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STATUS OF PRO- AND ANTIOXIDANT SYSTEM
OF RATS UNDER CONDITIONS OF ENERGY DRINK CONSUMPTION
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The article is devoted to the study of the mechanism of the impact of energy drinks on the state of pro- and antioxidant
system of erythrocytes of experimental animals. The study was carried out on male Wistar rats. We found that in the erythrocytes of
experimental animals that consumed an energy drink for 30 days, the processes of free radical oxidation are activated, accompanied
by the activation of lipo-peroxidation and peroxidation of proteins in experimental animals. Accumulation of the thiobarbituric acid
active products and the content of diene conjugates can damage the lipid matrix of biomembranes, which in turn leads to disruption of
the structural and functional capacity of erythrocyte cell membranes. High levels of protein carbonyl derivatives of erythrocytes may
be due to disruption of both structural proteins and enzymes. Under such conditions, it is advisable to study the antioxidant defense of
erythrocytes. The obtained results indicate an increase in catalase and superoxide dismutase activity in experimental animals compared
with the control group, which may be due to the growth in the peripheral population of “early” forms of cells which are capable of
active protein synthesis. This process can be considered as an adaptive synthesis of antioxidant enzymes. The study of the
microelement status of rat erythrocytes under the conditions of energy consumption allowed to establish the development of
dysmicroelementosis, which was accompanied by a decrease in the concentration of Copper and Ferrum.

Key words: laboratory rats, energy drink, catalase, superoxide dismutase, TBK-active products, diene conjugates
oxidative modification of proteins.
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CTAH ITPO- TA AHTUOKCUJAHTHOI CUCTEMMH II[YPIB
3A YMOB CIIO’KUBAHHS1 EHEPI'OHAIIOIO
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CratTsl MpUCBSYEeHA BUBUCHHIO MEXaHi3My BIUIMBY €HEPreTUYHOTO HAIOIO Ha CTaH MPO- Ta aHTHOKCHJIAHTHOI CHCTEMH
EPUTPOLMTIB EKCIIEPUMEHTAIBHUX TBapHH. JlocimkeHHs OyJio mpoBeieHo Ha Iypax-caMIpix JiHii Bictap. Hamu BcTanoBneHo,
I1I0 B €PUTPOLIMTAX EKCIIEPUMEHTAILHUX TBAPHH, SIKi CIOXKMBAJIM CHEepreTHYHUI Hatii mpoTsiroM 30 IHiB, aKTHBYIOTHCS TPOLIECH
BIJTBHOPATUKAIFHOTO OKHCHEHHS, IO CYNPOBODKYIOTHCS AKTHBAIIEIO IMPOIECIB JIMOMEPOKCUAAI] Ta MEpOKCHAalii OiNKiB.
Hakxormmuenuss TBK-akTWBHUX NMPOIYKTIB Ta i€HOBUX KOH IOTATiB MOXKE IPHU3BECTH 10 MOMIKOKEHHS JIMIIHOTO MaTPHUKCY
OlomeMmOpaH, OO0 B CBOIO HYepry 3yYMOBIIOE TOPYIICHHS CTPYKTYpHO-(QYHKIIOHANBHOI 3AAaTHOCTI KIITHHHUX MeMOpaH
eputpounTiB. Bucokuii piBeHb KapOOHUNBHUX NOXiJHHX OUIKIB EpUTPOUHUTIB MOKe OyTH 3YMOBJICHHH IOPYLICHHSIM SIK
CTPYKTYpHHX OUIKiB, Tak i €H3WMiB. 3a TaKMX YMOB JOLUIGHHM € JOCIIJDKCHHS aHTHOKCHIAQHTHOTO 3aXHCTY EpPHTPOLUTIB.
OTtpuMaHi pe3yabTaTh CBiT4aTh PO 301IbLICHHS] aKTHBHOCTI KaTajla3! Ta CyNepOKCHUINCMYTa3H Y IOCTiJHAX TBAPHH ITOPIBHSIHO
3 KOHTPOJIBHOIO TPYTIO0, III0 MOXe OyTH 3yMOBJICHE 3pOCTAHHAM y nepu(epHUHiil MOMyJLil «paHHiX» GopM KIITHH, SKi 34aTHI
JI0 aKTMBHOTO OinkoBoro cuHredy. Takuii mpolec MOXXKHA PO3IJISIATH K aJalTHBHUN CHHTE3 aHTHOKCHUIAHTHHX (EpPMEHTIB.
JocnipkeHHsT MIKpOEJIEMEHTHOTO CTaTyCy EepPHUTPOLMUTIB ILIypiB 3a YMOB CIIOXKMBAHHS CHEPreTHKa 03BOJMIO BCTAHOBHTH
PO3BHUTOK AUCMIKPOEIEMEHTO3Y, IO CYNPOBOKYBaBCs 3HIKEHHAM KoHIeHTpaii Kynpymy ta @epymy.

