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Glutathione (GSH) plays diverse roles in the physiological processes, stress defense, 
growth, and development of plants. This study investigated the effects of exogenous 
GSH on the biochemical responses of reactive oxygen species and antioxidant levels in 
rice (Oryza sativa L. cv. Dasan) seedlings under arsenic (As) stress. As treatment inhibited 
growth; increased the level of superoxide, hydrogen peroxide, and malondialdehyde; 
and enhanced the uptake of As by the roots and shoots in hydroponically grown 14-day-
old seedlings. Furthermore, it reduced GSH content and GSH redox ratios, which 
have been correlated with the decrease in ascorbate (AsA) redox state. Whereas the 
exogenous application of GSH in As-treated seedlings reduced As-induced oxidative 
stress, improved antioxidant defense systems by maintaining antioxidant and/or redox 
enzyme homeostasis, and increased the AsA and GSH contents, the GSH application 
also increased the As translocation from the roots to the shoots. These results indicated 
that the increase in GSH redox state can be linked to an increase in the AsA redox ratio 
via the induction of the AsA–GSH cycle. Therefore, the results suggest that exogenous 
GSH application should be a promising approach to enhance As stress resistance in 
rice plants.
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INTRODUCTION

Arsenic (As) pollution in agricultural soils and waters, which is rapidly increasing worldwide due 
to industrialization and urbanization, causes serious environmental issues and adversely influences 
crop yield and quality (Zhu et al., 2008; Khan et al., 2010; Akinbile and Haque, 2012; Kim et al., 
2016). Social and industrial activities, such as mining and smelting, have resulted in aggressive 
expansion of As-contaminated regions, including paddy soils. Because contamination of rice by 
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As might cause serious health risks to the end consumer in the 
long term, it is a matter of considerable importance (Xie and 
Huang, 1998; Roychowdhury et al., 2002; Williams et al., 2005; 
Jung et al., 2017b).

In plants, As disturbs protein functions due to its high affinity 
to their sulfhydryl group. Moreover, it disrupts the cell membrane 
through intracellular lipid peroxidation by generating reactive 
oxygen species (ROS), such as superoxide anion radical (O2

•−), 
hydrogen peroxide (H2O2), and hydroxyl radicals (OH•), leading 
to apoptosis (Meharg and Hartley-Whitaker, 2002; Finnegan 
and Chen, 2012; Dave et al., 2013; Farooq et al., 2016). The ROS 
generated by As toxicity accumulates in the plant cells. This can 
severely deteriorate the normal biological functions or processes 
not only by inducing a negative effect on the maintenance of 
redox homeostasis but also by impairing the biosynthesis of basic 
substances that support plant growth, such as carbohydrates, 
proteins, fats, and nucleic acids (Singh et al., 2013; Petrov et al., 
2015; Singh et al., 2015a). However, plants attempt to overcome 
As toxicity by activating antioxidant scavenging systems that 
can alleviate the oxidative stress caused by excessive absorption 
and accumulation of As (Jung et al., 2015; Singh et al., 2016; 
Sharma et al., 2017). The alleviation of As-induced oxidative 
stress and maintenance of redox homeostasis are mostly 
achieved by two biochemical scavenging systems. The first is 
an enzymatic antioxidant scavenging system based on several 
identified enzymes, including superoxide dismutase (SOD), 
catalase (CAT), peroxidase (POX), ascorbate (AsA) POX (APX), 
monodehydroascorbate reductase (MDHAR), dehydroascorbate 
(DHA) reductase (DHAR), and glutathione (GSH) reductase 
(GR). The second is a non-enzymatic antioxidant scavenging 
system, such as AsA and GSH, which is reactivated and regulated 
to scavenge excessive ROS accumulated in the cells. In the first 
step of the AsA–GSH cycle, APX catalyzes the reduction of H2O2 
to H2O using AsA as an electron donor. As a consequence, AsA 
is oxidized to DHA. GSH is used as an electron donor by DHAR 
to reconvert DHA to AsA. The oxidized form of GSH is GSH 
disulfide (GSSG), which can be recycled to GSH by GR using 
reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
as the electron donor. Therefore, these various components of 
the AsA–GSH cycle play a pivotal role in a coordinated manner 
and protect cells against oxidative damage caused by As toxicity 
(Foyer and Noctor, 2011; Noctor et al., 2012; Dave et al., 2013; 
Farooq et al., 2016).

The roles of antioxidant enzymes in scavenging the ROS 
produced by As are well identified through numerous studies 
in a variety of plants (Panda et al., 2010; Rahman et al., 2015; 
Singh et al., 2015a; Singh et al., 2015b). However, studies on both 
the reduction of oxidative stress caused by heavy metals and the 
application of GSH, which plays a central role in in vivo redox 
regulation, are limited (Mostofa et al., 2014; Kim et al., 2017; 
Sharma et al., 2017; Semida et al., 2018). Noctor et al. (2012) 
reported a comprehensive and systematic result on how GSH 
plays an important role in alleviating oxidative stress, by reviewing 
studies that examined the effect of GSH application on numerous 
plants subjected to various environmental abiotic stresses, such 
as drought, salinity, and extreme temperatures. Moreover, Chen 
et al. (2010) reported that hydroponic treatment with GSH 

reduces the generation of ROS due to Cd toxicity in barley. 
Mostofa et al. (2014) and Shri et al. (2009) reported the effects 
of GSH, as a component of the antioxidant scavenging system, 
on reducing Cu and As toxicity in rice seedlings, respectively. 
Furthermore, Semida et al. (2018) demonstrated reduced heavy 
metal toxicity in cucumber seedlings and increased heavy metal 
tolerance in plants subjected to GSH treatment. Despite several 
studies on GSH treatment as an antioxidant to alleviate heavy 
metal-induced oxidative stress, there are only a few studies on the 
relationship between As toxicity and GSH.

