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Abstract
The present study aimed to investigate the potential protective role of oxalic acid (OA) against Cadmium (Cd) toxicity. Chick-
pea (Cicer arietinum L.) seeds were exposed to 200 µM Cd stress for 6 days or to co-treatment with 200 µM Cd + 100 µM OA 
for 3 days following to 3-day Cd stress. The application of OA ameliorated the growth of both roots and shoots of Cd-treated 
seedlings. This effect was mediated by the restriction of Cd accumulation in plant tissues. Besides, malondialdehyde (MDA) 
and carbonyl group contents decreased in OA-treated seedlings, suggesting that OA reversed the Cd-induced oxidative stress 
and its detrimental effect on cell membrane integrity. These results were further confirmed by the reduction by 2- and 1.7-fold 
of hydrogen peroxide (H2O2) accrual in roots and shoots, respectively, when compared to Cd-challenged seedlings. Moreover, 
OA corrected the Cd-imposed imbalance of the glutathione redox state, mainly via the restoration of the glutathione pool. 
This achievement seems to be the result of the modulation of glutathione peroxidase (GPX) and glutathione reductase (GR) 
activities. Likewise, OA counteracted the adverse effect of Cd on nicotinamides redox state reflected by the restoration of the 
balance between oxidized [NAD(P)] and reduced [NAD(P)H] forms. Taken together, our results suggest that the exogenous 
supply of OA to germinating seeds can be a promising alternative to improve plant tolerance to heavy metal stress.
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Introduction

Cadmium (Cd) is one of the most toxic heavy metals (HM) 
due to its high affinity to sulfur-containing ligands (Khan 
et al. 2016). In soil, Cd is considered as a relatively mobile 
element compared to lead (Pb) and copper (Cu) (Nedjimi 
and Daoud 2009). Several physicochemical parameters 
play an important role in the bioavailability of Cd in the soil 
solution, such as soil pH, redox potential, and abundance of 
organic or inorganic colloids (Bolan et al. 2013).

Stunted seedling growth is the first symptom of Cd toxic-
ity. Overaccumulation of the metal in the seed reserve tis-
sues, as well as the accumulation of carbohydrates (glucose, 
fructose, sucrose) and the reduction of their transfer to the 
embryonic axis could be a cause of the growth delay (Rahoui 
et al. 2015). The depressive effect of Cd on seedling growth 
may result from metal interference with cell division and/
or elongation (Seregin and Ivanov 2001). The exposition to 
Cd leads to the reduction of the cellular plasticity and the 
glutathione pool, the increase of abscisic acid and ethylene 
synthesis, the inhibition of microtubule polymerization, the 
induction of chromosome aberrations, and the binding of 
metal ions to DNA (Seregin and Ivanov 2001). Besides, Cd 
acts by altering chloroplast and mitochondrial electron trans-
port chains and/or by inhibiting antioxidant systems (Zaid 
and Mohammad 2018; Gratão et al. 2019), leading to oxida-
tive stress installation (Gratão et al. 2019). Reactive oxygen 
species (ROS) overaccumulation may result from the raised 
Cd-induced NADPH oxidase activities (Sakouhi et al. 2016).

The involvement of NADPH oxidase activities in gen-
erating oxidative burst, through H2O2 overproduction, in 
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response to numerous abiotic stresses, such as drought, salt, 
anoxic and HM stress has been attested (Hasanuzzaman 
et al. 2020; Kharbech et al. 2020).

