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Abstract Nitric oxide (NO) and glutathione (GSH) regulate a
variety of physiological processes and stress responses; how-
ever, their involvement in mitigating Cu toxicity in plants has
not been extensively studied. This study investigated the
interactive effect of exogenous sodium nitroprusside (SNP)
and GSH on Cu homeostasis and Cu-induced oxidative dam-
age in rice seedlings. Hydroponically grown 12-day-old seed-
lings were subjected to 100 μM CuSO4 alone and in combi-
nation with 200 μM SNP (an NO donor) and 200 μM GSH.
Cu exposure for 48 h resulted in toxicity symptoms such as
stunted growth, chlorosis, and rolling in leaves. Cu toxicity
was also manifested by a sharp increase in lipoxygenase
(LOX) activity, lipid peroxidation (MDA), hydrogen peroxide
(H2O2), proline (Pro) content, and rapid reductions in bio-
mass, chlorophyll (Chl), and relative water content (RWC).
Cu-caused oxidative stress was evident by overaccumulation
of reactive oxygen species (ROS; superoxide (O2

•–) and

H2O2). Ascorbate (AsA) content decreased while GSH and
phytochelatin (PC) content increased significantly in Cu-
stressed seedlings. Exogenous SNP, GSH, or SNP+GSH
decreased toxicity symptoms and diminished a Cu-induced
increase in LOX activity, O2

•–, H2O2, MDA, and Pro content.
They also counteracted a Cu-induced increase in superoxide
dismutase (SOD), ascorbate peroxidase (APX), glutathione
reductase (GR), monodehydroascorbate reductase
(MDHAR), and glyoxalase I and glyoxalase II activities,
which paralleled changes in ROS and MDA levels. These
seedlings also showed a significant increase in catalase
(CAT), glutathione peroxidase (GPX), dehydroascorbate re-
ductase (DHAR), glutathione S-transferase (GST) activities,
and AsA and PC content compared with the seedlings stressed
with Cu alone. Cu analysis revealed that SNP and GSH
restricted the accumulation of Cu in the roots and leaves of
Cu-stressed seedlings. Our results suggest that Cu exposure
provoked an oxidative burden while reduced Cu uptake and
modulating the antioxidant defense and glyoxalase systems by
adding SNP and GSH play an important role in alleviating Cu
toxicity. Furthermore, the protective action of GSH and SNP+
GSH was more efficient than SNP alone.
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Introduction

Modern agricultural practices, rapid urbanization and the in-
dustrial revolution intensified heavy metal pollution, which
eventually turned into a significant global concern for the
growth and productivity of crops worldwide (Nagajyoti et al.
2010). Among heavy metals, copper (Cu) is essential for the
normal growth and development of all living organisms,
including plants. Being an integral part of numerous
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metalloproteins such as plastocyanin (photosynthetic system),
cytochrome oxidase (respiratory electron transport chain),
laccases, monoamine oxidase, uricase, Cu/Zn-superoxide dis-
mutase (SOD) and ascorbate oxidase (antioxidative defense),
Cu plays an important role in the cellular metabolism of plants
(Burkhead et al. 2009). Like most micronutrients, plants re-
quire Cu in trace amounts for normal growth. Typically, the
average concentration of Cu in leaves is 10 μg g−1 dry weight
(Yruela 2009), and the critical toxicity level for most crop
species is above 20–30 μg g−1 dry weight (Marschner 2012).
Susceptibility to Cu also varies with plant species. For in-
stance, alfalfa and barley are more tolerant to Cu stress than
rice and potato (Jones 1998). In addition, rice is more suscep-
tible to Cu toxicity than to other heavy metals, such as Ni, Co,
and Zn (Chino 1981).

At elevated levels (>20–30 μg g−1 dry weight), Cu can
induce toxicity by disturbing key cellular processes, including
photosynthesis, electron transport, cell wall metabolism, nitro-
gen assimilation, and senescence, which may lead to reduced
growth and even death of plants (Yruela 2005). Cu is highly
reactive to thiols and can possibly displace other essential
metals in proteins causing disruption of their structure and
functions (Lippard and Berg 1994). Excess Cu induces oxida-
tive stress by generating harmful reactive oxygen species
(ROS) such as singlet oxygen (1O2), superoxide (O2

.–), hydro-
gen peroxide (H2O2) and hydroxyl radicals (OH

.), all of which
can damage biological molecules and membranes by lipid
peroxidation (Demirevska-Kepova et al. 2004; Contreras
et al. 2009). In addition to ROS, methylglyoxal (MG), a cyto-
toxic compound, has been found to accumulate during abiotic
stresses including heavymetal stress (Singla-Pareek et al. 2006;
Hossain et al. 2009). Excess MG can cause cell death by
interacting with major biomolecules such as proteins, lipids,
carbohydrates, and nucleic acids, and also by inactivating the
antioxidant defense system (Yadav et al. 2005). Moreover, MG
can produce ROS and stimulate oxidative stress generation in
plants (Saito et al. 2011; Hoque et al. 2012).

Plants have evolved an array of homeostatic mechanisms
to avoid metal toxicity such as metal exclusion, retention in
the roots, immobilization in the cell wall, chelation by
phytochelatins (PC), metallothioneins, organic acids, or heat
shock proteins (Hossain et al. 2012). These mechanisms
depend on the concentration of metal supplied, plant species,
and duration of metal exposure. Moreover, plants employ
antioxidant defense and glyoxalase systems to combat oxida-
tive injury induced by ROS and MG, respectively, under
heavy metal stress. The antioxidant system includes several
ROS scavenging enzymes such as SOD, catalases (CAT),
glutathione peroxidases (GPX), ascorbate peroxidase
(APX), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR), glutathione reductase
(GR), glutathione S-transferases (GST), and low molecular
mass antioxidants such as ascorbate (AsA) and glutathione

(GSH). Likewise, plant cells possess an MG detoxifying
glyoxalase system comprising two enzymes, glyoxalase I
(Gly I) and glyoxalase II (Gly II), which reduce MG to D-
lactate by employing and regenerating GSH. The efficient
inducing of the antioxidative and glyoxalase systems often
correlates to the elevated level of GSH and high GSH/GSSG
ratio which ensure enhanced tolerance of abiotic stresses
(Mostofa et al. 2013; Mostofa and Fujita 2013; Hossain
et al. 2013a, b).

