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upregulating the enzymes of antioxidant defense and glyoxalase systems
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Lipoik asit, antioksidan savunma ve glioksalaz sistemlerinin enzimlerini
artirarak misir fidelerine ozmotik stres toleransi kazandirir

Abstract: Exogenous application of lipoic acid (LA), which is a special antioxidant substance, alleviates abiotic stress damage
in plants. However, the mechanism of action of LA in stress tolerance is still not fully understood. Here, the effect of exogenous
LA on the coordination of antioxidant defense and glyoxalase systems to alleviate osmotic stress damage was investigated. LA
(12uM) was applied to the roots of 21-day-old seedlings in Hoagland nutrient solution for 8 hours and then the seedlings were
exposed to 10% polyethylene glycol (PEGeooo) for 3 days. Seedlings grown in Hoagland nutrient solution for 28 days were used
as the control group. Exogenous LA under osmotic stress was found to increase the fresh and dry weights of the leaves, leaf
relative water content, and non-enzymatic compounds such as ascorbate and glutathione (GSH) while significantly decreasing
the contents of hydrogen peroxide (H202) and methylglyoxal (MG). LA application also increased some antioxidant enzyme
activities such as ascorbate peroxidase (1.2-fold), glutathione peroxidase (1.3-fold), glutathione reductase (1.4-fold), and
monodehydroascorbate reductase (1.8-fold). LA significantly induced the relative expression levels of the genes coding the
antioxidant enzymes. Furthermore, LA stimulated the enzyme activities of the glyoxalase system (glyoxalase I (Gly I) (1.3-fold)
and glyoxalase 11 (Gly 1) (1.1-fold). Additionally, the relative expression levels of the Gly | and Gly Il genes were consistent
with the findings of the Gly I and Gly Il activities. Moreover, exogenous LA induced the expression level of Gly Il (1.4-fold)
more than that of Gly | (1.3-fold). As a result, LA mitigates osmotic stress damage in maize by enhancing the activity of
antioxidant and glyoxalase systems, enabling the rapid removal of reactive oxygen species and the toxic compound MG, thereby
providing a protective mechanism. Further investigation of the effects of LA on crops exposed to abiotic stresses will contribute
to improve the stress tolerance and increase agricultural yields.
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Ozet: Ozel bir antioksidan madde olan lipoik asidin (LA) ekzojen uygulamasi, bitkilerdeki abiyotik stres hasarini hafifletir.
Bununla beraber, LA’nin stres toleransindaki etki mekanizmasi heniiz tam olarak anlagilamamustir. Bu ¢alismada, osmotik stres
hasarini hafifletmek igin antioksidan savunma ve glioksalaz sistemlerinin koordinasyonuna exojen LA uygulamasinin etkisi
incelenmistir. 21 giinliik fidelerin koklerine Hoagland besin soliisyonunda 8 saat siireyle LA (12 uM) uygulandi ve ardindan
fideler 3 giin sureyle %10'luk polietilen glikole (PEGeooo) maruz birakildi. Kontrol grubu olarak 28 giin boyunca Hoagland besin
soliisyonunda yetistirilen fideler kullanildi. Osmotik stres altinda eksojen LA'min, yapraklarin taze ve kuru agirliklarini,
yapraklarin bagil su igerigini ve askorbat ve glutatyon (GSH) gibi enzimatik olmayan bilesenleri artirdigi, ayrica hidrojen
peroksit (H202) ve metilglioksal (MG) igeriklerini azalttigi bulunmustur. LA uygulamasi, askorbat peroksidaz (1.2 kat),
glutatyon peroksidaz (1.3 kat), glutatyon rediiktaz (1.4 kat) ve monodehidroaskorbat rediiktaz (1.8 kat) gibi bazi antioksidan
enzim aktivitelerini de artirmistir. LA, antioksidan enzimlerin kodlayan genlerin bagil ekspresyon seviyelerini de &nemli
derecede indiiklemistir. Ayrica, LA, glioksalaz sistemi enzim aktivitelerini (glioksalaz I (Gly I) (1.3 kat) ve glioksalaz Il (Gly
I) (1.1 kat)) artirmustir. Ayrica, Gly | ve Gly Il genlerinin bagil ekspresyon seviyeleri, Gly I ve Gly II aktiviteleri ile tutarlidir.
Dahasi, eksojen LA, Gly I'ye (1.3 kat) kiyasla Gly I1'nin (1.4 kat) ekspresyon seviyesini daha fazla indiiklemistir. Sonug olarak,
LA, antioksidan ve glioksalaz sistemlerinin aktivitesini artirarak musirdaki osmotik stres hasarim hafifletir, reaktif oksijen
tiirlerinin ve toksik bilesik MG'nin hizla uzaklagtirilmasini saglayarak koruyucu bir mekanizma sunar. LA'min abiyotik streslere
maruz kalan triinler iizerindeki etkilerinin daha fazla arastirilmasi, stres toleransinin iyilestirilmesine ve tarimsal verimin
artirtlmasina katki saglayacaktir.
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1. Introduction