Rice (Oryza sativa L.) is one of the most important 
agricultural crops worldwide, including in South Korea, and 
several studies have evaluated its ability of As uptake from soil 
(Akinbile and Haque, 2012; Kim et al., 2016; Jung et al., 2017b). 
However, information on the relationship between GSH and 
antioxidant scavenging systems in rice plants is still unclear, 
especially with regard to As phytotoxicity. We therefore 
conducted a hydroponic experiment using rice seedlings to 
elucidate the effects of exogenous GSH application on As 
uptake, As-induced modulation of ROS and lipid peroxidation, 
and the antioxidant scavenging system from As exposure. 
The results of this study can be applied to develop a practical 
approach to reduce As phytotoxicity in plants, especially rice.

MATERIALS AND METHODS

Plant Cultivation and Experimental 
Procedure
Rice (O. sativa L. cv. Dasan) seeds were sterilized with 70% 
ethanol for 2 min, washed extensively with distilled water, 
surface-sterilized by incubation in 2 ml L−1 of agrimycin 
solution (commercial bactericide, 8% ipconazole) for 48 h, and 
rinsed thoroughly with distilled water. The seeds were then 
germinated in distilled water before being incubated at 30°C 
for 48 h. Uniformly germinated seeds were transferred to a 
hydroponic growth system with hydroponic solution. Uniform 
two-leaf stage seedlings were transplanted into plastic pots 
(12 plants per pot) for cultivation. These pots (30 cm × 25 cm × 
15 cm, 0.075-m2 surface area) were filled with 9 L of hydroponic 
solution containing the following macroelements and 
microelements: 1  mM of NH4NO3, 0.6 mM of NaH2PO4∙H2O, 
0.3 mM of K2SO4, 0.2 mM of CaCl2, 0.4 mM of MgCl2∙6H2O, 
45 µM of Fe-EDTA, 50 µM of H3BO3, 9 µM of MnCl2∙4H2O, 
0.3 µM of CuSO4∙5H2O, 0.7 µM of ZnSO4∙7H2O, and 0.1 µM 
of Na2MoO4∙2H2O. The pH of the solution was adjusted to 
5.6, and the hydroponic solution was replaced every 7 days 
(Kamachi et al., 1991). The hydroponically cultivated seedlings 
were grown in a greenhouse (National Institute of Agricultural 
Science, Wanju, Republic of Korea) with natural sunlight, day/
night temperatures of 30°C/25°C, and also day/night relative 
humidity of 60%/80%. Four-leaf seedlings were then grown 
in hydroponics treated with 15 µM of As (NaAsO2) and were 
simultaneously sprayed with GSH (50 and 100 mg kg−1) and 2 
ml L−1 of commercial surfactant (10% polyoxyethylene alkyl 
aryl ether and 20% sodium lignosulfonate). GSH was applied 
just once using a handheld sprayer delivering 1,000 L ha−1 of 
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solution through flat-fan spray tips (Jung et al., 2018). Fourteen 
days after treatment, fresh 100-mg samples of roots and leaves 
were frozen in liquid nitrogen and stored at −80°C until ROS 
and antioxidant analyses.

Plant Growth Response and Analysis
The effect of GSH application on the growth characteristics of 
rice seedlings grown in As-treated hydroponics with or without 
the antioxidant was evaluated by measuring plant height, shoot 
fresh weight (FW), shoot dry weight (DW), root DW, and 
shoot water content (WC). After the 14-day treatment period, 
plant height was measured, the seedlings were separated into 
roots and leaves, and the shoot FW was determined. For shoot 
WC measurement, the shoots were excised, and their FW was 
immediately recorded. For shoot DW measurement, the weighed 
fresh shoots were dried at 60°C for 72 h and then weighed again.

As Content From Rice Tissues
Rice root and shoot samples were washed with deionized water 
for approximately 5 min and incubated at 80°C in an oven 
until they dried completely. The well-dried samples were then 
ground to a powder, and 200 mg of the powder was digested 
using a Graphite Block Acid Digestion System (ODLAB Co., 
Ltd., Seoul, Republic of Korea). After digestion, the solutions 
were cooled to ambient temperature, diluted to 100 ml with 
ultrapure water, and filtered using Grade No. 40 filter papers 
(Whatman, Buckinghamshire, UK). As content was determined 
via inductively coupled plasma–mass spectroscopy analysis 
(Agilent 7900; Agilent Technologies Inc., Santa Clara, CA, USA).

Determination of Superoxide, Hydrogen 
Peroxide, and Malondialdehyde
The content of O2

•− was measured spectroscopically at 530 nm, 
according to the method described by Elstner and Heupel (1976); 
a standard NaNO2 curve was used for calculations.