Nitric oxide (NO), a ubiquitous bioactive molecule, plays
multifunctional roles in plant growth, development, and cel-
lular responses to environmental stresses (Siddiqui et al.
2011). NO-mediated adaptive responses to biotic and abiotic
stresses are mainly attributed to its signaling role that triggers
a number of redox-regulated and defense-related genes
(Wendehenne et al. 2005). NO can alleviate oxidative stress
by directly scavenging ROS, such as O2

.–, to form
peroxynitrite (ONOO−) (Beligni and Lamattina 2002), which
is less toxic than peroxides, and also by enhancing antioxidant
enzymes (Singh et al. 2013). However, the protective and
harmful effects of NO depend on the concentration and loca-
tion of NO in the plant cells (Siddiqui et al. 2011). At low
concentrations, sodium nitroprusside (SNP; an NO donor)
was found to be effective in managing abiotic stresses includ-
ing metal toxicity such as Cu (detached rice leaves, tomato
plants), Cd (wheat roots, sunflower leaves, rice leaves), Al
(wheat plants), and As (rice roots) (Yu et al. 2005; Wang et al.
2010; Singh et al. 2008, 2009; Laspina et al. 2005; Panda et al.
2011; Zhang et al. 2008). However, little information is avail-
able on the effect of SNP in modulating the antioxidant
defense and glyoxalase systems in growing rice seedlings
under Cu stress.

Reduced GSH (γ-Glu–Cys–Gly) is water-soluble and a
ubiquitously distributed low molecular weight antioxidant
present in all cellular compartments (Noctor et al. 2002).
GSH plays a central role in several physiological processes,
including sulfate transport, signal transduction, conjugation of
metabolites, detoxification of xenobiotics, redox balance, ex-
pression of stress responsive genes, and scavenging of ROS
produced during cellular metabolism or oxidative stress
(Anjum et al. 2012). GSH detoxifies H2O2 and MG via the
ascorbate–glutathione cycle and glyoxalase pathway, respec-
tively. It also protects cell membranes by maintaining AsA,α-
tocopherol, and zeaxanthin in the reduced state (Gill and
Tuteja 2010). Previous studies revealed that intracellular
GSH plays a protective role against metal toxicity by altering
the rates of metal uptake and elimination (Kang and Enger
1987), and by chelating metal ions in cells (Jozefczak et al.
2012). Directly applying GSH with Cu may alleviate Cu
toxicity as observed in rice and barley plants upon Cd toxicity
(Cai et al. 2010; Chen et al. 2010a). However, so far no study
has been conducted on the effect of extracellular GSH on
cellular responses to Cu stress in plants. Therefore, further
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study is needed to elucidate the regulatory or antioxidant
intervention strategy of external GSH in preventing oxidative
stress in response to Cu stress.

Rice (Oryza sativa L.) is one of the important crops grown
across the world and also considered as a staple food, espe-
cially in Bangladesh, China and India. Nowadays, due to rapid
environmental changes, rice plants experience different types
of abiotic stresses including heavy metal toxicity. In
Bangladesh, cultivated lands adjacent to industrialized areas
are highly contaminated with heavy metals including Cu
(Bhuiyan et al. 2010). With this overall background in mind,
we conducted a hydroponic experiment using rice to investi-
gate the effects of exogenous SNP and GSH on Cu-induced
modulation of O2

.−, H2O2, lipid peroxidation, proline, bio-
mass, relative water content (RWC), total Chl, ascorbate,
GSH, PC content, and on the activities of the enzymes in-
volved in ascorbate–glutathione and glyoxalase systems
supplementing CAT, GPX, and GST. Additionally, SNP and
GSH were applied together to evaluate their combined versus
individual roles in mitigating oxidative stress. In this study, we
report that SNP and GSH induce Cu tolerance through mod-
ulating Cu homeostasis, antioxidant defense and glyoxalase
systems in which GSH seems to be more efficient than SNP.

Materials and methods

Plant materials, growth condition, and treatments

Rice (Oryza sativa L. cv. BR 11) seeds were surface sterilized
with 1 % (v/v) sodium hypochlorite solution for 20 min,
washed with distilled water and imbibed for 24 h. The seeds
were sown on plastic nets floating on distilled water in 250 ml
plastic beakers and kept in the dark at 28±2°C for germina-
tion. After 48 h, uniformly germinated seeds were transferred
to a growth chamber and grown in a commercial hydroponics
solution (Hyponex, Japan) diluted according to the manufac-
turer’s instructions. The nutrient solution consisted of 8 % N,
6.43 % P, 20.94 % K, 11.8 % Ca, 3.08 % Mg, 0.07 % B,
0.24 % Fe, 0.03 % Mn, 0.0014 % Mo, 0.008 % Zn, and
0.003 % Cu. The seedlings were grown under controlled
conditions (photon density: 100 μmol m−2 s−1, temperature:
26±2°C, RH: 65–70 %). Each plastic beaker contained about
50 rice seedlings. The nutrient solution (pH 5.5) was renewed
every 3 days. At 12 days, seedlings were subjected to stress
with CuSO4 at a concentration of 100 μM either with or
without 200 μM SNP or 200 μM GSH or 200 μM SNP+
200 μM GSH in the hyponex solution. Therefore, the treat-
ments were as follows: control (Con), 200 μM SNP (SNP),
200 μM GSH (GSH), 200 μM SNP+200 μM GSH (SNP+
GSH), 100 μM Cu (Cu), 100 μM Cu+200 μM SNP (Cu+
SNP), 100 μM Cu+200 μM GSH (Cu+GSH), and 100 μM
Cu+200 μM SNP+200 μMGSH (Cu+SNP+GSH). Sodium

ferrocyanide (SF; an analogue of SNP that does not release
NO; 200 μM) was also applied as an additional control of
SNP. After 48 h of growth under the above conditions, the
second leaf of rice seedlings was harvested to determine
various physiological and biochemical parameters. Each treat-
ment was replicated three times under the same experimental
conditions.

Determination of Cu content by atomic absorption
spectrophotometer

To determine Cu content, the root and leaf samples were
harvested separately and the roots were washed thoroughly
with distilled water to remove excess Cu from the root surface.
The root and leaf samples were oven dried at 80°C for 48 h.
Dried samples (0.1 g) were ground and acid digested with
HNO3/HClO4 (5:1 v/v) mixture for 24 h at 80°C followed by
Cu estimation using an atomic absorption spectrophotometer
(Hitachi Z-5000, Japan).

Determination of biomass, total chlorophyll, and relative
water content

To determine fresh biomass, seedlings were separated from
the culture medium and the roots were washed thoroughly
with distilled water followed by blotting with tissue paper.
After separating the adherent seeds, ten seedlings from each
treatment were weighed to determine fresh biomass (g seed-
ling−1). To estimate total chlorophyll (Chl) content, leaves
(0.5 g) were extracted in 80 % chilled acetone and Chl was
estimated according to the method of Arnon (1949). To esti-
mate RWC, 20 leaf segments (4–5 cm) were weighed sepa-
rately to determine fresh weight (FW). Leaf segments were
then placed between two layers of filter paper and immersed in
deionized water. When the leaf segments became fully turgid,
they were gently dried with tissue paper and turgid weight
(TW) was measured. Dry weight (DW) was measured after
oven drying at 80°C for 48 h. RWC was calculated using the
following formula: RWC (%)=100 X (FW−DW)/(TW−
DW).