Heavy metals can alter directly or indirectly the struc-
ture of proteins by binding to the functional groups, leading 
to changes in their structure and activity (Latowski et al. 
2005). Moreover, metal ions can affect protein function by 
displacement of other divalent ions, such as calcium (Ca) 
and zinc (Zn) (Chmielowska-Bąk et al. 2013). Heavy metals, 
also, can indirectly affect protein structure by ROS induc-
tion, which could modulate protein activity by nitrosylation, 
carboxylation, disulfide bond formation, or glutathionylation 
(Romero-Puertas et al. 2013; Zagorchev et al. 2013). Thiol 
(–SH) groups are, oxidized by H2O2 and ·OH, leading to the 
inactivation of enzymes (Stadtman and Levine 2000). Fur-
thermore, it was reported that ROS overproduction induced 
changes in amino acids and protein charges, fragmentation 
of the peptide chain, production of aggregate and increased 
the susceptibility to proteolysis (Pacifici and Davies 1990; 
Zaid and Wani 2019).

To cope with ROS-mediated detrimental impact, plants 
developed enzymatic and non-enzymatic antioxidant sys-
tems (Zaid and Wani 2019). In addition to the "high three" 
antioxidants, ascorbate, glutathione (GSH) and NAD(P)H 
(Ahmad et al. 2010), plants contain several redox metabo-
lites, such as phenols, quercetin, carotenoids (Smirnoff 
2000), polyamines (Martin-Tanguy 2001) and thiol-depend-
ent systems (Hasanuzzaman et al. 2020).

The concept of a cellular redox state, which regulates 
stress responses, is intrinsically associated with the kinetics 
of stress exposure and, in particular, the balance between 
damage and acclimation responses (Potters et al. 2010). 
Besides, stress alters the redox state of metabolites, which 
could result from the production of H2O2 by NAD(P)H oxi-
dases and/or peroxidases, causing either damage or toler-
ance response (Miller et al. 2018). The change in the cellular 
redox status modulates gene expression, enzyme activity, 
and hormone perception (Potters et al. 2010).

Several investigations have been undertaken to confirm 
the effectiveness of the exogenous application of organic and 
inorganic chemical compounds in mitigating HM phytotox-
icity (Zaid and Mohammad 2018; Ben Massoud et al. 2019; 
Kharbech et al. 2020). Chelation of metallic ions in the soil 
solution or the cytosol could be an important mechanism of 
contaminated soil remediation (Xu et al. 2010; Sakouhi et al. 
2021). Organic acids (OrAs), including OA, are potential 
chelating agents and may play a key role in plant tolerance to 
HM by reducing metals bioavailability (Zhu et al. 2011) and 
the enhancement of the cellular antioxidant capacity (Soy-
ingbe et al. 2020). In a recent study, Fu et al. (2018) noticed 
a simultaneous accumulation of OrAs and Cd in rice plants 
and an increased exudation of OrAs by roots, suggesting an 
internal and external chelation of Cd ions by OrAs. More 

recently, it was opined that Cd stress inhibited the organic 
acid metabolism in Sedum plumbizincicola, while it led 
to oxidative stress and OrAs exudation in Trachyspermum 
ammi plants (Javed et al. 2020; Sun et al. 2020).

Organic acids regulate rhizosphere pH by increasing 
the ammonification (Sidhu et al. 2019). Javed et al. (2017) 
reported that the OrAs release by the anion channels was 
accompanied by a cation exudation. Thereby, the exudation 
of OrAs was found to be an important process involved in 
HM tolerance (Sidhu et al. 2019). Agnello et al. (2014) pro-
posed that the Cd-OA complex reduced the accumulation 
of the metal ions in roots and ameliorated their transloca-
tion to shoots. By contrast, Li et al. (2014) suggested that 
OrAs treatment enhanced Cd uptake through apoplastic 
pathways and transport in Boehmeria nivea plants. Further-
more, OrAs-Cd complexes could penetrate plant tissues by 
breaking the root endoderm and the Casparian bands (Li 
et al. 2014). It seems that OrAs effect on Cd availability and 
translocation depends on their respective concentrations in 
the medium (Sabir et al. 2014). Besides, OrAs, such as citric 
and oxalic acids, improved growth attributes, and amelio-
rated root respiration and ATP synthesis (Li et al. 2014). 
Moreover, OrAs could alleviate HM-induced oxidative 
stress by protecting membrane integrity, modulating plasma 
membrane and vacuolar H+-ATPase activities (Zhang et al. 
2019). Growing evidence argues in favor of the assumption 
that OrAs trigger antioxidant enzymes, such as superoxide 
dismutase, peroxidases, and catalase activities (Li et al. 
2014; Liu et al. 2015; Kaur et al. 2018).