Kiouosi cioBa: mabopaTopHi IIypi, eHEpreTHYIHUI Halili, KaTanasa, CyrepokcuamucMyTasa, TbK-akTiBHI TpoayKTH,
IIIEHOBI KOH IOTaTH, OKMCHA MOIU]iKalis OiIKIB.
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The study is a fragment of the research project “Scientific substantiation and improvement of diagnosis and treatment
of endocrinopathies based on the study of priority epipathogenetic factors and comorbid conditions” state registration
No. 0120U105103.

Consumption of energy drinks has increased worldwide since they appeared on the market in 1987
[13]. The purpose of drinking such drinks is to improve physical endurance, increase physiological and
cognitive reactions, reduce sleep needs. The main ingredients of energy drinks are caffeine, taurine,
guarana, carbohydrates, sodium and vitamin Bs. Some energy drink brands also include glucuronolactone,
ginseng, ginkgo biloba [9]. Due to the presence of these components, energy drinks eliminate the signs of
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fatigue and because of this feature, many people use them to improve quality of life and increase
productivity. Athletes, children (12 years old), teenagers (12—18 years old) and young adults (19 to 25 years
old) mainly are the most prone to abuse these beverages [5, 7]. Knowing the composition of energy drinks
and the fact that they contain psychoactive (caffeine, taurine, guarana) substances that have high
stimulating properties, we can assume uncontrolled dosing of such substances and the accumulation of
their therapeutic effect with manifestations of side effects. [12]. Excessive consumption of energy drinks
can cause cardiovascular symptoms such as ventricular and atrial arrhythmias, hypertension [6].

Since erythrocytes are the one of the first to respond to the action of endogenous and exogenous
factors, it is natural to be interested in studying the effect of energy drinks primarily on the peripheral
erythron. Red blood cells are the main cells in the circulatory system, whose function is to transport oxygen.
Erythrocytes have a high sensitivity to the action of chemicals, which allows to determine a certain specifics
of their action. Therefore, the facts of changes in the metabolism of a number of substances that are
components of erythrocyte membranes can be used as an indicator of physiological conditions of cell
existence and as a factor in predicting the occurrence of such changes, which include irreversible
degradation processes. In addition, the high concentration of polyunsaturated fatty acids in the erythrocyte
membrane, the autooxidation of oxyhemoglobin (the source of reactive oxygen species in erythrocytes)
make them a good model for estimating oxidative stress induced by xenobiotics [11]. Oxidative stress
caused by xenaobiotics leads to erythrocyte damage, which causes changes in cell morphology, in particular,
changes in the conformation of membrane proteins, the formation of crosslinks of proteins, lipid
peroxidation and, accordingly, hemolysis of erythrocytes [10].

It is known from literature that in red blood cells under the influence of various xenobiotics, in
particular under the action of nitrates and nitrites [14], there is the development of oxidative stress by
accumulation of products of lipid peroxidation, which in turn lead to loss of membrane integrity and cell
death. Oxidative stress impairs oxygen transport and induces erythrocyte aging.