Determination of lipid peroxidation, hydrogen peroxide,
and proline content

Lipid peroxidation of the second leaves was measured by
estimating malondialdehyde (MDA) according to the method
of Heath and Packer (1968). Fresh leaf samples (0.5 g) were
homogenized with 5 % (w/v) trichloroacetic acid (TCA) and
centrifuged at 11,500×g for 12 min. The supernatant was
mixed with 20 % TCA containing 0.5 % of TBA and heated
at 95°C for 30 min. MDA content was calculated by the
difference in absorbance at 532 and 600 nm using an extinc-
tion coefficient of 155 mM−1 cm−1. Hydrogen peroxide
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(H2O2) was extracted by homogenizing 0.5 g of fresh leaf
samples with 50 mM K-phosphate buffer (pH 6.5) and the
content was determined after reaction with 0.1 % TiCl4 in
20 % H2SO4 following the method of Hossain et al. (2010).
Proline (Pro) content was determined according to the method
of Bates et al. (1973). Fresh leaf samples (0.5 g) were homog-
enized with 5 ml of 3 % aqueous sulfosalicylic acid and the
homogenate was centrifuged at 10,000×g for 12 min.
Supernatant (2 ml) was mixed with 2 ml of glacial acetic acid
and 2 ml of acid ninhydrin solution. The resultant mixture was
boiled at 100°C for 1 h and then transferred to ice to stop the
reaction. The developed red color was extracted with 2 ml
toluene and absorption of the chromophore was measured at
520 nm. Pro concentration was calculated using a calibration
curve developed with Pro standards.

Histochemical detection of superoxide and H2O2

Superoxide (O2
.–) and H2O2 were detected in rice leaves

according to the method of Chen et al. (2010a) with modifi-
cations. In brief, the second leaves were stained in 0.1 %
nitroblue tetrazolium (NBT) or 1 % 3,3-diaminobenzidine
(DAB) solution for 12 h under dark and light, respectively.
Incubated leaves were then decolorized by immersing in
boiling ethanol to detect blue insoluble formazan (for O2

.–)
or deep brown polymerization product (for H2O2). After
cooling, glycerol was used to open the leaves and photographs
were taken by placing the leaves between two glass plates.

Estimation of non-enzymatic antioxidants

Fresh leaves (0.5 g) were homogenized in 3ml of ice-cold 5%
meta-phosphoric acid containing 1 mM EDTA and centri-
fuged at 11,500×g for 12 min. Reduced and total AsA content
were determined following the method of Dutilleul et al.
(2003) with minor modifications. To estimate total AsA, the
oxidized fraction was reduced by 0.1 M dithiothreitol.
Reduced and total AsA content were assayed at 265 nm in
100 mMK-phosphate buffer (pH 7.0) with 1.0 U of ascorbate
oxidase (AO). Oxidized ascorbate (DHA)=total AsA−re-
duced AsA. Based on enzymatic recycling, reduced GSH,
oxidized GSH (GSSG), and total GSH (GSH+GSSG) were
determined according to the method of Griffiths (1980).
GSSG was determined after removal of GSH by 2-
vinylpyridine derivatization. GSH was measured after
subtracting the value of GSSG from total GSH.

Non-protein thiol extraction and determination
of phytochelatin content

Non-protein thiol extraction and determination of PC content
were carried out following the method of De Vos et al. (1992).
In brief, non-protein thiols (NP-SH) were extracted by

grinding 0.5 g of fresh leaf in 3 ml of 3 % (w/v) sulfosalicylic
acid. The homogenate was centrifuged at 10,000×g for 15min
at 4°C. The clear supernatants were collected and immediately
used for NP-SH determination. The supernatant was mixed
with Ellman’s reaction mixture (5 mM EDTA and 0.6 mM 5,5
0-dithiobis (2-nitrobenzoic acid) in 120 mM phosphate buffer,
pH 7.5) and the absorbance was recorded spectrophotometri-
cally after 5 min at 412 nm to determine the level of NP-SH.
The level of PC was calculated by subtracting the amount of
GSH from the amount of total NP-SH.

Extraction and assay of enzymes

To extract enzymes, fresh leaf samples (0.5 g) were homoge-
nized separately with a reaction mixture containing 50 mMK-
phosphate buffer (pH 7.0), 100 mM KCl, 1 mM AsA, 5 mM
β-mercaptoethanol, and 10 % (w/v) glycerol in pre-chilled
mortars and pestles. The homogenate was centrifuged at
12,500×g for 15 min and the resultant supernatants were
collected for analysis of enzyme activities and protein content.
All procedures were performed at 0–4°C.

Lipoxygenase (LOX; EC 1.13.11.12) activity was estimat-
ed according to the method of Doderer et al. (1992). The
substrate solution was prepared by adding 35 μl linoleic acid
to 5 ml distilled water containing 50 μl Tween-20. After
adjusting the pH to 6.5, 0.1 M phosphate buffer (pH 6.5)
was added to make a total volume of 100 ml. LOX activity
was determined by adding 10 μl of enzyme extract to 590 μl
substrate. The absorbance was recorded at 234 nm and the
activity was calculated using the extinction coefficient of
25 mM−1 cm−1. SOD (EC 1.15.1.1) activity was estimated
according to the method of El-Shabrawi et al. (2010), which is
based on a xanthine–xanthine oxidase system. The reaction
mixture contained K-phosphate buffer (50 mM), NBT
(2.24 mM), CAT (0.1 units), xanthine oxidase (0.1 units),
xanthine (2.36 mM), and enzyme extract. CAT was added to
avoid the possible H2O2-mediated inactivation of Cu/Zn-
SOD. SOD activity was expressed as units (i.e., amount of
enzyme required to inhibit NBT reduction by 50 %)
min−1 mg−1 protein.

CAT (EC 1.11.1.6) activity was measured according to the
method of Hossain et al. (2010) by monitoring the decrease of
absorbance at 240 nm for 1 min. The reaction mixture
contained 50 mM K-phosphate buffer (pH 7.0), 15 mM
H2O2 and enzyme solution in a final volume of 0.7 ml. The
reaction was initiated with enzyme extract and the activity was
calculated using the extinction coefficient of 39.4 M−1 cm−1.

APX (EC 1.11.1.11) activity was determined following the
method of Nakano and Asada (1981). The final reaction
solution contained 50 mM K-phosphate buffer (pH 7.0),
0.5 mM AsA, 0.1 mM H2O2, 0.1 mM EDTA, and enzyme
extract in a final volume of 0.7 ml. The reaction was initiated
by adding H2O2 and activity was measured by observing the
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decrease in absorbance at 290 nm for 1 min using the extinc-
tion coefficient of 2.8 mM−1 cm−1.

MDHAR (EC 1.6.5.4) activity was determined according
to the method of Hossain et al. (1984). The reaction mixture
contained 50mMTris–HCl buffer (pH 7.5), 0.2 mMNADPH,
2.5 mM AsA, 1.0 U of AO and enzyme solution in a final
volume of 0.7 ml. The activity was calculated from the change
in ascorbate at 340 nm for 1 min using the extinction coeffi-
cient of 6.2 mM−1 cm−1.