Drought is one of the most unpredictable and uncontrolled
environmental stresses and causes many devastating effects
on plants (Anjum et al., 2017). Among all other abiotic
stresses, drought stress is considered one of the serious
threats limiting plant production, growth, and productivity
(Junaid et al., 2023). Damage caused by stress factors varies
depending on the type of plant, its tolerance and its
adaptation ability (Kadioglu et al., 2011). In response to

stress factors, plants have developed complex physiological
and chemical strategies to adapt to sudden environmental
changes. Some physiological, biochemical and molecular
changes also occur during drought stress (Krasensky and
Jonak, 2012).

It is well-established that one of the primary mechanisms
plants use to tolerate stress is their antioxidant system,
which protects them from the damaging effects of reactive
oxygen species (ROS). This system contains a variety of

This work is licensed under a Creative Commons Attribution 4.0 International License


https://orcid.org/0000-0003-0899-0742
https://orcid.org/0000-0002-9328-166X

Sezgin Muslu & Terzi — Lipoic acid confers ...

enzymatic and non-enzymatic antioxidants that scavenge
ROS. The enzymatic antioxidant defense system includes
superoxide dismutase (SOD), glutathione peroxidase
(GPX), catalase (CAT), ascorbate peroxidase (APX), and
glutathione reductase (GR), all of which are part of the
ascorbate-glutathione cycle. It comprises enzymes like
MDHAR and DHAR, as well as non-enzymatic substances
such AsA, GSH, tocopherol, carotenoids, and phenolics
(Sharma et al., 2012). Many studies have revealed that
tolerance to osmotic stress in some agricultural plants is
connected with enhanced antioxidant capability (Sezgin et
al., 2019; Altansambar et al., 2024; Sezgin Muslu, 2024).

Like ROS, methylglyoxal (MG), a reactive oxidizing
compound, increases under abiotic stress, which can
damage the ultrastructural components of the cell, cause
mutation, and finally cause programmed cell death
(Hasanuzzaman et al., 2017). MG-detoxifying enzymes are
divided into two groups: GSH-dependent and GSH-
independent. In the GSH-dependent glyoxalase pathway,
MG is detoxified to the nontoxic compound by two
sequential reactions catalyzed by glyoxalase | (Gly 1) and
glyoxalase Il (Gly II). In the first step, MG is converted to
S-D-lactoylglutathione (SLG) using GSH, and in the final
step, Gly Il converts the GSH into the system and
hydrolyzes SLG to form D-lactate. Thus, MG
detoxification of plants ensures the maintenance of GSH
homeostasis. In the GSH-independent pathway, MG is
irreversibly converted to D-lactate by glyoxalase Il (Gly
I11) in a single step without using GSH (Singh and Dhaka,
2016). The antioxidant system in cooperation with the
glyoxalase system is known to increase abiotic stress
tolerance in plants (Nahar et al., 2015a). Studies showing
the regulatory role of exogenous applications on
antioxidant and glyoxalase systems to induce oxidative
stress tolerance are still insufficient. Some studies were
showing that applications of some antioxidant compounds
increased tolerance to some stress factors by stimulating
antioxidant and glyoxalase systems (Hossain et al., 2010;
Nahar et al., 2015b, c). The activities of these two systems
could change depending on the type of plants under
different stress factors (Hasanuzzaman et al., 2019; Zaid et
al., 2019; Sezgin Muslu and Kadioglu, 2021).

Maize, one of the plants with C4 metabolism, is a grain
product grown all over the World (Farhad et al., 2009). It
grows in the Mediterranean and Black Sea Regions and
encounters abiotic stresses during the growth period
(Tanyolag et al., 2007). Researchers reported that water
deficiency negatively affected germination and seedling
growth in maize (Mohammadkhani and Heidari, 2008). To
maintain the economic value of maize, it is necessary to
develop genotypes that can tolerate stress or to apply some
chemical substances with protective properties externally.
Ensuring stress tolerance by applying chemicals to plants
has a low cost (Hamdia and Shaddad, 2010), and
antioxidants as chemicals are particularly important
(Ashraf and Foolad, 2007). One of the antioxidant
compounds that play a role in regulating the redox state of
plants is lipoic acid (LA).

