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Background. Global anthropogenic environmental pollution, intensification of pro-
duction, daily physical, emotional and psychogenic stress on humans, as well as the
working environment provoke a variety of diseases, fatigue, and cognitive impairment,
etc. This may be attributed to a reduced nonspecific resistance of the health system and
the development of stressful conditions. Therefore, one of the focal points of preventive
toxicology is the development of agents with adaptogenic properties that would prevent
the occurrence of harmful effects under the influence of stressors. The aim of the pres-
ent study was to examine the effect of 2,6-dimethylpyridine N-oxide on cognitive func-
tions and emotional status of rats following its long-term oral administration.

Materials and Methods. The plant growth regulator (PGR) Ivin (2,6-dimethylpyri-
dine N-oxide, 99.9%) was chosen for the study. Adaptogen Eleutherococcus was used
as a reference agent. The study was conducted on Wistar Hannover rats divided into
2 cohorts. Each cohort included the following groups: 1 — intact animals, 2 — control (dis-
tilled water), 3 and 4 — Ivin at doses of 13.0 and 0.013 mg/kg (1/100 and 1/100000 LD,),
respectively, 5 — Eleutherococcus at a dose of 50 mg/kg. Exposure period — 28 days,
oral route of administration. The state of the central nervous system was assessed by
behavioural reactions in the Morris Water Maze and the Elevated Plus Maze.

Results. Ivin at doses of 13 and 0.013 mg/kg increased the ability to learn and to
form short- and long-term memory in rats, as evidenced by a decrease in the average
time of platform location in the Morris Water Maze test. Ivin at a dose of 0.013 mg/kg sig-
nificantly increased the number of rearings in closed arms of the Elevated Plus Maze,
indicating its anxiolytic effect.
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The anti-anxiety effect of Ivin needs to be confirmed by additional studies in the
Open Field and/or Hole-board tests. The effectiveness of lvin in terms of the studied
parameters was similar or exceeded those of the known adaptogen Eleutherococcus.

Keywords: 2,6-dimethylpyridine N-oxide, cognitive functions, emotional state,
rat, Morris Water Maze, Elevated Plus Maze

INTRODUCTION

Global anthropogenic environmental pollution, intensification of production, daily
physical, emotional and psychogenic stress on humans, as well as the working environ-
ment provoke a variety of diseases, fatigue, and cognitive impairment, etc. (Vyunytska,
2018; Vyunytska et al., 2022, Zarudna & Mural, 2015; Kalka, 2015). This may be attribu-
ted to a reduced nonspecific resistance of the health system and the development of
stressful conditions. Environmental pollutants are among the prevalent factors that have
a stressful effect on the organism. Their long-lasting impact on populations of various
organisms, including humans, causes a decrease in functional reserves, and a disrup-
tion of homeostasis and resistance, which can lead to environmentally caused pathol-
ogy (Nakonechnaya et al., 2013; Yermishev & Marchak, 2020; Marakushin et al., 2020).
Therefore, an important objective of preventive toxicology is to avert harmful effects of
chemical, physical and biological environmental factors and, if necessary, to correct the
disturbed homeostasis in humans, cultivated plants, and livestock (Magrelo & Magrelo,
2023). One of the areas of such studies may be the search for synthetic substances with
adaptogenic properties that would prevent the occurrence of harmful effects in isolation
or in combination with a stressor, in particular with pesticides and heavy metals. In this
regard, lvin (2,6-dimethylpyridine N-oxide), which is a widely used plant growth regula-
tor (PGR) in Ukrainian agriculture (Register of Pesticides, 2024), is a promising adap-
togen to adverse environmental conditions. The protective role of lvin against extreme
factors, such as temperature, salt stress, and heavy metal ions, has been experimen-
tally proven in plants (Ponomarenko & lutynska, 2011; Grishko & Demura, 2009; Havrys
et al., 2013; Ryabchenko et al., 2006).