Oxalic acid, a dicarboxylic acid, currently linked to biotic 
stress. Pathogenic attack induces an increased OA accumu-
lation, which triggers programmed cell death via ethylene 
synthesis (Errakhi et al. 2008). Besides, OA is involved in 
the maintaining of the balance between inorganic cations 
and anions in plants (Webb et al. 1995), and the regulation 
of cellular concentration of Ca via Ca-OA complex forma-
tion (Ruiz and Mansfield 1994). These complexes were 
suggested as Ca storage mechanism for future needs of the 
plant (Helper and Wayne 1985). Moreover, Soyingbe et al. 
(2020) provided prospective evidence that OA was a key 
factor in nickel (Ni) detoxification in maize plants by limit-
ing HM accumulation and improving defense enzymes. Liu 
et al. (2015) reported that OA, when supplemented at low 
concentration (10–20 mg Kg−1 soil), drastically enhanced 
the Cd content in all the tissues of Phytolacca Americana 
plant, while a higher concentration of OA (40 mg Kg−1 soil) 
limited Cd accumulation in root cells.

Taking into consideration the above-mentioned properties 
of OA, its protective effect against Cd toxicity was expected. 
Thereby, the present investigation was undertaken to inspect 
the impact of the combination of OA and Cd on the growth 
and the cellular redox status of germinating chickpea seeds. 
In this aim, indicators of oxidative stress: H2O2, MDA and 



699Journal of Plant Growth Regulation (2022) 41:697–709	

1 3

carbonyl groups were inspected. Besides, the redox balance 
of nicotinamides [NAD(P)/NAD(P)H], the glutathione pool 
and the implicated activities were studied.

Materials and Methods

Germination and Treatments’ Conditions

Seeds of chickpea (Cicer arietinum L., cv. Beja 1) were dis-
infected with 2% sodium hypochlorite for 10 min and were 
immediately rinsed with distilled water. Germination was 
conducted in a germination chamber with controlled condi-
tions (in the dark at 25 °C and 65(± 5)% relative humidity). 
The seeds are germinated on filter paper soaked with 30 mL 
H2O (first batch) or aqueous solution of 200 µM CdCl2 (sec-
ond batch). After 3 days, seeds from the first batch continued 
to germinate on filter paper moistened with distilled water 
(control condition), or in the presence of 100 µM OA. Seeds 
from the second batch continued their germination in the 
presence of 200 µM CdCl2 (stress condition) or were trans-
ferred in distilled water (stress cessation) or the combina-
tion of 200 µM CdCl2 and 100 µM OA for 3 additional days 
as described in Table 1. Cadmium and OA concentrations 
were selected following preliminary tests indicating, respec-
tively, a 50% decrease and the most significant recovery of 
the seedling growth.

Six-day-old seedlings were harvested and roots and 
shoots were separated and weighed. Samples were stored at 
− 80 °C for biochemical analyses or dried at 70 °C for dry 
weight (DW) measurement. Fresh plant material was used 
for glutathione quantification.

All the experiments were carried out from three suc-
cessive germinations (Juin, 7 to 13, 14 to 20 and 21 to 27, 
2016). For each replication, the measurements were per-
formed on three lots of samples from the same treatment; 
using extracts from several samples and the data presented 
were the mean values from these independent experiments.

Determination of Cadmium Content

Seedlings were dried and subjected to wet digestion (10 ml 
per 0.1 g dry weight) with an acid mixture (HNO3: HClO4, 
4:1). Cadmium concentrations were determined using 
an atomic absorption spectrophotometer (Perkin Elmer, 
Waltham MA, USA) and the calibration was performed by 
Sigma Diagnostic Standards (Cadmium Atomic Absorp-
tion Solutions, Sigma-Aldrich) solutions, diluted with 0.1 N 
HNO3 (65% HNO3, Sigma-Aldrich, Analytical grade). The 
translocation factor (TF) was determined to assess the ability 
of the plant to accumulate Cd in shoots.

