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Abstract

Background: Mitochondria, being the "energy stations" of the cell, under stress conditions increase the generation of
reactive oxygen species (ROS). Excessive amounts of these intermediates lead to membrane lipid peroxidation and
mitochondrial swelling. This may be accompanied by the release of apoptogenic proteins into the cytoplasm and subsequent
initiation of apoptosis. It is assumed that antioxidants that suppress excessive formation of ROS by mitochondria can increase
the body's resistance to stress factors. In this regard, the aim of this work was to study the possibility of using antioxidants
(Ambiol  (2-methyl-4-dimethylaminomethyl-benzylimidazole-5-ol-dihydrochloride);  Carnitinate =~ N-2-ethyl-6-methyl-3-
hydroxypyridine and resveratrol (3,5,4'-trihydroxy-trans-stilbene) as adaptogens to stress, in particular to water deficiency.

Methods: The functional state of mitochondria was determined by: studying the level of lipid peroxidation using
spectrofluorometry, analyzing the fatty acid composition of mitochondrial membranes using chromatography and determining
the rate of mitochondrial respiration using polarography.

Results: Water deficiency resulted in activation of lipid peroxidation, which caused a decrease in the content of Cis and Cy
fatty acids (FA) in the membranes of these organelles. The content of linolenic and linoleic acids decreased by 12.46% and
21%, respectively. At the same time, the index of double bonds of Cs FA decreased from 0.120+0.001 to 0.069+0.001.
Changes in the physicochemical properties of mitochondrial membranes were accompanied by a 40% decrease in the
maximum oxidation rates of NAD-dependent substrates and a 30% decrease in the efficiency of oxidative phosphorylation.
Treatment of pea seeds with 10° M solutions of the studied antioxidants prevented the activation of lipid peroxidation in
mitochondrial membranes and the peroxidation of Cis and Cy fatty acids. It also prevented stress-induced changes in the
bioenergetic characteristics of mitochondria.

Conclusion: It is assumed, that the prevention of Cis fatty acid peroxidation indicates that antioxidants maintain the
cardiolipin content in mitochondrial membranes at the initial level. This ensured the efficient functioning of the mitochondrial
respiratory chain and, consequently, the maintenance of energy metabolism at a high level. This contributed to increased plant
resistance to stress.

Keywords: water deficiency, antioxidants, lipid peroxidation, fatty acids, mitochondria.
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AHHOTanMs

Breaenue: MUTOXOH/pYY, SIBISSICh «9HEPreTUUECKUMU CTaHLIMSIMU» KJIeTKH, B YCJIOBUSX CTpecca MOBBIIAIOT FeHepaLjiio
akTUBHBIX Qopm kuciopoga (APK). M30bITOK 3TMX WHTEPMeWaHTOB TPHUBOJUT K aKTUBALMM TIEPEKHCHOTO OKHCIEHUS
MeMOpaHHBIX JIMMUZ0B U HaOyxaHWIO MUTOXOHZpUH. UTO MOXET CONPOBOXKJAThCs BbIXOJOM amoNTOreHHBbIX OejKoB B
LUTOIVIa3My U ToC/efyroljeld MHMLManvel aronrosa. [IpeArnosnaraercs, yTo aHTHOKCUAAHTHI, TOJAB/SIOI{He H30bITOUHOE
obpasoBanre AOK MUTOXOH/[PUSIMU, MOTYT TMOBBIIIATH PE3UCTEHTHOCTh OPraHMU3Ma K CTPeCCOBBIM (akTtopam. B cBsi3u ¢ 3TuM
Lje/bl0  JaHHOW paboTel ObIIO  WM3yuyeHWe BO3MOXKHOCTH HCIIO/B30BAaHMsSI aAHTHOKCHZAHTOB (ambuona (2-metusn-4-
AMMETH/IAMAHOMETH/T-0e H3U/TMMHAA3071-5-0/1- IMTHAPOX/IOPUAR));  KapHUTHMHAT — n-2-3TW/I-6-MeTU/I-3-TH/POKCUITMPUIMH 1
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pecBeparpona (3,5,4'-TpUTUIPOKCU-TPAaHC-CTH/IL0eHa) B KaueCTBe aflaliTOreHOB K CTPECCOBLIM BO3/I€HCTBUSIM, B UaCTHOCTU K
IedUIITy BOJBI.