Our previous works have shown that Ivin is a low-toxic substance for mammals.
Under low-dose exposure to laboratory animals, lvin provides antioxidant, antihypoxic,
hepatoprotective, genoprotective, membrane-stabilising effects, intensifies protein
and nucleic acid synthesis, and can play an important role in reducing the toxicity of
many xenobiotics (Vasetska et al., 2021; Vasetska et al., 2022, Vasetska et al., 2023a,
Vasetska et al., 2023b; Vasetska & Zhminko, 2021). It can be assumed that Ivin can also
increase the organism’s resistance to various types of stress. In this regard, it is impor-
tant to study the influence of Ivin on the functional state of the central nervous system
of rats using neurobehavioural tests.

The aim of the present study was to examine the effect of 2,6-dimethylpyridine
N-oxide on cognitive functions and emotional status of rats following its long-term oral
administration.

MATERIALS AND METHODS

In the present study, the PGR Ivin — 2,6-dimethylpyridine N-oxide (99.9%, liquid, clear
from colourless to yellowish, miscible with water), produced by NE ISTC ‘Agrobiotech’,
Kyiv, Ukraine, was used. The adaptogen Eleutherococcus extract (manufactured by
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PJSC FF ‘Viola’, Zaporizhzhia, Ukraine (UA/11560/01/01)), was chosen as a refe-
rence substance (Todorova, 2021). The experiments were conducted on mature Wistar
Hannover male rats (100 animals weighing 230-240 g). The rats were taken from the
Specific Pathogen Free (SPF) nursery of the State Enterprise “L. |. Medved’s Research
Center of Preventive Toxicology, Food and Chemical Safety”, the Ministry of Health of
Ukraine, and placed in a conventional vivarium. The animals had spent a 7-day acclima-
tization period under the veterinary supervision, after which they were divided into two
cohorts (50 rats per cohort). The first cohort of animals was used for the Morris water
maze test (MWM), and the second cohort was used for the Elevated plus maze (EPM).
According to the experimental design, both cohorts of animals were divided into groups
(10 rats per group): Group 1 —intact animals (untreated male rats), Group 2 — control ani-
mals (male rats treated with distilled water as a vehicle), Group 3 — male rats treated with
Ivin at a dose of 13.0 mg/kg body weight (1/100 LD, subtoxicity dose), Group 4 — male
rats treated with lvin at a dose of 0.013 mg/kg body weight (1/100000 LD,,, no effect
dose), Group 5 — male rats treated with Eleutherococcus (as a positive control) at a dose
of 50 mg of extract/kg body weight (therapeutical dose). Solutions of the test substances
were prepared extempore with distilled water as a solvent (vehicle).

The test substances were orally administered to rats for 28 days using a gavage
in the morning at the same time. The volume solution administered to the stomach did
not exceed 1.0 mL per 100 g of animal weight. Male rats were kept in standard vivarium
conditions for studying the functional state of the central nervous system.

Changes in body weight on days 0, 7, 14, 21, and 28 were measured as inte-
gral indicators of the studied substances’ effect on the body of male rats. Daily clinical
examination of animals was carried out to identify possible symptoms of intoxication
and neurological disorders (Moser, 2000).

Behavioural reactions were tested according to the Guidelines (Stefanov, 2001) in
compliance with the stable environment (temperature, lighting mode and air humidity),
free access to feed and water, testing procedure, etc (Hanell & Marklund, 2014).

The cognitive function (learning and memory ability) in the first cohort of males
was assessed in the Morris Water Maze proposed by R. G. Morris (Vorhees & Williams,
2006). The Morris Water Maze test allows to assess the effect of substances on learn-
ing ability and the long-term and short-term memory formation dynamics. Animals were
placed in the maze and were required to traverse the maze and escape by locating
a platform that was hidden beneath the surface of water. The amount of time required
to transverse the maze was recorded. If the platform was not found within the set time
(120 seconds), the animal was shown its location and removed from the maze, and the
trial was recorded as unsuccessful. Testing was conducted after the end of the treat-
ment period (day 28) for five consequent days in the morning at the same time. On each
testing day, two trials were performed. The mean time to escape from the Morris maze
on the first day and over five days in total was calculated.