The content of H2O2 was determined chromatically following 
the method described by Jana and Choudhuri (1982). The optical 
density and absorbance of the samples were measured at 410 nm, 
and H2O2 content was calculated using an extinction coefficient 
of 0.28 µM−1 cm−1.

Lipid peroxidation was evaluated via the level of 
malondialdehyde (MDA) by the thiobarbituric acid method 
of Buege and Aust (1978) with slight modifications. The 
absorbance of each sample at 532 nm was measured and 
corrected for nonspecific turbidity by subtracting the value 
from the absorbance at 600 nm. The content of MDA was 
calculated using an extinction coefficient of 156 mM−1 cm−1.

Measurement of Antioxidant Enzyme 
Activities
Frozen root and leaf organs were pulverized in liquid 
nitrogen using a prechilled mortar and pestle and then 
resuspended in 100 mM of potassium phosphate buffer (pH 
7.5) containing 2 mM of ethylenediaminetetraacetic acid 
(EDTA), 1% polyvinylpyrrolidone-40 (PVP-40), and 1 mM of 

phenylmethylsulfonyl fluoride (PMSF). The suspension was 
centrifuged at 15,000 × g for 20 min at 4°C, and the resulting 
supernatant was used directly as an enzyme source (Lee et al., 2013).

SOD (EC 1.15.1.1) activity was determined based on the 
capacity of the enzyme to inhibit the photoreduction of nitroblue 
tetrazolium (NBT) (Lee et al., 2009). One unit of SOD was 
defined as the amount of enzyme that inhibited the rate of NBT 
photoreduction by 50% at 560 nm.

CAT (EC 1.11.1.6) activity was assayed, according to the 
method of Lee et al. (2013), by monitoring the decline in 
absorbance at 240 nm for 1 min (coefficient, ε = 36 mM−1 cm−1) 
as a result of H2O2 degradation.

APX (EC 1.11.1.11) activity was assayed, using the method 
of Chen and Asada (1989), by monitoring the decrease in 
absorbance at 290 nm for 1 min as AsA (coefficient, ε = 2.8 mM−1 
cm−1) was oxidized.

MDHAR (EC 1.6.5.4) activity was assayed following the 
method described by Hossain et al. (1984). The assay was 
determined by monitoring the oxidation rate of the NADPH by 
MDHAR at 340 nm for 1 min. The activity was calculated using 
an extinction coefficient of 6.2 mM−1 cm−1.

DHAR (EC 2.5.1.1.8) activity was assayed chromatically 
according to the method described by Nakano and Asada 
(1981). The assay was measured by monitoring the increase in 
absorbance at 265 nm for 1 min owing to the reduction of DHA 
into AsA using an extinction coefficient of 14 mM−1 cm−1.

GR (EC 1.6.4.2) activity was measured, using the method of 
Rao et al. (1996), by monitoring the decrease in absorbance at 
340 nm as NADPH (coefficient, ε = 6.2 mM−1 cm−1) was oxidized.

Evaluation of AsA/DHA and GSH/GSSG
The total AsA, reduced AsA, and oxidized DHA levels were 
measured according to the method of Law et al. (1983) with 
slight modifications. To colorimetrically measure the total 
AsA (reduced AsA plus oxidized DHA) and reduced AsA 
levels, 100 μl of the supernatant was mixed with 250 μl of 0.15 
M of K2HPO4 buffer (containing 5 mM of EDTA, pH 7.4) in 
the presence of either 50 μl of 10 mM of dithiothreitol (for 
the total AsA) or 50 μl of water (for the reduced AsA). The 
samples were incubated for at least 10 min at 25°C before 
the addition of 50 μl of 0.5% N-ethylmaleimide. A color-
developing solution containing 200 μl of 10% trichloroacetic 
acid, 200 μl of 44% O-phosphoric acid, 200 μl of 4% α,α′-
dipyridyl in 70% ethanol, and 11 μl of 30% FeCl3 was added 
to the above mixtures. These were then vigorously mixed 
and incubated at 37°C for 60 min. The absorbance of each 
sample was recorded at 525 nm. The concentration of total 
and reduced AsA was determined using a calibration curve, 
which was prepared using different AsA concentrations. The 
DHA content was obtained by subtracting the reduced AsA 
concentration from the total AsA concentration.

The content of GSH, reduced GSH, and oxidized GSSG was 
measured using the method described by Meister and Anderson 
(1983) with the following modifications. The rice seedling 
tissues (100 mg) were ground to powder in liquid nitrogen with 
a prechilled mortar and pestle. The powder was mixed with  
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1.2 ml of 5% (w/v) 5-sulfosalicylic acid to form a paste in order 
to reduce the oxidation of GSH. The paste was then centrifuged 
at 12,000 × g for 10 min at 4°C, and the clear supernatant was 
collected and used for the total GSH assay in 96-well microtiter 
plates. The supernatant (40 µl) was added to a 160-µl reaction 
mixture containing 143 mM of Na phosphate buffer (pH 7.5), 
6.3 mM of EDTA, 0.22 mM of NADPH, and 20 µl of 6 mM of 
5,5-dithiobis-2-nitrobenzoic acid. The reaction was initiated by 
the addition of 0.5 units of GR, and changes in the absorbance 
were monitored at 412 nm for 1 min in a microplate reader. 
For GSSG measurement, 2 µl of 2-vinylpyridine was added to 
100 µl of supernatant and mixed thoroughly for formation of 
the conjugates with GSH. The reaction was allowed to proceed 
for 1 h at 25°C in a chamber. The absorbance of the derivative 
samples was measured by the same method as described for 
the total GSH. The total GSH and GSSG concentrations in the 
samples were determined using linear regression obtained from 
a standard curve of GSH and GSSG.