DHAR (EC 1.8.5.1) activity was measured by monitoring
the formation of AsA from DHA at 265 nm using GSH
(Nakano and Asada 1981). The reaction buffer contained
50 mM K-phosphate buffer (pH 7.0), 2.5 mM GSH, and
0.1 mM DHA. The activity was calculated from the change
in absorbance at 265 nm for 1 min using the extinction
coefficient of 14 mM−1 cm−1.

GR (EC 1.6.4.2) activity was measured by monitoring the
decrease in the absorbance of NADPH at 340 nm for GSSG-
dependent oxidation of NADPH, as described by Foyer and
Halliwell (1976). The reaction mixture contained 0.1 M K-
phosphate buffer (pH 7.8), 1 mM EDTA, 1 mM GSSG,
0.2 mM NADPH, and enzyme solution in a final volume of
1 ml. The activity was calculated using the extinction coeffi-
cient of 6.2 mM−1 cm−1.

GST (EC 2.5.1.18) was measured as described by Hossain
et al. (2010). The reaction mixture contained 100 mM Tris–
HCl buffer (pH 6.5), 1.5 mM GSHs, 1 mM 1-chloro-2,4-
dinitrobenzene (CDNB), and enzyme solution in a final vol-
ume of 0.7 ml. The enzyme reaction was initiated by adding
CDNB and the increase in absorbance was recorded at 340 nm
for 1 min. The activity was calculated using the extinction
coefficient of 9.6 mM−1 cm−1.

GPX (EC: 1.11.1.9) activity was measured as described by
Elia et al. (2003). The reaction mixture consisted of 100 mM
Na-phosphate buffer (pH 7.5), 1 mM EDTA, 1 mM NaN3,
0.12 mMNADPH, 2 mMGSH, 1.0 U GR, 0.6 mMH2O2 and
20 μl of enzyme extract. The oxidation of NADPH was
recorded at 340 nm for 1 min and the activity was calculated
using the extinction coefficient of 6.62 mM−1 cm−1.

Glyoxalase I (Gly I, EC 4.4.1.5) assay was carried out
according to the method of Hossain et al. (2009). The assay
mixture contained 100 mM K-phosphate buffer (pH 7.0),
15 mM magnesium sulphate, 1.7 mM GSH and 3.5 mM
MG in a final volume of 0.7 ml. The increase in absorbance
was recorded at 240 nm for 1 min and the activity was
calculated using the extinction coefficient of 3.37 mM−1 cm−1.

Glyoxalase II (Gly II, EC 3.1.2.6) activity was determined
according to the method of Hossain et al. (2010). The reaction
mixture contained 100 mMTris–HCl buffer (pH 7.2), 0.2 mM
DTNB and 1 mMS-D-lactoylglutathione (SLG) in a final
volume of 1 ml. The reaction was started by adding SLG
and the activity was calculated using the extinction coefficient
of 13.6 mM−1 cm−1.

Protein content was determined following the method of
Bradford (1976) using bovine serum albumin (BSA) as a
standard.

Statistical analysis

The data were subjected to one-way analysis of variance
(ANOVA) and different letters indicate significant differences
between treatments at p<0.05, according to Duncan’s multi-
ple range test (DMRT) using IRRISTAT version 3
(International Rice Research Institute, Biometrics Unit,
Manila, Philippines). Data represented in the table and figures
are means±standard deviations (SD) of three replicates for
each treatment.

Results

Effect on visual toxicity symptoms in rice seedlings

Cu toxicity was phenotypically observed in the leaves of rice
seedlings after 48 h treatment. The presence of Cu in the
nutrient medium caused visible toxicity symptoms like
stunted growth, chlorosis, and leaf rolling (Fig. S1). Adding
SNP, GSH, or SNP+GSH relatively decreased the toxic ef-
fects of Cu, but GSH and SNP+GSH were more effective
than the SNP alone. No differences were observed between
control and SNP-, GSH-, or SNP+GSH-treated seedlings
without Cu.

SF is an analogue of SNP but does not release NO upon
light decomposition. Adding SF to Cu-stressed seedlings also
caused visible toxicity symptoms as it was with the seedlings
stressed with Cu alone (Fig. S2). The control seedlings treated
with SF alone did not show any toxic symptoms.

Effect on fresh biomass, total Chl, and RWC in rice seedlings

Cu treatment sharply reduced the fresh biomass of the rice
seedlings compared with control (Table 1). SNP-, GSH-, and
SNP+GSH-supplemented seedlings without Cu stress did not
affect biomass compared with control seedlings. However,
adding SNP, GSH, or SNP+GSHmarkedly inhibited biomass
reduction and alleviated Cu-induced growth inhibition.
Moreover, GSH- and SNP+GSH-supplemented Cu-stressed
seedlings had better growth compared with SNP-
supplemented Cu-stressed seedlings. Cu treatment caused a
significant decrease in RWC and Chl content of the second
leaves after 48 h of stress treatment (Table 1). No differences,
with respect to the controls, were observed in SNP-, GSH-, or
SNP+GSH-treated seedlings without Cu. Exogenously apply-
ing SNP, GSH, and SNP+GSH significantly alleviated the
inhibitory effects of Cu on RWC and Chl content (Table 1).
However, adding GSH resulted in greater protection of Chl
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and RWC than applying SNP to Cu-stressed seedlings. In
addition, SF-treated Cu-stressed seedlings also showed a sig-
nificant decrease in the level of total Chl compared with the
control seedlings (Table S1). However, total Chl increased
significantly in the control seedlings treated with SF alone
compared with the control seedlings.

Effect on Cu uptake in rice seedlings

In Cu-treated seedlings, Cu accumulated significantly in the
roots and leaves but the content was significantly higher in the
roots compared with leaves (Table 2). Adding SNP or GSH,
especially SNP+GSH, to the Cu-stressed seedlings signifi-
cantly reduced the accumulation of Cu in the roots and leaves
compared with the seedlings treated with Cu alone.

Effect on MDA, H2O2, and Pro content in rice seedlings

MDA content in Cu-treated rice seedlings increased signifi-
cantly compared with the control seedlings (Table 3), whereas
adding SNP, GSH, or SNP+GSH reduced the level signifi-
cantly. GSH-treated seedlings without stress also showed a
decreased level of MDA compared with the control seedlings.
GSH-supplemented Cu-stressed seedlings also showed a low
MDA level compared with SNP-treated Cu-stressed seedlings
(Table 3). In addition, SF-treated Cu-stressed seedlings also
showed a significant increase in the level of MDA compared
with the control seedlings (Table S1).

Cu treatment led to higher H2O2 content in leaves, i.e.,
56 % higher than those of control seedlings (Table 3). GSH-
treated seedlings without Cu stress also showed a lower level
of H2O2 than the control seedlings. Applying SNP, GSH, or
SNP+GSH significantly reduced H2O2 accumulation in Cu-
stressed seedlings. Moreover, GSH-treated Cu-stressed seed-
lings showed a lower level of H2O2 than those of SNP- or
SNP+GSH-treated seedlings (Table 3).