Unlike other antioxidant substances, LA, a unique short-
chain fatty acid with two sulfur atoms, has strong
antioxidant properties in both reduced (dihydrolipoic acid,
DHLA) and oxidized forms (Sudesh et al., 2002). DHLA is
a more effective antioxidant than oxidized lipoic acid and
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plays a role in directly scavenging ROS such as superoxide,
hydroperoxyl and hydroxyl radicals (Navari-lzzo et al.,
2002). It has been determined that LA, which plays a role
in respiration and indirectly in carbon fixation and nitrogen
assimilation in plants, increases glutathione, the most
important water-soluble antioxidant (Taylor et al., 2004). It
has recently been revealed that different plants can resist
some stress factors (drought, salt, alkaline, and cadmium)
with LA application (Elkelish et al., 2021; Youssef et al.,
2021; Ramadan et al., 2022; Yadav et al., 2005; Daler and
Kaya 2024). On the other hand, studies on maize under
osmotic stress have shown that exogenous LA stimulates
photosystem Il activity and enhances water-deficit
tolerance by modulating osmoprotectant metabolism
(Sezgin et al., 2019; Saruhan Guler et al., 2021). In
addition, it was reported that LA stimulated some
antioxidant enzyme activities and their expression levels in
the maize seedlings under osmotic stress (Terzi et al., 2018;
Gumriik¢li Simgek et al., 2024). As far as we know, no
reports exist on how LA stimulates the glyoxalase system
in plants exposed to stress factors. We aimed to determine
which of these systems (antioxidant and glyoxalase) LA has
a greater effect. Therefore, in the current study, it was
hypothesized that LA regulates the activity of the enzymes
of the two systems and thus provides coordination of the
antioxidant and glyoxalase systems. Therefore, the present
study was designed to evaluate the role of LA in the
coordination of antioxidant defense and glyoxalase
systems. This is the first study to demonstrate that LA
alleviates osmotic stress-induced oxidative damage in
maize seedlings by stimulating the antioxidant and
glyoxalase defense systems.

2. Materials and Method
2.1. Growing of plants, LA and stress applications

Maize (Zea mays L.) seeds were used in our study. For
surface sterilization, the seeds were treated with 0.1%
HgCl. for 3 min and then washed three or four times with
sterilized distilled water. The seeds were grown in a
hydroponic medium containing Hoagland nutrient solution
(Hoagland and Arnon, 1950) in a growth chamber with
light intensity (400-430 pmol m2s?), temperature (18-20
°C) and humidity (50-70%). LA (12uM) (Sezgin et al.,
2019) was applied to the roots of 21-day-old seedlings in
Hoagland nutrient solution for 8 hours. Then, the plants
were exposed to osmotic stress and provided with 10%
polyethyleneglycol (PEGegooo) for 72 hours. The osmotic
stress applied to the plants was gradually increased. They
were exposed to 3% PEG medium for 1 day, 6% PEG
medium for 3 days and 10% PEG medium for 3 days,
respectively (Glimriik¢ii Simsek et al., 2024). In this current
study, experimental groups were designed in four different
ways: seedlings grown in Hoagland nutrient solution for 28
days (Control); 21-day-old seedlings exposed to osmotic
stress ((3% PEG (1 day), 6% PEG (3 days) 10% PEG (3
days)) (PEG); after LA pretreatment for 8 hours, the
seedlings were kept in Hoagland nutrient solution for 7 days
(LA); after LA pretreatment for 8 hours, the seedlings
exposed to the osmotic stress mentioned above (LA+PEG).
After the applications, the leaves were harvested. Leaf fresh
and dry weights were measured, and leaf relative water
content analyses were completed immediately after

sampling.



2.2. Determination of fresh and dry leaf weights

Leaf fresh weights (FW) of maize plants were weighed and
recorded in 5 replicates from each experimental group. The
leaves, whose fresh weights were calculated, were dried in
an oven at 75°C for 48 hours, and the dry weights (DW) of
the leaves were calculated.

2.3. Leaf relative water content (LRWC)

Determination of LRWC was made according to Castillo
(1996). After measuring the fresh weight of the leaves of
the plants, their turgid weights were taken by soaking them
in water overnight. Then, LRWC was determined by
keeping them in an oven set at 80 °C, recording their dry
weights and substituting them in the formula below.

