washed in
running water for 24 hours. After tissue dehydration
with ethanol and paraffin embedding, 5-um-thick sec-
tions were prepared using the HM-325 rotary micro-
tome (Thermo Fisher Scientific, USA), followed by
staining with hematoxylin and eosin. Images were ac-
quired using the AxioLab A1 light microscope (Zeiss,
Germany) and the AxioCam 105 color camera. At
least five fields of view for each slide were evaluated.

To analyze the concentration of conjugated dienes
(CD), heptane and isopropanol were added to the
test sample, the mixture was stirred and precipitated
by centrifugation at 3,000g. The heptane supernatant
phase was diluted with ethanol and analyzed spec-

trophotometrically at 233 nm [14]. To assess the de-
gree of oxidative modification of proteins (OMP), a
method based on the ability of carbonyl amino acid
residues to interact with 2,4-dinitrophenylhydrazine
(2,4-DNPH) to form 2,4-dinitrophenylhydrazones
with absorbance at 370 nm was used [15]. The sample
was diluted with 100 mM phosphate buffer (pH 7.4),
10 mM 2,4-DNPH in 2.5 M HCI was added, the mix-
ture was incubated for 1 hour, and then 20% TCA was
added. After cooling, the samples were centrifuged at
3,000g, washed with 10% TCA and ethanol — ethyl ac-
etate mixture (1:1), then dissolved in 2 ml of 8§ M urea.
The concentration of a-tocopherol was determined
by a method based on photometry of a chromogenic
Fe?" — orthophenatroline complex [16]. Ethanol and
hexane were added to the test sample, centrifuged
at 3,000 g, then the hexane layer was removed, and
hexane was evaporated in a water bath. Benzene and
ferric chloride were added to the dry residue. After 5
min, 0.05% orthophenatroline was added, then the op-
tical density at 510 nm was measured after 2 min. To-
tal RNA was isolated using Extract RNA reagent (Eu-
rogen, Russia). The quality of RNA was controlled by
agarose gel electrophoresis. Reverse transcription for
each sample was performed using the MMLV RT kit
(Eurogen, Russia). The Ct of each gene was normal-
ized to the geometric mean Ct of Gapdh and Actf used
as housekeeping genes (Appendix 2). The following
primers were used in the study: Sodl F: 5’-CCAGC-
GGATGAAGAGAGG-3’,

Sodl R: 5>-GGACACATTGGCCACACC-3’,

Cat F: 5>-CAGCGACCAGATGAAGCA-3’,

CatR: 5>-GGTCAGGACATCGGGTTTC-3’,

Nfe2l12 F: 5-GCCTTGTACTTTGAAGACTGTAT
GC-3’,

Nfe2l2 R: 5’-GCAAGCGACTGAAATGTAGGT-3’,
Foxol F: 5-AGATCTACGAGTGGATGGTGAAG
AG-3’,

Foxol R: 5’-GGACAGATTGTGGCGAATTGAAT-3’,
Gsta2 F: 5’-CGGGAATTTGATGTTTGACC-3’,

Gsta2 R: 5’-AGAATGGCTCTGGTCTGTGC-3,

Gpx1 F: 5>-TTTCCCGTGCAATCAGTTC-3,

Gpx1 R: 5’-GGACATACTTGAGGGAATTCAGA-3’,
Gapdh F: 5’-CCCTCAAGATTGTCAGCAATG-3’,
Gapdh R: 5’-AGTTGTCATGGATGACCTTGG-3’,
Actb F: 5’-CCCGCGAGTACAACCTTCT-3’,

Actb R: 5’-CGTCATCCATGGCGAACT-3’,

Gsr F: 5>-TTCCTCATGAGAACCAGATCC-3’

Gsr R: 5’-CTGAAAGAACCCATCACTGGT-3".

Real-time polymerase chain reaction (PCR) was
performed using qPCRmix-HS SYBR (Eurogen, Rus-
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sia) on the ANK-32 device (Syntol, Russia). The re-
sults were analyzed using the 222 method. The reac-
tion specificity was evaluated using melting curves.

NADP-IDH activity was measured in the medi-
um consisting of 50 mM Tris-HCI buffer (pH 7.8),
1.5 mM isocitrate, 2 mM MnCl,, and 0.4 mM NADP.
The spectrophotometric medium for the assessment of
G6PDH activity was 50 mM Tris-HCl buffer (pH 7.8)
containing 3.2 mM glucose-6-phosphate, 0.25 mM
NADP, and 1.0 mM MgCl,. The enzymatic activity
was evaluated by the change in the optical density at
340 nm using the Hitachi U1900 spectrophotometer
(Japan). The biuret test was used to determine protein
content.

