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ABSTRACT

The results of the study of body composition parameters using bioimpedance analysis of representatives of the youth age period of 14-19 years
are presented. The obtained data of bioimpedance analysis for this age category are in satisfactory agreement with the literature data. It is
determined that the intracellular liquid of individuals, related to the total volume of liquid in it, increases with age of the individual. It has been
suggested that the amount of intracellular liquid relative to the total liquid increases due to an increase in the number of cells (since tissue
growth occurs due to active cell division) as well as decrease in the number of extracellular liquid, most often caused by an increase in fatty
tissue for this age group. This pattern is observed for female and male contingent of the studied. The distributions of relative intracellular liquid
depend on age and change from approximately uniform in adolescent to normal in youthful age. The specific basal metabolism is increasing
for males between the ages of 14 and 19, which is explained by the increasing secretion of hormones of the anterior pituitary (somatotropic
hormone or growth hormone). The hormone causes a pronounced acceleration of linear growth and, as a result, an increase in the specific
basal metabolism in the puberty, especially in males.

AHHOTaIsA

ITpuBeneHsl pe3y/IbTaThl MCCIENOBAHNS IIAPaMEeTPOB COCTAaBa Te/la METOAOM OMOMMIIeJAHCHOTO aHA/MN3a y IpefiCTaBUTesIell IIOPOCTKOBOTO 1
IOHOIIIECKOTO BO3PACTHBIX IepuonoB 14-19 mer. IlonmydyeHHble COOCTBEHHBIE [AHHbIE OMOMMITEZAHCHOTO aHAANM3a HAaHHOV BO3PACTHO
KaTeropuyl yHOBTIETBOPUTENBHO COITIACYIOTCA C /MuTeparypHbiMu. OTpefiesieHO, YTO BHYTPMK/IETOYHAs Macca OMONOIMYecKMX OOBEKTOB,
OTHeCeHHas K 001jeMy 00'beMy >KUKOCTM B HeM, PacTeT C yBelIMYeHMeM Bo3pacTa 00beKTa. BpickasaHO MpeNIonoXKeHye, YTo KOMM4YeCTBO
BHYTPMK/IETOYHOJ >KMAKOCTY IO OTHOIIEHMIO K 00IIeil XUAKOCTY B pacCMaTpUBaeMOll BO3PACTHON TPYIIe BO3pacTaeT 3a CYeT YBeIMdeHNs
KOJIMYeCTBa CaMMX K/IeTOK (IIOCKOJIBKY POCT TKaHeil IMPOMCXORUT 3a CYeT aKTMBHOTO Jie/IeHMs KJIeTOK), a TakKe 6/1arofaps yMeHbIICHUIO
KONMMYECTBA BHEKJIETOYHOM >KMIKOCTY, HPUYMHON KOTOPOTO dYallle BCEro SABIAETCA YBeNMdYeHNMe KOMMYecTBa J>KMPOBON TKaHM. ITa
3aKOHOMEPHOCTb HAOIIOfaeTcsl KakK JJIA JKEeHCKOTO, TaK M MY)XCKOTO KOHTMHTeHTa JCCIefyeMbIX. Pacmpefie/leHNss OTHOCUTENIbHOI
BHYTPUK/IETOYHOM >XUAKOCTY CYI[ECTBEHHO 3aBUCAT OT BO3PACTHOI KAaTErOPMM M M3MEHAITCA OT IPUONUSUTEIBHO PaBHOMEPHOTO B
HO/IPOCTKOBOM BO3pacTe /10 HOPMATbHOTO B IOHOIIECKOM. Y/Ie/IbHbII OCHOBHOI OOMEH JIA JIMI] MY>KCKOTO II0/Ia B Bo3pacTte OT 14 mo 19 et
HapacTaeT, 4To 00bSICHIETCS HapacTalLell CeKpelyell TOpPMOHa IepefHeit Koy rumnodusa (COMaTOTPOITHOTO TOPMOHA MM TOPMOH pocTa). B
ny6epTaTHOM Ilepuofie, B 0COOEHHOCTH Y JIML] MY>KCKOTO II071a, OH BBI3BIBA€T BBIPR)KEHHOE YCKOPEHME NMHETHOTO POCTa M, KaK CJIefiCTBIE,
HOBBIIIIEHME Y/IeNIbHOTO OCHOBHOTO OOMeHa.
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1. Introduction

All currently used methods for assessing the component
composition of the body are classified into reference
methods, laboratory and field ones [1-2]. The reference
methods include multicomponent models, computerized
tomography (CT), magnetic resonance imaging procedure
(MRI). Laboratory methods consist of dual energy X-ray
absorptiometry, densitometry, hydrometry, ultrasonic
investigation (ultrasound), three-dimensional scanning.
Field methods include anthropometry, bioimpedansometry,
determination of body mass index. Anthropometric
methods are the simplest and most affordable methods
based on changes in the morphometric parameters of the
body. Based on these indicators the method of calculating
body mass index (BMI) or the Kettle index, is used to assess
excess or underweight. However, the BMI indicator is the
only a factual sign of the presence of excess or underweight,
without giving a qualitative assessment of the body
components. For this reason, the biophysical method of
studying the component composition of the body, founded
in 1880, gained great popularity. W. Thomson, who studied
the resistance of tissues of individuals , proposed the
method. He suggested that in addition to the general
resistance inherent in the body, it is possible to determine
the resistance of its individual components. The electric
resistance of biological tissues which called bioelectric
impedance, and the method itself is called the bioimpedance
analysis method. The total impedance value includes two
components: the active resistance (or tissue inherent
resistance) and reactance, characterized by a shift in the
phase of the current relative to the voltage due to the
capacitive properties of cell membranes. The total water
content in the body is calculated by the value of active
resistance. The high conductivity of water is due to the
presence of electrolytes in it. The values of the main
metabolism and active cell mass, namely the mass of muscles
and internal organs are calculated by the magnitude of the
reactive component of the impedance. The advantages of the
method are low cost and availability, the absence of
radiation exposure, the ability to conduct studies in
dynamics, as well as the non-invasiveness of the method and
the ability to perform in the field.

Currently, the bioimpedance analysis method is used in a
wide range from examining the parameters of the human
body condition, including medical aspects [1-5] to attempts
to determine the biological age of an individual and the
nutritional status [6-8]. A number of literature reviews [7-
11] present an analysis of modern literature regarding the
potential of the bioimpedance method in assessing of the
human body composition.

The bioimpedance analysis method (BIA) based on
measuring the electric conductivity of biological tissues,
allows to evaluate the morphological and physiological
parameters of the body in a wide range. In the BIA the active
and reactive resistance of the body (or its segments) are

measured at frequencies from 5 to 500 kHz. Using the
numerical values of the obtained resistances in combination
with anthropometric data (mass, height, gender and age of
the individual), such characteristics of the individual
composition as fat, cell and musculoskeletal mass, volume
and distribution of extra- and intracellular liquid in the body
are calculated [1]. A special equipment called a
bioimpedance meter is used to conduct BIA. Currently, BIA
is successfully used by physichians of various specialties
(nutritionists,  endocrinologists,  cardiologists,  sports
medicine and etc.) in their practice [11].

The bioimpedance measurements show that there are
significant differences in the composition of the human
body, depending on the age and gender [1, 6, 8, 11]. It has
been established that for women in the range from youthful
to old age, fat mass monotonously increases, however, its
decrease is noted at senile age [1]. The proportion of lean
mass and its individual components (musculoskeletal, total
liquid volume, intracellular and extracellular liquid)
simultaneously decrease with an increase in fatty tissue in
the body. The lean mass is up to 80% of body weight in
adolescent and youthful categories of women (16-20 years
old), and its decline starts from the first period of adulthood
(21-35 years old), and it becomes less on 10% in the second
adulthood (36-60 years old) than in adolescence. A complete
decrease in lean mass from youthful to old age is 15%.

The study of the dynamics of body parameters in children
is of particular relevance for dynamic monitoring of the
development of the body [8, 12, 13, 16, 18]. The results of
studies conducted by anthropologists and pediatricians show
the possibility of using BIA in child anthropology, starting at
the age of 10. One of the directions of modern research is the
study of body composition in youth age periods [5, 14, 18,
19], when the formation of the main parameters of the
human body occurs. The puberty occuring during this stage
is a process of changes in the body of adolescents, as a result
of which they become adults and able to continue the
generation. Despite individual differences, the average
pubertal period begins at 12-14 years and ends at 18-20
years. Puberty is triggered by signals from the brain through
the pituitary-hypothalamus system to the gonadotropic
hormones, testes and ovaries. The gonadotropic produce
various hormones that stimulate the growth and
development of the brain, bones, muscles, skin, and
reproductive organs in response to these signals. The growth
of the tubular bones of the skeleton accelerates in the first
half of puberty and ends completely with the completion of
puberty. Prior to puberty, differences in the structure of the
body of a girls and boys are reduced exclusively to primary
sexual characteristics. The significant differences in the size,
shape, composition and function of many structures and
systems of the body are related to secondary sexual
characteristics during the period of puberty. For a given age
period (14-19 years), the physical development takes place in
human ontogenesis, which is considered as a dynamic
process of growth (increase in length and body mass,
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development of organs and body systems, etc.) and
biological maturation of a given individual. The
development process of morphological and functional
properties of the organism (growth rate, mass gain, a certain
sequence of increase in various parts of the body and their
proportions, as well as the maturation of various organs and
systems at a certain stage of development) are mainly
programmed by hereditary mechanisms and implemented
according to a certain plan optimal living conditions.
Physical development reflects the processes of growth and
development of the organism at certain stages of postnatal
ontogenesis  (individual  development), ~when the
transformation of the genotypic potential into phenotypic
manifestations most clearly occurs. First of all, the human
body is biological, organic and natural body, which is
characterized by the term “physical condition” or “state of
morphofunctional development”. The main parameters,
properties and qualities of the biological organization of
human include the type of constitution (or physique),
morphofunctional organization and motor skills.

An analysis of the literature data [5, 14, 18, 19] shows that
currently there is sufficient quantitative material for the
measured parameters of the bodies of individuals in
adolescence and youth age. It has been also stated that these
parameters for adolescents and youths are different
depending on nationality and place of residence. This
indicates the need for a detailed analysis of the accumulated
experimental data. This paper analyzes the features of the
development and formation of the basic parameters of a
person and energy characteristics for people from the age of
14 to 19.

The aim of research is to determine differences in changes
of parameters of the human body composition for
representatives of the youth age period.

Interest to this age category of individuals is that
significant differences in the size, shape, composition and
function of many structures and systems of the human body
are formed at this age. The hypothalamic-pituitary system of
the body that produces somatotropic hormone is responsible
for these processes. It is in childhood and adolescence
somatotropic hormone (or growth hormone) causes an
acceleration of linear (in length) growth. This is due to the
growth of the tubular bones of the skeleton. Somatotropin
secretion gradually decreases with age. It reaches minimum
values at the elderly and second period of mature age.
Maximum values are reached during puberty in adolescents.
This phenomenon is accompanied by an acceleration of
metabolism, and as a result, the active growth of tissues due
to cell division.

2. Material and Methods

Volunteers Volunteers of adolescent (school) and youth
(junior students) age periods from 14 to 19 years old have
been involved in this study. Volunteers were divided into
three age groups: 1) adolescent - 14-15 years old, 2) first

Table 1 | The composition of the volunteers. CocraB BbIGOpKM
MCCIEyeMBbIX /I,

Number of
Age, years Gender Total, man
participants, man

F 40

14-1 7

> M 36 6

F 52

16-17 M 48 100
F 61

18-19 M 61 122

youthful - 16-17 years, 3) second youthful - 18-19 years old.
Written consents to the bioimpedance analysis were
obtained from each volunteer (the age group 18-19 years) or
from their parents (the age group 14-17 years).

Table 1 presents the age and gender composition of the
volunteers.

The studies were conducted by bioimpedance analysis
using the MEDASS ABC-01 body water balance analyzer
with the software «Sport» [20]. BIA is based on measuring
the body's electric resistance (impedance) using a bio-
impedance analyzer [1, 2, 15, 16]. In this case, two pairs of
disposable bioadhesive electrodes are used in the «arm -
trunk - leg» circuit with a probing sinusoidal current of
constant frequency and low power (not more than 500-800
HA). Measurements were performed for each volunteer
twice. An electric current, depending on the frequency of the
probing signal, flows both around the cell (at low
frequencies) and through them (at high frequencies). In the
used analyzer, the probe signal is supplied at 2 frequencies:
fi = 5 kHz and f, = 50 kHz. It is believed that at the first
frequency, the current passes only through the extracellular
liquid (analogue of direct current), at the second frequency,
the current passes through both the extracellular and
intracellular liquids. The main parameters (fatty mass (FM),
lean mass (LM) - body mass without fat, musculoskeletal
mass (MSM) and active cell mass (ACM), as well as the total
water volume (TWYV) differentiated into intracellular liquid
(IL) and extracellular liquid) are determined based on the
measured active and reactive resistances of a person using
also anthropometric data. In addition, data on the energy
balance of an individual (the basal metabolism (BM) and the
specific basal metabolism (SBM)) are given. As a rule [1, 17,
21], regression equations are used to determine the
composition of a individual . Regression equations include
the anthropometric and electric parameters of the
individual . For example, to determine the total water
volume in the body mywy one have to use the regression
formula [21, 25, 27] in the form:

2
a,L

My =112—+412M+a3t+A+a4
50

Equation 1

where L - the height of the person, Rs;, - the active
resistance at a frequency of 50 kHz, M — mass of the person,
t — age, the value of A is determined by the gender of the
volunteer.
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Table 2 | Electric indicators for humans of different age and gender groups. dnexTpmyeckye moKasateny y IuL, PasHbIX

II0/IOBO3PAaCTHBIX IPYTIIL.

Age, j» degree R;, Om X, Om
Gender , . . Ry, Om
years own literary own literary own literary
14-15 F 6+1 7+1 673+ 75 680 + 80 74+ 11 70 £ 11 756 £ 79
M 7+1 7x1 556 + 54 540 £ 70 677 64+7 634 £ 55
16-17 F 6+1 7+1 653 + 64 655+ 75 70 £ 8 68 £ 11 736 £ 71
M 7+1 7+1 530 £ 70 530+ 70 659 637 615+ 78
18-19 F 6+1 7+1 670 £ 71 640 + 80 759 67 £ 11 760 £ 79
M 71 71 560 + 52 520 + 80 69x7 62+8 646 £ 58
The constants a; in the regression equation (1) are ®CR; .
Equation 4

determined empirically. To select the constants a;, the
component of the individual is measured in other ways (for
example, the dilution method [1] is used to determine the
numerical value of the total body liquid mass) and the same
component is compared in the form of equation (1). In this
case, the desired constants ai are determined by minimizing
the error.

Equation (1) can be represented through the electric
characteristics and anthropometric data of the human body.
In this case, it becomes equivalent to the equation:

14
My, =a, —+a,p,V +at+ 4

e

Equation 1*

where V - the volume of the body, p, - the resistivity of the
body, pr - density.

It is believed that one of the main indicators characterizing
the state of a individual is the phase angle ¢ [6, 7, 13, 22].
The phase angle characterizes the phase shift of the
alternating current relative to voltage, its values characterize
the degree of fitness and endurance of the body, the
functional state of the cells and the intensity of metabolism.
The phase angle ¢ is determined from the ratio:

@ = arctg % Equation 2

where X, - reactive, R - active resistance, which are defined
for the three-parameter model in the form [21]:

p_ Rt @' C'RR (R +R)
1+ (oC(R, + R))’

Equation 3

‘" 1+@'C*(R, + R’

where C - total capacity of cell membranes, R; and R, -
active components of the resistance of intra-and
extracellular liquids.

The table processor Microsoft Office Excel 2007 and the
statistical package “Statistica for Windows” 6.0 were used for
statistical processing of the results. A control on normal
(Gaussian) distribution was carried out using the Shapiro-
Wilk W-test. It was believed that with the analyzed
distribution does not differ from normal. If the distribution
corresponded to the normal one, then the arithmetic mean
and standard deviation were determined for the measured
parameter: .(X) + o.

3. Results and Discussion

The active resistance at the frequency of 5 kHz (R,), the
active and reactive components of the impedance at a
frequency of 50 kHz (R; , X.) and the phase angle (¢) were
determined as a result of bioimpedance studies. The
numerical values of the presented parameters are given in
Table 2 in comparison with the literature data [21].

As can be seen from table 2, the phase angles for the
gender and age categories are generally consistent with the
data [22]. Active and reactive resistances monotonously fall
with an increase in height and their insignificant growth is
observed for the age group of 18-19 years in the conducted
study.

Regression-coupling equations allow to determine the
main parameters of the human body and are compiled based
on electric characteristics with known anthropometric
parameters. The data analyzed for the considered age and

Table 3 | Parameters of body composition in individuals of different age and gender groups. ITapameTpsI cocTaBa Tefa y Nl PasHbIX

II0/I0OBO3PaCTHBIX I'PYTIIL.

A Gend my /My, % BM, kcal/day SBM, kcal/(day*m?) / o
8¢ years ender own literary [17] own literary [24] own literary [17] M/ Mrwy, 7o
14-15 F 55+4 56+ 3 1305 + 100 1250 + 100 820 £ 53 845 + 30 0,56 + 0,01
M 58+3 55+3 1573 + 152 1420 £ 110 867 + 39 910 £ 30 0,59 + 0,01
16-17 F 55+2 57+4 1460 + 184 1300 + 100 818 £ 38 835+ 35 0,57 £ 0,01
M 58 +2 56+ 3 1677 £ 116 1560 + 110 868 £ 41 920 £ 40 0,6 £ 0,1
1819 F 5542 57+4 1351486 1380+100 814 +41 830 + 40 0,57 + 0,01
M 50+2 58+3 1675 + 104 1700 = 120 880 + 40 930 + 40 0,60 = 0,01
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2
. Mamb n@
Py 17 18 19 20

2

Figure 1 | Distributions by fat mass (a) and natural logarithm of
phase angle (b) for adolescents 14-15 years old: 1 - teenage girls, 2 -
teenage boys. Pacnpenenenuss mo >KupoBoit Macce (a) u
HaTypalbHOMY sorapudmy ¢dasosoro yria (6) ania nogpocTkos 14-15
et: 1 — 1eBOYKM-TIOAPOCTKY, 2 — Ma/IbYMKI-TIOPOCTKI
nmaboparopuu TioMeHCKOT 06/1acTu.

gender categories in the present work are presented in Table
3.