Data Analysis
Root-to-shoot As ratio was calculated as follows (Figure 1B): As 
transfer factor = Ca/Cb, where Ca is the As concentration in the 
shoot and Cb is the As concentration in the root.

To elucidate the response of targeted metabolites of oxidative 
stress and the AsA/GSH redox state in the roots and leaves of 
rice seedlings treated with different levels of GSH, correlation 
coefficient analysis and principal component analysis (PCA) 
were performed using MetaboAnalyst 3.0 (www.metaboanalyst.
ca; Xia and Wishart, 2016) for heatmap generation and cluster 
analysis. Ward’s clustering algorithm and Pearson’s distance were 
applied for the cluster analysis.

All data were subjected to analysis of variance (ANOVA), 
and Fisher’s least significant difference (LSD) test was used 
to determine significant differences among treatments. The 
statistical analyses were carried out using a statistical analysis 
software (SAS ver. 9.2; SAS Institute Inc., Cary, NC, USA). 
Differences at P < 0.05 were considered significant. In the figures, 
the data are expressed as mean ± standard error (SE).

RESULTS

Effect of GSH Application on the Growth 
Responses of As-Stressed Rice Seedlings
To evaluate the effect of GSH on As toxicity, the rice seedlings at 
the four-leaf stage were grown in 15-μM-As-treated hydroponics 
for 14 days, simultaneously with or without the exogenous GSH 
treatments (50 and 100 mg kg−1). Compared with the untreated 
plants, all As-treated seedlings exhibited As-induced growth 
inhibition in terms of plant height, shoot FW, and shoot DW, 
regardless of GSH application. However, the root DW and shoot 
WC were not affected by As treatment (Table 1). Furthermore, the 
seedlings treated with GSH (without As) were not significantly 
different on the growth responses of rice seedlings, compared 
with the untreated plants (data not shown).

Analysis of As Content and As Transfer 
Factor in As-Stressed Rice Seedlings
As level was significantly higher in the roots than in the shoots 
(stems and leaves), and the As content was 4.3–4.5% lower in 
both the 50 and 100 mg kg−1 GSH-treated seedlings than in the 
As-treated plants. However, there was no statistical difference 

FIGURE 1 | Effect of glutathione (GSH) application on the arsenic (As) content (A) and As ratio (B) between the root and shoot of rice seedlings grown in As-treated 
hydroponics. Rice seedlings at the four-leaf stage were cultivated in a hydroponic solution containing 15 µM of As and sprayed with GSH (50 and 100 mg kg−1). 
Fourteen days after treatment, the level of As in the roots and shoots was measured via inductively coupled plasma–mass spectroscopy analysis. The data are 
presented as mean ± standard error of the mean of three replications. Means denoted by the same letter are not significantly different at the 5% level, according to 
Fisher’s least significant difference (LSD) test.
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detected between these two GSH treatments. Although the As 
content decreased in the roots in response to GSH application, 
the shoots showed an opposite trend in 100 mg kg−1 GSH 
treatment. The As content in the shoots was 3.4% higher in the 
50 mg kg−1 GSH treatment and 58.3% higher in the 100 mg kg−1 
GSH treatment, compared with that in the As-alone treatment 
(Figure 1A). The ratios of root As level to shoot As level in the 50 
and 100 mg kg−1 GSH treatments were 1.1- and 1.7-fold higher 
than that in the As treatment, respectively (Figure 1B).

Changes in the Production of O2
•−, H2O2, 

and MDA in As-Stressed Rice Seedlings 
With or Without GSH Application
The ROS production of the As-treated seedlings was measured 
on day 14 after GSH application, along with As treatment. The 
untreated plants were not significantly different on the ROS 
responses of rice seedlings, compared with the seedlings treated 
with GSH (data not shown). The O2

•− content of As-treated plants 
in the roots and leaves was 1.60- and 1.51-fold higher than that 
in the untreated seedlings, respectively. However, the O2

•− content 
was significantly lower in both roots and leaves of the GSH-treated 
seedlings, compared with that of the As-treated plants (Figure 
2A). The H2O2 content revealed a tendency similar to that of 
O2

•− content. The H2O2 content increased by 154% in the roots 
and by 166% in the leaves of As-treated seedlings, compared with 
that of the untreated control. However, the seedlings treated with 
GSH had significantly lower H2O2 content of roots and leaves, 
compared with the As-treated plants (Figure 2B). In proportion 
to the content of O2

•− and H2O2, the content of the final product 
of lipid peroxidation, MDA, was 1.66- and 1.53-fold higher in 
the roots and leaves of As-treated seedlings than in the controls, 
respectively. Nonetheless, GSH application significantly reduced 
the MDA content generated by As toxicity in both the roots and 
leaves (Figure 2C).