The results were analyzed by SPSS Statistics 23.0.
The one-sample Kolmogorov — Smirnov test was used
to analyze the normality of distribution of the vari-
ables. Variable values in groups were compared using
Student’s #-test or Mann — Whitney test. To identify
correlations between the studied variables, the Pear-
son’s correlation coefficient was used for variables
with normal distribution, and the Spearman’s rank
correlation coefficient was applied for variables with
non-normal distribution. This study presented moder-
ate (0.30-0.69) and strong (> 0.70) correlations. The
differences were considered statistically significant at
p <0.05.
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RESULTS

Our study showed that the development of rote-
none-induced parkinsonism in the rats was accom-
panied by a significant (p < 0.05) change in motor
coordination parameters (Table 1). Thus, rotenone ad-
ministration led to a decrease in the number of upright
postures and grip strength, as well as an increase in
the time taken to remove the paper from the head. In
addition, the induction of pathology was confirmed by
morphological changes in the brain tissues (Fig. 1). In
particular, a decrease in the number of neurons, the
development of their atrophy and pycnosis, condensa-
tion of nuclei, and infiltration of the tissue with glial
cells were observed in the cortex and striatum of the
rats with experimental PD.

Table 1

Motor coordination parameters in the rats with rotenone-
induced parkinsonism, Me (0 —0.)

Group
P t i =
arameter Controls (1 = 12) Rats with PD (n P
12)
Number
of upright 11.0 (9.5-12.0) 4.0(2.0-7.0) | 0.002
postures
Grip 0.300 (0.269-0.300) | 0.157(0.135-0.200) | 0.001
strength, kg ’ ’ ) ) ’ ) ’
Paper remov-| 5 5 153.408) | 127.0 91.8-152.5) | 0.003
al, sec
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Fig. 1. Hematoxylin and eosin staining of brain tissues in the rats: the cortex (/), the striatum (2) in normal conditions and in

rotenone-induced parkinsonism (3, 4), x 400. Large, scattered multipolar neurons with vesicular nuclei were visualized on tissue

sections of the control rats (a). The development of the pathology was characterized by the presence of cells with a darker nucleus
(b), wrinkled cells with signs of karyolysis (c), as well as glial cell infiltration (d)
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The development of rotenone-induced parkinson-
ism in the rats was accompanied by activation of free
radical-induced oxidation, as evidenced by an increase
(» <0.05) in CD concentration and OMP in the blood
serum and brain of the animals (Fig. 2). At the same
time, for the rats with experimental PD, an increase
(» <0.05) in a-tocopherol level in the tissues was also
observed.

Our data indicated that a decrease in mRNA levels
of genes encoding antioxidant enzymes and transcrip-
tion factors Nrf2 and Foxol was observed in PD an-
imals, which is in agreement with our earlier data on

enzyme activity in experimental PD [10]. Thus, the
results of this work demonstrated a decrease (p <0.01)
in the level of Nrf2 mRNA (Nfe2l2 gene) in the cortex
and striatum of the animals with pathology (Fig. 3).
A similar trend was also observed for Foxol mRNA
(» < 0.05). These changes in the PD rats were associ-
ated with decreased (p < 0.05) mRNA levels of super-
oxide dismutase, glutathione peroxidase, glutathione
reductase, and glutathione transferase genes in the
striatum (Sodl, Gpx1, Gsr, Gsta2 genes, respective-
ly). The expression of the catalase gene (Car) did not
change significantly.
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Fig. 2. The concentration of conjugated dienes (@), oxidized amino acid residues in proteins (b), and a-tocopherol (¢) in the brain
and blood serum of the control rats and animals with rotenone-induced parkinsonism, Me (Q ~0Q.)
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Fig. 3. The mRNA level of genes encoding antioxidant enzymes and regulatory factors in the cortex and striatum of the brain in the
control rats and animals with rotenone-induced parkinsonism, M + SD
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The study found that the activity of NADPH-gen-
erating enzymes G6PDH and NADP-IDH decreased
(p <0.05) in the serum and brain of the rats with ex-
perimental PD (Table 2). Similar changes were ob-
served for the activity of these enzymes expressed
in unit / mg protein. At the same time, the specific
activity of G6PDH in the brains of the animals with
pathology did not change significantly, which could

be associated with a decrease in the total protein con-
tent (p = 0.032).