Metoapl: @yHKIMOHA/IBHOE COCTOSIHUE MUTOXOH/PUI OMpesie/siyivi 110: UCCIe[0BaHUI0 YPOBHS MEPeKWCHOTO OKWC/IEeHUs
JIMITUAZIOB C TIOMOIIBI0 CHEKTPOGIyOPUMETPHUH, aHANW3y >XMPHOKUCIOTHOIO COCTaBa MeMOpaH MHUTOXOHJDPHUM MeTO[0oM
XpoMaTorpaduu U 1o orpe/ie/ieHHUI0 CKOPOCTU AbIXaHUsI MUTOXOHAPHM MeTo/I0M Tiossiporpaduu.

Pesynbrarbr: [Jedurmr Bogsl npuBoaui K aktuBauyu [1OJ1, uto BbI3biBano cHkeHue cofepxaHusi Cig ¥ Coo KUPHBIX
kuciot (OKK) B MembpaHax 3tux opraHesi. CofepkaHve JTHHOJIEHOBOU U JIMHOJIEBOM KUC/IOT YMeHbLIanoch Ha 12,46% u 21%
COOTBETCTBeHHO. [Ipu 3TOM MH/IEKC ABOUHBIX CBsizel Coo KK cHmkasncs ¢ 0,120+0,001 mo 0,069+0,001. VismeHeHus: pusnko-
XUMHUECKUX CBOWCTB MeMOpaH MUTOXOH/PWH CONpoBOKAAmch 40% CHIKeHHeM MaKCHMaslbHBIX CKODOCTeH OKHC/IeHHs
HA[I-3aBucumbIx cy6erpatoB v 30% cHKeHHeM 3(QdeKTHBHOCTH OKUCIUTENBHOTO (hocdopunuposanus. ObpaboTka cemMsiH
ropoxa 10° M pacTBOpaMd MCC/Ie[lyeMbIX aHTHOKCUAHTOR TPeJOTBPalljajia aKTUBALIMIO NIEPEKUCHOTO OKUC/IEHHs TUMMOB B
MeMmOpaHax MUTOXOHJpHH, Mpefynpexaana nepokcuaauuio Cis U Cy KK 1 u3MeHeHMe 6103HepreTHYeCKUX XapaKTepUCTHK
MUTOXOH/IPHIA, 00YC/IOB/IEHHOE CTPECCOM.

BeiBoppr: Ilpeamnosnaraercs, uTo npefoTspalleHue nepokcuganuu Cig JKUPHBIX KACIOT CBUJETe/NbCTBYeT O MOALepKaHuu
AHTHOKCHJAHTaMH COJep)KaHWsl KapAMUOIWIMHA B MeMOpaHaX MHTOXOH/DHM Ha HCXOZHOM YpoBHe. OTo obecrieunBaio
s¢dekTrBHOE (YHKIMOHWPOBAaHME [bIXaTeJbHOM Led MWUTOXOH/PWN W, CJe[oBaTesibHO, COXpPaHEHWe SHepreTUYecKoro
oOMeHa Ha BbICOKOM ypoBHe. UTo crioco6CTBOBAIO MOBBILIEHHIO YCTOWUHUBOCTH PACTEHUH K CTPECCY.

KroueBble cj10Ba: 1e(hULUT BOJBI, aHTUOKCH/IAHTHI, TePEKUCHOE OKWC/IeHYE JIUMH/IOB, )KUPHBIE KHCIOThI, MUTOXOH/[PHH.