Pro content increased significantly in response to Cu stress
and it was 18 times higher than that of control (Table 3). SNP
or GSH, especially SNP+GSH, decreased proline content
significantly in Cu-stressed seedlings, but the levels were still
significantly higher than the control level. In non-stress con-
ditions, applying SNP, GSH, or SNP+GSH did not affect Pro
content (Table 3).

Effect on the levels of ROS (O2
•– and H2O2) in rice seedlings

In our experiment, both O2
•– and H2O2 accumulated markedly

in Cu-stressed rice seedlings (Fig. 1a, b). Cu-induced accu-
mulation of O2

•– and H2O2 was confirmed by histochemical
staining with NBT and DAB, respectively. Distinctive
amounts of O2

•– and H2O2 were observed as scattered dark

Table 1 Effect of exogenous SNP, GSH, and SNP+GSH on fresh
biomass, RWC, and Chl content in Cu-treated rice seedlings

Treatments Fresh biomass
(g seedling−1)

RWC (%) Chl (mg g−1 FW)

Con 0.186±0.003d 97.33±2.52cd 1.68±0.068c

SNP 0.181±0.004c 99.00±1.00e 1.70±0.073cd

GSH 0.187±0.002d 97.33±0.58cd 1.73±0.062de

SNP+GSH 0.183±0.004cd 98.67±0.58de 1.75±0.085de

Cu 0.123±0.013a 76.33±5.51a 1.28±0.079a

Cu+SNP 0.157±0.009b 88.33±1.53b 1.62±0.035b

Cu+GSH 0.185±0.004d 99.33±0.58e 1.99±0.106g

Cu+SNP+GSH 0.185±0.001d 97.00±1.73c 1.88±0.039f

Data are presented as mean±standard deviations from three independent
experiments. Different letters within the same column indicate significant
differences between treatments at p<0.05, according to DMRT

Table 2 Effect of exogenous SNP, GSH, and SNP+GSH on Cu uptake
in Cu-treated rice seedlings

Treatments Cu content (mg g−1 DW)

Roots Leaves

Con 0.0031±0.0002a 0.0015±0.0001a

SNP 0.0025±0.0003a 0.0015±0.0003a

GSH 0.0033±0.0004a 0.0013±0.0002a

SNP+GSH 0.0032±0.0003a 0.0016±0.0001a

Cu 7.62±0.0620e 0.807±0.061e

Cu+SNP 3.74±0.2121d 0.553±0.019d

Cu+GSH 2.79±0.2031c 0.457±0.029c

Cu+SNP+GSH 2.56±0.2658b 0.383±0.022b

Data are presented as mean±standard deviations from three independent
experiments. Different letters within the same column indicate significant
differences between treatments at p<0.05, according to DMRT

Table 3 Effect of exogenous SNP, GSH, and SNP+GSH on MDA,
H2O2, and Pro content in Cu-treated rice seedlings

Treatments MDA
(nmol g−1 FW)

H2O2

(nmol g−1 FW)
Pro
(μmol g−1 FW)

Con 18.90±2.41bc 12.46±1.23ab 0.12±0.021a

SNP 20.84±2.60c 13.75±2.77c 0.15±0.023a

GSH 15.55±2.03a 11.89±0.63a 0.17±0.028a

SNP+GSH 15.69±2.45bc 13.13±2.69bc 0.14±0.012a

Cu 33.42±4.52e 19.39±1.66e 2.14±0.203d

Cu+SNP 24.45±1.17d 16.66±1.09d 0.72±0.187c

Cu+GSH 15.65±1.64ab 13.20±0.43bc 0.43±0.140b

Cu+SNP+GSH 17.01±2.57ab 13.56±2.25bc 0.38±0.175b

Data are presented as mean±standard deviations from three independent
experiments. Different letters within the same column indicate significant
differences between treatments at p<0.05, according to DMRT
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blue spots and as brown polymerization compounds, respec-
tively, in the second leaf plates of Cu-stressed seedlings
(Fig. 1a, b). However, adding SNP, GSH, or SNP+GSH
markedly diminished ROS accumulation in the leaves of
Cu-stressed rice seedlings (Fig. 1a, b). In particular, adding
GSH reduced the ROS level close to that of control.

Effect on the levels of non-enzymatic antioxidants (AsA,
GSH) in rice seedlings

Reduced ascorbic acid (AsA) decreased by 45 % whereas
oxidized ascorbic acid (DHA) increased by 189 % in Cu-
stressed seedlings (Fig. 2a, b). Consequently, the AsA/DHA
ratio in Cu-stressed seedlings decreased significantly
(Fig. 2c). Upon applying SNP, GSH, or SNP+GSH to Cu-
stressed seedlings, AsA content and the AsA/DHA ratio in-
creased significantly compared with Cu stress only
(Fig. 2a, c). Compared with Cu stress and other treatments,
high levels of AsA and AsA/DHA ratio were found in GSH-
supplemented Cu-stressed seedlings.

Upon adding Cu, both GSH and GSSG levels increased by
191 % and 576 %, respectively, whereas the GSSH/GSSG
ratio decreased by 59 % compared with control (Fig. 2d–f).
Adding SNP, GSH, and SNP+GSH to Cu-stressed seedlings
significantly decreased the Cu-induced increase in both GSH
and GSSG levels and also brought the levels toward or above
that in the control seedlings (Fig. 2d, e). Adding SNP main-
tained a higher level of GSH in Cu-stressed seedlings than
those in GSH- or SNP+GSH-supplemented rice seedlings. In
non-Cu conditions, adding GSH and SNP+GSH also resulted
in an increase in GSH content compared with the control
seedlings. Moreover, Cu-stressed seedlings treated with
GSH showed a significantly higher GSH/GSSG ratio than
those treated with SNP and SNP+GSH (Fig. 2f).

Effect on phytochelatin content in rice seedlings

The amount of PC was measured as the difference between
total non-protein thiol (NP-SH) content and GSH level.
Treatment with Cu resulted in an increase in PC level by
183 % with respect to control (Fig. 3). PC synthesis was also
observed in control seedlings as a means of constitutive syn-
thesis. External SNP, GSH, and SNP+GSH again boosted the
level of PC in Cu-treated rice seedlings. However, exogenous
GSH was more effective in inducing the synthesis of PC
compared with Cu stress and other combinations of protec-
tants with Cu.

Effect on LOX, SOD, and CAT activities in rice seedlings

In Cu-treated seedlings, LOX activity increased by 95 %
compared with control (Fig. 4a). In the presence of SNP or
GSH, especially SNP+GSH, LOX activity decreased sig-
nificantly in Cu-stressed seedlings. SNP- and SNP+GSH-
treated control rice seedlings also showed a 28 % and 24 %
increase in LOX activity, respectively, compared with con-
trol (Fig. 4a).