The correlation analysis confirmed the correlation
between motor coordination parameters, oxidative
status parameters, mRNA levels of the studied genes,
and the activity of NADPH-generating enzymes
in the rats with rotenone-induced parkinsonism
(Table 3).

Table 2

Activity of NADPH-generating enzymes in the blood serum and brain of the rats with rotenone-induced parkinsonism, Me (Q,-0,)

Parameter Tissue Controls (n = 12) Rats with PD (n = 12) P
NADP-IDH, unit / ml, Blood serum 0.024 (0.017-0.071) 0.011 (0.010-0.023) 0.009
unit / g of wet weight Brain 1.005 (0.352—-1.378) 0.451 (0.268-0.550) 0.037

. . Blood serum 0.000270 (0.000194—0.000673) 0.000126 (0.000096-0.000253) 0.01

NADP-IDH, unit /mg of protein Brain 0.010078 (0.008777-0.014880) 0.005692 (0.004279-0.007018) 0.041
G6PDH, unit / ml, Blood serum 0.034 (0.021-0.046) 0.013 (0.012-0.019) 0.004
unit / g of wet weight Brain 0.450 (0.239-0.518) 0.390 (0.273-0.398) 0.036
G6PDH, unit / mg of protein Blood s.erum 0.000414 (0.000309-0.000575) 0.000281 (0.000249-0.000349) 0.031
Brain 0.011762 (0.006048-0.012862) 0.007308 (0.002237-0.018642) 0.594

Total protein, g /1 Blood serum 76.5 (53.8-107.6) 58.0 (39.1-61.6) 0.043
’ Brain 18.2 (13.2-25.1) 13.4 (8.8-16.9) 0.032

Table 3
Correlations between the studied parameters in the animals with rotenone-induced parkinsonism
Parameters r p

Grip strength — specific serum G6PDH activity 0.673 0.023
Level of oxidative modification of proteins in the brain — Gsta2 mRNA level in the striatum —0.848 0.049
NADP-IDH activity in the brain — Gpx/ mRNA level in the striatum 0.877 0.022
NADP-IDH activity in the brain — Foxol mRNA level in the striatum 0.825 0.043
Concentration of a-tocopherol in the serum — time of paper removal 0.916 0.029
Serum a-tocopherol concentration — NADP-IDH activity in the brain —-0.709 0.049

DISCUSSION

PD is a common neurodegenerative disease whose
pathogenesis is closely related to oxidative stress and
characterized by a late onset of clinical symptoms.
Therefore, it is of interest to investigate the regulato-
ry aspects of redox homeostasis in experimental PD.
In this study, we evaluated the transcriptional regula-
tion of the antioxidant system and the activity of NA-
DPH-supplying enzymes for the glutathione-related
antioxidant system in the rats with rotenone-induced
parkinsonism.

The results of the study showed that the animals
with experimental PD were characterized by in-
creased levels of free radical-induced oxidation prod-
ucts, in particular lipid peroxidation (LPO) products —
CDs and oxidized amino acid residues in proteins.
ROS-induced protein oxidation plays a special role
in the pathogenesis of PD. Oxidative stress induces

glycol oxidation reactions and modification of free
amino groups in proteins, which leads to formation
of advanced glycation end products. These products
provide cross-linking of protein molecules, which
contributes to transformation of neurofilament pro-
teins into insoluble aggregates, the presence of
which in neurons is a key feature in the PD patho-
genesis [17].

The antioxidant system provides protection against
oxidative stress and includes enzymes, such as super-
oxide dismutase, catalase, glutathione peroxidase, glu-
tathione reductase, and glutathione transferase. Sodl
encodes a Cu, Zn-superoxide dismutase isoenzyme,
predominantly localized in the cytoplasm, which is
known to maintain resistance to 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine, the toxin that causes
experimental PD [18]. GpxI is the gene for the glu-
tathione peroxidase-1 isoenzyme, the most abundant
glutathione peroxidase in mammalian tissues [19].
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Gsta2 encodes an enzyme from the glutathione
transferase superfamily that provides detoxification
of electrophiles, carcinogens, and drugs. Alpha-class
of glutathione transferases are the most versa-
tile enzymes, among which Gsta2 is one of the key
ARE-controlled proteins protecting against oxida-
tive stress [20]. Our studies demonstrated decreased
mRNA levels of these enzyme-related genes in the
striatum and cerebral cortex of the pathological ani-
mals. The findings are consistent with previous results
indicating impaired functioning of antioxidant system
enzymes in experimental PD [10].