Lipid Peroxides Estimation

Lipoperoxidation products were evaluated by the determina-
tion of MDA concentration, considered as the major thio-
barbituric acid-reactive substance, following to Heath and 
Packer (1968) method.

Determination of Hydrogen Peroxide Content

Shoot and root tissues (1 g) were homogenized in trichlo-
roacetic acid (TCA; 5%, w/v). After centrifugation at 
10,000×g for 15 min at 4 °C, the supernatant was added to 
potassium phosphate buffer (25 mM, pH 7.0) and 1 M KI. 
The H2O2 concentration was determined by measuring the 
absorbance at 390 nm (Sergiev et al. 1997).

Extraction of Protein and Determination of Carbonyl 
Groups Contents

Protein extraction was performed in a potassium phosphate 
buffer (50 mM, pH 7.0) supplemented with 5 mM sodium 
ascorbate and 0.2 mM EDTA. The homogenate was cen-
trifuged at 10,000×g for 15 min at 4 °C and the obtained 
supernatant was used for the determination of protein and 
carbonyl groups contents and enzyme assays. Protein con-
tents were estimated, using bovine serum albumin as stand-
ard protein, following to Bradford (1976) method. Carbonyl 
groups assay was carried out according to Levine et al. 
(1994) using a spectrophotometric DNPH (2,4-dinitrophe-
nylhydrazine) method.

Determination of Glutathione Contents

The extraction of the glutathione pool was performed accord-
ing to Garcia et al. (2008). Thiol groups were derivated by 

TF =
Cadmium concentration in shoots (μg∕gDW)

Cadmium concentration in roots (μg∕gDW)

Table 1   Treatments applied to germinating chickpea seeds along a 
period of six days

Treatment Time (days)

0–3 3–6

Control (0) H2O H2O
OA H2O 100 µM oxalic acid
Cd 200 µM CdCl2 200 µM CdCl2
Cd + H2O 200 µM CdCl2 H2O
Cd + OA 200 µM CdCl2 200 µM 

CdCl2 + 100 µM 
oxalic acid
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DTNB (5,5′-dithiobis [2-nitrobenzoic acid]) as described 
by Katrusiak et al. (2001). The determination of glutathione 
pool contents was performed using a reverse-phase column 
(Agilent, 1100 Series, USA) connected to a UV–Visible 
detector fixed at 330 nm (Katrusiak et al. 2001). The mobile 
phase was composed of acetonitrile as mobile phase A and 
acidified water (pH 3.5) as mobile phase B at a flow rate of 
1.2 ml min−1. The elution profile was as follows: 0–15 min, 
10% A; 15–16 min, 100% A; 16–20 min, 10% A. Peaks were 
identified and the total (GSH + GSSG) and the reduced (GSH) 
forms of glutathione were quantified using calibration curves 
realized from DTNB-derived glutathione (Sigma) solutions. 
Determination of glutathione contents was carried out using 
the area of peaks and GSSG contents were calculated as the 
difference between total and reduced forms concentrations.

Nicotinamides Quantification

Oxidized forms (NADP+ and NAD+) were extracted in HCl, 
while reduced forms (NADPH and NADH) were extracted 
in NaOH, according to Zhao et al. (1987). Quantification of 
nicotinamides was carried out by monitoring the absorbance 
at 570 nm as described in our previous report (Sakouhi et al. 
2016).

Enzyme Activities Assays

Glutathione peroxidase (GPX, EC 1.11.1.9) activity was 
assessed according to Nagalakshmi and Prasad (2001), and 
glutathione reductase (GR; EC 1.6.4.2) activity was deter-
mined as stated by Foyer and Halliwell (1976).