The Elevated Plus Maze test was used to assess the level of anxiety and explora-
tory activity (Walf & Frye, 2007; Biedermann et al., 2017). During the test, the animal
was placed on the starting platform of a plus-shaped apparatus elevated above the
ground with two open and two closed arms. The number of entries to the open and
closed arms of the maze, rearing, head dips, the number of defecations/urination, and
grooming acts were recorded. The tests were conducted on days 0 (before treatment),
14, and 28 of exposure at the same time each morning. Evaluating behavior in the
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Elevated Plus Maze test before treatment ensures the establishment of baseline behav-
ior, standardization of experimental procedures, control for individual differences, and
assessment of behavioral stability.

The animal model study was conducted in accordance with the principles of bioeth-
ics and the requirements of the Medical and Biological Research Ethics Commission
of the “L. I. Medved’s Research Center of Preventive Toxicology, Food and Chemical,
Ministry of Health, Ukraine” (State Enterprise) (Minutes No. 9/1 dated 09.05.2020).

Statistical processing of the obtained data in Morris Water test was carried out
using ordinary one-way ANOVA followed by Fisher’s LSD test. The scores of Elevated
Plus Maze test were analyses using a two-way ANOVA with repeated measures, with
the factors being the effects of treatment (five experimental groups) and treatment dura-
tion (0, 14, or 28 days) followed by Fisher’s LSD test when appropriate. The data were
tested for normality of distribution according to Shapiro-Wilk test. The results were pre-
sented in the form of mean values and square deviation of the mean (M + m). Differences
were considered significant at p <0.05 for all tests.

RESULTS AND DISCUSSION

Exposure to Ivin did not result in clinical symptoms of intoxication and mortality
in experimental animals. The behaviour of the animals did not differ from the control.
There were no significant changes in body weight in experimental, control and intact
animals. Special attention in the study of adaptogenic drugs was paid to the cognitive
function, since its impairment can lead to disturbances in memory, thinking and other
cognitive processes of the brain (Morris, 1984).

The difference in time spent by the animals to locate the platform on the first day of
training can be used for estimating the coherence of short-term memory mechanisms
and the efficiency of memorisation (Bromley-Brits et al., 2011, D’Hooge & De Deyn,
2001). There were no statistically significant differences found in cognitive abilities in
males on the first day of testing, which were orally administered Ivin at doses of 0.013
and 13.0 mg/kg, as well as the reference substance Eleutherococcus, but a positive
trend compared to intact animals was observed: the average time of platform location
was 60.9, 53.5 and 60.6 seconds, respectively, compared to 72.1 seconds in intact
animals.

The changes in time spent on the platform location in the period from 1 to 5 days
of testing allowed to estimate the state of long-term memory of animals and their long-
term learning ability (Bromley-Brits ef al., 2011, D’Hooge et al., 2001). It was found that
the administration of the Eleutherococcus enhanced the learning ability of males - the
average time of platform location was 24.5 sec, compared to 31.2 sec in intact ani-
mals during the trial period (that decreased by 21.5 %, p = 0.048). The effect of Ivin on
memory and learning was not worse than Eleutherococcus: under the influence of Ivin
at doses of 0.013 mg/kg and 13.0 mg/kg, the average time for platform location was
24 .1 sec and 23.8 sec respectively, which was significantly less by 22.8% (p = 0.038)
and 23.7% (p = 0.031), respectively compared to intact animals, from the 1st to the 5th
day of testing. (see Figure). There were no statistically significant differences compared
to the control animals, but a positive trend to decrease was retained. Thus, according
to the test results, it can be concluded that Ivin in both tested doses increases the
ability of animals to learn and form short- and long-term memory at the same level as
Eleutherococcus.
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The average time spent by the animals to locate the hidden platform in the Morris Water Maze test on
the 1-st day and over the period of 5 days of testing (M+m, n = 10 per group)

Note: * — p <0.05 difference is statistically significant compared to intact animals, ns — no significant diffe-
rence compared to the control or intact animals (using one-way ANOVA followed by Fisher’s LSD test)