Changes in the Antioxidant Enzymes 
in As-Stressed Rice Seedlings With or 
Without GSH Application
Since alleviation of the As-induced ROS has been shown in 
applications of the 50 and 100 mg kg−1 GSH to As-stressed 
plants, the activities of SOD, CAT, APX, MDHAR, DHAR, and 
GR were evaluated in the roots and leaves to verify the effect 
of GSH in the As-stressed plants on ROS detoxification. SOD, 
CAT, and APX activities in the plants treated with As alone were 
significantly increased in both the roots and leaves (Figures 

3A–C), whereas MDHAR, DHAR, and GR activities decreased 
by 41%, 35%, and 26% in the roots and by 23%, 60%, and 39% 
in the leaves (Figures 3D–F), respectively, compared to the 
untreated plants. Exogenous applications of the 50 and 100 mg 
kg−1 GSH to As-treated seedlings significantly lowered activities 
of SOD in all organs, compared with plants treated with As alone 
(Figure 3A). The activity of CAT was decreased in the roots but 
remained unchanged in the leaves of As-treated plants with GSH, 
compared with As treatment (Figure 3B). APX activity in the 
leaves was reduced but not significantly different in the roots, 
compared with the As-treated plants (Figure 3C). The MDHAR 
activity in the 50 and 100 mg kg−1 GSH-treated seedlings was 
increased by 126% and 134% in the roots and by 111% and 124% 
in the leaves, respectively, compared with the As-treated plants 
(Figure 3D). The DHAR and GR activities of GSH-treated plants 
were significantly higher in both the roots and leaves than those 
in the As alone treatment (Figures 3E, F).

Changes in the Content of AsA/GSH and 
DHA/GSSG and the AsA/GSH Redox Ratio 
of As-Stressed Rice Seedlings With or 
Without GSH Application
In plants subjected to As toxicity, the change in redox ratio is 
closely associated not only with the GSH redox ratio (GSH/
GSSG) but also with the AsA redox ratio (AsA/DHA). The rice 
seedlings exposed to As stress were treated with GSH (50 and 100 
mg kg−1). The AsA and GSH levels and redox state were assessed 
on day 14 after GSH treatment along with As application. The 
AsA level in the As-treated seedlings showed no significant 
difference in either the roots or leaves, compared with that in 
the untreated control (Figure 4A). However, the DHA level, the 
oxidized form of AsA, showed significant increases of 270% in 
the roots and 193% in the leaves, compared with that in As-alone-
treated seedlings (Figure 4C). The AsA redox ratio decreased 
significantly by 63% in the roots and by 52% in the leaves, 
compared with that in the control (Figure 4E). The AsA level in 
the 50 and 100 mg kg−1 GSH-treated seedlings was significantly 
increased in both the roots and leaves, compared with that in 
As-treated plants (Figure 4A). In contrast to the AsA level, the 
DHA level exhibited a contrary pattern: the DHA level decreased 
by 34% and 16% in the roots and by 13% and 9% in the leaves 
(Figure 4C). The GSH treatment increased the AsA levels and 
decreased the DHA levels, compared with As treatment (Figures 
4A, C). Moreover, GSH treatment significantly increased the 
AsA redox ratio in both the roots and leaves (Figure 4E).

TABLE 1 | Effect of glutathione (GSH) application on the growth characteristics of rice seedlings grown in arsenic (As)-treated hydroponics. Rice seedlings at the four-
leaf stage were cultivated in a hydroponic solution containing 15 µM of As and sprayed with GSH (50 and 100 mg kg−1).

Treatment Plant height (cm) Shoot FW (g) Shoot DW (g) Root DW (g) Shoot WC (%)

Control 42a 1.85a 0.349a 0.081a 81.1a
15 µM As + 0 mg GSH kg−1 39b 1.42b 0.257b 0.078a 81.8a
15 µM As + 50 mg GSH kg−1 39b 1.51b 0.280b 0.087a 81.5a
15 µM As + 100 mg GSH kg−1 39b 1.46b 0.269b 0.085a 81.6a

Means within a column followed by the same letter are not significantly different at the 5% level based on Fisher’s least significant difference (LSD) tests. FW, fresh weight; DW, dry 
weight; WC, water content.
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FIGURE 2 | Effect of glutathione (GSH) application on the content of superoxide (A; O2
•−), hydrogen peroxide (B; H2O2), and malondialdehyde (C; MDA) of rice 

seedlings grown in the arsenic (As)-treated hydroponics. Rice seedlings at the four-leaf stage were cultivated in a hydroponic solution containing 15 µM of As and 
sprayed with GSH (50 and 100 mg kg−1). Fourteen days after treatment, the content of O2

•−, H2O2, and MDA in the roots and leaves was measured. The data are 
presented as mean ± standard error of the mean of three replications. Means denoted by the same letter are not significantly different at the 5% level, according to 
Fisher’s least significant difference (LSD) test.
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The GSH content and GSH redox ratio of As-treated plants 
were significantly lower in both the roots and leaves, compared 
with those in the untreated seedlings (Figures 4B, F). The level 
of GSSG, the oxidized form of GSH, was considerably higher in 
the leaves and exhibited no change in the roots (Figure 4D). The 
GSH content in the GSH-treated seedlings was dependent on 
the GSH level (Figure 4B). The GSH content was increased in 
both the roots and leaves (Figure 4B), but the GSSG content was 
decreased in both organs (Figure 4D). A high GSH redox ratio 
was maintained because the GSH treatment increased the GSH 
content and decreased the GSSG content, compared with that in 
the As-treated seedlings (Figures 4B, D, F).