The figure 1 shows the distribution of body fat mass,
referred to the mass of the body and from the natural
logarithm of the phase angle. In the given data, NO indicates
the total number of investigated individuals (teenage boys or
girls), and N the number of investigated, related to the
interval of relative fat mass indicated in the figure 1.

As follows from the processing of experimental data, the
measurement results can be described by a normal
distribution, which can be considered as the evidence of the
reliability of the sample. The shifts of the maxima for the
presented distributions also correspond to known literature
data. It should be noted that distributions are similar for
other age and gender categories. There is a high correlation
between the relative cell mass (table 3) and the phase angle.
The relationship between them is:

Mzo.ﬂn(p

Equation 5
My

The figure 2 shows the mass distribution of intracellular
liquid, referred to the total volume of the liquid phase in the
human body. Such data are not presented in the available

04

02

0.

mi
02 mTWV% 4 35
a) )

Figure 2 | Distribution of intracellular liquid (IL), related to the total
water volume (TWYV) in the body: a) — females: 1 — 14-15 years; 2 -
18-19 years old; 3 — 16-17 years old; b) — males: 1 — 14-15 years; 2 -
18-19 years old. Pacupenenenus mo kimerounoit >xkupkoctu (KXK),
OTHECeHHOI1 K obuieMy BogHOMY 06beMy (OBO) B opranmsme: a) —
JIMIA )KEHCKOro moyna: 1 — 14-15 yet; 2 — 18-19 nert; 3 - 16-17 net; 6) —
JIMIIA MY>KCKOTo nona: 1 — 14-15 ner; 2 — 18-19 ner.

N N
N, '2\/_0
ese 030
015 4 015
2 kcal B
oe S0 keal
RS day 57T day
760 785 8l0 4835 860 4385 30‘; * 335 830 8}5 9("0 * 92‘j

a)
Figure 3 | Distributions by specific basal metabolism: a) - females: 1
- 16-17  years  old; 2 - 18-19  years  old;
b) - males: 1 — 14-15 years; 2 — 18-19 years old. Pacnipepienenns mo
YAeTbHOMY OCHOBHOMY 00OMeHY: a) — /IuIla >KeHCKOro mona: 1 — 16-17
net; 2 — 18-19 net; 6) — mina My>kckoro mona: 1 — 14-15 ner; 2 - 18-
19 ner.
literature. In general, it is considered [23-28] that the mass
percentage of intracellular liquid is 60% of the total mass of
the liquid and depends on the age and gender of the
individual.

The data presented on the figure 2 confirm the integral
fact, however it follows that during the period from 14 to 19
years, the average relative intracellular liquid also increases
from 57.5% to 60.5%. At the same time, the type of
distribution for different age and gender categories also
changes significantly. If uniform distributions over relative
ACM are characteristic for 14-15 years of age, then it
assumes the form of a normal distribution for 18-19 years of
age. Perhaps, the reason is the pubertal period and the
corresponding processes of active growth. There are
currently no published data about the interconnection of
intracellular liquid with age-related changes, but it can be
assumed that the amount of intracellular liquid relative to
the total liquid. The total liquid may increase during this
period due to two mechanisms: 1) an increase in the number
of cells, since tissue growth occurs due to active cell division;
2) a decrease of the amount of extracellular liquid, the cause
of which is most often an increase in the amount of fatty
tissue, because fatty tissue is little hydrated and there is a
direct relation (the higher the number of fat cells themselves,
the lower the total body liquid). This pattern is observed for
both female and male contingent of the studied.

The figure 3 shows the dependence of the relative number
of the studied volunteers from the energy characteristics of a
human (SBM). As follows from the literature data (table 3),
this characteristic should slowly decrease with increasing
age. The obtained experimental data for the female category
confirm this fact; however, a contradiction is obtained for
the males. The SBM value also increases with age for the
given age group.

To explain this phenomenon, it is necessary to investigate
the ratio:

BM

SBM = T Equation 6

where S - the body surface area of the individual .
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The ACM is associated with the LM ratio (5). Since the
phase angle varies insignificantly for the studied age
categories, it is obvious that the change in ACM will be
determined by the change in the lean mass of the individual ,
which also increases with age. The BM is associated with an
active cell mass ratio:.. It follows that, since ACM is
increasing, the energy released by a person per unit of time
will also increase.

As follows from relation (6), the SBM is determined by
two competing values: the growing values of BM and the
growing surface square of the body of the individual ,
defined by the Du Bois formula:

m*L

3600

S (m?) = 0.007184*m ¥ *L73 ot S (m?) = Equation 7

where m - is body mass (kg), L - is height (cm).

Calculations of absolute values of S by both formulas
coincide with a sufficiently high degree of accuracy. The
values of BM and the body surface square of individuals (S)
are presented in Table 4.

As follows from table 4, the average mass for the age group
of 18-19 years is less than at the age of 16-17 years, while the
average growth values exceed. This leads to the fact that the
average values of body surface square of categories 16-17-
young men exceed the same parameter for 18-19 year olds.
This determines the contradictions between the SBM data
presented in the literature and the obtained values of the
specific basic exchange in our own studies.

4. Concluding Remarks

The intracellular liquid of individuals referred to the total
volume of liquid in it depends on the age of the individual .
An increase in relative intracellular liquid is observed in the
period from 14 to 19 years. It is assumed that the amount of
intracellular liquid relative to the total liquid during this
period may increase due to an increase in the number of
cells themselves, since tissue growth occurs due to active cell
division; and also due to a decrease in the amount of
extracellular liquid, the cause of which is most often an
increase in the amount of fatty tissue, since fatty tissue is a
little hydrated. This pattern is observed for both female and
male contingent of the studied.

The specific basal metabolism for males increases between
the ages of 14 and 19, which can be explained by the
increasing secretion of the anterior pituitary hormone

(growth hormone) in this category of studied. It causes a
marked acceleration of growth in the puberty, especially in
males, what confirms the numerous literature data, and,
therefore, the reliability of the bioimpedance analysis
method in assessing the component composition of the
body.

The results of the study can be used to simulate the ways of
correction of the components of the body composition and
the biophysical parameters of the body based on the
identified relationships between them. The possibility of
using indicators such as phase angle, active cell mass, specific
basal metabolism as indicators of the body's functional state
of cells in adolescent and youthful age groups becomes
apparent.

The revealed interconnections between the indicators can
be used in educational institutions with the aim of
monitoring the functional state of the organism of persons
of adolescent and youthful age by creating and updating the
database.

3akmroueHne

OtHoueHne 00bEéMAa  BHYTPUMK/IETOYHON  >KMIKOCTH
Omomornuecknx o6beKTOB K 001ieMy 00beMy XXUIKOCTU B
HUX 3aBUCUT OT Bo3pacra. B mepmopm or 14 pgo 19 ner
Ha0oflaeTcA  POCT OTHOCHUTEIbHON  BHYTPUK/IETOYHOI
SKUIKOCTU. IIpenmnonaraercs, 4TO KOJIMYIECTBO
BHYTPMKJICTOYHOM J>KMIKOCTM IO OTHOLICHMIO K OOIIeit
JKUIKOCTY MIMEHHO B 9TOT IIEPMOJ, MOXKET YBE/IMIMBATbCA 3a
CYeT yBeIMYEHUA KOMMYECTBA CaMMUX KJIETOK, TaK KaK pOCT
TKaHell IIPOMCXOANUT 3a CYET aKTMBHOIO Je/IeHNA K/IEeTOK; a
TaKoKe O7arofaps yMeHbLUIEHNIO KOINYeCTBAa BHEK/IETOYHON
JKMJOKOCTY, IIPUYMHON KOTOPOTO 4Yallle BCETO SABJIAETCA
yBeIMYEHME KOMMYECTBA >KMPOBOM TKAaHM, ITOCKOIBKY
JKMPOBast TKaHb Majo U paTVpPOBaHA. IlanHas
3aKOHOMEPHOCTb HaO/MI0faeTcs Kak i >KEHCKOTO, TaK U
MY>XCKOTO KOHTUHI€HTA UCC/IElyEeMBbIX.

YHenbHBII OCHOBHOI OOMeH [IA JIMII MY>XCKOTO IO/Ia B
BoO3pacTe oT 14 mo 19 ner HapacTaeT, 4TO MOXXHO 00'BACHUTD
HapacTaloUIVM BbIJIe/IEH/EM VMMEHHO Y [IaHHOM KaTeropumn
UCCTlefyeMbIX TOpPMOHa IepefHeil fgomu  rumodusa
(coMaTOTpONHBII TOPMOH W/IM TOPMOH pOCTA), TaK Kak
UMEHHO B IIy0epTaTHOM IIepuofie, a, OCOOEHHO, Yy JIUI]
MY>XCKOTO II07Ia, OH BbI3bIBAET BBIPAXXEHHOE YCKOpEHME
JMHeHOTo (B JUIMHY) POCTa U, KaK CIefiCTBUe, IOBBIIICHIE
VEEIbHOTO  OCHOBHOTO OOMeHa, 4YTO IOATBEep>KHaeT
MHOTOYMC/IEHHbIE JIMTEpATypHble [IaHHBbIE, a, 3HAYUT, U

Table 4 | Parameters for calculating the energy characteristics and their values. ITapameTpbl [yIsi pacueToB SHEPreTHIECKUX

XapaKTEepUCTUK U X 3HAYEHUA

Age, years Mass, m, kg Height, L, cm
14-15 63+9 178 £ 7
16-17 729 181 +4
18-19 70 + 8 182+7

S (m?) BM, kcal/day SBM,
1,8+0,1 1573 £ 152 867 + 39
1,9+0,1 1532 + 198 868 + 41
1,9+0,1 1675 +£ 104 880 + 40
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DOCTOBEpHOCTh MeTOfa OMOMMITeTaHCHOTO
OIleHK€e KOMIIOHEHTHOTO COCTaBa Teja.

PesynmpTaThl McClIeNoOBaHUA MOTYT OBITh MCIIONb30BAHBI
g MORENMPOBAHMUA IyTell KOPPEeKLUM IIOKasaTesei
KOMIIOHEHTHOTO ~ COCTaBa Tema U OMOPU3MYECKUX
[OKasaTejieil Tejla Ha OCHOBE BbIABJIEHHBIX B3aMIMOCBS3€il
Mexay Humyu. CTaHOBUTCA OYEBMIHON BO3MOXXHOCTD
UCTIONIb30BAHNUS TaKMX IOKasareneil, Kak (hasoBblil YTOII,
aKTVBHasl KJIETOYHAas Macca, YHe/bHBII OCHOBHOI 0OMeH
KaK IOKasareseil (YHKIMOHAIBHOTO COCTOSIHUS KIIETOK Y
HOZPOCTKOBOI ¥ FOHOIIECKOJI BO3PACTHBIX TPYIIIL.

BrisiB/IeHHbIe B3aMMOCBSI3M MEX[Y IIOKa3aTe/lsAMU MOTYT
OBITh JCIIONIb30BaHBI B Y4eOHBIX 3aBeEHMAX C IL[e/IbIO
MOHUTOPUHIA (YHKLIMOHATBHOTO COCTOSIHMS OpraHM3Ma
JIAI, TIOAPOCTKOBOTO M IOHOIIECKOTO BO3pacTa IIyTeM
CO3[jaHMsl, MEPUOAMIECKOTO IOIOMHEHUS ¥ OOHOBIEHMs
6a3pl JaHHBIX.

aHa/Iim3a B
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ABSTRACT

The kinetics and mechanisms of the action of some pesticides, such as pentachloronitrobenzene, trichloracetic acid, rogor, sodium
pentachlorphenol, chlorophos, heptachlor and photodynamic herbicides on acetylcholinesterase activity and mechanical stability of red blood
cells under ultrasound action was studied. The degree of change in the resistance of erythrocytes treated with the pesticides to ultrasound
action was determined. The data on the altering of structure-function characteristics correlate well with the results of toxic action of these
compounds on different biological objects. These results may be used for selective search of the preparations with lower toxicity and higher
economical efficiency.

AHHOTaALA

VIsyyeHa KMHETMKA M MEXaHU3Mbl BIVSHMA HEKOTOPBIX NMECTUIIVIOB: NMeHTaxMopHUTpobensona-IIXHB, tpuxmopykcycnoit kucnorsl (TXY),
poropa, nenrtaxnopdenonara Harpusa (IIX®P-Na), xnopodoca, rentaxnopa 1 GOTOAMHAMUYECKUX TepOUILINIOB HA MeMOPaHHYI0 aKTMBHOCTD
aLIeTVIXO/MMHACTEPA3bl I MEXaHMYECKYI0 CTabMIbHOCTb 3PUTPOLMTOB IIOJ BO3JENCTBUEM YNbTpasByka. OIpefie/ieHa CTelleHb M3MEHEHN
PEe3MCTEHTHOCTM 0OPAGOTAHHBIX IIECTUIMIAMM SPUTPOLMTOB K ynbTpasByKy (¥Y3). JlaHHBIe O HApyIIEHMN CTPYKTYPHO-(QYHKIMOHATbHbBIX
CBOJICTB 3PUTPOLIUTOB KOPPENMPYIOT C Pe3y/IbTaTaMI TOKCUYECKOTO BO3LENCTBIS ITUX IPEIApaTOB Ha PasiuyHble OMOMIOTrIecKye 00 beKThL.
ITonydeHHbIe JAHHBIE MOTYT OBITH VICIIONb30OBAHBI /IS CEJIEKTMBHOTO MOMCKA MPeNapaToB C HaMMEHbIIIell TOKCUYHOCTBIO M 9KOHOMIYECKOII
3¢ PeKTHBHOCTHIO

Keywords: Pesticides, ultrasound, acetylcholine, RBC hemolysis

new resistant species, useful inhabitants of the biosphere

1. Introduction suffer greatly, as well as the health of human population [1].
Finally, it leads to the violation of natural biosynthesis in the

Pesticides are chemical compounds used for the struggle biosphere. Many authors confirm that high level of
against pathogenic organisms. World assortment of these morbidity of different etiologies may be caused by the
preparations is more than 10000 names based on more than influence of technogenic pollution of the environment on
600 chemical compounds of different classes. However, the human health [4]. Humans are under the influence of a
despite of advantages of the chemical method of plant huge number of various chemical substances during their
protection there are some disadvantages too. First of all, life. They enter the body in different ways. Due to the
preparations accumulate in the environment; stable connection with the development of technogenic factors the
populations of harmful organisms are formed that turn into population of large cities is strongly affected by heavy
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metals like lead, chromium, copper and cadmium and also
by aromatic hydrocarbons and pesticides. Compounds of
these substances have an adverse effect on the functional
state of the digestive system, pancreatic cells, and also cause
irritation of the mucous membrane of the small intestine It
is confirmed that the increase of chromosomal aberration
rate in the lymphocytes of peripheral blood of the persons
with chronic lead intoxication is the result of industrial
contact with pesticides [1,2]. Presence of induced
chromosomal aberrations may be the evidence of the
mutagenic action of industrial factors on human population.
Thus, the increased rate of mutations in cells of persons and
animals contacted with heavy metals has been proved . This
process may be the reason of aborts, congenital
malformations, hereditary diseases and other pathologies
[2]. So, it is necessary to predict the mutagenic danger of
substances with which persons may get in contact. Large
work is being done in many countries to overcome these
disadvantages. Toxic pesticides are replaced by substances
with decreased toxicity that are not capable to accumulate in
the environment and living organisms. Replacement of DDT
(Dichlorodiphenyltrichloroethane) by methyl chloride,
dichlor and other insecticides is a very actual point. Such
chemical substances promote the changes of blood content
and it results in abnormal protein levels in plasma [4,6]. It
needs the constant medical check-up. The research of
scientists of National Cancer Institute /USA/ on donors
showed that pesticides action on organism twice increases
the risk of multiple myeloma-malignant cancers of the bone
marrow development in the age interval from 30 till 94 .
Agricultural employers have been shown to have increased
risk of hematological diseases development with a lethal
outcome compared to the total human population [6].

The development of effective methods of physical and
chemical characteristics of RBC in different pathologies and
under the influence of negative factors of environment is
one of the important biomedical problems. Fundamental
similarity of structural and functional organization of all cell
membranes and established total mechanisms of their
responses to some pathological conditions make possible to
use RBC as a model. That’s why it is important to develop
the method to study the changes in RBC membranes under
various stresses that model certain pathological processes.
Application of ultrasound that is used widely for direct and
selective effect on cells may give information about
mechanical resistance of RBC, since ultrasound can cause a
hemolytic effect. Since it is known that pesticides have a
damaging effect on cell membranes, one can study the
regularities of effects of chlorine-containing pesticides in the
model system of RBC suspension. Study of ultrasonic
hemolytic resistance of RBC is relevant because pesticides
are widely used. The changes of mechanic resistance of RBC
treated with pesticides may be used a characteristic of their
damaging action on a quantitative level [2].

Getting into the body, drugs may function as powerful
blockers of ACE. Apparently, drugs dissolving in the

hydrophobic region of erythrocyte membranes, may later
form a complex with cytochrome, and leading to the change
in membrane stability both directly and indirectly. So, it
became necessary to analyze the mechanism of action of
ultrasound (US) on RBC membranes, as it has been reflected
in our published works [2,3].

There are several mechanisms of the effect of ultrasound
on cells and cell suspension listed below:

- the heating (temperature factor);

- chemical damage caused by the action of free radicals;

- mechanical damage caused by shock waves and acoustic
flows (mechanic factor).

The purpose of this work was to study kinetics of
membrane-bound ACE in presence of chlorine-containing
pesticides, as well as to obtain quantitative criteria for
comparative evaluation of the action of pesticides.

The dependence of hemolytic activity of some pesticides
and herbicides on the level of initial activity of cellular
enzymes, on the ability of the drug to reduce membrane
fluidity has been studied in a number of works [2,3,5].
However, the kinetic characteristics of the action of
chlorinated pesticides on RBC hemolysis and the resistance
of RBC to mechanical factors, as well as investigation of
certain patterns of physiological activity of these compounds
have not been studied yet.