The evaluation of the possible anxiolytic effect of the test substance was per-
formed with the second cohort of rats in the Elevated Plus Maze. The analysis of the
behavioural reactions of males in the Elevated Plus Maze enabled to assess their reac-
tion to new environments, the degree of emotional reaction of anxiety and fear, and
exploratory activity (Hall, 1936; Walf et al., 2007). The data obtained in the EPM test
were analysed by two-way ANOVA to examine the effects of treatment of Ivin and the
treatment duration. The two-factor analysis of variance revealed no significance either
for the factor of treatment or for the factor of duration of treatment, or for the relationship
between these factors for most indicators (number of entries into open/closed arms
of the maze, hangings from the platform, defecation, urination, grooming acts) (see
Table). However, for vertical activity of rats (number of rearings) there was significance
for the main effect of treatment factor (p = 0.002, F (4, 135) = 4.470), no significance for
the effect of treatment duration factor (p = 0.099, F (2, 135) = 2.347) and no significance
for the relationship between these factors (p = 0.165, F (8, 135) = 1.493). The following
Fisher’s LSD test showed that on the 14th day of observation, the animals exposed to
Ivin at a dose of 0.013 mg/kg exhibited a statistically significant increase in rearings into
the closed arms (10.50 rearings) of the maze compared to the intact (p = 0.0215, 6.50
rearings) and control animals (p = 0.006, 5.7 rearings). On the 28th day, the number
of rearings was 12.60, which is significantly higher compared to the intact (p = 0.002,
7.20 rearings) and control animals (p = 0.0005, 6.50 rearings), and in comparison with
the initial data (p = 0.011, 8.20 rearings). Under exposure to Ivin at a dose of 13 mg/kg,
there were significant changes of rearing number (p = 0.044) in comparison with control
animals on the 14th observation day only. No significant changes were detected under
exposure to Eleutherococcus, but a tendency to increasing the number of rearings in
the closed arms of the maze was detected with the most effect compared to the control
animals.
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Behavioural reactions of males in the Elevated Plus Maze (M+m, n = 10 per group)

Indicators Test Intact Control Ivin — Ivin = Eleuthero =
day 13 mg/kg 0.013 mg/kg 50 mg/kg
- 0  6.40+1.41 870+0.67 5.90+0.97  8.20+1.00 7.20+0.99
R 07 14  6.50+#1.61 5.70+0.92 9.20+1.46° 10.50+1.26®  8.10+1.37
closed arms
28 7204120 6504129 8.60+1.45 12.60+1.25%  9.80+1.01
- 0  0.10:0.10 0.00£0.00 0.30:0.21  0.00+0.00 0.30+0.21
5;:;:";%1'1”3 14 0.00£0.00 0.20+0.13 0.00£0.00  0.00%0.00 0.20+0.20
28  0.00:0.00 0.00+0.00 0.00£0.00  0.30%0.15 0.00+0.00
0  1.70+0.30 1.60£0.27 1.40+0.27  1.30+0.21 1.60%0.27
Entries into
14  1.80+0.47 1.90+041 1.40+0.31  1.70+0.26 1.60+0.34
closed arms
28  2.10+048 2.50+0.48 2.30+0.60  2.10+0.46 1.80+0.36
o 0  0.50£0.27 0.40+0.22 0.40+0.27  0.30+0.21 0.30£0.15
EES (760 14 0.50£0.17 1.00+0.30 0.20+0.13  0.40+0.16 0.40+0.22
open arms