Heatmap Responses of Pearson’s 
Correlation Coefficient (r) for the Targeted 
Antioxidant Metabolites of Oxidative 
Stress and AsA/GSH Redox State From 
As-Stressed Rice Seedlings
With respect to the As-stressed state of the seedlings, the data 
of heatmap analysis of the roots and leaves were classified into 
two groups, and each group showed positive correlations. First, 
a positive correlation was observed between biomass (DW) and 
redox-associated components. Second, a positive correlation 
was detected between As content and ROS-related constituents 
(Figures 5A, C). A comparative analysis of the factors related to As 

FIGURE 3 | Effect of glutathione (GSH) application on the activity of antioxidant enzymes of rice seedlings grown in arsenic (As)-treated hydroponics; superoxide 
dismutase (A; SOD), catalase (B; CAT), ascorbate peroxidase (C; APX), monodehydroascorbate reductase (D; MDHAR), dehydroascorbate reductase (E; DHAR), 
and glutathione reductase (F; GR) activity. Rice seedlings at the four-leaf stage were cultivated in a hydroponic solution containing 15 µM of As and sprayed with 
GSH (50 and 100 mg kg−1). Fourteen days after treatment, the activity of each antioxidant enzymes in the roots and leaves was measured. The data are presented 
as mean ± standard error of the mean of three replications. Means denoted by the same letter are not significantly different at the 5% level, according to Fisher’s 
least significant difference (LSD) test.
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content (presented by green boxes) suggested that the roots have 
a positive correlation with the As shoot/root ratio; MDA, DHA, 
H2O2, and O2 contents; and CAT, APX, and SOD activities and a 
negative correlation with the contents of GSH; AsA and GSH redox 
ratios; DHAR, GR, and MDHAR activities; and DW (Figure 5B). 
On the other hand, the shoots had a positive correlation with the 
As shoot/root ratio; the contents of H2O2, MDA, O2

•−, GSSG, 
and DHA; and CAT, APX, and SOD activities and a negative 
correlation with the contents of GSH and AsA, DW, GSH and AsA 
redox ratios, and DHAR, GR, and MDHAR activities (Figure 5D).

PCA of the Targeted Antioxidant 
Metabolites of Oxidative Stress and AsA/
GSH Redox State From Rice Seedlings
The PCA score plot was applied to evaluate the overall responses 
of rice seedlings to GSH treatment under As stress conditions. 
The score plot accounted for 65.8% and 33.7% of the variance of 
principal components 1 and 2, respectively. The analysis results 
indicated that both the tissues (root and shoot) exhibited a similar 
pattern of plant physiological responses according to the GSH 
levels. The responses of the two tissues became similar to those 

FIGURE 4 | Effect of glutathione (GSH) application on the content of ascorbate (AsA)/glutathione (GSH) and dehydroascorbate (DHA)/GSH disulfide (GSSG) and the 
AsA/GSH redox ratio in rice seedlings grown in the arsenic (As)-treated hydroponics. Rice seedlings at the four-leaf stage were cultivated in a hydroponic solution 
containing 15 µM of As and sprayed with GSH (50 and 100 mg kg−1). Fourteen days after treatment, the level of AsA/GSH and DHA/GSSG and the AsA/GSH redox 
ratio in the roots and leaves were measured. (A and B) Content of AsA and GSH; (C and D) content of DHA and GSSG; (E and F) AsA and GSH redox ratios (AsA/
DHA and GSH/GSSG). The data are presented as mean ± standard errors of the mean of three replications. Means denoted by the same letter are not significantly 
different at the 5% level, according to Fisher’s least significant difference (LSD) test.
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of the untreated with an increase in the GSH level. These results 
suggest that As stress alleviation is GSH concentration dependent. 
In addition, the effect of GSH treatment was more evident in the 
shoots than in the roots (Figure 6).

DISCUSSION

The pollution of agricultural soils and waters by As contamination 
has led to serious environmental problems in the productivity of 
crop plants. As toxicity affects photosynthesis by reducing the 
chlorophyll content, which negatively influences general plant 
growth and important metabolic processes, and by inhibiting 

adenosine triphosphate (ATP) biosynthesis by disrupting 
phosphorus uptake in the roots (Panda et al., 2010; Finnegan 
and Chen, 2012; Gupta and Ahmad, 2014; Jung et al., 2017b). 
Recently, some studies have demonstrated that the exogenous 
application of hydrogen sulfide (Singh et al., 2015b; Li et al., 2016; 
Chen et al., 2017), sulfur (Khan et al., 2015; Jung et al., 2017a; 
Tian et al., 2017), AsA (Jung et al., 2018; Semida et al., 2018), or 
GSH (Shri et al., 2009; Chen et al., 2010; Mostofa et al., 2014; Kim 
et al., 2017) may alleviate different heavy metal stresses.