Previously, it was shown that the damaging effect of
insecticides in biological systems is directly related to their
effect on the lipid phase of biological membranes [3].
However, quantitative criteria for their effect on RBC have
not been investigated yet. Research on quantitative
regularities of the damaging action of physiologically active
compounds (PAC) would be actual.

The aim of this work is to study the kinetics of the action
of chlorine-containing pesticides on the activity of
membrane-bound ACE-ase, as well as the obtained
quantitative criteria for comparative analysis.

2. Material and Methods

As the material we used the suspension of red blood cells
isolated from donor blood. The specific activity of ACE was
determined by the potentiometric method with automatic
registration process. Kinetics of RBC hemolysis in the
isotonic medium under the action of pesticides was studied
by the photocalorimetric method in suspension (107-108
cells per 1 ml). We used sodium salt of trichloroacetic acid
(herbicide), sodium  pentachlorophenol (herbicide),
trichlorfon (insecticide), pentachloronitrobenzene
(fungicide) and rogor (pesticide).

RBC suspension extracted by precipitation from 3 ml of
donor fresh blood treated by heparin or citrate ( 0,5 ml of
citrate + 2,5 ml of whole blood ) and twice washed from
plasma by 0,9% NaCl isotonic solution was used.
Centrifugation was performed at 6000 rpm for 10 min (3
times). The washed cells were suspended in 8 ml of saline
solution. The suspension of RBC diluted with saline solution
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in a ratio of 0,5 ml over 23,5 ml of saline solution (50 times)
has been prepared for the research of US hemolysis. Cell
concentration of suspension is 30-106 cell/ml. We also
carried out a spectrophotometric assessment of mechanical
and physical factors (including US fields) kinetics of action
on biological membranes. This method allows to investigate
the hidden damages of RBC membranes. Resistance of RBC
was studied on the basis of method of photometric
automatic registration of process of hemolysis of RBC under
the influence of continuous ultrasound at the frequency 0,88
MH?z in frames of intensity 0,1-1,0 v/sm2 at the constant
temperature.

Activity of membrane-associated ACE was determined by
the potentiometric method. The substrate was acetylcholine
chloride (AC) with initial concentration of 2.5 mM in a
measuring cell. To study the kinetics of enzymatic
hydrolysis, an incubation mixture was used consisting of a
0.9% NaCl solution containing 2.5 mM Tris-HCl, a
suspension of RBC (5-8-10* cell / ml), ethanol (no more than
2 % by volume). The speed of reaction in the process of
enzymatic hydrolysis of AC has been calculated from
experimental kinetic curves at the change of pH of the
incubated mixture in control and after the treatment by AC.
Incubation time of RBC with preparations was equal to 2
min. Kinetic analysis of the results of the determination of
ACE activity of RBC before and after treatment of
preparations assessed by estimation of enzyme activity
through the change of relative activity (A) (by the tangent of
the slope of the kinetic curve) at the action of preparation.

Determination of ACE activity in the suspension of RBC
was carried out also by the measurement of the kinetics of
the damage of RBC in the process of ultrasound hemolysis
(f=0.88 MHz and 1=0.3 V/ cm?). We used the method of US
hemolysis that was developed before [2,9]. The speeds of cell
mechanical disruption in the sonification was determined by
kinetic curves of ultrasonic disintegration before and after
treatment by preparations (V, and V). These indices are the
characteristics of mechanic resistance of RBC membranes.

3. Results

In Table 1 one can see structural formulas of substances
tested in the current study.

Detected inactivation of the external ACE enzyme
indicates that the inhibitory effect of chlorine-containing
pesticides is caused by the damage of the membranes of
erythrocytes, with which ACE is associated.

As a criterion for assessing the effect of the studied
pesticides on the activity of erythrocytes, the concentration
of the drug causing enzyme inactivation by 50% (CAs,) was
used. It was found that in the studied concentrations, these
pesticides have certain antibacterial activity (Table 1). Table
1 shows that the studied compounds are not specific
acetylcholinesterase inhibitors, as they reduce enzyme
activity at significantly higher concentrations (CAs, - 120
and 10! - 10* mM) than known anti-toxic agents such as

phosphine, amiton, etc. (CAs, ~ 106-108 mM) [6].

The detected inactivation of the external enzyme (i.e.
acetylcholinesterase) suggests that the inhibitory effect of
chlorine-containing pesticides is due to the damage of RBC
membranes, which are associated with the enzymatic action
of ACE [3].

These changes are caused either by the adsorption of the
studied pesticides on RBC membranes, or by the inclusion of
those substances into the lipoprotein structure of the RBC
membrane [7].

One of the extreme manifestations of the modifying effect
of chemical compounds on erythrocyte membranes, leading
to disruption of cell integrity, is hemolysis. It was found that
PCP-Na, chlorophos and rogor possess their own hemolytic
activity in isotonic medium, and a treatment of red blood
cells by THA-acid and PCNB does not lead to their
hemolysis.

From fig 1 and table 2 it can be seen that the hemolytic
effect naturally depends on the concentration of the
pesticide: with an increase in concentration of the drug in
the incubation medium, the hemolysis time t and half-life
t50 decreases, and the rate of hemolysis (V) increases
accordingly. The method of studying the quantitative

Table 1 | The effect of pesticides on the hemolytic activity of
erythrocytes. ¢pdeKTMBHOCTD IECTULIMIOB HA TeMONTUTNIECKYIO
aKTMBHOCTb 9PUTPOLIUTOB.

Chemical Structural formula CAso
(mM)
TCl acid Cl . (Ié
(trichloroacetic Clal~- 120
acid) (|: OH
Cl
- Na"
PCP-Na o
cl al
(sodium 5.107!
pentachlorophen o o
olate)
cl
NO,
PCNB cl Cl
2-1072
(pentachloronitr
Cl Cl
obenzene)
Cl
Oci cl
Chlorophos H.CO-P 103
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S
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characteristics of hemolysis of red blood cells in the field of
ultrasound allows to determine the lowest concentration of
the drug that has hemolytic activity in each case.

It can be seen in figure 1 that the kinetic curves are S-
shaped with a certain period of induction, and accordingly
the rate of hemolysis depends on the concentration of the
drug. With the increase in concentration of the pesticide in
the incubation medium, the rate of hemolysis increases, and
the induction period decreases. The obtained data indicate a
strong modifying effect of PCP-Na and chlorophos on the
membrane structure of red blood cells, leading to hemolysis
of red blood cells.

The resistance of pesticide-treated erythrocytes to
mechanical hemolysis under ultrasound was also studied
using automatic registration of erythrocyte destruction
kinetics in a spectrophotometer cell [2]. In control
experiments, it was found that ethanol, used as a solvent for
pesticides at a concentration of <0.1% by volume, does not
have a noticeable hemolytic effect on erythrocyte cells.

For some pesticides and bactericides that cause hemolysis
of erythrocytes in isotonic medium, it has also been shown
that along with this, they stabilize erythrocyte membranes to
hemolysis in hypotonic medium in certain concentrations (9
pum - 150 um) [2,5]. It can be assumed that the modifying
effect of pesticides on erythrocyte membranes also leads to
change in their mechanical resistance to ultrasound. This is
consistent with the data on the effect of surfactants on the
mechanical stability of erythrocytes [3]. Table 2 presents
quantitative indicators characterizing changes in the
resistance of erythrocytes to ultrasound exposure under the
influence of different concentrations of pesticides, indicating
a change in the mechanical stability of cells in the presence
of these chemical compounds.

It is also known that pesticides can affect the structure and
biological activity of red blood cells. Erythrocytes are
convenient model for studies on the damaging effect of
various factors, including pesticides, on cell membranes, as

100 . TES -
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® /O /A
o 804 o A
g . ]
g 60 ] ® / A/
: ’
5 o /
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1 ik &'
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Figure 1 | The Hemolysis of red blood cells under the action of chlo-
rine-containing pesticides, where curve 1is for TCl acid , curve 2 is
for chlorophos, curve 3 is for PCP-Na, curve 4 is for rogor. On the
abscissa axis there is hemolysis time (resistance) in minutes, on the

ordinate axis there is light transmission in %.

Table 2 | The effect of pesticides of different concentration on the
parameters of the ultrasound hemolysis and acetylcholinesterase
activity in the estimated suspension of erythrocytes (the volume
mode continuous, I = 0.4W / cm2, V=0.88 Mgs). VIsydeHne BIuAHUA
IeCTULIIOB PA3/IMYHOI KOHLIEHTPAL[UN Ha [TapaMeTpsl Y3 reMonusa
M aKTMBHOCTh AX3J-ashl B MCCIIEAYeMBIX CYCIIEHSVAX SPUTPOLMTOB
(pexxum BospeiicTBus Y3 HempepbiBHbIiL, I = 0,4 Br / cm2, V=0,88
MTm).

Contentration V hem Caso
Samples M] them, ¢ o (mM)
Testing 0 500 + 10 1,09 £ 0,03
10 700 + 22 0,60 = 0,02
) , 102
PCNB 103 1200 + 150 0,3+0,1 210
(3-6)-10-3 420+ 17 1,12 £ 0,04
Tcla (2-3)-10-2 360 £ 19 1,3+0,1 120
10¢-10° 450 + 27 1,2+0,1
PCP Na 104-10 415 + 46 1,3+ 0,1 5-10!
102 200+ 3 4,0+0,1
10-° 565 + 47 0,97 + 0,04
Heptachlor 104 83043 04% 0,1
103 1550 + 120 0,2+0,2
Chlorophos 5-10° 700 + 80 0,6 £0,1 5.10
102 250 + 27 1,3+0,1

well as changes in other membranes [5]. ACE is an enzyme
of the outer surface of erythrocyte membranes, brain cells,
nerve tissue, etc. and it plays significant role in signal
transmission through synapses since it catalyzes the
hydrolysis of acetylcholine. ACE activity in blood and its
components can serve as an additional diagnostic criterion
for the analysis of some pathological conditions caused by
toxic compounds. A number of studies have shown the
dependence of hemolytic activity of some pesticides on the
level of initial activity of cellular enzymes and the ability of
the drug to reduce membrane fluidity [6, 7]. However, the
kinetic characteristics of the action of a number of pesticides
on erythrocyte hemolysis and their resistance to mechanical
factors that characterize certain patterns of physiological
activity of these compounds, have been previously studied,
but insufficiently [8,9]. We have studied the kinetics and
mechanisms of the influence of pesticides on ACE activity of
red blood cells, namely, the change of erythrocyte resistance
to ultrasound exposure in the presence of different
concentrations of pesticides.

4. Concluding Remarks

Quantitative characteristics of the effect of chlorine-
containing pesticides on the structural and functional
activity of red blood cells were obtained. From the results
presented in the table, it can be seen that the studied
chlorine-containing ~ drugs reduce the functional
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(membrane) activity of red blood cells and change their
mechanical hemolytic resistance to drugs and ultrasound,
both individually and in combined action(see table 2.

The data obtained indicate that PCP Na, PCNB,
heptachlor and Rohor are relatively weak inhibitors of the
enzymatic activity of ACE in erythrocyte membranes, but
have a pronounced structural-determinant effect, namely,
they can cause hemolysis in an isotonic medium (Na PCP,
Rohor, trichlorophon) and accelerate (Na PCP, THC,
trichlorophon) or slow down (PCNB, heptachlor) the rate of
hemolysis (see table 2). Therefore, quantitative indicators
that characterize the ULTRASONIC hemolysis of red blood
cels can be wused as criteria for evaluating the
membranotropic action of pesticides. At the same time,
when pesticides and ultrasound are combined, their
adsorption on the surface of the erythrocyte membrane is
observed, which in turn leads to a slowdown in the
hemolytic effect and, in turn, to a change in the qualitative
and quantitative composition of membrane lipids [10]. The
kinetic analysis method is the most effective for determining
the mechanism of action of drugs on red blood cell
membranes. This creates prerequisites for the search for new
medicines for the human body and animals and the offer of
new, more effective drugs for their use in agriculture and
medicine.

3aknroyeHne

CreneHb reMonM3a ¥ 3alUTHOE HeJICTBME HEKOTOPBIX
HOBepXHOCTHO-aKTUBHBIX ~ BEIIECTB  KOPPEIUPYIT  C
cocraBoM ¢Gochommnuaos B MeMOpaHe SPUTPOLNTOB; TU
M3MEHEeHNsA  MOTyT  TaKKe  OTpaXkaTb  HapylIeHNA
YIBTPACTPYKTYPbI KOMIIOHEHTOB PUTPOLIUTOB,
COfepoKAIVX TUPOIUTIYecKe (epMeHTBL.

[TomydeHbl KOMMYECTBEHHBIE XAPAKTEPUCTUKM BIIVAHMA
XI0pCOfiepKalnX HeCTULUIOB Ha CTPYKTYpPHO-
(YHKIMOHA/IBPHYIO  aKTMBHOCTb  SpUTpOLMTOB. VI3
IPefCTaB/IeHHbIX pe3yJIbTaTOB BUIHO, YTO MCCIefyeMble
XI0pcofiep Kalliye IpenapaThl CHIDKAIT (QYHKIMOHAILHYIO
(MeMOpaHHYI0) aKTMBHOCTb SPUTPOLMTOB ¥ M3MEHAIT KX
MEXaHNYeCKyl0  IeMOJUTUYECKYK  Pe3UCTEeHTHOCTb K
JIEKapCTBEHHBIM  IIpemapataM M YIbTpasBy,  Kak
MHAVBUAYA/IbHO, TAK X B KOMOVMHAIINIL.

ITony4yenHble JaHHBIE CBUNETENLCTBYIOT O TOM, 4TO IIXD
Na, IIXHDb, rentaxmop n Porop ABIAITCA OTHOCUTENTBHO
cmabbiMy  MHTMOMTOpaMy  (epMEHTATUBHON aKTUBHOCTU
ATI® mem6paH 3pUTPOLUTOB, HO 00/1afal0T BBHIPa>KEHHBIM
CTPYKTYPHO-IeTepPMIHAHTHBIM JIe/ICTBIEM, 2 IMEHHO MOTYT
BBI3BIBATh TIeMOMN3 B M30TOHMYeckoi cpeme (Na IIX®,
porop, tpuxnopodon) u yckopars (NaCl IIXDNa, TXY-
KNUCIOTa, TpuxiaopodoH) wm  3amemiars  (IIXHD,
TeNITaxjIop) CKOpOCTb remonmsa(cM. Tabmmuy 2). ITostomy
KO/IMYeCTBEeHHbIe  IIOKa3aTe/ly, XapakTepusyoomue Y3
TeMO/IM3 JSPUTPOLUTOB, MOTYT OBITb MCIIO/Ib30BAaHBI B
KauecTBe KpUTepyeB OLIEHKM MeMOPaHOTPOIIHOTO [eIICTBIA
necTunuaoB.B TO >ke BpeMs IpM COBMECTHOM [eVCTBUM

HeCTULUOB U YIbTPasByKa HaOMOgaeTcsA UX afcopOuusa Ha
HOBEPXHOCTY MeMOpPaHbI SPUTPOLNUTOB, YTO B CBOIO OUepefb
IOPUBOAMT K 3aMeJIEHNI0 TeMONMMUTIYecKoro s¢dexra 1 K
M3MEHEHNI0 KavYeCTBEHHOTO ¥ KOMMYECTBEHHOTO COCTaBa
MeMOpaHHbIX IUINAoB[10]. MeTox KMHETHYeCKOTo aHamm3a
sBisercss Haubomee 9PQEKTUBHBIM [ ONpefesieHNs
MeXaHNM3Ma JIeMiCTBUS ~ JIGKAPCTBEHHBIX  CPENCTB  Ha
MeMOpaHbl SPUTPOLUTOB. ITO CO3[AET IPENTOCHUIKA s
IIOMCKA HOBBIX JIEKAPCTBEHHBIX CPENCTB JyI OpraHu3Ma
Ye/ll0BeKa M JKMBOTHBIX 1 IIPENIOKeHMsI HOBBIX, Oosee
3¢ GEeKTUBHBIX IIPENapaToOB IS X IPUMEHEHNUS B CENIbCKOM
XO35ICTBe U MeIUIMHE.

References

[1] T.D.Zdolnik.]J. Gig. and San. 2 (2001) 46-49.

[2] G.G. Sultanova. Journal of Qafqaz University, Chemistry and
Biology. 3 (2015) 9-16

[3] F. I Braginskaya, O. M. Zorina, N. R. Borodyuk, V. G.
Kartsev. Proceedings of the Russian Academy of Sciences,
biological Series. 1 (1990) 39-44

[4] A.S.Knox, D. I Kaplan and M. H Paller. Science of the Total
Enviorment. 357, (2006) 271-279.

[5] T. L. Steck, J. Ye, Y. Lange. Biophysical journal 83 (2002)
2118-2125

[6] Insecticide Biochemistry & Physiology. Ed. by C. F.
Wilkinson. In Spec. Issue in book . Insects, Science, &
Society: Proceedings of the Symposium, Cornell University,
Ithaca, NY. (2013) 768.

[7]1 R.D. O’Brien, B. D. Hilton. Pesticide: Biochem. Fiziology. 9
(1978) 231-236

[8] I. V. Gorudko, A. V. Sokolov, E. V. Shamova, O. M.
Panasenko et al. Arch. Biochem. Biophys. 591 (2016) 87-97.