28 1.10+0.38 0.60+0.22  0.80+0.29 0.40+0.22 0.50+0.27
0 2.10£0.50 2.20+0.57 1.70+0.72 1.50£0.62 1.60+0.45
Hangings 14 2.70£1.05 2.80+0.85 2.10+0.55 1.70£0.50 2.40+0.52
28 3.20+0.98 2.40+0.75 3.60+0.83 2.10+0.78 1.70+0.58
0 1.60£0.43  0.70+0.30 0.90+0.41 1.60+0.56 1.60+0.67
Defecation 14 0.20+0.20  0.00+0.00  0.20+0.20 0.20+0.20 0.30+0.30
28 0.40+0.31  0.00+0.00  0.20+0.20 0.30+0.30 0.50+0.50
0 0.80+0.20 0.70+0.21  0.40%0.27 0.30+0.21 0.30+0.15
Urination 14 0.30+0.15 0.40+0.16  0.20+0.13 0.40+0.16 0.40+0.22
28 0.70+0.21  0.60+0.22  0.80+0.29 0.40+0.22 0.50+0.27
0 0.00+£0.00 0.00+0.00 0.00+0.00 0.30+0.15 0.20+0.13
Grooming 14 0.00+0.00 0.00+0.00 0.30+0.15 0.10+0.10 0.20+0.13
28 0.40+0.16  0.00+0.00  0.30+0.15 0.20+0.13 0.10+0.10

Note: 2 — p<0.05 difference is statistically significant compared to intact animals; ®* — p<0.05 difference is
statistically significant compared to control animals; ¢ — p<0.05 difference is statistically significant
compared to initial data (using two-way ANOVA followed by Fisher’s LSD test)

In addition to significant changes in exploratory activity, a decrease in the number
of defecations was observed in males after lvin exposure on days 14 and 28 compared
to the initial data. Considering the same changes in the group of intact animals and the
decrease in the number of defecations as an objective indicator of the degree of intes-
tinal congestion, it is possible to conclude that this is not associated with the influence
of lvin.

It is known that rearings indicate the exploratory activity of animals in a new situa-
tion (Hall, 1936). According to H. M. Nanjappaiah and co-authors (2017), the increase of
such activity after exposure testifies to its axiolytic activity. However, other researchers
(Walf et al., 2007; File & Wardill, 1975; Figueiredo Cerqueira et al., 2023) consider that
changes in one component of behaviour do not evidence its antianxiety effect.
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Thus, the data obtained in the Elevated Plus Maze indicate an ambiguous result
and challenge the anxiolytic properties of lvin. The anxiolytic effect of lvin needs to be
confirmed by additional studies in the Open Field and/or the Hole-board tests.

By its adaptation properties lvinis similar to the classical adaptogen Eleutherococcus.

CONCLUSIONS

1. The 2,6-dimethylpyridine N-oxide (lvin) at doses of 13 and 0.013 mg/kg enhanced
the learning ability and formation of short- and long-term memory in rats, as is indicated
by a reduced average time of platform location in the Morris Water Maze test.

2. lvin at a dose of 0.013 mg/kg significantly increased the number of rearings in
the closed arms of the Elevated Plus Maze, which suggested its possible anxiolytic
effect. Further tests (the Open Field and/or Hole-board tests) are required to confirm
this anxiolytic effect.

3. The revealed changes in the behavioral reactions of rats may be associated with
adaptogenic effects of lvin. The effectiveness of lvin in terms of the studied parameters
was similar or exceeded those of the known adaptogen Eleutherococcus.
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BMJIMB 2,6-AUMETUN-N-OKCUA NIPUAUHY HA KOTHITUBHI ®YHKLIT
TA EMOLIIAHUA CTAH LLYPIB 3A TPUBAJIOIO NEPOPAJIBHOIO
HAOXOMXKEHHA B OPrAHI3M

Onecs Baceuybka, IHHa Pawkiecbka

Al “Haykosuti ueHmp rpeseHmMuU8HOI MOKCUKoogii, xap4o8oi ma XiMi4Hoi 6e3neku
imeHi akademika J1. I. Medeedss MiHicmepcmea oxopoHu 300pos’s YkpaiHu”
gyrn. 'epoie O6opoHu, 6, Kuie 03127, YkpaiHa