Statistics

Significances were tested by one-way analysis of variance 
(ANOVA) and pairwise comparisons between treatments 
were performed using Tukey’s HSD multiple comparisons 
test. The results were expressed as the mean values ± stand-
ard error (SE) obtained from three replicates. A probability of 
p ≤ 0.05 was considered significant in all the above-mentioned 
analyses. The level of correlation between tested parameters 
was evaluated by calculating Pearson’s coefficients using R 
packages (www.R-proje​ct.org) and the correlations were 
represented as correlograms. Data with similar patterns are 
grouped together and presented indicating positive or negative 
correlations.

Results and Discussion

Effects on Seedling Growth and Cd Accumulation

The exposure to Cd stress led to dry weight (DW) reduc-
tion by 36% and 26% in roots and shoots, respectively 
(Fig.  1a) and the inhibition of seedling elongation as 
shown in Fig. 1b. The stunted growth could be attributed 
to metabolic pathways disruption such as the transfer of 
the cotyledonary reserve to embryonic tissues due to the 
inhibition of proteolytic enzymes (Rahoui et al. 2015). 
However, the addition of OA to the germinating medium 
of chickpea seeds mitigated the adverse effect of Cd on 
root and shoot growth (28% increase vs Cd-treated only, 
Fig. 1a). This finding is in agreement with previous studies 
suggesting a protective effect of organic chelating agents 
on seedling growth against HM stress (Sakouhi et al. 2018; 
Ben Massoud et al. 2019).

The protective effect of OA on growth could be attrib-
uted to the reduced Cd accumulation, as evidenced by 36% 
and 31% decrease in root and shoot, respectively (Table 2). 
Furthermore, the enrichment with OA of the Cd-contam-
inated germinating medium caused a 24% decrease in 
the TF, reaching, thereby, the relative control (Cd + H2O 
treatment) TF value (Table 2). This result suggested the 
sequestration of Cd ions in root cells, leading to the com-
plete recovery of shoot growth (Fig. 1).

In line with our results, a decline in metallic ions accu-
mulation subsequent to citric and oxalic acids supplement 
was reported in Changbai larch, pea and rice seedlings 
exposed to Pb, Cu and Cd stress, respectively (Xu et al. 
2010; Song et al. 2018; Ben Massoud et al. 2019).

Owing to its high affinity to metallic ions, OA is 
involved in metal complexation leading to a decreased 
metal availability (Ma et  al. 2020). Thus, the release 
of OrAs, including OA, was reported to be an efficient 
mechanism to enhance HM tolerance (Montiel-Rozas 
et al. 2016). Recently, Bittencourt et al. (2020) associ-
ated the release of OA with the decreased Al uptake by 
Styrax camporum plantlets, suggesting an Al exclusion 
mechanism. Moreover, Najeeb et al. (2011) suggested the 
involvement of OrAs, such as citric, malic and oxalic acids, 
in the vacuolar sequestration of metallic ions reducing, 
thereby, their mobility within the cell and consequently 
their toxicity. Likewise, Collins et  al. (2003) reported 
that organic ligands could chelate Cd in the soil, thus, 
reducing its uptake. Moreover, Zhu et al. (2011) reported 
that Cd treatment raised OA exudation from tomato roots, 
thus, preventing metal entry and the exogenous OA supply 
improved plant tolerance to Cd. The authors confirmed this 
idea by the increased Cd accumulation and toxicity follow-
ing to the inhibition of OA secretion by the application of 

http://www.R-project.org
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anions channels inhibitors. Contrariwise, Luo et al. (2014) 
suggested that OA exudation controlled Cd mobiliza-
tion. The internal likely OrAs-induced mechanism is the 

sequestration and the vacuolar compartmentalization of Cd 
as suggested by Chaffai et al. (2006). Indeed, OrAs may 
chelate with free metal ions in the cytoplasm, enhancing 