In this study, As-stressed rice seedlings showed overall 
growth inhibition caused by As toxicity, regardless of GSH 
treatments (Table 1). However, significantly lower As 
concentrations were observed in the roots of As-exposed rice 

FIGURE 5 | Heatmap responses of Pearson’s correlation coefficient (r) for the targeted antioxidant metabolites of oxidative stress and ascorbate (AsA)/glutathione 
(GSH) redox state in the roots (A and B) and shoots (C and D) of the arsenic (As)-stressed seedlings. Red and blue indicate positive and negative correlation 
coefficients between the targeted antioxidant metabolites. (B and D) The factors correlated with As content in the roots and shoots, respectively.
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seedlings treated with GSH compared with those treated with 
As alone. In contrast, the shoot As content of plants treated 
with both As and GSH was significantly higher than that of 
plants treated with As alone (Figure 1A). Studies have reported 
that As uptake and translocation differ by plant species and 
tissues (Ye et al., 2012; Gupta and Ahmad, 2014; Chen et al., 
2015; Jung et al., 2017b). The results of this study revealed that 
GSH application mitigates the overall phytotoxicity of As by 
decreasing the content of As within the roots but increasing its 
translocation to the shoots (Figure 1).

The uptake of As promotes the production of ROS, O2
•−, 

H2O2, and OH• and thus oxidative stress, which is considered 
to be primarily responsible for oxidative toxicity in plant 
cells. Furthermore, it disturbs metabolic pathways and redox 
homeostasis (Mostofa et al., 2014; Farooq et al., 2016). These 
complex biochemical effects can cause lipid peroxidation, 
which ultimately withers the rice plant via the destruction of 
cell membranes (Jung et al., 2017a; Sharma et al., 2017). This 

study demonstrated that As induced oxidative stresses by the 
overproduction of O2

•− (Figure 2A) and H2O2 (Figure 2B) in 
the roots and leaves of rice seedlings. This is in agreement 
with the findings of Shri et al. (2009), Singh et al. (2015a) and 
Singh et al. (2016). However, GSH application to As-stressed 
rice seedlings decreased the level of O2

•− and H2O2 and thus 
played a critical role in alleviating the oxidative stress caused 
by As. Increased levels of ROS lead to lipid peroxidation 
causing membrane damage and malfunctioning of membrane 
proteins and ion transporters (Sharma, 2012; Jung et al., 2015; 
Rahman et al., 2015). MDA serves as an indicator of lipid 
peroxidation under oxidative stress conditions. In association 
with ROS, the MDA production was increased significantly 
(Figure  2C), which indicated severe membrane damage in 
the As-stressed seedlings. However, As-induced production 
of O2

•−, H2O2, and MDA decreased significantly with the 
exogenous application of GSH to the As-stressed seedlings 
(Figure 2). The GSH-mediated decrease in oxidative stress 

FIGURE 6 | Principal component analysis (PCA) score plots of the targeted antioxidant metabolites of oxidative stress and ascorbate (AsA)/glutathione (GSH) redox 
state in the roots (∆) and shoots (+) of seedlings treated with different GSH levels. R: root, S: shoot. The numbers after R or S of the code names indicate the GSH 
level (0, 50, or 100 mg GSH kg−1). The last digit indicates which of the three replicates is shown.
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is via its antioxidant effect in the direct or indirect ROS 
scavenging systems, thus decreasing MDA production, 
restricting As uptake, or altering the antioxidant scavenging 
system involved in decreasing ROS levels.

The detoxification strategies of As-induced oxidative 
stress alleviate As toxicity by inducing enzymatic and non-
enzymatic antioxidant scavenging systems. These systems 
play a critical role in protecting the structure and function 

of membrane systems and in sustaining cellular redox states 
(Shri et al., 2009; Chen et al., 2010; Foyer and Noctor, 2011; 
Farooq et al., 2016; Jung et al., 2017a; Sharma et al., 2017). 
In the enzymatic antioxidant or redox enzymes, SOD plays 
a critical role as it catalyzes the dismutation of O2

•− to H2O2. 
Subsequently, CAT and APX convert H2O2 to H2O and O2 
for scavenging of the oxidative damages (Farooq et al., 2016; 
Hayyan et al., 2016; Akram et al., 2017; Sharma et al., 2017). 