It has been established that the constant formation of prooxidants in living organisms is balanced
by their inactivation by antioxidants, therefore continuous regeneration of antioxidant capacity is necessary
to maintain homeostasis. Erythrocytes are protected from oxidative damage by a variety of biological
mechanisms, including antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) [15].

SOD (EC 1.15.1.1) — protects erythrocytes at an early stage, as it catalyzes the reaction of
dismutation of superoxide radicals with the formation of hydrogen peroxide and oxygen. Depending on the
conditions, SOD can act as a prooxidant by reacting with hydrogen peroxide and initiate the formation of
superoxide anion and hydroxyl radical. Increased or decreased SOD activity may be the cause of
pathological changes. In the first case, the changes occur as a result of increased cytotoxic action of
hydrogen peroxide, which is formed as a result of dismutation of superoxide, in the second — due to
insufficient protection against reactive oxygen species [2]. SOD in its structure contains zinc to maintain
stability, and copper to maintain its activity [8].

CAT (EC 1.11.1.6) is a key enzyme which limits the formation of hydrogen peroxide and thus
protects erythrocytes from the accumulation of not only peroxides but also other active forms of oxygen
(AFO).

The purpose of the study was to investigate mechanisms of the impact of energy drinks on the
state of pro- and antioxidant systems in erythrocytes in experimental animals.

Material and methods. The study was performed on male Wistar rats, which were in the vivarium
under appropriate lighting conditions, temperature and standard diet. Experimental animals were divided
into four groups: 1st group — received drinking water (control group); 2nd group — received an energy drink
for a month and the collection of material was carried out on the 1th day at the end of the experiment; 3rd
group — received an energy drink for a month and the collection of material was carried out on the 20th day
at the end of the experiment; 4th group — received an energy drink for a month and the collection of material
was carried out on the 30th day at the end of the experiment.

All animal experiments were carried out in compliance with the requirements of the European
Convention for the Protection of Vertebrate Animals used for Experimental and Scientific Purposes
(Strasbourg, 1986), in accordance with the rules for keeping experimental animals established by European
Parliament and Council Directive (2010/63/EU) and the Order No.134 of the Ministry of Education and
Science, Youth and Sports of Ukraine as of 01.03.2012, No. 249 “On approval of the procedure for
conducting tests, experiments on animals by research institutions”, as well as the recommendations of the
First National Congress of Ukraine on Bioethics (2001). The material was taken on the 1st, 20th and 30th
days after the completion of the experiment under anesthesia (intramuscular sodium thiopental, 60 mg/kg).
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The state of lipid peroxidation was assessed by the accumulation of an intermediate product —
conjugated dienes (CD) and products that react with thiobarbituric acid (TBA-AP) [1]. The intensity of
protein peroxidation (PP) was determined by the number of products of protein oxidative modifications
(POM) by spectrophotometry. The optical density of the formed dinitrophenylhydrazones was registered
in units on a spectrophotometer SPECORD M 40 (Germany) at wavelength of 356, 370, 430, 530 (hm) [3].

In erythrocyte hemolysates, the following was determined: the activity of CAT was determined by the
ratio of the catalase number to the number of erythrocytes in 1 ml of test blood and expressed in the units
by the method based on measuring the concentration of hydrogen peroxide degradation by catalase
contained in the examined samples; SOD activity was determined by the level of the inhibition of NADH-
dependent nitroblue tetrazolium (NBT) reduction and phenazinemetasulfate (PMS) [1]. The determination
of trace elements in erythrocytes was carried out by the atomic adsorption method, using the “S-115PK”
and “AA-7000 SHIMADZU” devices.

The research was conducted on the basis of the accredited Center for Bioelementology Ivano-
Frankivsk National Medical University (accreditation certificate 037/19). The obtained digital data were
statistically calculated using the program STATISTICA 7 taking into account the Student's t-test.