Introduction

Water is the dominant component of plants, accounting for up to 95% of their total mass. It is critically important
throughout the entire life cycle. Water maintains turgor, transports nutrients, and participates in transpiration and
thermoregulation. An optimal water regime creates favorable conditions for biochemical reactions in the plant organism,
ensuring high plant productivity. Insufficient or excessive soil moisture negatively affects a number of physiological and
biochemical processes in the plant. With water deficiency, the content of free water in cells decreases first. This alters the
structure of the hydration shells of cytoplasmic proteins, which negatively affects the functioning of enzymes [1]. Under
conditions of water stress, cell division processes and, especially, cell elongation slow down, which is accompanied by the
formation of small cells. During severe drought, the biosynthesis of organic substances slows and hydrolysis increases, which
disrupts normal plant growth [2]. Even after a short-term severe drought, plants do not return to normal metabolism [3].
Conversely, excessive watering leads plants to a state of anaerobiosis. When the soil is excessively moistened, plants are in a
state of anaerobiosis, which hinders the flow of water and minerals into plant roots, increases respiration and simultaneously
reduces the activity of the process of organic matter synthesis, and disrupts the water regime of plants [4].

The distribution of plants and animals is fundamentally limited by water availability, influencing the species found in
different ecosystems. Excessive soil moisture leads to a lack of oxygen (anaerobiosis) for plants. This state negatively impacts
their ability to draw in water and minerals through their roots, increases their energy expenditure through respiration, and slows
down the production of essential organic substances, thereby compromising their overall water management [4]. Therefore, the
presence of water is a crucial limiting factor for the distribution of life in ecosystems, with the quantity of water directly
influencing the types of flora and fauna found in a region.

Adaptation to adverse environmental conditions, such as water scarcity, is known to require significant energy expenditure.
Energy metabolism, and particularly mitochondrial function, plays a key role in the body's response to stress. Therefore, the
focus of this study was on mitochondria. Within cells, mitochondria are the leading generators of ROS. Normally, only a small
portion (1-3%) of the oxygen used by mitochondria is converted into reactive oxygen species (ROS), which, in turn, act as
signalling molecules, participating in the regulation of plant growth and development. Steady-state ROS levels in tissues are
maintained by enzymatic and non-enzymatic systems that control their formation or breakdown. However, in unfavorable
conditions, this balance is disrupted, leading to excessive generation of ROS, which, depending on the severity of the stress
factors, can either stimulate adaptation processes or cause disturbances in metabolism of cells. ROS, interacting with lipids of
mitochondrial membrane, initiate LPO, leading to mitochondrial swelling and the initiation of apoptosis [5]. Based on this, it
can be assumed that antioxidants that reduce the excessive production of reactive oxygen species (ROS) by mitochondria may
increase the body's ability to withstand stress, which indicates the possibility of their use as plant growth regulators.

We selected preparations from various classes of chemical compounds as objects of study: a 5-hydroxybenzimidazole
derivative — ambiol: (2-methyl-4-dimethylaminomethyl-benzylimidazole-5-ol-dihydrochloride) (AMB); a 3-hydroxypyridine
derivative — Carnitinate n-2-ethyl-6-methyl-3-hydroxypyridin (CAR) and an innate antioxidant — resveratrol (3,5,4'-
trihydroxy-trans-stilbene) (RV):
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Figure 1 - Antioxidants
DOI: https://doi.org/10.60797/JAE.2025.64.1.1

Note: Ambiol; Carnitinate N-2-ethyl-6-methyl-3-hydroxypyridine; Resveratrol

Since water scarcity is known to diminish the chloroplast and mitochondrial function [7], it was deemed important to
examine the influence of the examined preparations on the functional status of mitochondria in pea seedlings under a one-day
water stress.

Research methods and principles

The experimental material consisted of mitochondria obtained from 5-day-old etiolated seedlings of the Pisum sativum L.
Flora 2 pea cultivar.

2.1. Germination of pea seeds

The seeds were first cleaned using a soapy solution and then treated with a 0.01% potassium permanganate solution. The
control group seeds were soaked in distilled water for one hour, while the experimental group seeds were soaked in a solution
of the studied antioxidants of the appropriate concentration.