Fig. 1   Root and shoot dry 
weight (a) and morphologi-
cal changes (b) of chickpea 
seedlings after seeds imbibition 
in H2O or 200 µM CdCl2 in the 
presence or absence of 100 µM 
OA. Values are the averages 
of twenty individual measure-
ments. Values (± SE, n = 3) 
followed by a common letter for 
the same seedling part (a) are 
not different at the 0.05 level of 
significance using ANOVA fol-
lowed by Tukey’s test. Bar scale 
(b) represents 2 cm
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their ability to diffuse to the vacuoles, and reducing, 
thereby, free harmful metal ions (Chen et al. 2003). By 
contrast, several reports confirmed that OrAs could be 
effective in soil remediation through the enhancement of 
metallic ions phytoextraction (Zaheer et al. 2015). The 
controversial effect of OrAs on HM accumulation seems to 
be dependent on metal concentration and the plant species 
(Montiel-Rozas et al. 2016). Moreover, the effect of OrAs 
on HM bioavailability depends on the HM-OrAs complex 
solubility. Cadmium-oxalate, being partially soluble, led 
to a decreased Cd uptake (Zhu et al. 2011).

Effects on Oxidative Stress Biomarkers

As predicted, Cd stress caused a considerable rise in MDA 
(63% and 73% increase of control in roots and shoots, 
respectively; Fig. 2a) and protein carbonyl groups contents 
(4.4- and 7.5-fold increase as compared to control in roots 
and shoots, respectively; Fig. 2b). The adverse effects of Cd 
on cell membrane integrity and proteins should be attributed 
to oxidative stress establishment, argued by the concomitant 
increase of H2O2 contents (2.5- and twofold increase as com-
pared to control in roots and shoots, respectively; Fig. 2c).

A drastic increase in oxidative stress markers was 
reported under HM stress (Gratão et al. 2019). Exogenous 
OA alleviated completely he Cd-mediated enhancement of 
oxidative stress markers (Fig. 2), except for MDA shoot con-
tent (Fig. 2a) which exhibited the same recovery observed 
in the case of Cd stress relieve after 3  days exposure 
(Cd + H2O treatment; 26% lesser than Cd-stressed shoots; 
Fig. 2a). It should be emphasized that the OA improving 
effect was achieved despite the presence of over 63% of the 
metal amounts in root and shoot cells (Table 2). However, 
when applied alone, OA had no significant effects on MDA, 
carbonyl groups and H2O2 contents (Fig. 2). These results 
corroborate with previous studies suggesting that rice seed-
lings treatment and seeds priming with OrAs protected cell 
membrane from Cd-induced deterioration (Guo et al. 2007; 
Xu et al. 2010). Similarly, the addition of citric acid to the 

Cu-enriched pea seeds germination medium resulted in 
decreased levels of H2O2, MDA, and carbonyl groups testi-
fying, thereby, the ability of OrAs to improve plant tolerance 
to HM (Ben Massoud et al. 2018). The protective effects of 
OrAs against Cd-generated cell damages could be assigned 
to at least two mechanisms. The first one is the change in 
metallic ions speciation via the occurring of steady com-
plexes (Ma et al. 2020) and the second mechanism could 
be the improvement of antioxidant enzyme activities as 
reported by Li et al. (2014). The positive effect of OrAs 
on ROS accumulation was further confirmed by the recent 
studies of Ben Massoud et al. (2018, 2019).

Effects on Cellular Redox State

Oxidative burst results from prooxidant metabolism 
enhancement, redox state disruption and/or alteration of 
antioxidant system function. Recently, special attention was 
focused on the assessment of cellular redox state, which is 
connected with various metabolic pathways, including the 
expression of a large number of genes, energy production in 
mitochondria and chloroplasts, oxidation and reduction reac-
tions, as well as reactions of primary and secondary metabo-
lism (Potters et al. 2010). In stress conditions, cellular redox 
status tends to shift in favor of prooxidant metabolites. Glu-
tathione, owing to its high intracellular content and reducing 
power, plays a crucial role in the conservation of cellular 
redox homeostasis (Foyer and Noctor 2011).