Results of the study and their discussion. Since changes in the structure and function of
biomembranes are now considered as one of the universal links in regulating the adaptation of cells to
adverse epigenetic conditions, the study of the lipoprotein complex of erythrocyte membranes under energy
consumption deserves special attention.

As a result of our research, we found that in the body of experimental animals that consumed an
energy drink, the processes of free radical oxidation are activated, accompanied by the accumulation of
lipid and protein peroxidation products, particulary in erythrocytes (Table 1).

Table 1
The level of TBA- active products and CD
of rats erythrocytes that consumed energy drink (M+m) (n=7)

Index
Group of animals TBA-active products, nmol MDA/mI Conjugated dienes, unit. act/ml
Control 0.67+0.04 0.20+0.02
1st day 0.81+0.06™ 0.47+0.06™
20th day 0.76+0.04™ 0.38+0.03"" &
30th day 0.72+0.08% 0.27+0.02™#

Notes: " — p<0.05, ™ — p<0.001 — reliability compared with intact group of animals; &—p<0.05, # — p<0.001 — reliability compared
with 1st experimental group of animals.

The study of the level of TBK-active products in erythrocytes on the 1st and 20th days showed an
increase in their content by 21 % (p<0.001) and 13 % (p<0.001) and a slight increase on the 30th day
compared to control animals. An increase in CD content in erythrocytes was also observed on the 1st, 20th,
and 30th days by 135 % (p<0.001), 90 % (p<0.001), and 35 % (p<0.001), respectively. The comparative
analysis shows that after the withdrawal of energy there was a gradual decrease in the level of TBC-active
products and CD in erythrocytes on the 20th and 30th days by 6-12 % (p<0.05) and by 24—74 % (p<0.05,
p<0.001) respectively compared with the 1st experimental group of animals.

At the same time, we conducted a research of the protein components of erythrocytes by studying
the oxidative modification of proteins (Table 2).

Table 2
The level of oxidative protein modifications
of rats erythrocytes, which consumed energy drink, units (M+m) (n=7)
Group Neutral products Alkaline products
of animals ADNPH KDNPH ADNPH KDNPH
A=356 A=370 A=430 A=530
Control 0.229+0.014 0.283+0.078 0.179+0.043 0.135+0.013
1st day 0.279+0.026" 0.366+0.05" 0.237+0.026" 0.182+0.016™
20th day 0.249+0.005™ & 0.350+0.013" 0.215+0.001" & 0.164+0.002™" &
30st day 0.244+0.001" & 0.342+0.018 0.202+0.001% 0.153+0.002"#

Notes: *—p<0.05, ™ — p<0.001 —reliability compared with intact group of animals; &—p<0.05, # - p<0.001 — reliability compared
with 1st experimental group of animals.

As can be seen from the above data, a probable increase in the level of aldehyde derivatives (356
nm) was observed on the 1st, 20th and 30th days by 22 % (p<0.05), 9 % (p<0.05), 7 % (p<0.05) and neutral
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ketone derivatives (370 nm) by 29 % (p<0.05), 24 % (p<0.05) and 21 %, respectively, as well as an increase
in the level of aldehyde derivatives (430 nm) by 32 % (p<0.05), 20 % (p<0.05), 13 % and ketone
derivatives of the main character (530 nm) by 35 % (p<0.001), 22 % (p<0.001) and 13 % (p<0.05),
respectively, compared with intact animals.

At the same time, it should be noted that on the 20th and 30th days there was a significant decrease
in the level of aldehyde derivatives by 11 % (p<0.05), 10 % (p<0.05), respectively, and a slight decrease
in neutral ketone derivatives compared with the 1st experimental group animals. A decrease in the level of
aldehyde and keto derivatives of the main character was also observed on the 20th and 30th days by 10 %
(p<0.05), 15% (p<0.05) and 10 % (p<0.05), 16 % (p<0.001) respectively compared with the 1st
experimental group.