[9] G. G. Sultanova, A. A: Samedova, V. Kh. Gasimova, Kh. M.
Gasumov, L. N. Nikolayevic. SYLWAN Journal, 161 (2017)
161-169

[10] E. R. Nagiev, M. Gazimagomedova. The Biomedical Bulletin,
49 (2003) 138-144

287|1-34: 12



JIOMICS | VOL 10 | ISSUE 1 | MARCH 2020 | 306 | 1-34

.- ]OURNAL OF INTEGRATED OMICS
R R S A METHODOLOGICAL JOURNAL
HTTP:/ / WWW.JIOMICS.COM

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v10i1.306

Effect of maternal high-fat diet on serum brain-derived neurotrophic
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ABSTRACT

Maternal diet affects the development and health of future offspring. Recent studies indicate that excess fat in the female’s diet can influence
the structure and function of the brain of her pups. An important role in the maturation of the central nervous system (CNS) and the
maintenance of its functioning is assigned to brain-derived neurotrophic factor (BDNF). Changes in BDNF concentration in the brain are
associated with the occurrence of various neurobehavioral and mental disorders. In this work, we studied the behavioral reactions and the level
of serum BDNF in male Wistar rats whose mothers before, during pregnancy and during lactation consumed food with excess fat in the form
of margarine (20% of the total daily calorie content) and in the offspring of females who consumed a standard vivarium diet. As a result, an
impairment of spatial learning and memory was revealed, as well as increased anxiety in the Morris Water maze, Elevated Plus maze and Open
Field maze in pups whose mothers consumed margarine. These disorders were combined with a reduced level of BDNF in the peripheral
blood. The data obtained indicate that consumption of excess fat in the form of margarine by dams before pregnancy, during prenatal and
early postnatal period contributes to the formation of neurobehavioral disorders in offspring, which is probably associated with reduced BDNF
levels in peripheral blood and, consequently, in the brain.

AHHOTaIuMsA

XapakTep NMTaHMA MaTepy OKA3hIBaeT BIMAHNME HA Pa3BUTHE VM COCTOAHME 3[0POBbA ee OYHylero IIOTOMCTBA. Pe3ynbTaThl HeJaBHUX
VICCTIeIOBaHNIT YKa3bIBAIOT HA TO, YTO M3OBITOYHOE KOMMYECTBO XKIPOB B PAL[VIOHE CAMKI CIIOCOOHO OKasbIBaTh BO3JENICTBIE HA CTPYKTYpPY U
GbYHKUMOHMpOBaHME MO3ra ee [eTeHbIllell. BakHasd pomb B CO3peBaHMM LIEHTPAIbHON HEPBHON CHUCTEMbl U TOffiepXKaHUU ee
GYHKIMOHMPOBAHMA OTBOAMTCA MO3TOBOMY HelipoTpodudeckoMy ¢daktopy (BDNF). VsMeHeHMe €ro COfep>KaHMSA B MO3Te CBA3BIBAIOT C
BO3HVMKHOBEHMEM Pa3/INYHBIX HENPOIOBeleHIECKNX HAPYIIEHWIT ¥ IICUXMYECKUX PacCTpoiicTB. B fmaHHOI paboTe ObUIM MCCIeHOBaHBI
0COOEHHOCTH TOBEIeHUeCKMX peakuii u cofep>xanne BDNF B CbIBOpOTKe KPOBM CaMLIOB KPbIC TMHUM Bucrap, 4by MaTepu 70, BO BpeMs
GepeMeHHOCT U B NIepMOJ, JIAKTALIMY TTOTPeO/ISA/IN ML ¢ M30BITOYHBIM COJlep>KaHMeM >KMPOB B Bujie Maprapusa (20% ot o61weit CyToqHOI
KaJIOPUITHOCTM) M y TOTOMCTBAa CaMOK, NOTPeO/ABLUIMX CTaHAAPTHBIA palMOH BMBapusA. B pesynbraTe OBIIO BBIABICHO HapylleHUe
HIPOCTPAHCTBEHHOTO OOyYeHNMs] M MaMATH, a TakKe IIOBbILICHVE YPOBHSA TPEBOXKHOCTM B TecTax «BomHblil mabupumHt Moppucar,
«ITpunopHATHI KpecTooOpasHblil TabupMHT» M «OTKPBITOE IOJIe» Y JleTeHBINIeN, YbyM MaTepy NMOTPeO/IsI MaprapuH. DT HapylleHus
COYeTaINCh Y HUX CO CHIDKeHHBIM ypoBHeM BDNF B mepudepndeckoir KpoBu. IlomydeHHble faHHBIe YKasbIBAalOT Ha TO, YTO IOTpebIeHMe
caMKaMl M30OBITOYHOTO KOMMYECTBA KMPOB B BUJle MaprapuHa 0 OepeMeHHOCTH, B IPEeHATa/IbHBI ¥ PaHHMII [TOCTHATATBHBIN MEPUOL,
crioco6cTByeT (GOpMMPOBAaHMIO y ee IOTOMCTBA HEPOIOBENEHYECKMX HApyIIeHWiI, YTO BEPOATHO CBA3aHO cOo cHIKeHneM BDNF B
nepudepnIecKoit KpoBH, a, CTIeOBATeIbHO, Y YPOBHS €0 3KCIPECCUN B TOIOBHOM MO3Te.

Keywords: High-fat diet, offspring, BDNF, behavioral reactions
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1. Introduction

Currently, a large amount of data has been compiled,
which show a significant role of a mother’s ration in the
development and health status of the future generation.
Excessive fat intake before pregnancy, during prenatal and/
or early postnatal period increases a risk of the offspring’s
obesity, metabolic syndrome and diabetes mellitus [1]. In
addition, recent studies have demonstrated that except
metabolic and endocrine effects, mother’s ration influences
the formation and functioning of a future child’s nervous
system, and, consequently, can contribute to the
development of mental and behavioral disorders [2, 3]. So,
experiments on animals revealed that offspring of female
rats which received food with surplus contents of fat before
and  after  pregnancy had  sensory-motor  and
neurobehavioural disorders, and was also prone to
depressive and aggressive behavior [4]. Studies on mice
models demonstrated that adult offspring had neurogenesis
disturbance, changes in the morphology of neurons in the
hippocampus and amygdala, which play a significant role in
memory, emotional and cognitive processes [5].
Experiments on non-human primates have shown that the
offspring of high-fat diet females exhibits a disorder in the
functioning of neurotransmitter systems (serotonin and
GABA-ergic). As a result there was an impairment of
signaling through synapses in the fetus during its
development and an increase in the risk of neuropsychiatric
and neurobehavioral disorders [6]. The mechanisms of such
deviations remain to be insufficiently explored up to date.
Currently, there are several ways to explain the effect of
maternal high-fat diet on offspring neurodevelopment:
neuroinflammation; increased oxidative stress, dysregulated
insulin, glucose, and leptin signaling; impaired serotonergic
and dopaminergic signaling; and perturbations in synaptic
plasticity [7].

Neurotrophins play a significant role in synapsis
functioning and brain development, BDNF being one of the
key and most studied of them. In the brain, BDNF is active
in the hippocampus, amygdala and cerebral cortex - areas,
which are responsible for learning and memory. BDNF plays
an important role in the development of the nervous system,
neurogenesis, neurons survival and synaptic plasticity,
which determines its role in the mechanisms leading to
different mental and neurological diseases [8]. Results of
some researches show the influence of a high-fat diet on
BDNF level and cognitive functions of adults [9, 10, 11, 12,
13]. So, Molteni et al. [11] in experiments on rats consuming
excessive saturated fatty acids and refined carbohydrates
revealed a decrease in the efficiency of spatial learning,
neurogenesis suppression and reduced BDNF level in
hippocampus. There was also revealed a decline in synapsin
1 and CREB proteins that are involved in the formation of
neuronal plasticity and synaptic transmission, levels of
which are controlled by BDNF. Similar results were obtained
in the works of Wu et al. [12] who found that a diet high in

saturated fat decreases the level of BDNF and proteins
regulated by it. This was shown to due to oxidative stress
arising under such conditions. Modeling the “western” diet
rich in fats and carbohydrates on rats, Stranahan et al. [13]
revealed cognitive deterioration, decreased synaptic
plasticity and dendritic spines density as well as reduced
level of BDNF in the hippocampus. Therefore, it can be
assumed that high-fat diet causes synapsis function disorder
through the mechanism which includes decreased BDNF
level and dendritic spines atrophy.

However, the data regarding the effects of maternal diet
on the offspring’s brain, neurotrophins levels and cognitive
functions are more limited and mixed. Page et al. [14] have
shown that consumption of food with high fat content by
female rats deteriorates spatial memory of their pups in
Morris Water maze test. At the same time, Bilbo and Tsang
[15] obtained opposite results. They found improvement of
spatial memory of rats, when their mothers’ ration
contained excessive saturated or trans-fats. Tozuka et al. [16]
studied the effect of maternal high-fat diet induced obesity
in female mice on the presence of cognitive impairment and
the production of BDNF in the hippocampus of their
offspring. As a result, spatial memory deterioration was
revealed as well as neurogenesis alteration and BDNF level
decrease in the hippocampus of pups during the early
postnatal period. However, such changes were not observed
in the adult offspring of these mice. On the contrary, Rincel
et al. [17] described protective effects of a mother’s high-fat
diet on the nervous system of the offspring. Thus, it was
found that excess fat in the female’s diet before, during
pregnancy and during lactation helps to reduce the effects of
early postnatal stress (prolonged separation from the
mother) in pups. Offspring revealed normalization of some
proteins involved in the development of the nervous system
including BDNF as well as reduced anxiety, improved spatial
memory and social behavior. In addition, this research did
not find changes of BDNF level in the brain of unstressed
offspring of mothers consuming high-fat diet. The authors
explain this finding by the fact that mother’s obesity, rather
than a high-fat diet, has an adverse effect on the offspring’s
brain structure and function.

So, the question about the influence of a mother’s diet on
the BDNF level and behavioral reactions of its offspring has
not been studied completely and requires further research.
The literature describes a number of models of high-fat diets
with various sources of fat (lard, vegetable oils, margarine)
and varying fat percentages from daily calories (from 20 to
60 %) [18, 19, 20]. In the Republic of Belarus, margarine is
widely used both in the food industry (baking, confectionery
and culinary production) and home cooking. In this regard,
the diet with the addition of fat in the form of margarine (20
% of the total daily calories) was used as a model of a high-
fat diet for our experiment [19]. Margarine of the selected
composition is most widely represented on the Belarusian
market.

The aim of this work was to study the effect of maternal
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high-fat diet using margarine on behavioral reactions and
serum BDNF in male offspring of Wistar rats.

2. Material and Methods
2.1. Animals and diets

All experiments were conducted and approved by the
Institute of Physiology of the National Academy of Sciences
of Belarus and were in accordance with the guidelines set
forth by the European Convention for the Protection of
Vertebrate Animals.

The study was conducted on 20 immature female Wistar
rats at the age of 1,5 months. The animals were divided into
two groups and kept under 12/12-h light-darkness cycle at a
temperature of 22 + 2 °C with free access to water and food
(at libitum). The first group (SD, n=10) received a standard
vivarium diet. The second group (HFD, n=10) consumed a
high-fat diet rich in fats in the form of margarine (20 % of
the total daily calories) for 8 weeks. The margarine used in
the experiment had the following composition: refined
deodorized vegetable oils in natural and modified form
(sunflower oil, rapeseed oil, palm oil), water, edible salt, dry
whey, sugar, emulsifier: mono- and diglycerides of fatty
acids, preservative, dye (beta-carotene) and flavoring. Mass
fraction of fat was 82%.

After 8 weeks, female rats in the estrus phase mated with
males. Pregnancy was confirmed by the presence of sperm in
vaginal smears. During pregnancy and lactation, females
from SD group continued to consume the standard diet of
vivarium, and HFD females — food with excess fat content.
On the 30th day of life, offsprings were separated from their
mothers into another cages and divided into two groups
depending on the female’s diet. The first group (offspring
SD, n=19) were males whose mothers were kept on a
standard vivarium diet, and the second (offspring HFD,
n=27) were males whose mothers consumed a high-fat diet.
In the present study, only male offspring were used. Till the
end of the experiment, the pups were kept under normal
conditions, being on the standard diet of the vivarium, and
were removed from the experiment at the age of 3 months
by decapitation with prior anesthesia .

2.2. Determination of Visceral Fat Mass

One day after weaning, the female rats were weighed and
removed from the experiment by decapitation with prior
anesthesia. Visceral fat mass was assessed by weighing the
total perirenal and inguinal adipose tissues after dissection.

2.3. Morris Water maze

The Morris Water maze (MWM) consists of a round tank
60 cm in diameter and 40 cm deep, filled with water. The
water temperature was 24 + 2 °C. The tank was divided into
four sectors with four equidistant from each other points,

marked as North (N), East (E), South (S) and West (W). A
circular platform (10 cm in diameter) was submerged in the
center of the target sector (South-West sector). The platform
remained in the same sector throughout the experiment.
High contrast visual signals were placed on the pool wall in
each quadrant.

Using the Morris Water maze spatial learning and
memory in male offspring of 51-56 days old were tested. The
experiment lasted two days [21]. On the first day, the
animals were trained using a visible platform. The platform
had a bright color and rose 2-3 cm above the surface of
water. Each animal was subjected to four tests with an
interval of 30 + 10 min. The rat was carefully placed in the
pool water at points N or E between sectors equidistant from
the platform (the start of the rat alternated first from point
N, then E, then again N and E). The test time was 180 sec to
find the visible platform. Animals that could not cope with
the task in this period of time were sent to the platform
manually. The rats remained on the platform for 10 sec
before being removed. The animals were dried with towels
and placed in cages. On the second day, a series consisting of
three trials was conducted to find the hidden platform. The
platform was placed 2 cm below the water surface in the
same sector as on the first day of testing. As before, the
interval between tests was 30 + 10 min. The rat was launched
from point N, then E, then again N.

In each test, the time from the animal's immersion in
water to finding a hidden platform was measured (escape
latency time) to assess the development of spatial memory.

2.4. Open Field maze

Open Field maze is a circular arena with a diameter of 120
cm and a wall height of 55 cm, divided into 12 peripheral
and 7 central quadrants. In the Open Field test, we studied
explorative and motor activity, as well as the level of anxiety
in male offspring of 57-62 days old. The test time was 3 min.
Before placing the rat, the maze was each time cleaned with
70 % ethanol. The rat was placed in the center of the arena.
The latent period of the animal’s exit from the center was
recorded, the number of line crossings in the periphery and
in the center, the quantity of rearings, acts of grooming and
droppings (boluses) were counted.

2.5. Elevated Plus maze

Elevated Plus maze is a cross-shaped labyrinth located at a
height of 60 cm from the floor. It consists of four opposite
sleeves, two open (50 cm x 10 cm) and two closed (50 cm x
10 cm). Closed sleeves are surrounded by walls 40 cm high,
open sleeves have no walls. Using this test, we studied
explorative and motor activity, as well as the level of anxiety
in male offspring of 63-69 days old. Before each rat was
placed in the labyrinth, all sleeves were cleaned with 70 %
ethanol. The rat was placed in the center of the maze facing
the open sleeves. The test duration was 5 min. The results
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Figure 1 | Serum BDNF in offspring. Values are Median [25%; 75%].
* p < 0,05 offspring HFD versus offspring SD. (Mann-Whitney U
test). Yposenb ceiBopoToyHoro BJJH® y moromcrBa. 3HaueHms
HpeCcTaBIeHbl B BUje Meayansl [25%; 75%]. * p < 0,05 jocToBepHble
ormmunA rpynnsl «IToromctBo BXKM» ot rpymmer «IToromctBo Cll».
(U xpurepnit MaHHa-YUTHM).

were recorded using a Logitech Webcam 905 camera
(Logitech, China). Data processing was carried out using the
program ANY-Maze (Stoelting Ing., USA).

2.6. BDNF protein level determination

For serum preparation, the blood was collected into
sampling tubes and left to coagulate for 1 h. Then it was
centrifuged at 2500 g for 10 min to obtain serum. Sera were
divided into aliquots and stored at —80°C until BDNF
measurements. BDNF were measured by ELISA (FineTest,
China) in accordance with the manufacturer's instructions.

2.7. Statistical analysis

Statistical analysis was performed using Statistica 7.0.
Normality was defined by the Shapiro-Wilk test. Parametric
variables were expressed as means * standard error, and
analyzed by independent t-test. The non-parametric
variables were expressed as median, 25 and 75 percentile and
analyzed by Mann-Whitney U test. For all statistical tests
p=<0,05 was considered significant.

3. Results

The weight of mothers who consumed high-fat diet
(margarine) did not differ from the weight of mothers on a
standard diet of vivarium (230 + 10 g and 253 + 5 g,
respectively). The results of weighing visceral adipose tissue
(VAT) of female rats from two groups also did not reveal
significant differences. So, VAT mass in the HFD group was
3,03 [2,69; 6,67] g, and in the SD group - 2,65 [1,80; 3,20] g.
Thus, the diet used didn’t lead to the development of obesity
in female rats.

According to the results of the experiment in the Morris

Water maze, the HFD offspring showed a significant (p <
0,05) increase in the escape latency time in the first two trials
(T1, T2) on the second day of the test (24 hours after
training using the visible platform). So, the time to reach the
platform hidden under water in the T1 test was 10 sec, in the
T2 test — 5 sec, and in the control group (offspring SD) - 5
and 4 sec, respectively (Table 1). The data obtained indicate
impairment of the spatial learning and memory in offspring
HFD.

The Open Field test is designed to assess the behavioral
reactions in rodents under stressful conditions that occur in
response to placing an animal in open space with intense
lighting. The results of our experiment showed an increased
anxiety and motor activity in offspring HFD, which revealed
a significant (p < 0,05) increase in the number of line
crossings in the center and quantity of rearings, as well as a
decrease in the number of grooming acts (Table 2).

An increased anxiety in HFD offspring was also confirmed
by the Elevated Plus maze test. The method is based on the
fact that rodents by their nature stay in secluded places
(closed zone) and avoid open spaces. In the conditions of
our experiment, HFD offspring showed a passive behavior in
the “safe” closed zone: increase in inactivity time, decrease in
activity time, decrease in the number of grooming acts and
its duration (Table 3).

Concerning the level of serum BDNF, its significant (p <
0,05) decrease compared to control (offspring SD) was found
in the offspring of rats whose mothers consumed margarine
before and during pregnancy, as well as during lactation
(Fig. 1). So, the level of BDNF in the offspring HFD was
1208 [1042; 1489] pg/ml, and in the offspring SD — 1778
[1631; 1887] pg/ml.

4. Discussion

In this study, it was found that the consumption of excess
fat in the form of margarine the above-mentioned
composition by female Wistar rats before and during
pregnancy, and also during the lactation period facilitates
the formation of its offsprings’s neurobehavioural disorders.