Leaf RWC (%) = (Fresh weight-Dry weight/Turgid weight-
Dry weight) x100

2.4. Detection of the presence of H.O: by 3,3 -
Diaminobenzidine (DAB) staining method

To quantify H,0,, the DAB staining procedure was
modified by Daudi and O’brien (2012). The leaves of the
samples were treated with DAB made with Tween 20 and
sodium phosphate buffer (pH 7.0). The leaves were then
inserted in test tubes and incubated on a laboratory shaker
at 90 rpm. After incubation, the leaves were boiled in
ethanol, acetic acid, and glycerol in a water bath at 95 °C
for 15 min. The leaves were placed in a fresh bleach
solution for 30 min before being inspected and
photographed for colour changes.

2.5. Determination of MG content

Leaf samples (0.1 g) were homogenized in perchloric acid
and then centrifuged at 16,000 xg for 15 min. Before using
this supernatant for the analysis, it was neutralized by
immersing it in a saturated potassium carbonate solution at
ambient temperature for 15 min before centrifuging again
at 16,000 xg for 15 min. The supernatant was treated with
1 mL of 1,2-diaminobenzene and perchloric acid. The
derivatized MG was measured at 335 nm after 25 min
(Yadav et al., 2005).

2.6. Determination of changes in antioxidant capacity

Fresh leaves (0.1 g) were extracted in 1.8 mL extraction
buffer (50 mM K;HPO, (pH 7.0), 1 mM EDTA, 1% PVPP,
and ascorbate for APX). The extract was centrifuged, and
the supernatant was used to assess enzyme activity and
protein content. Protein determination was carried out
spectrophotometrically by Bradford (1976). GPX activity
by measuring a 100 mM potassium phosphate buffer (pH
7.0), 0.1mM EDTA, 5 mM guaiacol, 20 mM H;O,, and
enzyme extract (50 uL) in a 1 mL total volume at 470 nm
for 1 min (Urbanek et al., 1991). The APX activity was
assessed using Nakano and Asada's (1981) method, which
measured the decrease at 290 nm of a 1 mL reaction mixture
containing 50 mM potassium phosphate buffer (pH 7.0),
250 uM AsA, 5 mM H,0,, and enzyme extract (20 uL). GR
activity was evaluated using Foyer and Halliwell's (1976)
method, which involved adding enzyme extract (50 uL) to
a combination of 50 mM Tris-HCI (pH 7.8), 1 mM GSSG,
and 200 pL 0.25 mM NADPH in 200 uL 0.5 mM EDTA. It
was assessed by a decrease in oxidation at 340 nm over 5
min. MDHAR was computed by measuring at 340 nm the
1 mL reaction mixture created by adding 50 mM potassium
phosphate buffer (pH 7.8), 150 uM NADH, and 500 uM

22

Anatolian Journal of Botany

AsA to the sample extract (100 pL). The measured values
were extrapolated from data collected without ascorbate
oxidase (Hossain et al., 1984).

To assess DHAR activity, 0.1 g of fresh leaves were
homogenized in an extraction buffer (1.8 mL) comprising
50 mM Tris-HCI (pH 7.4), 100 mM NaCl, 2 mM EDTA,
and 1 mM MgCl,). The extract was centrifuged at 15,000
xg for 10 min. The enzyme activity was measured by
measuring 1 mL of a mixture containing 50 mM
K2HPOL/KH,PO, (pH 6.5), 0.5 mM DHA, 1 mM GSH, and
enzyme extract (100 pL), as described by Hossain and
Asada (1984). DHAR activity was evaluated by measuring
the rise in absorbance at 265 nm.

Fresh leaf samples (0.1 g) were homogenized with m-
phosphoric acid. The extract was centrifuged at 15,000 xg
for 10 min and then added to a reaction medium containing
citrate-phosphate buffer (pH 6.2). AsA content was
determined using the protocol of Liso et al. (1984).

To determine GSH concentration, plant leaf samples (0.1 g)
were extracted in metaphosphoric acid with EDTA. The
extract was centrifuged at 15,000 xg for 15 min, and the
supernatant was utilized to measure GSH content. It was
determined using the "glutathione assay kit" (Cayman
Chemical) protocol described by Tietze (1969).

2.7. Determination of the changes in activities of
glyoxalase system enzymes

To extract enzymes, leaf samples (0.1 g) were homogenized
in a potassium phosphate buffer (pH 7.0) containing KClI,
AsA, B-mercaptoethanol, and glycerol were centrifuged at
13,000 xg for 10 min, and the supernatants were utilized to
assess the activity. Gly 1 activity was assessed by
Hasanuzzaman et al. (2011). The reaction began with the
addition of MG, and the rise at 240 nm in 1 min was
recorded. Gly Il activity was determined by measuring
GSH production at 412 nm for 1 min, as described by
Principato et al. (1987).