2.2. Optimizing antioxidant concentrations during seed treatment

Experiments showed that treating pea seeds with antioxidants at a concentration of 10-9M promoted faster germination
and seedling growth. Specifically, hypocotyl weight increased by 35%, and root weight by 20%. Using solutions with other
antioxidant concentrations did not produce such pronounced effects.

2.3. Investigational drugs

Ambiol (AMB), Carnitinate n-2-ethyl-6-methyl-3-hydroxypyridin (CAR) were first synthesized at Emanuel Institute of
Biochemical Physics of Russian Academy of Sciences. Registration number (certificate) of Ambinol trademark: 258534.
Registration number (certificate) of Carnitinate n-2-ethyl-6-methyl-3-hydroxypyridin — RU2817094C1. Carnitinate N-2-
ethyl-3-methyl-3-hydroxy-pyridin was synthesized by the Institute in January 2024. Resveratrol — used by Sigma-Aldrich,
USA.

2.4. Mitochondria isolation from the epicotyls of etiolated seedlings

Mitochondria were extracted from etiolated pea seedlings, measuring 3 to 6 centimeters in length, employing a differential
centrifugation technique as described in reference [8]. First, seedlings epicotyls of the crushed in a buffer solution consisting of
0.4 M sucrose, 5 mM EDTA, 20 mM KH,PO, (pH 8.0), 10 mM KCI, 2 mM dithiothreitol and 0.1% BSA free of fatty acids
(FA). The resulting homogenate was centrifuged at 25,000 g for 5 minutes. Next, the precipitate was re-suspended in 8 ml of a
rinsing medium (0.4 M sucrose, 20 mM KH>PO, (pH 7.4)), 5 mM EDTA, 10 mM KCI and 0.2% BSA (free from FA) and
centrifuged at 3000 g for 3 minutes. The filler liquid was centrifuged at 11,000 g for 10 min, precipitating the mitochondria.
The precipitate was re-suspended in 2-3 ml of medium (0.4 M sucrose, 20 mM KH,PO, (pH 7.4)), 0.1% BSA (free from FA)
and re-centrifuged under the identical conditions.

2.5. Measuring mitochondrial oxygen consumption rates

Mitochondrial oxygen consumption rates determined by the polarographic method on an LP-7 polarograph (Czech) with a
Clark electrode. Incubation medium included 0.4 M sucrose, 20 mM HEPES-Tris buffer (pH 7.2), 5 mM KH,PO4, 4 mM
MgCl; and 0.1% BSA.

2.6 Lipid Oxidation (LPO) Activity

Lipid peroxidation levels were determined using a fluorescence-based assay [9]. Mitochondria, containing 3 to 5
milligrams of protein, were subjected to lipid extraction using a solvent composed of chloroform and methanol in a 2:1 volume
ratio. The mitochondria were mixed with the chloroform-methanol solution at a ratio of 1:10 (volume to volume). Fluorescence
was recorded in 10-mm quartz cuvettes on a FluoroMax-HoribaYvonGmbH spectrofluorimeter (Germany). Fluorescence was
measured at an excitation wavelength of 360 nm and an emission range of 420-470 nm. The data were quantified as arbitrary
fluorescence units per milligram of protein.

2.7. Methyl esters of fatty acids (FAMEs)

To prepare mitochondrial membrane lipids for analysis, they underwent acid methanolysis to yield fatty acid methyl esters
(FAMEs) [10], [11]. The FAMEs were then isolated by hexane extraction, and the resulting solutions were subjected to
analysis.

2.8. Quantitative assessment FAMEs

For quantitative determination of the FAME composition, a Crystal 2000M chromatograph (Russia) with a flame
ionization detector and a DB-1 quartz capillary column [11] was used. FAMEs were identified by comparing their retention
times to existing research data [11]. The proportion of each FAME within a sample was then calculated by dividing the area
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under its peak on the chromatogram by the total area of all identified FAME peaks. The peak areas from three measurements
varied by a maximum of 5% (based on standard deviation).