BcTyn. mobanbHe aHTponoreHHe 3abpygHeEHHsT OOBKINNMS, iHTeHcudikaLlist BUpoob-
HWLTBA, MOBCSAKAEHHE (Di3VYHe, eMOLiiHe Ta NMCUXOreHHE HaBaHTaXKEHHSI Ha JOLMWHY,
a Takox crneumdika NpodecinHoro cepeaoBuLLa CpUstoTb BUHUKHEHHIO HU3KM 3aXBOPIO-
BaHb, BTOMU, NMOPYLLUEHHS KOTHITUBHMX (OYHKLN i T. M., LLLO MOXe By Ty NoB’si3aHe 3i 3HWKEH-
HAM HecneumdiYHOT ONipHOCTI OpraHi3aMy Ta pO3BUTKOM CTPECOBUX CTaHiB. TOMY OOHUM i3
HanpsiMiB NpodinakTUYHOI TOKCUKONOTii € po3pobka npenaparis 3 aganToreHHMK Brnac-
TMBOCTSAMM, siKi 6 3anobirany BUHMKHEHHIO LUKIANMBUX edeKTiB 3a BMMMBY CTPECOreH-
HUX dhakTopiB. MeTa gocnigpkeHHs — 3’AcyBaT xapaktep Bnnuey 2,6-anmeTtunn-N-okeung
NipUaANHY Ha KOTHITUBHI (OYHKLIT 1 eMOLMHUI CTaH LWypiB 3a TpMBaroro nepopanbHOro
HaXOOKEHHS B OpraHiam.

MaTtepianu Ta Metogu. Y poboTi BUKOpuCTaHo 2,6-aumetun-N-okcna-nipuavH,
99.9% (IBiH). MpenapaTom NopiBHAHHA cnyrysas agantoreH Eneytepokok. [locnimkeHHs
nposegeHo Ha 100 camuax wypis Wistar Hannover, posnogineHnx Ha OBi KOroptu
nopieHy. KoxxHa koropTa Bkntoyana Taki rpynu: 1 — iHTakTHi TBapuHU, 2 — KOHTPOSb
(omcTunbosaHa Boaa), 3 14 — IsiH y gosax 13,010,013 mr/kr (1/100 ta 1/100000 sig J11,,)
BianoBigHo, 5 — Eneytepokok y gosi 50 mr/kr. Ekcnoawuuisi — 28 gHis, cnocib BBegeHHS —
nepoparnbHo. CTaH UeHTpanbHOI HEepBOBOI CUCTEMW OLiHIOBanNM 3a MOBEAIHKOBUMMU
peakuisamun y “BogHomMy nabipmHTi Moppica” Ta “IigHaToMy xpectonogibHomy nabipuHTi”.

PesynbraTtn i BUCHOBKMW. IBiH ¥ go3ax 13 i 0,013 mr/kr nigBuLLye 34aTHICTb 0
HaBYaHHSA Ta OPMYBaHHSA KOPOTKO- | AOBroTpMBanol nam’aTi y Lwypis, Npo Lo CBIiAYNTb
3HWXKEHHSA cepefHbOro Yacy 3HaxXOKEHHS npuxoBaHoi nnaTtgopmn y TecTi “BoaHui
nabipvHT Moppica”. IeiH y gosi 0,013 mr/kr BiporigHO MiABULLYBAB KiNbKIiCTb CTINOK
y 3aKpUTKX pyKaBax XpecTonogibHoro nabipuHTy, Lo CBiAYMTb NPO AOro aHKCIONiTUYHY
4ito. [Ans nigTBepaXeHHs abo cnpoCcTyBaHHSA NPOTUTPUBOXHOIO eddekTy IBiHY JOUiNbHO
npoBecTM 00OAaTKOBI AOCHNiMXeHHs B TecTax “Bigkpute none” ta/abo “HopkoBuii ped-
nekc”. EcpekTuBHicTb IBiHY 3a JocnimpkeHnMM NokasHMKammn He noctynanack abo byna
BULLA B edeKTUBHOCTI BigOMOro agantoreHa Eneytepokoky.

Knroyoesi crioea: N-okcua-2,6-aumeTun nipuamnHy, KOrHITUBHI GOYHKLIT, eMOLinHWUI
CTaH, Lypu, BoaHU NabipuHT Moppica, NigHATUA XpecTonoaioHuniA

nabipyHT
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