Table 1 | Effect of maternal high-fat diet on offspring’s spatial learn-
ing and memory in Morris Water maze. Values are Median [25%;
75%]. * p < 0,05 offspring HFD versus offspring SD (Mann-Whitney
U test). T1, T2, T3 - series hidden platform trials.

BinsHMe BBICOKOXKMPOBOJ [VIeTBI MaTepy Ha HPOCTPAHCTBEHHOE
o0ydeHMe M MHaMATh y IIOTOMCTBa B TecTe «BOXHBIN TabMPUHT
Moppuca».3HaueHns MpeCTaB/IeHbl B BUfie MeaAMaHbl [25%; 75%]. *
p < 0,05 pocrosepHble oTamuuaA rpymmsl «IloromctBo BXKI]» ot
rpynnsl «IToromcrso CII» (U xpurepnit Manna-Yuran). T1, T2, T3
— CepyM UCIIBITAaHWIL CO CKPBITOI IIaTHOPMOIL.

Escape latency time (s)

Groups
T1 T2 T3
offspring SD 5[3;12] 4[2;6] 4(2;9]
offspring HFD 10 [5; 21]* 5 [4; 8]* 4(3; 8]
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So, in the tests Morris Water maze, Elevated Plus maze and
Open Field maze an impairment of spatial learning and
memory was revealed, as well as an anxiety level increase in
rats pups, whose mothers had excessive fat in their diet.
These tests are in line with the results obtained by Page et al.
[14] and contradict with the data of Bilbo and Tsang [15],
which, on the contrary, gave evidence of more successful test
performance by pups in the Morris Water maze. It could be
due to the fact that Bilbo and Tsang [15] used in their
experiment sexually mature female animals which were on a
high-fat diet during a shorter period of time (4 weeks before
impregnation). Improved spatial memory and a decreased
anxiety level in pups of female animals, which were on a
high-fat diet, were also observed in the experiments of
Rincel et al [17]. But these authors started to use such a
ration only from the first day of gestation. Consequently, it
can be assumed that not only excessive fat in the ration but
also duration of its consumption by a mother before
pregnancy influences cognitive functions of its offspring.

As for BDNF level, we revealed its significant decrease in
the peripheral blood of the offspring of female rats which
consumed a high-fat diet. Today, there are few researches
concerning the influence of mother’s nutrition on the BDNF
level of its young ones and they mainly concern BDNF
content in the brain tissues. Concentration of serum BDNF
is known to be positively correlated with its content in the
brain [8]. Consequently, the results obtained by us can
reflect the changes of this neurotrophin in the central
nervous system. Our results are in line with the data of
Tozuka et al. [16] who revealed a decrease of BDNF in the
hippocampus of pups from female rats with obesity
provoked by a high-fat diet. At the same time, Rincel et al.
[17] did not reveal such changes in their works. They
explained it by the fact that a mother’s obesity (rather than
excessive content of fats in its ration) causes a disturbance of
this neurotrophin expression. According to the results of our
research, obesity did not develop in female rats.
Consequently, a conclusion can be drawn that in our case, a
change in the BDNF level is related to the excessive content
of fat in a mother’s ration. Since this neurotrophin plays an
important role in maturation of the central nervous system
and maintaining of its functioning, neurobehavioural
disorders observed in this experiment can be explained by

Table 2 | Effect Effect of maternal high-fat diet on offspring’s behav-
ioural reactions in Open Field maze. Values are Median [25%; 75%].
* p<0,05 offspring HFD versus offspring SD (Mann-Whitney U test).
BiusAHue BBICOKOKMPOBOJ [MeTBI MaTepy Ha IOBeleHYecKnue
peakumm y moToMcTBa B TecTe «OTKpbITOe IO/Ie». 3HAueHUs
IIpefICTaB/IeHbl B BUJe MefMaHsl [25%; 75%]. * p < 0,05 gocToBepHbIe
ormmuna rpynnbl  «IloromctBo BIXKI]» or rpymmer «IloTomMcTBO
Cll» (U xpurepuit MaHHa-YuUTHM).

Line crossing: Grooming
Groups Rearing (act)
center square (act)
offspring SD 4[1;6] 9 [6; 14] 4[3;7]
offspring HFD 6 [2; 13]* 16 [9; 23]* 1[1;2]*

Table 3 | Effect of maternal high-fat diet on offspring’s behavioral
reactions in Elevated Plus maze. Values are Median [25%; 75%]. * p <
0,05 offspring HFD versus offspring SD. (Mann-Whitney U test).
BnmsAHMe BBICOKOXKMPOBOJ [MeTBl Marepy Ha IIOBefleHYecKye
peakumy y HOTOMCTBa B TecTe «IIpUMIOSHATBIN KpecTOOOpasHbIi
MabupUHT». 3HaYeHNs IpeCTaBIeHbl B BUle MeUAHBI [25%; 75%]. *
p < 0,05 mocrosepubie orTnmumA rpymmbl «Iloromcrso BIKI» or
rpynnsl «IToromcrBo Cll». (U xputepuit ManHa-YutHnm).

Time Time Grooming Time
Groups
active (s) inactive (s) (act) grooming
190 110 7 46
offspring SD
[141; 208] [92;159] [5; 13] [21;80]
offspring 146 154 4 21
HEFD (108;190]*  [110; 192]* [4; 7] (7 35]
BDNF level decrease.

5. Concluding Remarks

Thus, based on the data obtained, it can be concluded that
neurobehavioral disorders (increased anxiety level, impared
spatial learning and memory) are observed in male Wistar
rats whose mothers consumed excessive fat in the form of
margarine before, during pregnancy and during lactation.
One of the mechanisms of the formation of such disorders
can be related to decreased levels of BDNF protein. In
addition, taking into account the results presented in this
work, as well as the data of other authors [14, 15, 16, 17], it
can be assumed that the duration of a high-fat diet
consumed by a mother before pregnancy is also of great
importance for the emergence of the nervous system
functioning disorders in its offspring.

3akmroueHne

Takum 06pasoM, MCXOs U3 TOMyYeHHBIX JAHHBIX MOXKHO
CHeNnaTh BBIBOJ, YTO Y KPBIC MY>KCKOTO II071a MuHUM Brucrap,
MaTepy KOTOPBIX MHOTPeO/simi M3OBITOYHOE KOIMYECTBO
XIPOB B BUJie MaprapiHa Jio, BO BpeMs OepeMeHHOCT! I B
Iepyoy, JaKTaluM, HaOIIOMAIOTCA HePOIIOBefleHYecKie
HapyLIeHNA (oBbLILIEHME ~ YPOBHA  TPEBOXKHOCTH,
yXy[lleHue MPOCTPAHCTBEHHONM MaMATU M CHOCOOHOCTH K
o6y4yenmio). OTHNM U3 MeXaHN3MOB (POPMUPOBAHNA TaKMX
HapyLIeHWI MOXeT OBITb CHIDKeHMe ypoBHA Oenka BIJHO.
Kpome TOro, y4mrbiBasg pe3y/nbTaThl, IpeNCTaBIeHHbBIC B
3TOI paboTe, a TakXKe JJaHHBIE IPYIMX aBTOpOB [14, 15, 16,

17], MOXHO MPENIOIOXUTD, 4TO IJIUTE/IbHOCTD
NPUMEHEHNA  BBICOKOXXMPOBOJ  [METbl  MaTepbl [0
OepeMEHHOCTM TakXXe MMeeT Ba)XHOe 3HayeHNUe B

BO3HVMKHOBEHNM HapylleHn! QYHKIMOHNMPOBAHUA HEPBHOM
CHCTEMBI y €€ TIOTOMCTBA.
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ABSTRACT

We studied changes in S-glutathionylated proteins (PSSG) content in rat brain structures in vivo after administration of Fe+LPS, aluminum
chloride, rotenone, and 3¥nitropropionic acid, and in vitro experiments with oxidative stress on rat brain tissue culture or on subcellular
fractions, as well as possibility of correcting these changes with pantothenic acid precursors — panthenol, pantethine and homopantothenic
acid (HPA). We have shown that the content of PSSG significantly increases in brain structures in all the models of neurotoxicosis, and this
increase is observed to the greatest extent precisely in those structures (hemispheres, hippocampus, basal ganglia) where a particular
neurotoxin has the most pronounced effect. Thus, the protein glutathionylation can initiate dysfunction of proteins and contribute to the
development of neurodegeneration. Precursors of CoA reduce S-glutathionylation of proteins, since HPA, which is not a precursor of CoA,
does not have a protective effect in relation to PSSG.

AHHOTaIMA

Bbitn 13ydeHbl M3MEHEHNUs B COflePXKaHUM S-ITyTaTMOHMIMPOBaHHBIX 6enKoB (PSSG) B cTpyKTypax Mosra KpbIC in vivo mocie BBefeHns Fe +
JITIC, xmopupa anoMUHNUA, POTEHOHA U 3-HUTPONPOIMOHOBON KUCTOTHI, @ TAK)XXe B 9KCIePMMEeHTAX in Vitro Ipu OKMCIUTENTbHOM CTpecce Ha
Ky/IbType TKaHM MO3ra KpBICHI MIM Ha CyOKJIeTOUHBIX (pakuMAX, a TakKe BO3MOXXHOCTb KOPPEKIVM I3TUX M3MEHEHMII C IIOMOIIBIO
IpeJjIIeCTBeHHMKOB TAHTOTEHOBO KMCIOTH — nmanTeHona (IUI), manreruna (I1T) u romonanTotenosoit kucnotel (I'TIK). Ycranosneno, uto
copiepkanne PSSG 3HaumTeNnbHO yBeIMUMBAETCA B CTPYKTYpaxX TOMIOBHOTO MO3Ta BO BCeX MOJENAX HENPOTOKCMKO3a, ¥ 3TO yBelMYeHue
Hab/mogaeTcsa B HanbOoJIbIlIeil CTENIEHN MMEHHO B TeX CTPYKTypax (6onpmmx MOMYLIAPUAX, TUIIIIOKAMIIE, 6asa/jIbHBIX TAHIINAX), IJI€ JAHHBIN
HEPOTOKCVH TIPOsB/IsAeT Hanbosee BbIpaKeHHOe JieiicTBye. OUeBUHO, NMPOLecC S-ITyTaTMOHWINPOBAaHUA 6€lKOB MOXeT VHMUIMMPOBATh
HapylleHuss uX QYHKUMI M CIIOCOOCTBOBATH pPasBUTMIO HelipopiereHepaimn. IlpenmiectBeHHuKyM OmocmHTesa KoA cHmkaioT S-
IIyTaTMOHWIVMPOBaHye 6enKoB, Toraa Kak I'TIK, KoTopblit He sAB/AeTCA HpenliecTBeHHNKOM KOA, He OKa3bpIBaeT 3alMTHOTO JIEVICTBYIS Ha 9TOT
[MOKa3aTesb.

Keywords: Protein S-glutathionylation, neurodegenerative pathology, neurotoxicosis, brain structures, panthothenic acid derivates.

The levels of GSH were proposed to use the determination

1. Introduction

Currently known, disorders in brain structures in such
neurodegenerative pathologies as Alzheimer's disease (AD),
Parkinson's disease (PD), Huntington's disease (HD), etc.,
are accompanied by the development of oxidative stress [1,
2]. In the mechanisms that ensure the maintenance of redox
balance in the brain tissue, the glutathione system plays an
important role [3, 4].

of the GSH level as a marker of moderate kognitive
impairment in AD [5].

In addition to participating in redox reactions, glutathione
is involved in protein glutathionylation reactions. Protein S-
glutathionylation is a specific oxidative post-translational
modification characterized by the reversible formation of a
mixed disulfide bond between Cys protein residues and
glutathione [6]. The high level of GSH in the cells and the
easy conversion of sulfenic acids and S-nitro derivatives to
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glutathione-mixed disulfides suggest that reversible
glutathionylation may be a common mechanism of redox
signal transmission and regulation of the activity of redox-
sensitive thiol-containing proteins [7]. Currently, over 100
proteins have been identified, the activity of which changes
as a result of post-translational S-glutathionylation [6]. For
example, as a result of S-glutathionylation, the activity of
apoptosis regulation proteins (caspase-3), folding and
degradation proteins (heat shock protein HSP70), energy
metabolism proteins (glyceraldehyde-3-phosphate
dehydrogenase, isocitrate dehydrogenase, a-ketoglutarate
dehydrogenase complex) significantly changes [8, 9, 10].

Glutathionylation can occur through non-enzymatic or
enzymatic reactions. Enzymes that catalyze the reaction of
formation of S-glutathionylated proteins (PSSG) are
thioltransferases - glutathione-S-transferase P, glutathione-S
-transferase Ol of the omega class. The non-enzymatic
formation of S-glutathionylated proteins (PSSG) depends on
the availability of GSH and / or GSSG. PSSG are easily and
reversibly formed via GSH binding by Cys residues in target
proteins under the action of glutaredoxins and thioredoxins
(4, 13].

S-glutathionylation proceeds both under normal
physiological conditions when the GSH / GSSG ratio in the
brain is about 100: 1 [14], and in conditions of changes of
redox balance in oxidative stress, when the GSH / GSSG
ratio can significantly decrease. S-glutathionylation, on the
one hand, is a protective mechanism against the action of
reactive oxygen species, and, on the other hand, by changing
the activity of certain enzymes, it can lead to changes in
energy metabolism, folding and protein degradation, and
regulation of apoptosis, which play an important role in the
pathogenesis of neurodegenerative disorders [1-3, 6, 7].
Recent studies have shown that glutathionylation of specific
proteins can contribute to the onset or progression of AD,
PD, HD and other neurodegenerative diseases [9-12, 15].

Based on this, we studied changes in the PSSG content in
rat brain structures in different experimental models of
neurodegenerative diseases, which are characterized by
different mechanisms for the development of pathological
changes in brain tissue. What was common to them was that
in all cases the development of oxidative stress was observed
and, accordingly, a shift in the redox balance and changes in
the glutathione system [3, 4]. We also studied the possibility
of correcting these changes with pantothenic acid
derivatives. Earlier, we found the presence of pronounced
neuroprotective activity in CoA precursors, carried out
through interaction with the glutathione system [16].

2. Material and Methods

Experimental models were performed on male Wistar
CRL: (WI) WUBR rats weighing 180-200 g, kept under
standard vivarium conditions. All experiments with
laboratory animals were carried out in accordance with
ethical standards, as well as the rules for conducting

scientific work using experimental animals in scientific
research, compiled on the basis of recommendations and
requirements of the World Animal Welfare Society (WSPA)
and the European Convention for the Protection of
Experimental Animals (Strasbourg, 1986).

Derivatives of pantothenic acid (PA) D-panthenol (PL)
and D-pantethine (PT), which are the precursors of CoA
biosynthesis, as well as homopantothenic acid (HPA,
hopantene), which is unable to convert to CoA, were used as
modulators of metabolic disturbances during oxidative
stress. These drugs were administered at a dose of 200 mg /
kg, intragastrically.

Administration of iron (II) gluconate and E. coli
lipopolysaccharide (LPS) to model PKAN (pantothenate
kinase-associated neurodegeneration) [17, 18]. 10-12-Day-
old rats weighing 20 + 5 g were injected with iron (II)
gluconate (30 mg / kg, intragastrically) for 20 days. From 21
days, PA derivatives were administered for 14 days. The day
before decapitation, E. coli lipopolysaccharide (200 pg / kg,
ip) was administered.

Administration of aluminum chloride for modeling AD
[19]. Aluminum chloride (200 mg / kg, intragastrically) was
administered daily to rats for 6 weeks. From the 5th week of
the experiment, PA derivatives were administered daily for
14 days.

Administration of rotenone for modeling PD [20, 21].
Rats were injected with rotenone daily for 6 weeks (2.5 mg /
kg, subcutaneously, diluent — a mixture of DMSO with
sunflower oil). From the 5th week of the experiment, PA
derivatives were administered daily for 14 days.

Administration of 3-nitropropionic acid for modeling HD
[22]. Rats were administered 3-nitropropionic acid daily for
14 days (NPA, 10 mg / kg, intraperitoneally). PA derivatives
were administered daily for 14 days, too.

Brain structures examined. We studied the level of PSSG
in the cerebral hemispheres, hippocampus, basal ganglia,
brain stem and cerebellum isolated from rat brain, as well as
in brain cell culture from rat embryos.

Primary cell culture and isolation subcellular fractions
from brain tissue.

The primary brain cell culture of 18-day-old rat embryos
was isolated using mechanical and enzymatic tissue
disaggregation with trypsin [23, 24]. Cells were incubated in
Eagle’s medium (MEM) containing 5% thermally inactivated
rat serum, 5.55 mM glucose, 2 mM glutamine, 20 U / ml
penicillin and 20 U / ml streptomycin in 50 mm diameter
plastic Petri dishes pretreated poly-D / L-lysine [23, 24]. The
cell culture was incubated at 37 ° C in a gas mixture
containing 5% CO2. Cell viability in culture was assessed by
the release of lactate dehydrogenase into the extracellular
medium.

In the another experiment subcellular fractions were
isolated from rat cerebral tissue by differential centrifugation
using a selection medium containing 0.32 M sucrose, 10 mM
Tris HCl, pH 7.4 and 1 mM EDTA. Mitochondrial sediment
was resuspended in isolation medium at the rate of 0.4 ml of
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Table 1 | The effect of PL and PT on the content of PSSG (umol / g
tissue) in the brain structures after the administration of iron (II)
gluconate and LPS, (M = SEM, n = 8). Bmusauue IUI u IIT Ha
comep>xanye PSSG (MKMOMb / T TKaHM) B CTPYKTypaxX MO3ra KpBIC
rocie BBeeHus rmokoHaTa sxenesa (I1I) u JITIC (M+SEM, n=8). No-
tes: * - p <0.05 as compared to the control group, # - p <0.05 as com-
pared to the Fe+LPS group.