FIGURE 7 | Proposed mechanism of increase in As transfer in rice seedlings by alleviating As-induced oxidative stress and maintaining homeostasis of the AsA–
GSH cycle, which includes two interdependent redox couples, AsA/DHA and GSH/GSSG. (A) The As-stressed plant growth state and (B) the As-exposed and 
GSH-treated plant growth state. APX, ascorbate peroxidase; AsA, ascorbate (reduced form); As, arsenic; DHA, dehydroascorbate (oxidized form); AsA/DHA, AsA/
DHA redox ratio; CAT, catalase; DHAR, dehydroascorbate reductase; GR, glutathione reductase; GSH, glutathione (reduced form); GSSG, glutathione disulfide 
(oxidized form); GSH/GSSG, GSH/GSSG redox ratio; MDA, malondialdehyde (an index chemical of lipid peroxidation); MDHA, monodehydroascorbate; MDHAR, 
monodehydroascorbate reductase; NADPH (reduced form) and NADP+ (oxidized form), nicotinamide adenine dinucleotide phosphate; SOD, superoxide dismutase.
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In the present study, high levels of SOD, CAT, and APX 
activities under As-stressed condition were observed in the 
plants, while their activities reduced significantly with the 
application of GSH to the As-stressed rice plants (Figures 2 
and 3). The amending effects of GSH application could be 
correlated with decreased ROS levels in the As-stressed plants, 
thereby minimizing the risk of oxidative stress (Figure 2). In 
contrast, the core enzymes, which were involved in the AsA/
GSH redox cycle and MDHAR, DHAR, and GR activities in 
the roots and leaves of rice plants, were markedly decreased 
under As stress. However, the exogenous application of GSH 
significantly increased the activities of MDHAR, DHAR, and 
GR in rice plants, except for the MDHAR and GR activities 
of the roots, compared with the As-alone treatment (Shri 
et al., 2009) (Figure 3). Results described that application of 
GSH improved the protective ability of plants by changing 
antioxidant enzymatic activities and also depressed the levels of 
O2

•−, H2O2, and MDA in rice plants, thereby providing further 
resistance to the plants against oxidative stress produced by 
As. In addition, alterations of antioxidant enzymes under 
As stress were reduced by the application of GSH with the 
activities recovering to close to those in the untreated control 
plants. On the other hand, another antioxidant mechanism 
is a non-enzymatic system that uses antioxidative or redox 
molecules, including GSH, to protect against As-induced ROS 
damages and sustain normal redox balances in plant cells 
(Foyer and Noctor, 2011). GSH is a key component in the 
AsA–GSH cycle, and it is a precursor of phytochelatins (PCs), 
which are mainly involved in heavy metal detoxification by 
sequestrating them in the vacuoles (Noctor et al., 2012; Mostofa 
et al., 2014; Kim et al., 2017; Sharma et al., 2017; Semida et al., 
2018). However, the exogenous application of GSH increases 
the biosynthesis of PCs, which subsequently chelate As and 
alter its translocation. Furthermore, an altered As speciation 
upon GSH treatment could also affect translocation (Shri 
et al., 2009). In this study, As treatment decreased the 
GSH levels in all organs of rice plants, but not significantly 
different in the AsA levels (Figures 4A, B). Interestingly, there 
was an increase in the content of DHA and GSSG (Figures 
4C, D), whereas the AsA/DHA and GSH/GSSG ratios were 
concomitantly decreased (Figures  4E,  F). In Figures 2–6, 
the results demonstrate that the oxidative stress induced by 
As in rice plants should be associated with the redox status 
of AsA (AsA, DHA, and AsA/DHA ratio) and GSH (GSH, 
GSSG, and GSH/GSSG ratio). However, GSH application 
increased the AsA and GSH levels and AsA/DHA and GSH/
GSSG ratios, which could strengthen the inductions of the 
redox cycle to suppress ROS caused by As toxicity. Consistent 
with our results, Shri et al. (2009) and Mostofa et al. (2014) 
reported that exogenous GSH treatment alleviated As- and 
Cu-induced ROS, lowered lipid peroxidation, increased GSH 
levels, and helped maintain the cellular redox homeostasis in 
rice seedlings. In summary, GSH application to As-stressed 
rice seedlings significantly decreased the production of 
O2

•−, H2O2, and MDA, relative to that observed in plants 
subjected to As treatment alone. However, the application of 

GSH to rice plants under As stress stimulated the AsA–GSH 
cycle inductions, thereby promoting ROS scavenging, which 
decreased overall As toxicity (Figure 7). The AsA–GSH cycle 
plays an important role in sustaining the balance between 
ROS production and scavenging in plants that are exposed to 
many abiotic stresses, including drought, high temperature, 
and heavy metal stresses. The altered induction of the AsA–
GSH cycle observed under As or Cd stress is shown to be a 
result of the need to sustain a favorable redox status. This is 
achieved by conserving appropriate levels of AsA and GSH to 
overcome the potential problems of oxidation (Ranieri et al., 
1996; Foyer and Noctor, 2011; Jung et al., 2017a).

CONCLUSIONS

GSH is an antioxidant in plants, which is capable of preventing 
damage to important cellular components caused by ROS, 
such as O2

•− and H2O2. Our study provided an understanding 
into the role of GSH in regulating the physiological and 
biochemical responses to As stress. This study demonstrated 
that As stress caused oxidative stress, which was evidenced 
by the high levels of O2

•−, H2O2, and MDA associated with 
the insufficient or inhibitive induction of the enzymatic and 
non-enzymatic antioxidant systems. However, the exogenous 
GSH application to rice seedlings under As stress significantly 
enhanced antioxidant enzymes’ activities and non-enzymatic 
antioxidants, which finally reduced As-induced oxidative 
stresses. In addition, exogenous GSH enhanced the induction 
of the AsA–GSH cycle, which re-established the cellular redox 
status. Therefore, the results suggest that application with 
exogenous GSH should be a potential approach to enhance As 
stress resistance in rice plants.
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