Maintenance of red blood cells homeostasis in particular, and the body as a whole, is determined
by the state of antioxidant protection of erythrocytes. Therefore, we studied the activity of superoxide
dismutase and catalase. SOD in the blood as a primary antioxidant supports and controls the level of free
radicals and thus creates the conditions for the normal use of the body's oxygen environment (fig. 1).

The obtained data indicate a significant increase in SOD activity in erythrocytes on the 1st day by
10 % (p<0.05) and a decrease on the 20th and 30th days by 25 % (p<0.001) 21 % (p<0.05) in experimental
animals compared with the control group. After the end of the energy drink intake, a decrease in the activity
of this enzyme was observed on the 20th and 30th days by 32 % (p<0.001) and 28 % (p<0.001) compared
with the 1st experimental group of animals.

Catalase is a highly efficient enzyme that does not require energy for activation. Superoxide
dismutase with catalase and other antioxidant enzymes protects the body from highly toxic oxygen radicals.
The results of the study indicate changes in the activity of erythrocyte CAT (fig. 2).
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Fig. 1. The effect of an energy drink on the activity of Fig. 2. Effect of energy drink on catalase activity of
superoxide dismutase of erythrocytes of laboratory rats (M+m) (n=7) erythrocytes of laboratory rats (M+m) (n=7)
Notes: * — p<0.05, ™ — p<0.001 — reliability compared with Notes: * — p<0.05, ™ — p<0.001 — reliability compared
intact group of animals; # — p<0.001 — reliability compared with with intact group of animals; # — p<0.001 — reliability compared
1st experimental group of animals. with 1st experimental group of animals.

We found that under the influence of the energy drink, there was an increase in the activity of CAT
in erythrocytes, especially on the 1st day — by 103 % (p<0.001) compared with the control group. After
withdrawal of energy drink, enzyme activity remains significantly high on the 20th and 30th days of
observation — by 38 % (p<0.001) and 41 % (p<0.001), respectively, with the 1st experimental group of
animals.

It is well known that metabolic processes are under the control of trace elements that act as
activators or inhibitors of enzymes. Essential microelements, such as Copper and Ferrum, play an important
role in energy exchange, stimulate the processes of tissue respiration, hematopoiesis, and also correct the
level of free radical oxidation processes. The study of the influence of an energy drink on the content of
copper in the erythrocytes of experimental animals is presented in fig. 3.

We found that the content of the regulatory trace element Copper decreases on the 1st, 20th and
30th days by 1.8 (p<0.001), 1.2 (p<0.001) and 1.1 (p<0.05) times, respectively, compared with the control
group. After the completion of the energy drink intake, a gradual and significant increase in the level of
this trace element was observed on the 20th and 30th days by 1.4 (p<0.001) and 1.7 (p<0.001) times,
respectively, compared with the 1st experimental group of animals.

The results of the study of the influence of an energy drink on the level of Ferrum in erythrocytes
of experimental animals are presented in fig. 4.

The concentration of Ferum under the conditions of consumption of an energy drink decreased in
erythrocytes throughout the entire period of the study: on the 1st day — by 3 (p<0.001) times, on the 20th
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day — by 1.4 (p<0.001) times and on the 30th day — 1.2 (p<0.001) times compared with the control group
of animals. After withdrawal of energy drink, there is a significant increase in the Ferrum level on the 20th
and 30th days by 2.2 (p<0.001) and 2.6 (p<0.001) times, respectively, compared with the 1st experimental
group of animals.

350
* g
T | 300
- 250 - i
] 860200 —
— =150 ~ —
] 100 —
- 50 —
0 4
Control Istday ~ 20thday  30th day Control 1stday  20thday  30th day
Fig. 3. Dynamics of changes in Cu content in erythrocytes Fig. 4. Dynamics of changes in Fe content in
of laboratory rats under conditions of energy drink consumption erythrocytes of laboratory rats under conditions of energy drink
(M=£m) (n=7) consumption (M+m) (n=7)
Notes: * - p<0.05, ™ — p<0.001 — reliability compared with Notes: * — p<0.05, ™ — p<0.001 — reliability compared
intact group of animals; # — p<0.001 — reliability compared with with intact group of animals; # - p<0.001 — reliability compared
1st experimental group of animals. with 1st experimental group of animals.