Groups Hemispheres  Basal ganglia =~ Hippocampus

Control 0.1+0.1 0.1 +£0.03 0.11 +0.04

Fe+LPS 0.13 £0.03* 0.11 £0.01* 0.12 £0.01*
Fe+LPS+PL 0.13+£0.01* 0.08 = 0.02*# 0.11 £ 0.02#
Fe+LPS+PT 0.12 £ 0.01*# 0.11 £0.01* 0.09 £ 0.03*#

medium per mitochondrial precipitate isolated from 1 g of
tissue. Cells and mitochondria were destroyed using a lysis
buffer containing 20 mM Tris HCL, pH 7.4, 150 mM NaCl, 1
mM EDTA, 0.2% Triton X-100.

The content of PSSG determined by
spectrofluorimetric method using 2,3-
naphthalenedicarboxaldehyde (NDA) by the technique of
Menon, Board [25] with our modifications. In order to avoid
formation of free thiols (predominantly GSH) in the
samples, they are blocked by the inclusion of 10 mM NEM
(N-ethylmaleimide) in the homogenizing solution. After
centrifugation a tissue extract was precipitated with twice
the volume of ice-cold acetone to remove the alkylated
cellular free thiols and excess NEM. After second
centrifugation, the supernatant was discarded and the
precipitated proteins were washed again in ice-cold acetone
and allowed to air dry. The pellet was suspended in 0.5 M
Tris-HCI, pH 8.2, containing 0.1% Triton X-100.

The reducing agent tris(2-carboxyethyl)phosphine (TCEP)
was added to the protein solution (final concentration of 5
mM) to break the disulfide protein bonds and elute the
protein-bound GSH. The deglutathionylated proteins was
then precipitated by the addition 5-sulfosalicylic acid on ice
for 30 min, and the precipitated proteins were removed by
centrifugation. Releasing GSH from proteins in the
supernatant was detected with NDA spectrofluorimetrically
(Ex=485 nm, Em =520 nm). The results were calculated as
nmol GSH/mg protein by reference to a standard curve
generated with GSH.

Total protein was determined by the Bradford method
[26].

Statistical processing of experimental data was performed
using Microsoft Excel 2016, GraphPad Prism 6.0. The
experimental data were presented as M = SEM, where M is
the average value, SEM is the standard error of the mean.
The significance of intergroup differences was evaluated
using one-way analysis of variance (ANOVA) using the
Tukey test. In all cases, differences were considered
statistically significant at a value of p <0.05.

was

3. Results

We have studied changes in the content of PSSG in rat
brain structures in different models of neurodegeneration.

Since iron does not penetrate well through the blood-brain
barrier in adult animals, we administered iron preparations
to 10-12-day-old rat pups when the barrier permeability is
still high [17, 18]. This contributes to the accumulation of
iron in the brain tissue, and mainly in the striatum of the
cerebral hemispheres. An additional single administration of
LPS to animals on the 34th day of their life leads to the
development of inflammation and can serve as an
experimental model of PKAN, which is characterized by the
accumulation of iron and due to impaired CoA biosynthesis
due to a genetic defect in the key enzyme of its biosynthesis
- pantothenate kinase [27]. The control group consisted of
animals of the same age, which were injected with a solution
of sodium chloride 0.85 %.

We found that the content of PSSG after administration of
iron (II) gluconate and LPS in the cerebral hemispheres
increased by 26%, in basal ganglia by 11% and in the
hippocampus by 14% (table 1).

Although PL did not affect the process of S-
glutathionylation of proteins in the cerebral hemispheres, it
was shown that it decreased S-glutathionylated proteins in
the hippocampus to the control level, and even lower than
the values in the control in basal ganglia (p <0.05). Against
this background, PL did not affect the process of S-
glutathionylation of proteins in the cerebral hemispheres,
reduced their content in the hippocampus to the control
level, and in basal ganglia reduced their content even lower
than the values in the control (p<0.05). Conversely, tThe
presence of PT did not affect this indicator of basal ganglia,
decreased the level of PSSG in hemispheres, and in
hippocampus decreased it below the control values.

To model AD symptoms in rats, we used a model with
intragastrically administeredration of aluminum chloride for
6 weeks. This led to the development of neurotoxicosis in
animals, accompanied by disturbances in the redox balance
and pronounced changes in the redox potential of the
glutathione system in brain tissue [28].

The action of aluminum chloride led to a significant
increase in the content of PSSG in all the rat brain structures
we studied, which, obviously, is an indicator of an increase
in the post-translational modification of proteins under
conditions of a shift in the thiol disulfide balance (table 2). It
can be noted that the level of PSSG changes the least in the
brain stem. The introduction of all PA derivatives (PL, PT,
and HPA) led to the return of restored the PSSG content in
hemispheres and hippocampus to the control level, and even
lower than the control values in other brain structures.

Together, these results indicate Thus, that the process of S
-glutathionylation of proteins under the action of aluminum
chloride is activated in all brain structures of rats, and PA
derivatives are effective correctors that reduce post-
translational modification of proteins under conditions of

307 | 1-34: 21



D. S. Semenovich et al., 2020 | Journal oflntegrated Omics

Table 2 | The effect of PL, PT, and HPA on the content of PSSG (nmol / mg protein) in the brain structures after the administration of AICI3
(M%SEM, n=8). Bnusuue I, IIT u I'TIK Ha comepkanne PSSG (uMonb / Mr 6enka) B CTPYKTypax Mo3sra Kpbic mocie BBemenus AlCI3

(M*SEM, n=8). Notes: * - p <0.05 as compared to the control group, # - p <0.05 as compared to the AICI3 group

Groups Hemispheres Basal ganglia
Control 0.47 £0.04 0.52 +0.04
AlCl, 0.60 £ 0.05* 0.58 £ 0.02*
AICL; +PL 0.46 + 0.08# 0.48 + 0.05#
AICL + PT 0.47 +0.06# 0.40 £ 0.06*#
AICL; + HPA 0.34 £ 0.02*# 0.51 +0.06#

oxidative stress in the central nervous system.

Rotenone is one of the neurotoxins used to model PD in
vitro and in vivo [21]. Administration of rotenone to animals
causes biochemical, histological and behavioral symptoms
similar to those observed in patients with PD. Rotenone is
an inhibitor of the mitochondrial I complex I of the electron
transport chain of mitochondria, resulting in the formation
of free radicals and the development of oxidative stress
[229]. In our experiments, it was found that the effect of
rotenone was accompanied by an increase in the content of
PSSG in the cerebral hemispheres by 20%, the hippocampus
by 18% and, most notably, in the basal ganglia by 56 %
especially pronounced (by 56%) in the basal ganglia (table
3). Predictably, rotenone is known to cause the most
prominent damage to neurones in the basal ganglia. It is well
known, that in this structure of the brain rotenone causes
the most pronounced damage to neurons.

PL and PT contributed to the weakening of the effect of
rotenone on this indicator in the cerebral hemispheres and
the hippocampus, returning it to the values in the control,
while in basal ganglia the effect of their exposure was
insufficient to return the PSSG level to normal. HPA had no
effect on the content of PSSG against rotenone.

Table 3 | The effect of PL, PT, and HPA on the content of PSSG
(nmol / mg protein) in the brain structures after the administration
of rotenone (M=SEM, n=8). Bmusaume IIJI, IIT u TITIK =Ha
copepxxanne PSSG (umonbp / mr Genka) HMonb / Mr Oenka) B
CTPYKTypax Mo3Tra KpbIC ITOC/Ie BBefieHusa poreHoHa (M+SEM, n=8).

Notes: * - p <0.05 as compared to the control group, # - p <0.05 as
compared to the rotenone group .

Hippocampus Brain stem Cerebellum
0.25+0.04 0.28 £0.03 0.24 £ 0.03
0.28 + 0.05* 0.31 £ 0.05* 0.29 £ 0.05*
0.26 + 0.04# 0.27 £ 0.03# 0.23 £0.03#
0.24 +0.02# 0.26 £ 0.02# 0.21 £ 0.02#
0.25 £ 0.06# 0.24 + 0.04# 0.24 + 0.04#

NPA is a mitochondrial toxin that causes selective
degeneration of neurons in the striatum and the
development of symptoms characteristic of HD in
experimental animals [2930]. Oxidative stress is one of the
important factors in the pathogenesis of HD [3031]. In this
model, we also observed an increase in the PSSG content in
hemispheres by 20% and hippocampus by 23%, while in
basal ganglia this increased by 65% (table 4).

PL and PT also returned the PSSG level to control in
hemispheres and hippocampus, while in basal ganglia they
contributed only to its slight decrease relative to the value
against the background of NPA. The effect of HPA was
weaker in all studied brain structures.

In order to clarify the mechanisms of the protective effect
of PA derivatives on protein glutathionylation processes, we
studied changes in this parameter in in vitro models of
oxidative stress. For this, we used the primary brain cell
culture of 18-day-old rat embryos. Derivatives of PA with
final concentrations of 10, 25, 50, 100, and 500 uM were
added to the cell suspension (0.5-1.0 mg / ml total protein)
and preincubation was performed for 30 min at 37 ° C. To
induce oxidative stress, 50 uM tBHP was added and samples
were incubated for 30 min at 37 ° C. It was shown that the
development of oxidative stress initiated by tert-butyl
hydroperoxide (tBHP) was accompanied by an almost 3-fold
increase in the content of PSSG in the culture of brain cells
of rat embryos (figure). The introduction of both PL and PT

Table 4 | The effect of PL, PT, and HPA on the content of PSSG
(nmol / mg protein) in the brain structures after the administration
of NPA (M+SEM, n=8). Biusauue IV, IIT u I'TIK Ha comepxaHue
PSSG (umonb / Mr 6e/Ka) B CTPYKTYpax MO3Ia KPBIC I10C/Ie BBEIEHA
3-Hutponponmonosoit kucnotel (M+SEM, n=8). Notes: * - p <0.05
as compared to the control group, # - p <0.05 as compared to the
NPA group.

Groups Hemispheres  Basal ganglia  Hippocampus
Control 0.50 £ 0.02 0.57 £0.02 0.51 £0.03
Rotenone 0.59 + 0.02* 0.88 + 0.03* 0.60 + 0.02*
Rotenone
0.52 +£0.02# 0.72 £ 0.02*# 0.52 £ 0.01#
+PL
Rotenone
0.51 +£0.02# 0.69 £ 0.02*# 0.51 £0.01#
+PT
Rotenone
0.53 £ 0.01* 0.90 £ 0.03*# 0.61 +0.02*
+HPA

Groups Hemispheres  Basal ganglia = Hippocampus
Control 0.48 +0.01 0.57 +0.01 0.53 +0.03
NPA 0.58 £0.01* 0.93 £0.01* 0.65 £ 0.02*
NPA+PL 0.52 +0.01# 0.71 £ 0.01*# 0.55+0.01#
NPA+PT 0.53 +0.01# 0.69 £ 0.01*# 0.57 +0.01#
NPA+HPA 0.51 £0.01* 0.83 £ 0.02*# 0.60 £ 0.02*
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Figure 1 | Influence of tBHP (50 uM), PL (histogram A) and PT
(histogram B) on the level of PSSG in the primary brain cell culture
of 18-day rat embryos. Bnusuue tBHP (50 puM), ITJI (rucrorpamma
A) n IIT (rucrorpamma B) Ha copmepxanme PSSG B mepBMYHOI
Ky/IbType K/IETOK T'OJIOBHOTO MO3ra 18-7HeBHBIX 3MOPMOHOB KPBIC.
Notes: * - p <0.05 as compared to the control group, # - p <0.05 as
compared to the tBHP group.

into the incubation medium in a dose-dependent manner
contributed to a decrease in the content of PSSG, which
indicates a direct effect of the drugs on the processes of
glutathionylation of proteins.

In the next experiment, we examined in which subcellular
fraction the proteins undergo had the greatest modification
of proteins. For this, PL or PT with the final concentrations
of 10, 25, 50, 100, and 500 pM were added to the
homogenate of brain tissue or a suspension of subcellular
fractions (1.5-2 mg / ml of total protein) and preincubated
for 30 min at 37 ° C. 100 uM tBHP was added into the
samples to induce oxidative stress and incubated during 15
min in 37 °C.

It was established that, against the background of tBHP,
the content of PSSG increased both in the total homogenate
and in mitochondria, microsomes, and in the cytosol (table
5). In the presence of PL in the incubation medium, the
effect of tBHP was not manifested, and the level of PSSG did
not differ from the values in the control group either in the
total homogenate or in the subcellular fractions studied.
However, in the nuclear fraction, the content of
SXglutathionylated proteins did not change either against
tBHP or in the presence of PL.

4. Concluding Remarks

Protein S-glutathionylation has the ability to regulate a
number of biological functions of proteins in the cell, both in
normal and pathological conditions. It is generally accepted
that S-glutathionylation of proteins is considered one of the
mechanisms of protein protection against the oxidative
effects of reactive oxygen species [1-3, 6]. We have shown
that under the conditions of the development of oxidative
stress, the content of PSSG significantly increases in brain
structures in all the models of neurotoxicosis that we
studied, and this increase is observed to the greatest extent
precisely in those structures where a particular neurotoxin
has the most pronounced effect. As a rule, with
neurodegenerative diseases, pathological changes occur
primarily in the cortical and subcortical structures of the
hemispheres [32, 33, 34]. According to our data, changes in
PSSG levels in the brain stem were minimal in the models of
experimental neurodegeneration.

PA  derivatives, precursors of CoA, reduce S-
glutathionylation of proteins, which can be regarded as a
protective effect against protein conformation disorders and
preservation of their biological activity during oxidative
stress, and these effects are obviously mediated through the
CoA system, since HPA, which is not a precursor of CoA,
does not have a protective effect in relation to PSSG.

Thus, the activation of S-glutathionylation of proteins is a
characteristic sign of metabolic disorders of redox balace in
brain tissue during oxidative stress and is observed in
different ways of modeling neurodegenerative processes.
Given the fact that glutathionylation of proteins can also
initiate misfolding of proteins and their aggregation into
insoluble complexes, impaired mitochondrial functions, iron
accumulation in brain structures, and contribute to the
progression of death of neurons, therefore it can be assumed
that glutathionylation of proteins can not only protect them
from irreversible damage by free radicals during oxidative

Table 5 | The effect of PL (100 uM) on the content of PSSG (nmol /
mg protein) in the subcellular fractions of hemispheres in the presen-
ce of tBHP (100 uM) (M+SEM, n=4). Bmusure IUI (100 uM) Ha
conep>xanye PSSG (HMonb / Mr 6enka) B CyOK/IETOYHBIX (paKIMAX
6onplMx Tomymiapuit Mosra B mpucyrcrBum tBHP (100 uM)
(M%SEM, n=4). Notes: * - p <0.05 as compared to the control group,
# - p <0.05 as compared to the tBHP group.

Subcellular tBHP + 0.1
Control tBHP

fractions MM PL
Homogenate 1:10 1.73 £0.01 2.31 £0.03* 1.81 £ 0.02#
Nucleus 0.14 £ 0.01 0.12 £ 0.01 0.11 +£0.01
Mitochondria 0.55 + 0.02 0.92 + 0.02% 0.63 +0.01#
Microsomes 0.28 £ 0.01 0.39 £0.01* 0.31 £ 0.02#
Cytosol 0.76 + 0.02 0.88 + 0.02% 0.76 + 0.02#
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stress, but also perform certain regulatory functions in the
cell, having a close relationship with to CoAlation functions.
Recently it has been shown that protein CoAlation is a
reversible post-translational modification induced by
oxidizing agents and metabolic stress in prokaryotic and
eukaryotic cells [335]. During physiological conditions CoA
produces metabolically-active derivatives, but may act as an
antioxidant in response to oxidative or metabolic stress. The
close  relationship between CoA-lation and S-
glutathionylation is evidenced by the pronounced effects of
CoA biosynthesis precursors - PL and PT, but not HPA, on
the level of S-glutathionylated proteins in brain structures in
the experimental models of neurotoxicosis. It must be taken
into account when considering the mechanisms of the
pathogenesis of neurodegenerative diseases and may be the
rationale for the use of pantothenic acid derivatives for
treatment of neurodegenerative disorders.

3aknroyeHmne

S-ryraTnoHMIMpoBanne 6enKoB 06/1afaeT CIOCOOHOCTHIO
perynmmposarb psp Omonormdeckux (GyHKuuii OelKoB B
KJIeTKe KaK IpJ HOPMAJIbHBIX, TaK M IPU HAaTOTOTMYECKUX
COCTOAHMAX. VI3BeCTHO, 4YTO  S-IIyTaTMOHMIMPOBaHME
6€/IKOB CUMTAETCA ONHUM M3 MEXAHM3MOB 3alUThI OETKOB
OT OKUCIMTETbHOTO  BO3[EICTBMA  aKTMBHBIX  GoOpM
KUCIopofa. Mbl IOKasamy, 4YTO B YCIOBUAX Pa3BUTKA
OKJICTUTENIbHOTO cTpecca comep>kanme PSSG 3HaumrenbHO
BO3pacTaeT B CTPYKTypax TOJOBHOTO MO3Ta BO BCeX
M3YYeHHBIX HaMM MOJIAX HEMPOTOKCMKO3a, M  3TO
yBenudeHne HabmomaeTcs B HanboNbIlelf CTeTIeHN MMEHHO
B TeX CTPYKTYypax, I7ie KOHKPeTHbI} HeIPOTOKCUH 00/IafjaeT
Hambosiee BbIpa)KeHHBIM HelicTBMeM. Kak IpaBmio, mpu
HellpofiereHepaTVBHBIX ~ 3a00/IeBaHMAX  I1AaTOJIOTMYECKMe
M3MEHEeHNA IPOUCXO[AT B IIEPBYI0 Ouepelb B KOPKOBBIX I
HOIKOPKOBBIX CTPYKTypax OO/NbIIMX NOMyLIapuit Mo3ra. B
U3YYeHHBIX  HaMM  MOJEIAX  SKCIepUMEeHTaIbHOM
HelipofiereHepauun us3MeHeHusa ypoBHa PSSG B cTBONIE
TOJIOBHOTO MO3Ta ObUIM HaVIMeHee BhIpayKeHHBIMIA.