2.9. FAME:s identification

FAME:s in the samples were identified using mass spectrometry, with data acquired after chromatographic separation on a
Hewlett Packard-6890 (USA) under gas chromatography-like conditions. The mass spectra were recorded via electron impact
ionization (70 eV) at a scanning speed of 1 second per decade of mass, from 40 to 400 Daltons.

2.10. Model of mitochondrial "aging"

Mitochondria (2-3 mg protein) were placed in 0.5 ml of a medium consisting of 100 mM potassium chloride, 10 mM
HEPES buffer, 1 mM potassium dihydrogen phosphate, with a pH of 7.4. Mitochondria were subjected to a 20-25 minute
incubation at room temperature.

2.11. Statistical processing

Experimental data underwent statistical analysis, which involved calculating the average values and their associated
standard deviations. Differences between groups were considered statistically significant if the probability value (P) was less
than or equal to 0.05.

2.12. The experiment was carried out using the following reagents:

Sucrose, Tris, EDTA, FCCP, ADP, BSA (free from FA), malate, glutamate (Sigma Aldrich, USA); HEPES (“MP
Biomedicals,” Germany), methanol, chloroform (Merck, Germany)The work was carried out on mitochondria of 5-day-old
etiolated pea seedlings (Pisum sativum L.) Flora 2 cultivar.

Results and discussions

To simulate stress effects, we utilized a mitochondrial “aging” model. This model allows for the identification of drug
concentrations that lower mitochondrial ROS generation, thereby determining the antioxidant concentrations needed to block
lipid peroxidation activation. The activation of lipid peroxidation was tracked via the fluorescence of its end products, Schiff
bases [12]. We observed that “aging” in pea seedling mitochondria led to increased lipid peroxidation, evidenced by a nearly
threefold rise in Schiff base fluorescence in mitochondrial membranes (Fig. 2). The addition of drugs to the mitochondrial
incubation medium reduced lipid peroxidation intensity, with the effect being dependent on drug concentration.
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Figure 2 - The relationship between antioxidant (AO) concentration, mitochondrial "aging" and the fluorescence intensity
of LPO products
DOI: https://doi.org/10.60797/JAE.2025.64.1.2

Note: 1 — control; 2 — "aging"+CAR; 3 — "aging"+AMB; 4 — "aging"+RES

CAR and AMB were effective at concentrations between 107® and 10~ M, while resveratrol showed activity within a lower
concentration range, from 107° to 10™* M. At concentration of 10 M, the substances exhibited prooxidant activity.
Furthermore, adding various concentrations of antioxidants to the incubation medium of intact (control) mitochondria did not
result in changes in the fluorescence associated with the end products of lipid peroxidation. The data could be interpreted as the
drugs having a selective influence on LPO activation, thereby exhibiting anti-stress qualities. To investigate the stress-reducing
effects of the preparations, we employed a water scarcity (WD) model, which is associated with increased free radical
oxidation [13]. As all examined antioxidants inhibited lipid peroxidation at 10° M, we employed this concentration for our
investigation into their protective effects. Water scarcity was found to induce lipid peroxidation in the pea seedlings
mitochondrial membranes. The activation was characterized by a threefold augmentation in the fluorescence intensity of lipid
peroxidation products. These results are in agreement with published data concerning the impact of water deficit on the
activation of free radical oxidation within plant membranes [13]. We emphasize that soaking pea seeds in a solution of
antioxidants (AO) contributed to a decrease in the LPO products fluorescence intensity.
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Under water-stressed conditions, plant membranes showed modified 18-carbon fatty acid profiles.
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Figure 3 - Fluorescence spectra of LPO products in mitochondrial membranes from 5-day-old etiolated pea seedlings
under water deficit (WD) and after antioxidant seed treatment in conditions of water shortage
DOI: https://doi.org/10.60797/JAE.2025.64.1.3