SOD activity increased significantly upon Cu exposure and
the induction level was 23 % higher than the control value
(Fig. 4b). However, upon adding SNP, GSH, and SNP+GSH,
the induction level of SODwas significantly lower than in Cu-
stressed seedlings. GSH supplementation reduced SOD activ-
ity more than SNP and SNP+GSH with Cu stress (Fig. 4b).
CAT activity decreased significantly in Cu-stressed rice seed-
lings compared with control (Fig. 4c). In contrast, CAT activ-
ity increased significantly over the Cu-stressed seedlings upon
adding SNP, GSH, and SNP+GSH. In non-stress conditions,
SNP or SNP+GSH did not inhibit CAT activity (Fig. 4c).

B

A

GSH Cu+GSHCon SNP SNP+GSH Cu Cu+SNP Cu+SNP+GSH

Fig. 1 Histochemical detection
of O2•– (a) and H2O2 (b) with
nitroblue tetrazolium (NBT) and
3,3-diaminobenzidine (DAB),
respectively, in rice leaves
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Effect on the enzyme activities of ascorbate–glutathione cycle

APX activity increased by 80 % in Cu-stressed seedlings
compared with the control seedlings (Fig. 5a). Although adding

SNP, GSH, and SNP+GSH to Cu-stressed seedlings decreased
APX activity compared with the seedlings stressed with Cu
alone, it remained significantly higher than control (60 %,
32 %, and 31 %, respectively). Furthermore, SNP-treated Cu-
stressed seedlings showed significantly higher APX activity
than those treated with GSH or SNP+GSH. Cu stress increased
MDHAR activity by 78 % over the control level (Fig. 5b).
Adding SNP, GSH, or SNP+GSH to Cu-stressed seedlings
counteracted the increase in MDHAR activity and brought it
down towards the control level. Similar to MDHAR, DHAR
activity increased by 91 % in Cu-stressed seedlings compared
with the control seedlings (Fig. 5c). Although adding SNP and
SNP+GSH to Cu-stressed seedlings maintained DHAR activ-
ity as it was with the seedlings stressed with Cu alone, applying
GSH further boosted DHAR activity which was significantly
higher compared with the seedlings stressed with Cu alone. GR
activity increased by 60 % in Cu-stressed seedlings compared
with the control seedlings (Fig. 5d). However, when Cu-
stressed seedlings were supplemented with SNP, GSH, or
SNP+GSH, the increase in GR activity diminished and
brought it down towards the control level.

Fig. 3 Effect of exogenous SNP, GSH, and SNP+GSH on PC content in
Cu-treated rice seedlings. Vertical bars represent standard deviation of the
mean (n=3). Different letters indicate significant differences between
treatments at p<0.05, according to DMRT

A D

B E

C F

Fig. 2 Effect of exogenous SNP,
GSH, and SNP+GSH on AsA
(a), DHA (b), AsA/DHA ratio (c),
GSH (d), GSSG (e), and GSH/
GSSG ratio (f) in Cu-treated rice
seedlings. Vertical bars represent
standard deviation of the mean
(n=3). Different letters indicate
significant differences between
treatments at p<0.05, according
to DMRT
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Effect on glutathione metabolizing enzymes in rice seedlings

GPX activity (Fig. 6a) increased by 44 % over the control
level in response to Cu stress. However, adding SNP,
GSH, or SNP+GSH to Cu-stressed seedlings increased
GPX activity significantly compared with the seedlings
stressed with Cu alone. GST activity (Fig. 6b) decreased

by 50 % in response to Cu stress compared with control.
Adding SNP, GSH, or SNP+GSH to Cu-stressed seed-
lings increased GST activity significantly compared with
the seedlings stressed with Cu alone. There was no sig-
nificant change in GST activity between control and
SNP-, GSH-, or SNP+GSH-supplemented seedlings with-
out Cu stress.

A B

C

Fig. 4 Effect of exogenous SNP,
GSH, and SNP+GSH on LOX
(a), SOD (b), and CAT (c)
activities in Cu-treated rice
seedlings. Vertical bars represent
standard deviation of the mean
(n=3). Different letters indicate
significant differences between
treatments at p<0.05, according
to DMRT

A

D

B

C

Fig. 5 Effect of exogenous SNP
and GSH on the activities of
ascorbate-glutathione cycle
enzymes, APX (a), MDHAR (b),
DHAR (c), and GR (d), in Cu-
treated rice seedlings. Vertical
bars represent standard deviation
of the mean (n=3). Different
letters indicate significant
differences between treatments at
p<0.05, according to DMRT
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Effect on the enzyme activities of the glyoxalase cycle in rice
seedlings

A significant increase in Gly I activity (Fig. 7a) was observed
in response to Cu stress. SNP-, GSH-, or SNP+GSH-supple-
mented Cu-stressed seedlings showed a significant increase in
Gly I activity compared with control seedlings but was lower
than the seedlings stressed with Cu alone. However, Cu+
SNP-treated seedlings had higher Gly I activity than those of
Cu+GSH and Cu+SNP+GSH. Gly II activity increased sig-
nificantly in response to Cu stress compared with the control
level (Fig. 7b). However, SNP-, GSH-, or SNP+GSH-supple-
mented Cu-stressed seedlings brought Gly II activity down
towards the control level. GSH-supplemented control seed-
lings also showed a significant increase in Gly II activity
compared with the control seedlings.

Discussion

The inherent redox active nature of Cu accelerates production of
free radicals, which are the major cause of oxidative stress in
plant tissues. Oxidative stress is a key damaging factor and plants
resist oxidative damage by inducing and modulating antioxidant
systems. Recent studies also revealed that MG contributes to

eliciting oxidative stress under various stressful conditions (Saito
et al. 2011; Hoque et al. 2012). In this study, we aimed to
investigate the effects of NO and GSH on Cu homeostasis,
oxidative stress, and responses of the antioxidative and MG
detoxification systems in hydroponically grown rice seedlings.

Inhibited growth and reduced biomass are frequently ob-
served in plants exposed to excess Cu (Thounaojam et al.
2012, 2013; Choudhary et al. 2012), which was also found
in this study (Table 1). A significant decrease in plant biomass
suggested Cu-induced toxicity in these seedlings. Cu content
in the roots and leaves indicated an altered pattern of Cu
accumulation in the rice seedlings. In our study, roots were
in direct contact with Cu solution where it was readily
absorbed by the roots with reduced accumulation in the leaves
(Table 2). Previous studies with various plant species also
reported a correlation to Cu tolerance and its greater accumu-
lation in roots with poor translocation to shoots (Thounaojam
et al. 2012; Choudhary et al. 2012; Mostofa and Fujita 2013).
However, we observed a considerable decrease in Cu uptake
and its accumulation in leaves upon adding SNP and GSH,
which is consistent with the previous findings in Luffa (Singh
et al. 2013) and rice (Chen et al. 2010a) seedlings under
arsenic and Cd stress, respectively. This indicates that SNP
and GSH interfered with Cu uptake and limited further accu-
mulation, which seems to be vital in diminishing oxidative

Fig. 6 Effect of exogenous SNP,
GSH, and SNP+GSH on the
activities of glutathione
metabolizing enzymes: GPX (a)
and GST (b) in Cu-treated rice
seedlings. Vertical bars represent
standard deviation of the mean
(n=3). Different letters indicate
significant differences between
treatments at p<0.05, according
to DMRT

A B
Fig. 7 Effect of exogenous SNP,
GSH, and SNP+GSH on the
activities of glyoxalase cycle
enzymes, Gly I (a) and Gly II (b),
in Cu-treated rice seedlings.
Vertical bars represent standard
deviation of the mean (n=3).
Different letters indicate
significant differences between
treatments at p<0.05, according
to DMRT
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stress induced by Cu. This pattern of Cu homeostasis consti-
tutes an important mechanism allowing plant Cu tolerance,
consequently protecting plants from phytotoxicity and en-
abling normal growth.