[IponsBopHbIe HaHTOTEHOBO KICTIOTBHI,
IpefiIeCTBeHHNKI KoA, CHIDKAIOT S-
DIYyTaTMOHWIMPOBaHMe Oe/IKOB, 4YTO MOXKHO pacCMaTpMBaTh
KaK 3al[UTHBIA 3¢ eKT IpOoTUB HapylleHuiT KOHGOpMaun
Oermka M coxpaHeHMe UX OMONIOIMYECKON aKTMBHOCTM BO
BpeMsI OKMC/IUTEIBHOTO CTpecca, ¥ 3TU 3¢ deKThl, 04eBUIHO,

ormocpenyoTcsa  4epe3  cucreMy  KoA,  IOCKOIBbKY
TOMOIIAHTOTEHOBAasE ~ KMC/IOTa, KOTOpas He  ABJAETCA
mpeniiecTBeHHUKOM KoA, He o0KkasbIBaeT 3alUTHOTO

TIeVICTBUSA HA 9TOT ITOKa3aTe/lb.

Takum o6pasoM, akTMBALUA S-ITyTaTMOHUIMPOBAHUA
6enKOB ABMAETCA XapaKTepHBIM IIPM3HAKOM HapyIIeHu
OKMCTIUTETbHO-BOCCTAHOBUTENbHOTO ~ 6alaHca B TKaHU
MO3Ta TIpYM OKMCIUTETbHOM CTpecce M HabmofaeTca Ipu
PasHBIX CTIoco6ax MOJIeMMPOBAHNA HelfpoiereHepaTHBHBIX
IIPOIL[ECCOB. YunrsiBas TOT (axr, qTOo
TTyTaTMOHWINPOBAHIE 6enxoB TaKXe MOXKeT

VHULMMPOBATh HApYLIEHUS CBOPAYMBAHUA O€IKOB ¥ MX
arperaiyio B HePAacTBOpMMble KOMIIIEKCHI, HapyIleHue
GYHKIWMIT MUTOXOH/PUIL, HAKOIUIEHE JKeJle3a B CTPYKTypax
TOJIOBHOTO MO3Ta U CIIOCOOCTBOBATH IIPOTPECCUPOBAHMIO

rnbenn HeﬁpOHOB, MO>XHO I1oj1ararb, 49To
ITyTaTUOHWINPOBaHME 6eIKOB MOYKET HE TOIBKO 3aluuiaTb
ux OoT H€O6paTI/IMOI‘O TIIOBPEXAEHNA CB060]1HI>IMI/I

pafiMKajaMy BO BpeMs OKMUCIMUTEIBHOTO CTpecca, HO TaKXKe
BBIIIOJIHATD  OTIPEie/IeHHbIE PETYIATOpHbIe (yHKIUM B
KJIeTKe, TeCHO CBsi3aHHble ¢ ¢yHKuusAMu KoA-mmpoaHus.
HepaBHo Obuto mokxaszano, uto KoANmmposanme Oenxa

ABIACTCA O6paTI/IMOI7[ HOCTTpaHCHHHI/IOHHOﬂ
MOIII/I(bI/IKaLU/Ief/'I, BBbI3BaHHOI OKMCIIUTENAMN n
MeTabo/IM4IeCKIUM CTpeCcCOM B IIPOKApMOTUYECKNX U

SYKapMOTUYECKUX K/IeTKax. B ¢usmonorndyecknx ycmoBmax
KoA  cmocob6ctByer — 00pa3soBaHMIO  MeTAOOMMYECKN
AKTUBHBIX IPOU3BOJIHBIX, HO OH MOJXET TAKXXE [eliICTBOBATh
KaK aHTMOKCUIAHT B OTBET Ha OKUCIUTEIbHBINA WM
MmeTabomudeckuit crpecc. O TeCHOI B3aMMOCBA3SM MEXY
KoA-nmuposanuem u SXrmyraTnorMnInpoBaneM
CBUJIETE/ILCTBYIOT BbIPa)KEHHbIE addexTsr
npepiiectBeHHNKOB O6mocuHTe3a KoA — IDI u IIT, HO He
ITIK, Ha ypoBeHb S-IIyTaTMOHWIMPOBAHHBIX O€IKOB B
CTPYKTypaX TOJIOBHOTO MO3Ta B 9KCIIEPMMEHTa/IbHbIX
MOJENAX HePOTOKCMKO3a. O  (QakThl HeoOXOHMMO
YIUTBIBATh IIPU PAacCMOTPEHMM MEXaHM3MOB IIaTOTEHE3a
HelpofiereHepaTUBHLIX 3a00/IeBaHMIl M MOTYT CIYXUTb
obocHOBaHMEM UCIIOb30BaHNUsA IPOU3BOJIHBIX
KUCTIOTBI LS JIe4eHNA
HellpofiereHepaTUBHBIX 3a00/TeBaHMIL.
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ABSTRACT

The paper deals with impact of water deficit and heat shock on activity of sucrose-phosphate synthase (SPS) - (UDP-glucose: D-fructose-6-
phosphat-2-a-glucosyltransferase, E.C. 2.4.1.14) — an enzyme involved in sucrose synthesis, on activity of soluble lectins, as well as sucrose and
abscisic acid (ABA) content in germinating kernels of corn lines with different drought tolerance (Zea mays L.). The paper demonstrates that
drought-tolerant corn lines are characterized by increased activity of soluble lectins, sucrose-phosphate synthase, abscisic acid and sucrose
content in tissues of sprouts under the impact of adverse abiotic factors (water deficit and hyperthermia) compared to reference value.

AHHOTaIMA

Visy4eHO BNMsAHME BOJTHOTO AeUINTA M TEIVIOBOTO III0OKA HAa aKTUBHOCTH caxaposodocdarcuurassl (CPC) - (YID-rmokosa D-dpykroso-6-
docdar-2-a-rmokosuntpancepasa, K.®. 2.4.1.14) - sH3MMa CMHTe3a Caxaposbl, aKTUBHOCTb JIEKTMHOB, a TAK)XXE COflepP)KaHNe Caxaposbl U
ABK B mpopacraiommx 3epHOBKaX KOHTPACTHBIX II0 IPM3HAKY 3aCyXOYCTONYMBOCTHM JNMHMII KyKypyssl (ZeamaysL.). ITokasaHo, uto pfce
[jecnjqxbdst nuHMM KYKypy3bl XapaKTepM3YIOTCS IIOBBILIEHMEM aKTMBHOCTYM PacTBOPMMBIX JIEKTMHOB, caxapo3odocdarcuHTassl U
cofiepykaHust aGCIM30BOIT KIMCTIOTBI CaXapo3bl B TKAHAX HPOPOCTKOB PV BO3IENCTBIM a0MOTNYECKIX HEOIATONPUSITHBIX (haKTOPOB (BOZHOTO

HeduumTa U IUNIEPTEPMUN).

Keywords: Zea mays L., soluble lectins, abscisic acid (ABA), sucrose-phosphate synthase (SPS), sucrose, water deficit, heat shock.

1. Introduction

One of the most pressing issues nowadays is a study of the
plants’ response to changes in meteorological conditions of
environment. This problem is studied now by a new science
- meteomics. Advantages of assessment of joint impact of
meteorological factors on plants lie in the fact that such
approach enables to simulate a real situation in nature.

Drought and high temperature are one of the key factors
of the environment limiting crop capacity of grains.
Response of the plants to drought and high temperature is
very complex and includes interaction between various
molecular, physiological and biochemical processes.
Significant changes take place in hormone balance of plant
cells under various stresses, contributing to change in
structure and functions of plant cells under normal

conditions into those under stress conditions. Abscisic acid
(ABA) plays a key role in regulation of changes in gene
expression of plant cells under stress. Under such conditions
ABA level rises drastically, which leads to decreasing activity
of metabolic processes in cells, namely, total protein
synthesis, on the one hand, and induced creation of over a
dozen of stress proteins, on the other hand [1, 2, 3].
Synthesis of a number of proteins present under normal
conditions, including lectin, increases along with synthesis
of stress proteins under adverse conditions, as well as
treatment with exogeneous ABA [4, 5, 6]. This is supported
by data concerning significant accumulation of lectin in
roots of wheat sprouts under osmotic shock and drought, in
sprouts in response to salinity of the environment, in cell
culture under heat shock, as well as developing wheat
kernels under water deficit [7, 8, 9]. Taking into account
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variety of lectins, their presence in various types of plants,
and presence of various agglutinating proteins in organs of
one and the same plant, one can assume that these molecules
play an important physiological role in metabolism. One of
the defence mechanisms of lectins under stresses of various
nature is their possible impact on cytoskeleton’s
destabilization and stabilization cycle, which plays a key part
in regulation of the plant’s response to biotic and abiotic
stimuli. Growth in lectin content may also lead to oxidative
stress inhibition and decrease in active forms of oxygen,
which along with stabilization of the cytoskeleton’s new
configuration takes the cell back to unexcited state. Based on
the given data, lectin may be viewed as a party to nonspecific
responses of the plants.

It is known that stress factors (drought, hypothermia,
hyperthermia and others) may trigger both decrease and
increase of soluble sugar content in cells. One of the most
important osmoprotectors under stress conditions is
sucrose. It is the main form of sugar transport in most
plants. Moreover, sucrose serves as a sign for activation or
repression of specific genes in various tissues [10, 11]. Since
sucrose content in plants is determined by dynamic balance
of its synthesis and hydrolysis, stress-induced change in
sucrose content can be contributed to regulation of activity
of enzymes synthesizing and engaging this disaccharide into
metabolism. Sucrose-phosphate synthase (SPS - E.C.
2.4.1.13) is a key enzyme in sucrose biosynthesis. Major part
of the SPS in sucrose accumulation is verified by genetic
engineering methods [12]. SPS activity regulation under
stress may be affected by metabolite accumulation level,
genotypic features, plant’s tolerance to an adverse factor [13,
14].

In consideration of the foregoing premises the goal of our
study is to identify the patterns and characteristics of
changes in the activity of soluble lectins, sucrose phosphate
synthase, and the content of sucrose and abscisic acid in
maize seedlings with different drought tolerance under water
and heat stress in order to create new biochemical methods

for assessing drought tolerance.
2. Material and Methods

Three-day young sprouts of corn lines (Zea mays L.) with
different levels of drought tolerance were used in the
research: drought-tolerant lines Od 329, IK107 zM, non-
drought-tolerant lines GK 26, IK107VS3 / 66. Material was
prepared and provided by A. O. Belousov, Dr. Sc. (Biology),
Head of Laboratory of Genetic and Biotechnological
Methods of Corn Selection of the Genetic Selection Institute
- National Centre for Study of Seeds and Varieties.
Undamaged corn kernels were used in the research. They
were let germinate on filter paper in a germination chamber
at 250 C at relative humidity 60%. Water deficit (WD) was
created by placing the sprouts in the chamber with relative
humidity 35-40%. Heat shock (HS) was created by placing
the sprouts in the germination chamber at 370 C. Stress
factors were applied for 6 hours. Plants in the reference
group were subject to optimum humidity conditions at 250
C. Upon completion of exposure dissected aboveground
parts of sprouts, endosperm and roots were frozen at -400 C.
Lectin activity was determined on the basis of their ability to
agglutinate trypsinized erythrocytes of white rats [15]. Total
protein content in the extract was determined by Lowry
protein assay [16]. Abscisic acid content was determined by
gas chromatography [17]. Sucrose content was determined
by gas chromatography [18]. Activity of sucrose-phosphate
synthase (SPS) — (UDP-glucose: D-fructose-6-phosphat-2-a-
glucosyltransferase, E.C. 2.4.1.14) was determined by the
standard method [14]. Results were subject to mathematical
and statistical processing in accordance with standard
practices [18]. Data were expressed as means * standard
deviation (SD) for triple determinations.

3. Results

The following was found in the course of study of the

Table 1 | Induced Change of Activity Soluble Lectins in Sprouts of Corn Lines with Different Levels of Drought Tolerance. Note: * Probable
difference P < 0.05 against reference value. VIHfynmMpoBaHHOe VM3MeHeHNe aKTMBHOCTM PAaCTBOPMMBIX JI€KTMHOB B IPOPOCTKAX JIMHUIA
KYKYPY3BI C Pas3/IM4HbIM YPOBHEM 3aCyXoycToitanBocT. [Ipumedanne. * OTnmdus fOCToBepHHI mpyt p < 0,05 OTHOCUTENBHO KOHTPOJIS.

Lectin activity (ug protein/ml)!

% of reference value

Li . .
e Reference Water deficit Heat shock Water deficit Water deficit Heat shock Water deficit
value + heat shock + heat shock
Drought-tolerant lines
1IK107 zM 14+1 13+1 38+ 1* 34 + 3* 97.4 276.0 244.1
0d329 16 +2 19+ 1* 45 + 2% 26 £ 1* 121.1 281.0 163.0
Non-drought-tolerant lines
GK26 zM 6.0+04 4.6 +£0.2% 2.4 +0.1* 22+0.2* 76.2 39.8 37.2
IK107VS;/66 53+0.1 35+0.1 59+0.3 25+0.1 66.8 111.4 47.5
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impact of stress factors, water deficit and high temperature
on the total soluble lectin activity in tissues of whole sprouts
and ABA content in tissues of the aboveground part and
roots of 3-day young sprouts of corn lines with different
levels of drought tolerance. The study enabled us to identify
the increase in soluble lectin activity (160 - 280 % of
reference value ) and ABA content (135 - 320 % of reference
value) under the given stress factors in drought-tolerant
lines, and the decrease in soluble lectin activity (37 - 76 % of
reference value ) and ABA content (88 — 54,3 % of reference
value, GK26zM) under the given stress factors in drought-
tolerant lines (Tables 1, 2). Diverse changes in lectin activity
under stress factors in plants with various levels of tolerance
may occur due to synthesis of isoforms more adjusted to
stresses, prevailing synthesis of which facilitates maintaining
cellular metabolism at the necessary level. Moreover, reserve
forms of lectin mRNA were found through inhibition assay
when studying synthesis and accumulation of lectins in cells
of the wheat germ [20]. The authors of the paper suggested
that there was some kind of a pool of untranslated lectin
mRNA and its precursors in wheat cells, and that a stress
factor might contribute to mobilization of reserve forms of
lectin mRNA into translation stage and trigger acceleration
in processing of lectin precursors. It is probable that changes
in lectin activity that we observed in tissues of the corn in
response to the given stress factors are identified using the

same or similar mechanism. One can assume that high level
of induced accumulation of lectins in the aboveground part
and roots of sprouts of drought-tolerant corn lines under
stress factors may be connected with a higher speed of
mobilization of reserve forms of lectin mRNA into
translation stage, and, consequently, acceleration in
processing of lectin precursors. Undoubtedly, this
assumption requires verification by experiment and is a task
of our further research. Transfer of plants into the state of
nonspecific resistance, as well as many other processes
connected with impact of stresses, frequently correlate with
immunologically significant shifts in the plant’s hormone
system. In the first place it applies to abscisic acid (ABA),
which is called a stress phytohormone. According to
reference sources, increase in ABA content preceded
increase in lectine content under stress factors of varying
nature. Data on ABA and lectin concentration kinetics
enabled us to conclude that there is a cause-effect
relationship between stress-induced accumulation of ABA
and increase in lectin content (activity). However, lectin
activity and ABA content may be affected by other factors as
well, first of all, genetic nature of plant lines and initial
content of lectins and abscisic acid.

According to reference sources, sucrose-phosphate
synthase activity and sucrose content may serve as auxiliary
criteria for assessment of the plants’ response to drought

Table 3 | Sucrose-Phosphate Synthase (SPS) Activity and Sucrose Content in Corn Sprouts Grown amid Water Deficit and Hyperthermia
Note: * Probable difference P < 0.05 against reference value. AktuBHOCTb caxaposodocdarcuutaser (COC) u comeprkaHme caxapossl B
[POPOCTKAX KYKYpY3bl, BBIPAIEHHBIX B YCIOBUAX BOJZHOro pAeduumura u rumeprepmmy Ilpumevanue. * Ilpumedanme. * Ormmaus

nocroBepHbI Ipy p < 0,05 OTHOCUTEIBHO KOHTPOJIA.

Sucrose-phosphate synthase activity(sucrose pmol /

Sucrose content

protein mg per hour) (mg/g on dry basis)
Line
Water deficit+ % of reference Reference Water deficit + % of reference
Reference value
heat shock value value heat shock value
Drought-tolerant lines
0d 329
Aboveground part 34+0.1 48+0.1* 143.5 15+1 32+ 3% 215.0
Roots 3.1+0.1 6.7 £ 0.3* 217.2 111 25+ 1* 225.2
IK107 zM
Aboveground part 3.8+0.1 41+0.1 110.0 19+1 28 +2* 143.3
Roots 29+0.1 33+0.1 114.3 151 21+ 1% 139.2
Non-drought-tolerant lines
GK26 zM
Aboveground part 33%0.1 2.56 £ 0.03* 76.6 14.0+0.1 15.1+0.1 107.4
Roots 3.1+0.1 1.98 £ 0.03* 64.3 11.2+£0.1 13.3 £0.2% 119.3
IK107VS;/66
Aboveground part 57+0.2 29+0.1* 50.1 245+04 26.8+0.3 109.5
Roots 4.1+0.2 1.98 £ 0.01* 48.1 23.7+0.1 24+ 1 100.6
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tolerance only during a short drought, because a long
drought inhibits the enzyme regardless of genotype
tolerance to this stress. That is why sucrose-phosphate
synthase activity and sucrose content were studied in sprouts
of corn lines with different level of drought tolerance under a
short joint impact of water deficit and hyperthermia. The
study showed that sucrose-phosphate synthase was
positively activated under stress factors in drought-tolerant
corn lines both in the aboveground part and roots of the
plants (143 - 217% of reference value - Od329, 110 - 114% of
reference value - IK107zM) (Table 3). Stress factors in non-
drought-tolerant corn lines inhibited sucrose-phosphate
synthase activity in the aboveground part and roots of the
plants (76,6 - 48% of reference value). Stress factors also
affected the level of sucrose content in corn sprouts. For
instance, activation of sucrose-phosphate synthase in
drought-tolerant corn lines was accompanied by significant
increase in sucrose content both in the aboveground part
and in roots of the sprouts (140 - 225% of reference value).
Inhibition of sucrose-phosphate synthase activity amid water
deficit and hyperthermia in non-drought-tolerant corn lines
had little effect on sucrose content in sprouts, though there
was a tendency towards growth thereof (107 - 119% of
reference value) (Table 3). In other words, activation of
sucrose-phosphate synthase and sucrose accumulation amid
water deficit and hyperthermia in corn depend on the
genotype’s drought tolerance and may serve as auxiliary
criteria for assessment of prospective drought tolerance of
corn lines.