Note: 1 - WD; 2 - WD+RES; 3—- WD+AMB; 4 — WD+CAR; 5 — control

Following the initiation of lipid peroxidation (LPO), the composition of Cis fatty acids (FA) within mitochondrial
membranes underwent substantial alterations. Specifically, the linoleic acid and linolenic acid pool decreased, by 12.46% and
21% respectively, while the concentration of stearic acid increased by 90%. Furthermore, the double bond index for C s FAs
dropped from 1.4310.02 to 1.231£0.01 (see Table 1). Concurrently, the unsaturation coefficient of Cis FAs decreased from
22.22+0.07 to 10.00+0.22.

Table 1 - Effects of water shortage (WD), Carnitinate N-2-Ethyl-6-methyl-3-hydroxypyridine (CAR), Ambiol (AMB),

Resveratrol (RSV) on the FA content in the pea seedlings mitochondrial membrane

DOI: https://doi.org/10.60797/JAE.2025.64.1.4

Water

Fatty Water shortage + Water Water
Acids Control shortage CAR3- shortage shortage

+AMB +RSV

HP
Relative percentages
12:0 0.37+0.03 0.96+0.01 0.40+0.03 0.50+0.02 0.56+0.02
14:0 0.66+0.01 1.58+0.02 0.67+0.02 0.69+0.02 0.61+0.03
16:1w7 0.94+0.03 1.9+0.04 0.93+0.03 1.00+0.01 1.66+0.05
16:0 18.040.75 22.4(;10.0 18.8;10.1 18.0+0.50 14.6310.1
17:0 0.99+0.05 0.9+0.12 1.00£0.01 1.0+£0.16 0.42+0.11
18:2 06 50.0+0.08 43.77+0.4 50.00£0.0 50.97+0.0 50.74+0.0
0 5 6 9

18:3 &3 13.240.02 10.420.01 12'5§i0'0 12,7;110.0 12'331'0'0
18:1 @9 2.7840.40 3.49+0.37 2.6740.20 3.76+0.12 3.05+0.10
18:1 o7 0.67+0.10 0.64+0.24 0.61+0.10 0.53+0.03 1.00+0.26
18:0 3.0£0.18 5.83+0.32 2.4840.12 3.00£0.12 3.81+0.15
20:3 w6 1.17+0.01 0.5£0.01 1.17+0.02 1.38+0.01 1.3+0.04
20:2 w6 2.4610.01 1.48+0.01 3.6940.05 3.02+0.03 3.5+0.02
2001w 9 2.2940.01 1.54+0.01 2.4140.01 1.56+0.01 2.57+0.01
20:1 7 1.26+0.03 1.10+0.01 1.25+ 0.01 1.0+0.02 1.50+0.01
20:0 1.36+0.03 1.9+0.03 0.51+0.02 1.00+0.05 0.97+0.03
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Water
Fatty ! Water shortage + }‘IN ater }\IN ater
Acids Contro shortage CAR.3- shortage shortage
+AMB +RSV
HP
22:0 0.85+0.01 1,61+0.03 0.81+0.02 0.85+0.01 1,00+0.02

Under water-stressed conditions, mitochondrial membranes showed modified 18-carbon fatty acid profiles [14]. This
involved a decline in C;s fatty acids like linoleic and linolenic, alongside an increase in stearic acid [14], [15]. Comparable
shifts were also detected in Cy fatty acids. A shift was observed, with a reduction in the amount of unsaturated fatty acids and a
corresponding rise in saturated fatty acids. This change was quantified by a drop in the double bond index, from 0.120+0.001
to 0.069+0.001, and a decrease in the unsaturation coefficient for 20-carbon fatty acids, from 5.08+0.03 to 3.00+0.16. It's
important to note that Very long chain fatty acids (VLCFAs), characterized by their length of more than 18 carbon atoms, are
known to be essential for plant life, fulfilling both physiological and structural functions. Their involvement in the organization
of membrane domains is also a possibility [16]. According to A.V. Zhukov and M. Shumskaya Zhukov [17], the extended
structure of very long chain fatty acids (VLCFA) is key to their role in cell membranes. Their length enables them to span both
leaflets of the lipid bilayer. This unique characteristic, the author proposes, contributes to membrane stability, particularly
under stressful conditions. Furthermore, it is hypothesized that unsaturated fatty acids containing 20 carbon atoms (Cz-FA)
within the mitochondrial membranes of seedlings may be responsible for the seedlings' ability to withstand water scarcity.