The negative correlation between the level of
Gsta2 mRNA in the striatum and the content of ox-
idatively modified proteins in the brain confirms the
significant role of reduced expression of antioxidant
system genes in the development of oxidative stress in
parkinsonism. Apparently, the observed changes were
due to decreased mRNA levels of Nrf2 and Foxol fac-
tors, which are key regulators of genes contributing
to cellular resistance to oxidative stress. Thus, Nrf2 is
known to be a crucial activator of expression of genes
encoding antioxidant enzymes and NADPH-sup-
plying enzymes. Nrf2 also modulates mitochondrial
function and reduces the intensity of inflammation
in neurodegeneration [21, 22]. Foxo transcription
factors, including Foxol, play an important role in a
number of physiological processes, such as the regula-
tion of metabolism, cell cycle, and responses to stress-
ors, including excessive generation of ROS. There is
evidence that inhibition of the PI3K-AKT-Foxo sig-
naling pathway in rats with PD exacerbates oxidative
stress in nigral dopaminergic neurons [23]. At the
same time, we did not show a significant decrease in
mRNA levels for the Cat gene as well as Gsta?2 in the
cerebral cortex of the rats with the pathology. Appar-
ently, at the endpoint of the experiment, the mRNA
levels of these genes were still fairly stable and did not
progress to the stage of decompensation.

We also showed that the rats with rotenone-induced
parkinsonism are characterized by decreased activity
of the brain and serum NADPH-generating enzymes
G6PDH and NADP-IDH. The decreased efficiency of
NADPH generation also seems to contribute signifi-
cantly to the dysfunction of antioxidant enzymes and
the development of oxidative stress in PD. Thus, there
are data showing a significant role of these enzymes
in cellular resistance to overproduced ROS [24, 25].
Moreover, it was shown that increased G6PDH activ-
ity in transgenic mice caused their lower susceptibil-
ity to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

and inhibited the development of PD signs [26]. The
positive correlation that we showed between the grip
strength of the PD animals and the specific activity
of G6PDH in the blood serum confirms the role of
reduced activity of NADPH-generating enzymes in
the development of coordination disorders in parkin-
sonism. In addition, the positive correlation between
NADP-IDH activity in the brain and mRNA levels
of GpxI and Foxol indicates a significant mutual in-
fluence of NADPH-generating enzymes and the tran-
scriptional activity of antioxidant genes.

Alpha-tocopherol belongs to the non-enzymatic
antioxidants capable of effectively normalizing the
oxidative status in cells by preventing LPO and sta-
bilizing the membrane structure. The a-tocopherol
transporter protein (aTTP) is the main regulator of
a-tocopherol distribution in the body [27]. In the brain,
oTTP regulates apolipoprotein E-mediated transport
of the vitamin from astrocytes to the adjacent neurons.
The expression of aTTP increases in astrocytes un-
der oxidative stress, which facilitates the distribution
of a-tocopherol to neurons, thereby protecting them
from oxidative damage [28]. Our results showed that
the rats with parkinsonism were characterized by an
increase in the concentration of a-tocopherol in the
blood serum and brain along with intensification of
free radical-induced oxidation.

This trend was observed along with depressed
activity of antioxidant enzymes [10] and their gene
transcription, indicating the development of an imbal-
ance in the functioning of the antioxidant system in
PD. This is supported by the presence of a positive
correlation between the serum a-tocopherol concen-
tration and the time for the rats to remove the paper, as
well as the activity of NADP-IDH in the brain of the
animals with experimental PD.

CONCLUSION

Our study demonstrated that the development of
rotenone-induced parkinsonism was associated with a
decrease in mRNA levels of most of the studied an-
tioxidant enzyme genes, which seems to be correlat-
ed with a decrease in the activity of Nrf2 and Foxol
genes. These changes appeared to underlie a decrease
in the activity of antioxidant enzymes, an increase in
the intensity of free radical-induced oxidation and, as
a consequence, the development of oxidative stress
in PD. A decrease in the activity of NADPH-gener-
ating enzymes G6PDH and NADP-IDH, which are
essential for the functioning of the antioxidant sys-
tem, appeared to be another pathogenetic mechanism
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of the impaired oxidative status in the tissues of the
pathological animals. At the same time, in the rats
with rotenone-induced parkinsonism, an increase in
the serum and brain a-tocopherol concentration was
observed, which could be the result of an imbalance

in

the functioning of the antioxidant system under ox-

idative stress.
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