2.8. Real-Time PCR Analyzes

Fresh leaf samples were thoroughly shredded with a tissue
disintegrator. Then, the RNA isolation kit protocol was
applied to obtain total RNA. The amount and purity of the
RNA samples were determined using a nanodrop. Using the
cDNA transcription kit (Applied Biosystems), cDNA was
obtained from the total RNA samples that had been
isolated. To determine the gene expressions of the samples,
analyses were completed on the CFX Connect Real-Time
PCR System device, using cDNA results and iTaq
Universal SYBR Green Supermix (Bio-Rad) solution
according to the manufacturer's instructions. With a final
volume of 20 pL, the reactions are follows: (10 pL
Supermix (2X), 1 uL forward and reverse primers (10 uM),
1 uL cDNA, and 7 pL nuclease-free water). The Real-Time
PCR process steps were modified according to iTaq
Universal SYBR Green Supermix’ instructions as follows:
an initial step of 1 min at 95°C, followed by 44 cycles of 15
sec at 95°C, 30 sec at 60°C, and 30 sec at 72°C. A melt
curve was generated with 0.5°C increments from 65°C to
95°C. A melting curve analysis was performed at the end
of each PCR reaction to confirm the presence of a single
peak, ensuring the absence of primer dimers and non-
specific product formation. Primers belonging to the genes
shown in Table 1 were used to determine the expression
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levels of genes belonging to enzymes responsible for
antioxidant defense and glyoxalase system (Zhao et al.,
2017; Talaat et al., 2022). The data obtained from the
analysis were normalized to the S-Actin reference gene and
presented as relative gene expression using the 24T
method, following the protocol outlined by Bookout and
Mangelsdorf (2003). Each biological replication was
analyzed as 3 technical replicates and the mean technical
error was accepted as 0.5 (1) Cq values. The Cq values of
these genes were examined using the Bio-Rad CFX
Manager Software (version 3.1).

2.9. Statistical Analysis

The analyses were done in triplicate. The results of the
experiments are presented as mean = standard deviations.
One-way ANOVA was used for statistical studies in SPSS
(version IBM 23). P< 0.05 was considered statistically
significant. Relative gene expression during gRT-PCR
analysis was examined using Bio-Rad CFX Manager 3.1.

3. Results
3.1. Leaf dry and fresh weight, and LRWC

LA application increased leaf fresh weight under both
stressful and non-stressful conditions. Moreover, it was
determined that LA application did not statistically change
leaf dry weight and LRWC under non-stressful conditions.
However, under stressful conditions, LA significantly
increased leaf dry weight and LRWC (Fig. 1a-c).

3.2. H202 and MG contents

As illustrated in Figure 2a, the brown speck indicated the
existence of H,O,. Brown spots on PEG-treated leaves
significantly increased as compared to controls. However,
under a non-stressful situation, LA-treated seedlings had
fewer brown patches than the control treatment. Moreover,
LA-treated leaves showed fewer brown spots under non-
stress conditions than PEG-treated leaves.

Table 1 Primer sequences of genes whose expression levels were
determined

Target gene Sequences 5°-3°

Ascorbate peroxidase F: GCCTTCTTCAGCTCCCAAGT
(APX) R: TGCAAAAGACCACATGCAGC

Glutathione F: CGCTATGCTCCAACCACTTC
peroxidase (GPX)  r. GCTCTCAGAGCAATGTTCATACAG
Glutathione F: ATG GTG GGA CTT GCG TGA TA
reductase (GR) R: GCA TCA ACT AGA CTG CCT GC

Monodehydroascorba . cTG TAA AGG CGA TCA AGG GC
te reductase,
R: ACC TTG CCG TCC TTA ATC CA

(MDHAR)
Dehydroascorbate F: GCT GAT CTC TCT CTG GGT CC
reductase (DHAR)  R: GCG CCA TCC AGC AAT TAC AT

F: TGAGGCAGTTGATCTGGCG
R: CCCGAGTCTTCACTGTAGTTCC

Glyoxalase 11 (Gly 1l) F: CACATGGATGTTTGCTGGTC
R: CGTGCATCATCAAAATGGTC

F: ACCAGTTGTTCGCCCACTAG
R:GAAGATCACCCTGTGCTGCT

Glyoxalase | (Gly I)
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Figure 1. Effects of LA on Leaf dry weight (a), Leaf fresh weight
(b), and Leaf RWC (c) under osmotic stress. The vertical bars
reflect the standard deviations of three replicated means. At P
<0.05, different letters denote significant differences among all
treatments.