4. Concluding Remarks

Therefore, it has been established that corn lines with
positively ~different levels of drought tolerance are
characterized by varying activity of soluble lectins, content
of abscisic acid, activity of sucrose-phosphate synthase and
sucrose content in tissues of the sprouts under adverse
abiotic factors (water deficit and hyperthermia). Activation
of soluble lectins, sucrose-phosphate synthase and
accumulation of abscisic acid in corn amid water deficit and
hyperthermia depend on the line’s drought tolerance and
may be used as biochemical criteria for assessment of
drought tolerance of corn lines.

3aknroyeHne

VTak, yCTaHOB/IEHO, YTO JIMHUM KYyKypY3bl, KOTOpBIE
TOCTOBEpHO OTIMYAIOTCA IO YPOBHIO 3aCyXOYCTOYMBOCTH,
XapaKTepU3yITCA HEOJVHaKOBBIMMI aKTMBHOCTBIO
pPacTBOpUMBIX  JIEKTUHOB, abCI30BOI KICTIOTHI,
caxapo3odocdaTcuHTasbl ¥ COJep>)KaHMeM Caxapo3bl B
TKaHAX IPOPOCTKOB TIPM BO3[EMCTBUU aOMOTUYECKUX
HeOmaronpuATHeIX  (akTOpoB (BogHOro gmeduumra WU
runeprepmMmn). AKTUBAIMA pacTBOPUMBIX JeKTuHOB, COC
M aKKyMY/IAIMA abCIM30BOI KMC/IOTHL B YCIOBUAX BOJHOTO
mebuunTa U IUIEPTEPMUN B PACTEHUAX KYKYPY3bl 3aBUCAT

OT YPOBHsA 3aCyXOYCTOMYMBOCTM /IMHUM M MOTYT OBITH
VICIIOZIb30BAHBI B KaueCTBe OMOXMMUYECKUX KPUTEPMEB IIpK
OlLieHKe YPOBHA 3aCyXOyCTOMYMBOCTY IMHMI KYKYPY3BI.
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ABSTRACT

This review is dedicated to the research of modified antifungal antimycotics against candidiasis infectious. One of the key and urgent problems
in modern medicine and pharmacology in recent decades has become the problem of ineffective action of antibiotics or the development of
antibiotic resistance. Immunity of microorganisms to the action of antibiotics has led to the search for new effective drugs. Treatment of fungal
infections, especially candidiasis, is also one of the most important problems in modern medical mycology. The solution of this problem is in
the creation of new forms of antifungal drugs that will be more effective than their predecessors. Molecular transformation of antimycotics can
be carried out by the help of chemical modification and genetic engineering. Chemically modified antifungals of new generation have already
been tested. Among them pimaricin, amphotericin B, nystatin and lucenzomycin. The positive effect of these drugs on test-cultures of different
types of candidiasis in vitro was shown.

AHHOTaIMA

Hacrosumit 0630p MOCBAIIEH MCCTEAOBAaHMI0 MOAU(UIMPOBAHHBIX INPOTMBOTPUOKOBBIX AHTUMMKOTUKOB IIPOTMB MH(EKIMOHHOTO
KaHuposa. OHOJ 13 KIIOYEBBIX ¥ AKTYaJIbHBIX IPO6IeM COBPEMEHHON MeAMIVMHBI U (apMaKoNOrMy B IOCIENHME JeCATUICTUA CTala
npobnemMa HedpPEKTMBHOTO [IeVICTBUS aHTMOMOTMKOB WIM aHTMOMOTMKOPE3UCTEHTHOCTM. VIMMYHWUTET OpPraHM3MOB K JIefiCTBUIO
AQHTUOMOTUKOB IPYBET K IIOMCKY HOBBIX 9 ()eKTUBHBIX IpenapaToB. JledeHne rpuOKOBBIX MHPEKIMIT, 0COOEHHO KaHAN03a, TAKXKe AB/IACTCSA
OIHOV M3 BaXKHeNMIMX Hpo6eM COBPEMEHHOJ MeAMLMHCKON MUKO/MOTMY. PellleHMeM 3TOJi NPOG/IEMBI CTalO CO3faHMe HOBBIX (OpM
IPOTMBOTPMOKOBBIX IIpeIapaToB, KOTOopble Oyayr 6Gonee 3¢QeKTMBHBI, YeM WMX IpeflIecCTBEHHMKM. MorekynsipHas TpaHchopManms
AQHTUMMKOTHKOB OCYILIECTB/ISIACH C MIOMOIIBI0 XMMIYECKOI MO IKALIMY U TeHHOI MHKeHepyH. JIOCTYITHOCTb MOJIEKY!T aHTUOMOTUKOB I
XUMIYecKoit MopyduKanyy GyHKIMOHAIbHBIMU aMIHHBIMM ¥ KapOOKCHILHBIMM TPYIINIAMI M CO3JaHMe IIPOU3BOMHBIX C MCIIONIb30BaHIEM
TeHHOJ MHXKeHepyM II03BOJIAIOT IMOMY4YaTh HOBBIE JIeKAPCTBEHHbIE IpeIaparhl C YAyYIIEHHBIMM (QU3UKO-XMMUYECKUMU CBOVICTBAMU A
6oree 11e71€CO0OPA3HOTO VICIONb30BAHNA B KIVHUKe. BBUIM MCIBITaHBI XMMUYECKM MOAMGULMPOBAHHBIE ITPOTMBOTPUOKOBBIE IPENapaThl
HOBOTO HoKoneHysA. Cpemy HMX IMMapyuiyH, amdorepuuyH B, HucraTuH u moneHsoMuuyH. ITokasaHO IONOXMTENbHOE BIMAHME STUX
IperapaToB Ha TeCT-KYIbTYPBl Pas/MYHBIX BUJOB KaHAMA03a in vitro. CyMMuUpys IpeficTaB/leHHbIe JaHHbBIE, XOTeIOCh ObI OTMETUTH, YTO
CO3JlaHMe HOBBIX XMMMYECKV MOAM(UIMPOBAHHBIX J T€HHO-MH)KEHEPHBIX IIpenapaToB C 6onee 9GbQeKTUBHBIMU TepaneBTUIeCKIMM
IapaMeTpaMiy OTKPbIBaeT HOBbIe NEePCIEKTVBBI 1A PellleHNA IPO6IeMbl aHTMOMOTUKOPE3VICTEHTHOCTH.

Keywords: Macrocyclic compounds, polyene antibiotics (PA), candidiasis, antibiotic resistance
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Irrational use of antibacterial antibiotics with a wide
spectrum of action leads to fungal infections, where the
main indicator is the development of resistance to pathogens
of invasive mycoses[1,2]. Since the treatment of fungal
diseases, especially invasive mycoses, is mainly associated
with polyene antibiotics, which are the products of
microorganisms from Streptomyces genus (Actinomycetes),
the solution to this problem was in the formation of new
forms of antifungal, that should be more effective drugs. This
problem is acute in the treatment of fungal infections that
were previously treated with polyene antibiotics (PA), such
as amphotericin, nystatin, trichomycin and candidin. Due to
changes in the environmental situation in nature, there are
new forms of organisms possessing genetic mutations[3].
Accordingly, the compounds produced by them and their
properties change in response to the selective pressure.

One of these changes is the resistance of organisms to
these drugs, that is, they become antibiotic resistant. Thus,
treatment of invasive fungal infections is becoming
problematic. The most common of the mycoses is currently
candidiasis caused by various representatives of the genus
Candida. The solution of this problem is based on the search
of new pharmaceuticals that can be obtained by the methods
of genetic engineering and chemical modification of these
molecules. Some chemically modified antibiotics of new
generation such as pimaricin, amphotericin B, nystatin and
others were investigated. Testing of benzyl derivatives of
pimaricin on six cultures of the Candida showed that the
greatest antifungal activity took place if the chemical radical
in the molecule is a nitrogroup or halogen in the phenyl
ring. These derivatives are more efficient against causative
agent of candidiasis than initial pimaricin. The research of
nanoderivatives of nystatin and pimaricin concerning a
number of test cultures of the Candida was very efficiently
conducted. These nanoderivatives have high antifungal
activity in relation to fungi and considerably increase
stability and biopharmaceutical properties of these
antibiotics in relation to causative agents of candidiasis on
the basis of the tested 11 species of the Candida - C.
albicans, C. utilis, C. tropicalis, C. crusei, C. glabrata,
C.lusitaniae, C.lipolytica, C.norvegensis, C.parapsilosis, C.
kefyr and C. guillermondii[4]. Thus chemical modification of
PA makes it possible to obtain less toxic derivatives of
antibiotics with improved chemotherapeutic properties and
with expanded spectrum of biological activity[5]. The search
of pharmaceuticals with improved therapeutic properties led
to the new modifications of most efficient antimycotic -
amphotericin B. Initial amphotericin B has widest range of
application and is one of most researched and used in
practical medicine antifungal macrolide antibiotics. Various
derivatives of amphotericin B and nystatin in liposomal
form - lipid complexes and colloidal dispersed forms — have
also been developed[6]. New liposomal amphotericin
derivatives with low toxicity and high resistance have been
developed[7], Amphotericin B kills pathogens of fungal
infections by binding to the ergosterol of fungi. Modifying

the structure of amphotericin B, it is possible to obtain its
derivative, which would have the ability to bind only to
ergosterol, but not to cholesterol. Modified version of
amphotericin B can be synthesized from a natural product
into three stages: with a total yield of up to 25%.
Modification of amphotericin B by benzoxaborols was
carried out either by carboxyl group at the carboxyl group
macrolactone ring at position C16 or at the amino group of
the amino sugar (Figure 1). A series of hybrid compounds -
mono- and dimodified derivatives of amphotericin B - are
synthesized. The study of biological activity of these
compounds revealed in most of them the high antifungal
activity in vitro against Candida yeast cultures. The greatest
activity was shown by the dimodified borol derivatives for
which modification on a carboxyl group of Cl16
dimethylaminoethylamid was used (Figure 1). On some
results, in particular, on activity, they surpassed initial
amphotericin B[8]. Because of nephro- and gematoxicity
attempts were done to modify its low-toxic derivatives on
the basis of methods of chemical synthesis and genetic
engineering[8,9]. New genetically engineered polyene
macrolides were obtained as a result of genetically
engineering experiments with the strain of microorganism
Streptomyces noursei. The research of the molecular and
genetic mechanism of action showed that under the
influence of a liposomal form of amphotericin B there is a
depression of biofilms formation by fungi of Candida
albicans along with the block of a gene of MET3 expression.
After daily incubation of biofilms with liposomal
amphotericin B there was no MET3 gene mRNA transcribed
that indicates the block of this one. Results of experiments
show that the use of liposomal antimycotics is highly
efficient concerning fungi of Candida albicans and give the
chance to predict their application for increase in efficiency
of pharmacological effect of antifungal medicines and
decrease of their therapeutic dose. It should be noted that
currently there are many low-toxic highly efficient semi-
synthetic derivatives of PA. The greatest role belongs to
nanotechnology, because nanotechnology research in
medicine is based on the creation of a new generation of
drugs that differ in a more effective way of their delivery to
organs and tissues[10,11]. The selection of nanoderivatives
of macrolide antibiotics with efficient antifungal activity was
very important for the treatment of mycoses. The action of

CH
O

0 OH OH

OH OH O OH

Figure 1 | The chemical structure of initial amphotericin B. Puc.1
XuMundeckasi CTpyKTypa UCXOFHOT0 aMpoTepuLuHa B.
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nanoderivaives of tetraene PA nystatin and pimaricin was
investigated on some test-cultures of yeast fungi Candida. It
has shown that the above nanoderivatives have high
antifungal activity to the pathogens of Candida genus - C.
albicans, C. tropicalis, C. crusei, C. glabrata, C. portugal, C.
lipolytica, C. norvegensis, C. parapsilosis, C. akefyr and C.
guillermondii.

Thus, according to the results of different studies, it was
shown that nanoderivatives of tetraene PA essentially rise
stability and biopharmaceutical properties of these
antifungal antibiotics[4,12].

Tetraene macrolide antifungal antibiotic lucenzomycin
was first used by Italian researchers in the therapy of
mycoses  [13]. Lucenzomycin was obtained by
microbiological synthesis from the organism Streptomyces
lucensis. This antibiotic due to high toxicity has not been
found an application in the drug therapy of mycoses, unlike
nystatin and pimaricin. An obstacle in the systematic use of
PA in medical practice is a relatively high toxicity (mainly
nephrotoxicity), instability in storage, low solubility in
water, as well as a decrease in sensitivity to pathogenic
fungal microorganisms[14,15]. With this purpose we have
synthesized  low-toxic ~ hydrophosphoryl  sensimilla
derivatives with high biological activity[15]. Studies on the
search of new semisynthetic derivatives of lucenzomycin
were continued and, as a result, relevant
dialkylamidophosphate derivatives of this one have been
obtained. Experiments on mice have shown that the acute
toxicity of amidophosphate derivatives of lucenzomycin is 5
times less than that of the original antibiotic (LD50) and
varies from 185 to 200mg/kg. Moreover, derivatives of
lucenzolycin similar to nanoderivatives of pimaricin also
have high antifungal activity against 11 test-cultures of yeast
fungi of the Candida. It should be noted that
amidophosphate derivatives contain in their molecules
different chemical radicals ~-CH,; C,Hs; CH;(CH,)5; C¢Hs; {Si
(CHs;);},. It was shown that antifungal activity of first, forth
and fifth compounds (i.e .with radicals CH,, CsH; and {Si
(CHs;)s},) exceeded activity of the original lucenzomycinin
effects on C. tropicalis, C. glabrata, C. parapsilosis and C.
crusei. Antifungal activity remained on the level of initial
antibiotic against C. albicans, C. utilis and C. guillermondii.
Activity of lucenzomycin derivatives is higher against these
test-cultures[8,15-17]. However the action of
amidophosphate derivatives of lucenzomycin on another
Candida test-cultures (C.lusitaniae, C.lipolytica,
C.norvegensis, C. xefyr) is less than that of original antibiotic
[15-17]. For a long time, the causative agent of 90 % of
Candida infections was considered C. albicans[16]. However
in the recent years there has been an increase of Candida
infections caused by C. tropicali, C. parapsilosis, C. crusei,
and C. glabrata[1,17]. The high antifungal activity of some
chemically modfied derivatives of lucenzomycin and their
significantly low toxicity and better solubility in the water
are important indicators that improve the biological,
pharmacological and physical and chemical properties of

these compounds in comparison with original antibiotic.
Concluding Remarks

A study of benzyl derivatives of pimaricin in six cultures of
the genus Candida showed that these derivatives are more
efficient against pathogens of candidiasis than initial
pimaricin. Nanoderivatives of pimaricin and nystatin have
high antifungal activity against these pathogens and
significantly increase the stability and biopharmaceutical
properties of these antibiotics in relation to the ones. The
study of mono- and dimodified derivatives of amphotericin
B show high antifungal activity in vitro against yeast cultures
Candida. The use of liposomal antifungals is high efficient
relative to the Candida albicans and make it possible to
predict their use to improve the efficiency of the
pharmacological action of these drugs and reduction of their
therapeutic doses.

Thus the research of PA properties showed that biological
activity is in the sharp dependence on chemical structure of
molecules of these compounds[18,19]. The availability of
antibiotic molecules to chemical modification by functional
amine and carboxyl groups and the creation of derivatives
using genetic engineering allow to obtain new
pharmaceuticals with improved physical and chemical
properties for more appropriate use in the clinic. Summing
up the above data, we would like to note that the creation of
new chemically modified and genetically engineered drugs
with more effective therapeutic parameters opens up new
prospects for solving the problem of antibiotic resistance.

3aknroyeHne

VlccnepoBanue OeH3VMIbHBIX IPOM3BOAHBIX MUMApULHA
B ImecT Kynbrypax popa Candida mokasamo, 4ro 3TH
mponusBofHble Oomee 3PQPeKTUBHBI IPOTUB BO3OyHMTENel
KaH/WJ03a, yeM VICXOJHBIN MMMapUIVH.
HanonpouspogHble NuMapyULMHA ¥ HUCTaTMHA 00/1afaoT
BBICOKOJI IPOTMBOIPUOKOBOI aKTMBHOCTBIO 110 OTHOIICHUIO
K O9TMM BO30yIMTeNAM M 3HAYUTENIbHO IIOBBIIIAIOT
CTabWIBHOCTD U OModapMaleBTHYECKNe CBOMCTBA 9TUX
AQHTUOMOTMKOB 110 OTHOIIEHMIO K HMM. VI3ydeHue MOHO-U
AuMouUIMPOBAaHHBIX IPOM3BOAHBIX amdoTrepuuuHa B
II0KA3aJI0 BBICOKYI0 IPOTMBOTPMOKOBYI0 aKTMBHOCTB in
vitro B OTHOLIeHMM [poxioKeBbIX KynpTyp Candida.
[TpumeHeHne JINTIOCOMAIBbHBIX IPOTUBOIPUOKOBBIX
IpenapaToB  SABJAETCA BBICOK03((eKTUBHBIM 1o
orHomeHuto K Candida albicans u  mosBomser
IPOTHO3MPOBATh UX IpJMMEHeHMe [yId IOBBIIICHUA
a¢pdexTUBHOCTM  (HAPMAKOTIOTUYECKOTO JIEVICTBUS  ITUX
IIpeIIapaToB M CHIDKEHUA MX TepaleBTUYecKux mo3. Ilpm
9TOM mcciaemoBaHme cBoiictB IIA  1mokasamo, 4TO
Omonormyeckass — aKTMBHOCTb  HAaXOAUTCA B Pe3KON
3aBUCUMOCTY OT XMMUYECKOTO CTPOEHMS MOJIEKYN STUX
COeIMHEeHMIA.
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