The exposure of germinating seeds to Cd stress caused 
28% and 36% decrease of the GSH/GSSG ratio in roots and 
shoots, respectively, as compared to controls (Table 3). The 
imbalance of the glutathione redox state in shoot cells seems 
to be related to the depletion of GSH form (-37% compared 
to control) concomitant with the non-modified amounts of 
GSSG form (Table 3). In root cells, the shift of glutathione 
redox state to the oxidized form resulted from the increase 
in contents of GSSG (+ 80% compared to control), more 
important than that of GSH (+ 26% compared to control; 
Table 3). In non-stressful conditions, the balance of the 
glutathione pool is maintained through the coordination 
between GR and GPX, respectively, a GSH recycling and 
consumer activities. However, Cd stress caused modula-
tion of both activities, as revealed by the raised GPX (62% 
and 77% in roots and shoots, respectively; Fig. 3a) and GR 
(506% and 77% in roots and shoots, respectively; Fig. 3b) 
activities. However, the elevated GR activity seems insuf-
ficient to regenerate the required level of GSH. Moreover, 
GSH depletion was reported to be related to stress acclima-
tion via phytochelatins (PCs) synthesis (Singh et al. 2016).

In the absence of Cd, the addition of OA to the germinat-
ing medium affected neither the glutathione pool content nor 
its redox status (Table 3). By contrast, OA annihilated the 
disturbing effect of Cd on glutathione redox state (Table 3). 

Table 2   Cadmium content of chickpea roots and shoots and trans-
location factor (TF), estimated after seeds imbibition in 200  μM of 
CdCl2 for 6 days, or for 3 days, then transferred up to 6 days either in 
H2O or the combination 200 µM CdCl2 + 100 µM OA

Values (means ± S.E., n = 3) followed by a common letter within the 
same column are not different at the 0.05 level of significance using 
ANOVA followed by Tukey’s test

Treatment Cd µg g−1 DW TF

Root Shoot

CdCl2 255.9 ± 11a 41.8 ± 2a 0.16 ± 0.007a

CdCl2 + H2O 43.9 ± 6c 5.1 ± 1c 0.11 ± 0.005b

CdCl2 + OA 163.7 ± 5b 28.4 ± 2b 0.12 ± 0.006b
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Fig. 2   MDA (a), carbonyl 
groups (b) and H2O2 (c) 
contents in roots and shoots 
of chickpea seedlings after 
seeds imbibition in H2O or 
200 µM CdCl2 in the presence 
or absence of 100 µM OA. 
Values (± SE, n = 3) followed 
by a common letter for the same 
seedling part are not different 
at the 0.05 level of significance 
using ANOVA followed by 
Tukey’s test
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This achievement was consequent to the correction of GSH 
and GSSG cell contents (Table 3). The maintaining of GSH 
redox homeostasis was attended with the restoration of GPX 
(Fig. 3a) and GR (Fig. 3b) activities.

In conjunction with glutathione, nicotinamides are redox-
active compounds with a crucial role in oxidative stress tol-
erance in plant cells. Nicotinamides are implicated in the 
regulation of NADPH oxidase activities and the glutathione-
ascorbate cycle, besides their involvement in energy metabo-
lism (Calvin cycle, Krebs cycle, glycolysis), as coenzymes, 
and fatty acid synthesis (Potters et al. 2010; Kapoor et al. 
2015).