MG content increased 1.2-fold in PEG-treated seedlings
compared to the control group. Moreover, MG content in
LA-treated leaves decreased by 1.07-fold compared to the
control group, while MG content in LA+PEG-treated
leaves decreased by 1.13-fold compared to PEG-treated
leaves. (Fig. 2b).

3.3. Antioxidant capacity

Under non-stressed conditions, exogenous LA increased
the antioxidant system enzymes activities (except GPX and
MDHAR) and antioxidant compounds. Under PEG stress,
exogenous LA induced the antioxidant system enzyme
activities (except DHAR) (Figure 3a-d). There was a
statistically significant difference in the APX activity
between control and LA groups. The APX activity of LA-
treated leaves was 1.3-fold higher than the control leaves.
In addition, the activity of the LA+PEG treatment was 1.2-
fold higher than the PEG-treated leaves (Figure 3a). Under
PEG-stressed conditions, LA significantly increased the
GPX activity (1.3-fold) compared to the PEG treatment.
However, there was no difference in the GPX activity



)
<
()
Z
E
8
w
a
Control  PEG LA  LA+PEG
60
B
o
E 50 a
_ b
s 40
= $
=30 .
2
=
S 10
o 1
z 0 - s - ] ' -
Control PEG LA LA+PEG

Figure 2. Effects of LA on DAB staining (H20:) (a), MG content
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denote significant differences among all treatments.

between the control and LA treatments (Figure 3a). There
was a statistical difference in the GR activity between PEG
and LA+PEG groups. The GR activity of the LA+PEG-
treated leaves was 1.4-fold higher than the PEG alone. The
LA application resulted in a 1.5-fold increase in GR activity
compared to the control (Figure 3b). In addition, the
MDHAR activity of the LA+PEG-treated leaves was 1.8-
fold higher than the PEG treatment. However, there was no
difference in the MDHAR activity between the control and
LA treatments (Figure 3c). There was a statistically
significant difference in the DHAR activity between
control and LA groups. The LA application resulted in a
1.5-fold increase in DHAR activity compared to the
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control. However, there was no difference in the DHAR
activity between the PEG and LA+PEG treatments (Figure
3d).

There was a statistical difference in the AsA content
between control and PEG groups The PEG treatment
resulted in a 2.5-fold increase in AsA content compared to
the control. AsA content in the LA-treated leaves was 1.17-
fold higher than the control. The LA+PEG application
caused a 1.2-fold increase in AsA content compared to the
PEG group (Figure 4a). The GSH content of the LA+PEG
group was higher than all groups. Interestingly, the content
increased 2.5-fold in the PEG-treated leaves and 1.3-fold in
LA-treated leaves compared to the control. Similarly, under
PEG-induced osmotic stress, exogenous LA stimulated the
GSH content compared to the PEG treatment, with a 1.1-
fold increase in the LA+PEG-treated leaves (Figure 4b).

3.4. Glyoxalase system enzymes

Exogenous LA under non-stressful and stressful conditions
caused to significantly increase in the glyoxalase system
enzymes (Gly I and Gly Il) activities. Gly | activities in the
PEG and LA-treated leaves were 4.0- and 3.0-fold higher
than the control, respectively. The Gly | activity increased
1.3-fold in the LA+PEG treatment compared to the PEG
treatment. The Gly Il activity significantly increased 4.8-
fold in the PEG treatment and 3.1-fold in the LA treatment
compared to the control. Moreover, the activity was 1.1-
fold higher in LA+PEG treatment than in the PEG
treatment (Figure 5).

3.5. The levels of antioxidant enzyme gene expression

The PEG treatment resulted in a significant increase in the
relative expression of the APX gene by 1.5-fold over the
control. Under non-stressful conditions, the LA treatment
contributed to the significant upregulation in the expression
of the APX gene by 1.2-fold in comparison to the control.
However, there was no difference in the APX gene
expression between the PEG and LA-combined PEG
treatments (Figure 6a). The PEG treatment significantly up-
regulated the expression of the GPX by 2.1-fold, while the
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LA-combined PEG treatment up-regulated this gene by 2.3-
fold compared to the PEG treatment. However, there was
no statistical difference in the GPX gene expression
between the control and LA treatments (Figure 6b). The
PEG treatment up-regulated GR expression more than the
control. The GR expression level increased 1.2-fold in the
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LA-treated leaves compared to the control. Under PEG
stress conditions, exogenous LA stimulated the gene
expression of GR by 1.14-fold compared to the PEG alone
(Figure 6¢). The MDHAR gene expression level increased
under PEG-induced osmotic stress compared to the control.
The MDHAR gene was up-regulated 1.3-fold in the LA-
treated leaves compared to the control. The gene expression
increased 1.2-fold in the LA+PEG treatment compared to
the PEG alone (Figure 6d). Exogenous LA under the non-
stressed conditions contributed to the up-regulation in the
expression of the DHAR gene by 1.2-fold in comparison to
the control, while exogenous LA combined with PEG
treatment up-regulated this gene by 1.1-fold over the PEG
alone (Figure 6d).