The analysis of the obtained results indicates the activation of free radical oxidation processes in
the erythrocytes of experimental animals that consumed the energy drink. The accumulation of TBC-active
products and CDs can lead to damage to the lipid matrix of biomembranes, which in turn leads to a violation
of the structural and functional capacity of erythrocyte cell membranes [14].

Accumulation of erythrocyte POM products can lead to disorders of both structural proteins and
enzymes. According to the latest data, carbonyl derivatives of proteins are early indicators of damage to
organs and tissues by active oxygen metabolites and allow to quantify the degree of damage, so determining
their level is important in early diagnosis of damage by various factors [4].

The achieved data deserve special attention, because the oxidative modification undergoes, first of
all, proteins that contain a metal-binding site containing metal ions with variable valence, primarily iron
and copper ions, which act as inducers of free radical reactions [10]. Intensification of POM can be a
consequence of a violation of the functioning of the body's protective systems. First of all, metalloenzymes
such as superoxide dismutase and catalase undergo oxidative modification [15].

Erythrocytes have a more powerful antioxidant system than other cells in the body, as they perform
arole related to oxygen transport. In the process of transportation, erythrocytes are exposed to AFO, which
significantly disrupts their structure and functional capacity [2]. The study of antioxidant protection of
erythrocytes, which were among the first to respond to various influences, showed an increase in the
activity of the studied enzymes, which may be due to growth in the peripheral population of “early” forms
of cells capable of active protein synthesis. This process can be considered as an adaptive synthesis of
antioxidant enzymes. After the end of energy consumption, a decrease in SOD activity was observed, which
may be related to the damaging effect of free radicals on copper-containing metalloenzymes [8].
Determination of Copper content in the erythrocytes of the experimental groups of animals showed a
tendency to decrease this element relative to the comparison group against the background of a decrease in
the Ferrum level throughout the study period. The study of the content of microelements made it possible
to establish the development of dysmicroelementosis in the body of experimental animals under the
conditions of energy drink.

1. The conducted studies indicate the activation of free radical oxidation processes in the
erythrocytes of laboratory animals after taking an energy drink, which was accompanied by the
accumulation of lipid and protein peroxidation products, in particular: an increase in the level of TBK-
active products in erythrocytes on the 1st and 20th days by 21 %(p<0.001) and 13 % (p<0.001) and CD by
135 % (p<0.001), 90 % (p<0.001), as well as an increase in the level of neutral and basic aldehyde
derivatives by 7-35 % (p<0.05) and ketone derivatives of a neutral and basic character by 13-35 %
(p<0.05), respectively, compared with the intact animals.
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2. The study of antioxidant protection confirms the activation of erythrocyte enzymes in the early
observation period: on the 1st day after a 30—day intake, the activity of SOD and CAT increases by 10 %
and 103 %, respectively, compared with the intact animals. However, in the late period of the experiment,
a multidirectional nature of changes is observed: the activity of SOD is significantly lower by 21 %
(p<0.001), CAT remains elevated by 20 % compared to the control group of animals.

3. In experimental animals, the development of dysmicroelementosis is observed, which is
characterized by a decrease in the level of essential microelements Copper and Ferrum on the 1st, 20th and
30th days by 1.8 (p<0.001), 1.2 (p<0.001), 1.1 (p<0.05) and 3 (p<0.001), 1.4 (p<0.001), 1.2 (p<0.001)
times compared with the control group of animals.

4. The obtained results give grounds for asserting that the consumption of an energy drink leads to
a violation of the homeostasis of red blood cells in laboratory animals, which in turn affects the viability
of cells and the supply of tissues with oxygen.
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