Modifications to mitochondrial membrane physicochemical properties impacted the activity of respiratory chain enzymes.
NAD-dependent substrate oxidation rates diminished by 40%, and oxidative phosphorylation efficiency (V3/V.) decreased by
30% (Table 2). Succinate oxidation was more tolerant of water stress, with only a 10-15% decline. The addition of 10 pM
vitamin K; (menadione) to the the mitochondrial incubation medium aided in restoring electron transport rates at the
respiratory chain's beginning, suggesting complex I inhibition.

Table 2 - The rates of NAD-dependent substrate oxidation by pea seedling mitochondria, as affected by water deficiency and
the tested antioxidants

DOI: https://doi.org/10.60797/JAE.2025.64.1.5

Group Vz V3 V4 V3/V4 FCCP

Control 22.90+1.2 71.40+1.4 31.32+1.1 2284001 72.80+1.8
0 0 0 0

WD 15.00+1.1 42.84+2.0 26.60+1.0 1.61+0.02 41.10£2.0
0 0 0 0

WD+AM 24.74+1.4 76.50+1.2 33.00+1.2 230+ 0.01 77.40+2.1
B 0 0 5 0

WD+CAR 25.14+1.2 80.45+1.9 32.19+1.5 2504001 74.65+1.7
1 0 2 5

WD+RES 18.7311.0 69.6211.3 31.63i1.4 2.2040.02 70.2?)12.0

Note: rates: ng O, atom/mg protein x min (n=10). Incubation medium: 0.4 M sucrose, 20 mM HEPES-Tris buffer (pH 7.2), 5
mM KH,PO,, 4 mM MgCl,, 10 mM malate, 10 mM glutamate. Additional additives: 200 uM ADP, 10° M FCCP (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone). Legend: V. — rates of substrate oxidation, Vs — rates of substrate oxidation in
the presence of ADP; V., — oxidation rate under resting conditions (rates of substrate oxidation when ADP is exhausted)

Discussion

The decline in mitochondrial complex I activity during drought conditions is likely linked to the peroxidation of
unsaturated fatty acids, particularly linoleic and linolenic acids, which are major components of cardiolipin [18]. This
peroxidation may reduce cardiolipin levels in the inner mitochondrial membrane, consequently diminishing mitochondrial
functional capacity [19].

The functional consequences for mitochondria were also reflected in observable physiological changes, specifically
seedling growth. Water scarcity suppressed seedling growth (Fig. 4), a result consistent with findings in the literature [20],
[21].
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Figure 4 - Effect of water scarcity, CAR, AMB, and RES on pea seedling shoot (1) and root (2) growth
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Exposing pea seeds to these antioxidants mitigated the suppression of growth caused by water scarcity. Moreover, the
seedlings' root length increased by 1.2 to 1.3 times compared to the control group, a significant advantage for survival in water-
limited environments. CAR demonstrated the highest level of effectiveness, whereas RES proved to be the least effective.

Conclusion

This study demonstrates that the investigated antioxidants possess anti-stress effects. The reduction in lipid peroxidation
(LPO) suggests these drugs suppress free radical oxidation reactions. Specifically, by protecting phospholipids, especially
cardiolipin, the antioxidants likely help maintain the structure and function of the mitochondrial respiratory chain [22]. This
promotes the efficient operation of mitochondrial electron transport chains, thereby enhancing the plants' ability to withstand
stress. Thus, CAR, AMB, RES can be used as a plant growth regulator in concentrations at which they exhibit antioxidant
activity.
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