3.6. The levels of gene expression of glyoxalase system
enzymes

PEG-induced osmotic stress resulted in a significant
increase in the relative expression of the Gly I gene by 2.5-
fold over the control. The LA treatment contributed to a
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denote significant differences among all treatments.
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2.0-fold upregulation in the expression of the Gly | gene
compared to the control, while the LA+PEG treatment up-
regulated this gene by 1.2-fold compared to the PEG
treatment. The relative expression level of the Gly Il gene
showed a similar trend to that of the Gly I gene expression.
The PEG treatment significantly up-regulated the
expression of Gly Il by 2.7-fold, while the LA treatment up-
regulated this gene by 1.7-fold compared to the control. The
LA treatment under osmotic stress up-regulated the
expression of the Gly Il gene by 1.4-fold in comparison
with the PEG treatment (Figure 7).

4, Discussions

It was suggested that one of the parameters that change in
the plant under stress conditions and indicate the degree of
water deficiency in the plant is the RWC (Flower and
Ludlow, 1986). For this reason, in our study, the change in
LRWC was determined to assess whether the plants were
exposed to stress. It was determined that the LRWC
decreased under stress conditions and exogenous LA
alleviated the decrease in LRWC value. A similar study on
maize reported that RWC decreased in the leaves exposed
to drought (Goodarzian Ghahfarokhi et al., 2015). In the
current study, the decrease in LRWC value in the LA-
treated leaves was less than that of LA-untreated leaves,
indicating that LA can protect plants against water loss. As
another indicator of stress, leaf dry weight analyses were
performed. LA treatment reduced dry weight loss in maize
under PEG-induced osmotic stress. In  previous
investigations, LA improved water loss in maize leaves
under osmotic stress (Sezgin et al., 2019; Saruhan Gller et
al., 2021). Our present data showed that maintaining the
efficacy of the antioxidant and glyoxalase system could
reduce dry matter loss in maize during osmotic stress.

Under non-stressed conditions, various metabolic processes
lead to ROS production. The production of toxic oxygen
derivatives increases in response to abiotic or biotic stress
(Mohammadkhani and Heidari, 2008). Under osmotic
stress, the interaction between LA and ROS levels is not
well known. In the current study, PEG-treated seedlings
had the greatest H,O; level indicating that endogenous ROS
synthesis outpaced the ability of cellular antioxidant
defense system to remove ROS (Liu et al., 2010). The rise
in H,0- levels induced oxidative stress, leading to enhanced
membrane damage. However, LA application significantly
reduced endogenous ROS levels by increasing enzymatic
and non-enzymatic antioxidants such as AsA and GSH to
enhance oxidative stress tolerance under both stress and
control conditions. Our results on AsA and GSH content
were consistent with the findings of Gorcek and Erdal
(2015), who researched the effect of LA on salt-stressed
wheat seedlings. The decrease in H,O, content after LA
application may be due to its ability to scavenge ROS as an
antioxidant. Plants have efficient ROS-scavenging systems
that keep them safe from harmful oxidative reactions.
Antioxidant enzymes and chemicals play an important role
in defensive systems.

Turk et al. (2018) found that applying LA dramatically
lowered SOD, GPX, APX, CAT, and GR activities in wheat
subjected to heavy metal stress. In our study, LA treatment
increased APX, GPX, GR, MDHAR, and DHAR activities
in seedlings under osmotic stress. Our findings confirmed

26

Anatolian Journal of Botany

5
g 4‘5 D(n{\'f D(n{\' I
2 4 a
£ 1
B> a
v 3 b P
£25
¢ 2 L oC
Z15 a 4
A |

oy

0

Control PEG LA LA+PEG

Figure 7. Effects of LA on the relative expression levels of some
genes involved in the glyoxalase system under osmotic stress: Gly
I gene (a), Gly Il gene. The vertical bars reflect the standard
deviations of three replicated means. At P <0.05, different letters
denote significant differences among all treatments.