It is well documented that Cu toxicity perturbs water rela-
tions and induces Chl loss (Wang et al. 2010; Kholodova et al.
2011;Mostofa and Fujita 2013), which we also observed in this
experiment. Excess Cu can interfere with water balance by
damaging plasma membranes, decreasing water transporters,
and affecting transpiration rates of plant tissues (Kholodova
et al. 2011). It has been proposed that excess Cu interferes with
Fe and Mg homeostasis, activities of the enzymes of chloro-
phyll biosynthesis, and protein composition of photosynthetic
membranes (Yruela 2009). However, Cu-induced loss of RWC
and total Chl content were almost completely reversed when
Cu-stressed seedlings were supplemented with SNP, GSH, or
SNP+GSH (Table 1). External SNP and GSH are also known
to protect water loss and Chl degradation in various plant
species under heavy metal stress (Wang et al. 2010; Cai et al.
2010). In our experiment, GSH was found to be more effective
in protecting these parameters compared with SNP, indicating a
membrane protecting role for GSH.

Exposure of plants to heavy metals generates ROS and thus
oxidative stress, which is thought to be primarily responsible
for oxygen toxicity in the cell (Xiong et al. 2010). Oxidative
stress causes disturbance of metabolic pathways and damage to
macromolecules. In this study, Cu-stressed seedlings resulted in
an overaccumulation of O2

•– and H2O2 (Table 3, Fig. 1), which
clearly explains Cu-mediated oxidative burst. However, apply-
ing SNP, GSH, or SNP+GSH effectively eliminated the high
levels of O2

•– and H2O2, and thus played an important role in
mitigating oxidative stress induced by Cu. These findings also
demonstrate the direct ROS quenching role of NO and GSH in
rice leaves under Cu stress. The increased concentrations of
ROS led to lipid peroxidation causing membrane damage,
electrolyte leakage, and malfunctioning of membrane proteins
and ion channels. MDA, a lipid peroxidation product, serves as
an indicator of the extent of oxidative stress under stress con-
ditions. In parallel with ROS, the MDA level increased sub-
stantially (Table 3), which indicates severe membrane damage
in Cu-exposed seedlings. Our observation is in good agreement
with previous reports (Thounaojam et al. 2013; Mostofa and
Fujita 2013) and suggests that Cu-induced ROS production is
the primary cause of lipid peroxidation. Cu-induced MDAwas
greatly diminished by exogenously supplying SNP, GSH, and
SNP+GSH to Cu-stressed seedlings (Table 3). NO- and GSH-
mediated reduction of oxidative stress might be achieved
through their antioxidant nature in direct quenching of ROS
leading to lower production of MDA, interfering with Cu
uptake or by modulating the antioxidant system involved in
eliminating ROS.

Pro is known to accumulate in many plants grown under
abiotic stresses and is regarded as a stress metabolite

(Metwally et al. 2003; Mostofa and Fujita 2013). Heavy
metal-induced plant–water imbalance may trigger the accu-
mulation of Pro, for example, in response to Cu in rice (Chen
et al. 2004). In this experiment, the reason for an increased Pro
level seems to be the water stress generated by Cu as evident
from decreased RWC in the leaves (Tables 1 and 3). In
contrast, adding SNP, GSH, and SNP+GSH to Cu-treated rice
seedlings decreased Cu-induced Pro accumulation, which
indicates partial relief in these plants from Cu stress.
Reduced Pro content by SNP has also been reported in canola
plants under Ni stress (Kazemi et al. 2010). Importantly, GSH-
and SNP+GSH-supplemented seedlings showed greater re-
duction in Pro content than with the SNP alone, indicating
these seedlings suffered from less stress.

To evaluate the NO-dependent role of SNP in the allevia-
tion of Cu toxicity, we carried out a control experiment with
SF. Light decomposition of SNP releases residual products
such as sodium cyanide, ferrocyanide, and iron (Fe). In par-
ticular, Fe released from SNP might have a significant effect
on total Fe content and leaf chlorosis. Sun et al. (2007)
observed that adding SNP mitigated Fe deficiency-induced
oxidative stress in maize plants. There have been other reports
indicating that NO plays a key role in the regulatory mecha-
nisms of iron uptake and homeostasis in plants (Chen et al.
2010b; Graziano and Lamattina 2007). Our results reveal that
adding SF instead of SNP to a Cu solution did not alleviate
oxidative stress as evident by higher levels of MDA and Chl
loss (Table S1). Visual toxicity symptoms in SF-treated Cu-
stressed seedlings also indicated that none of the residual
products of SNP decomposition significantly alleviated Cu
toxicity (Fig. S2). By comparing these results, we can con-
clude that SNP alleviating the oxidative stress induced by Cu
stress was attributed to its releasing NO.

LOX is an iron-containing oxidative enzyme involved in
the propagation of lipid peroxidation in the membranes. In our
experiment, we also found a marked increase in the activity of
LOX, which is also thought to contribute to higher MDA
content. LOX activity was found to increase in rice plants
under Cu, Pb, and Hg stresses (Mishra and Choudhuri 1999;
Mostofa and Fujita 2013). However, SNP- and GSH-mediated
reduction in LOX activity demonstrated their role in minimiz-
ing lipid peroxidation as observed by the lower amount of
MDA in the respective rice seedlings.

AsA and GSH are two major non-enzymatic antioxidants
that play multifaceted roles in plant metabolism under both
normal and stress conditions. They scavenge ROS directly
and also constitute the vital components of an antioxidant
defense system. It is well established that not only AsA and
GSH concentration, but also their redox ratios are important
determinants of plant survival under stress conditions (Gill
and Tuteja 2010). In this experiment, Cu treatment led to a
substantial decline in AsA, and an increase in DHA, GSH, and
GSSG content, whereas the AsA/DHA and GSH/GSSG ratios
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concomitantly decreased (Fig. 2a–f). This resultant decrease
in the AsA content and decrease in the AsA and GSH redox
ratios interferes with many defense reactions including the
ascorbate–glutathione cycle, which decreases antioxidant ca-
pacity and thereby culminates in oxidative stress. Cu-induced
decrease in AsA content and elevation in GSH content has also
been observed in Brassica (Li et al. 2009) and rice
(Thounaojam et al. 2012), respectively. However, SNP and
GSH supplementation amended the AsA level, and AsA/
DHA and GSH/GSSG ratios, which might have led to a better
antioxidant system to combat Cu phytotoxicity. On the other
hand, SNP, GSH, and SNP+GSH effectively counteracted the
Cu-induced increase in GSH content (Fig. 2d), which can
partially be supported by (1) the antioxidant nature of both
protectants scavenging ROS directly, (2) inhibited Cu uptake,
both of which allowed the seedlings to suffer less stress and
hence less GSH was produced, and (3) enhanced PC synthesis,
and GPX, GST, Gly I, andDHAR activities, which all consume
GSH. Similar to our findings, exogenous NO and GSH were
also found to counteract a Cd-induced increase in GSH content
in rice cultivars (Cai et al. 2010; Panda et al. 2011).