previous research on salinity-stressed canola, wheat, and
sorghum (Gorcek and Erdal, 2015; Youssef et al., 2021;
Khan et al., 2022). The decrease of H,O, in seedlings
treated with LA under both stressful and non-stressful
conditions can be the outcome of increased APX activity
compared to the control and PEG treatments. Similarly,
another study showed that LA may have protective and
antimutagenic effects against oxidants (especially H,O) in
sorghum plants through its antioxidant activity (Youssef et
al.,, 2021). The application of LA+PEG significantly
increased the activities of APX (1.2-fold) and GPX (1.3-
fold) enzymes, which play a role in H,O; scavenging, and
GR (1.4-fold) and MDHAR (1.8-fold), compared to PEG
treatment. GR is another important antioxidant enzyme that
is vital in maintaining cellular redox balance (Dwivedi et
al., 2020). In our study, maize seedlings subjected to
osmotic stress exhibited a significant increase (1.4-fold) in
GR activity after treatment with LA. This increase in GR
activity promoted the reduction of glutathione disulfide to
glutathione (GSH), indicating that GSH could be crucial for
regulating redox balance and protecting cells from ROS-
induced damage.

Apart from the enzyme activities, the relative expression
levels of APX, GPX, GR, MDHAR, and DHAR genes were
determined in LA-treated seedlings under unstressed and
stressed conditions. The current study also determined that
increased transcripts of many genes encoding antioxidant
enzymes reflect genetic regulations. Moreover, it has been
reported that increasing the activities of SOD, APX, and
CAT caused by the application of LA, the expressions of
their related genes were up-regulated in maize seedlings
under osmotic stress (Giimriik¢ii Simsek et al., 2024). For
the first time, this study determined that LA treatment
caused a significant increase of 2.3-fold in GPX gene
expression under stress conditions. Similarly, we also
found that GR and MDHAR enzyme activities showed
notable increases of 1.4-fold and 1.8-fold, respectively.

Increased GR activity may facilitate the recycling of GSSG
to GSH (Foyer and Halliwel, 1976). GSH and AsA levels
increased in plants exposed to water loss (Ansari et al.,
2017). D'Amico et al. (2004) discovered that AsA content
increased but GSH content decreased in wheat watered with
sea water over a 21-day growth period. Gorcek and Erdal
(2015) and Turk et al. (2018) found that exogenous LA
boosted AsA and GSH levels in wheat after abiotic stress.
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Our findings demonstrated that under stressful and non-
stressful conditions, LA increased the accumulation of AsA
and GSH, improving ROS scavenging effectiveness and
reducing oxidative damage caused by ROS. The data
supported that LA may operate as a signalling molecule,
boosting antioxidant enzyme activity in osmotically
stressed-maize seedlings.

GSH is not only the main compound of the AsA-GSH cycle
but also plays an important function in the MG
detoxification system, and GSH plays a role as a compound
that connects these two systems (antioxidant and
glyoxalase). It was reported that the antioxidant defense
and glyoxalase system of plant cells work in coordination
to alleviate oxidative stress by reducing toxic ROS and MG
accumulation (Hasanuzzaman et al., 2019). However, the
exact mechanism by which exogenous protective agent
applications affect these two defense systems remains
unclear. In our study, it has been determined that LA
reduced the MG content, which increases under the PEG-
induced stress. Also, it has been detected that Gly | and Gly
Il activities, included in the glyoxalase system that
effectively reduce MG content, and the relative expression
levels of the Gly | and Gly Il genes were stimulated with
LA application. The Gly | and Gly Il activities increased
1.3 and 1.1-fold, respectively, in LA+PEG treatment
compared to the PEG treatment. Moreover, under non-
stressed conditions, LA treatment stimulated Gly | (2.0-
fold) gene expression more than Gly Il (1.7-fold). On the
contrary, external LA application stimulated Gly Il (1.4-
fold) gene expression under stressed conditions more than
Gly | (1.2-fold), providing osmotic stress tolerance. As a
result, it has been revealed that the LA treatment induced
the glyoxalase system, which includes the Gly I and Gly 11,
can keep the oxidative stress trigger MG under control,
where GSH is used by Gly | and recycled after MG
detoxification. The glyoxalase system also participates in
the AsA-GSH cycle via GSH. Our study determined that
increasing the GSH level by LA was effective in alleviating
oxidative stress damage in maize seedlings.

In conclusion, under both non-stressful and stressful
conditions, exogenous application of LA showed enhanced
tolerance to oxidative damage by enhancing ROS and MG
detoxification systems. Thus, an interaction relationship
between ROS and MG detoxifying systems in maize
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