PCs, which are cysteine-rich small polypeptides, are
regarded as biomarkers of metal toxicity. PCs have been
shown to play an important role in Cu toxicity by forming
stable complexes with Cu and their subsequent transportation
into the vacuoles (Cobbett and Goldsbrough 2002). In the
present study, PC content significantly increased in response
to Cu stress (Fig. 3), which is corroborated by the finding in
Silene cucubalus (De Vos et al. 1992). PC synthesis increased
without a decrease in GSH levels, which might be the result of
significant inducing of GSH, because it did not decrease much
lower when PC synthesis consumed GSH as a substrate. It is
also noticeable that adding SNP, GSH, or SNP+GSH to Cu-
stressed plants resulted in a marked increase in PC content,
which suggests that they might have some regulatory roles in
the integrated mechanism of Cu homeostasis and detoxifica-
tion through PC. What is more notable, GSH-supplemented
Cu-stressed plants showed a higher level of PCs compared
with other treatments, which indicates the role of GSH as the
direct precursor for the synthesis of PC. Cai et al. (2010) also
observed that external adding of GSH to Cd treatments further
markedly increased PC production in Cd-sensitive (Xiushui
63) and tolerant (Bing 97252) rice genotypes.

In the case of oxidative stress, the activity of antioxidant
enzymes like SOD, CAT, and POD generally increases in
plants and this elevated activity correlates with increased
stress tolerance (Gill and Tuteja 2010). However, a proper
balance between the activities of ROS scavenging enzymes is
crucial in preventing cellular damage. In the current study, Cu
exposure significantly up-regulated some of the antioxidant
enzymes, indicating higher inductions were associated with a
strategy to overcome Cu-induced stress. However, a decline in
AsA content and redox ratios (Fig. 2a,c,f) along with

decreased activities of CAT, GPX, and GST (Figs. 4c and
6a, b) led to enforced severe oxidative stress. On the other
hand, supplying SNP, GSH, or SNP+GSH to the Cu-stressed
seedlings counteracted the Cu-caused dramatic increases in
SOD, APX, GR, and MDHAR activities but elevated the
depressedCATandGSTactivities.Moreover, these protectants
also augmented the upregulation of the activities of GPX and
DHAR. The observed trend in changes in antioxidant enzymes
upon adding SNP, GSH, and SNP+GSH paralleled the chang-
es in ROS (O2

•– andH2O2) andMDA content (Table 3, Fig. 1).
In particular, the decreased activity of SOD and lower content
of O2

•– and H2O2 upon adding SNP, GSH, and SNP+GSH
indicates the direct ROS quenching roles of NO and GSH.
Moreover, antioxidative enzyme activity seems to be related to
the oxidative stress intensity. The direct ROS quenching role of
NO and GSH could have resulted in the plants suffering less
stress and thereby contributed to less induction of antioxidative
enzymes. In addition, SNP and GSH induced elevated activi-
ties of CAT, GPX, and GST further boosted the antioxidant
capacity of the rice seedlings. Therefore, NO and GSH not
only act as a directly preformed antioxidant but also function
indirectly in modifying the redox balance by pro- or co-
activating such antioxidant responses to alleviate Cu toxicity.
The present work also corroborated earlier works where SNP
supplementation decreased the activities of ROS scavenging
enzymes that were enhanced in Cassia tora roots under Al
stress (Wang and Yang 2005), in sunflower leaves under Cd
stress (Laspina et al. 2005), in rice roots under As stress (Singh
et al. 2009), and in wheat roots under Cd stress (Singh et al.
2008). Cai et al. (2010) and Chen et al. (2010a) also demon-
strated that adding GSH counteracted the Cd-induced eleva-
tion of antioxidant enzymes like DHAR, MDHAR, GR, CAT,
POD, and SOD in rice and barley genotypes.

MG is an inevitable product of environmental stresses
which can aggravate oxidative stress (Hoque et al. 2012).
Therefore, detoxification of this toxic compound is also a
priority to confer higher tolerance to oxidative stress. In addi-
tion to MG detoxification, the physiological significance of
the glyoxalase system is to maintain redox homeostasis by
regenerating GSH. In this study, Gly I and Gly II activities
significantly increased upon Cu exposure (Fig. 7a–b), which
is consistent with our previous findings (Mostofa and Fujita
2013). Upregulation of their activities also correlated with the
higher accumulation of GSH and also indicates their partici-
pation inmitigatingMG-mediated damage in rice plants under
Cu stress. However, SNP, GSH, and SNP+GSH did not show
any stimulating effect on these enzymes, suggesting that they
were less able to enhance GSH regeneration via the glyoxalase
system. Gly I activity in SNP-, GSH-, or SNP+GSH-supple-
mented Cu-stressed seedlings was significantly higher than in
control, which indicates that this increased level of Gly I
consumed GSH and eliminated MG to some extent. Yadav
et al. (2005) also observed that exogenous GSH lowers the
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MG level and optimal levels of both GSH and Gly I are
needed for efficient detoxification of MG.

Conclusion

The findings of this study reveal that adding SNP and GSH had
significant beneficial effects against Cu toxicity, which was
reflected in the growth, photosynthesis, and vigor of the Cu-
exposed seedlings. Exogenous SNP and GSH successfully
decreased Cu-induced ROS and MDA levels, providing strong
evidence that SNP and GSH substantially protects against
oxidative stress. Here, reduced Cu uptake, elevated levels of
AsA, redox ratios, PC, and higher activities of CAT, GPX,GST,
and DHAR play an important role, at least in part, in SNP- and
GSH-mediated alleviation of Cu-induced oxidative stress. We
added SNP and GSH to a Cu solution to evaluate their com-
bined versus individual effect. No extraordinary influence was
observed for SNP+GSH treatment; however, considering the
ROS level, induction level of enzyme activities and visual
toxicity, SNP+GSH was shown to be more effective than
SNP alone in the amelioration of Cu-induced oxidative dam-
age. This study was carried out under laboratory conditions and
the responses of SNP and GSH may vary from plant species to
plant species under Cu stress. Therefore, it is necessary to
conduct further experiments under field conditions with other
plant varieties, whichwould be important research for augment-
ing sustainable crop production in heavy metal polluted areas.
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