The present investigation showed that Cd did not affect 
nicotinamides redox state, evaluated by oxidized forms 
(NAD+ + NADP+) to reduced forms (NADH + NADPH), 
in root cells, while the metal elevated this parameter in 
shoot cells by 37% (Fig. 4a), suggesting an acceleration in 
nicotinamides oxidation. Exogenous OA counteracted the 
adverse effect of Cd on root nicotinamides homeostasis, 
manifested by the restoration of the balance between oxi-
dized and reduced forms (Fig. 4a) with the same extent as 
the case of Cd stress abruption (Cd + H2O). Generally, the 
total amounts of nicotinamide coenzymes were unchanged 
independently of the applied treatment, except for the 
increased content in root cells under Cd and Cd + OA 
(+ 23 and + 45% compared to control; Fig. 4b). This could 
be explained by de novo synthesis of nicotinamides and 
changes in their degradation. A similar increase in total 
nicotinamides was observed in Cd-stressed chickpea seed-
lings subjected to an exogenous supply of EGTA, a syn-
thetic chelating agent (Sakouhi et al. 2016). The noticed 
disruption of nicotinamides redox state after Cd treatment 
could be assigned to the potential rise of prooxidant activ-
ities such as NAD(P)H oxidases (Cha et al. 2014) and, 
as herein, the increased GR activity (Fig. 3b), known as 
NAD(P)H consumer (Fig. 3a). A similar corrective effect 
on coenzymes redox state was noticed after citric acid 
application to pea seedlings subjected to Cu stress (Ben 

Massoud et al. 2019). The authors ascribed this positive 
effect to the restoration of the balance between consum-
ing NAD(P)H oxidases and recycling (dehydrogenases) 
coenzymes activities.

To illustrate correlations among growth and metabolic 
attributes between different treatments, Pearson’s coeffi-
cients were presented in a correlogram, as shown in Fig. 5. 
The obtained correlogram indicated that growth, estimated 
by the dry weight (DW), manifested a high negative cor-
relation with Cd content in roots (r = − 0.93; p < 0.05) 
and shoots (r = − 0.92; p < 0.05). Cd content, in turn, was 
highly correlated to H2O2 accumulation in shoots (r = 0.95; 
p < 0.05) but no significant correlation was observed in 
roots (r = 0.87; p > 0.05). Besides, this analysis indicated 
that protein carbonylation (–CO) was proportional to the 
Cd content in roots (r = 0.90; p < 0.05), while in shoots, 
the relationship between Cd and lipid peroxidation (MDA, 
r = 0.91; p < 0.05) was conspicuous. As judged by these 
results, it becomes clear that the ameliorative effect of 
OA on seedling growth, at least in part, was mediated by 
the reduction of Cd accumulation, leading to the decrease 
of ROS accrual and the protection of biomolecules from 
oxidation.

Interestingly, Pearson’s correlations revealed an inter-
connection between H2O2, GPX, GR, GSH and coenzymes 
redox ratio. Hydrogen peroxide was significantly nega-
tively correlated to GSH/GSSG ratio (r = − 0.88; p < 0.05), 
GSH content (r = − 0.95; p < 0.01) and nicotinamides ratio 
(r = 0.90; p < 0.05) in shoots, while it was positively corre-
lated with GPX (r = 0.85; p < 0.05), GR (r = 0.87; p < 0.001) 
in roots. This finding may be explained by the involvement 
of GPX activity in the transformation of H2O2 to H2O using 
GSH as a substrate (Mittova et al. 2003). Concomitantly, 
GR activity, accompanied by oxidation of NADPH, was 
enhanced to regenerate GSH (Gill et al. 2013). Moreover, 
it has been suggested that glutathione redox change, as a 
cellular redox state cue, may play an essential role in ROS 
signaling pathway (Foyer and Noctor 2011).

Table 3   Glutathione pool (GSH and GSSG) contents (expressed in 
nmol g FW−1) and Glutathione redox ratio (GSH/GSSG) in roots 
and shoots of chickpea seedlings after seeds imbibition in 200 μM of 

CdCl2 for 6 days, or for 3 days, then transferred up to 6 days either in 
H2O or 100 µM OA or the combination 200 μM CdCl2 + 100 µM OA

Values (means ± S.E, n = 3) followed by a common letter within the same column are not different at the 0.05 level of significance using ANOVA 
followed by Tukey’s test

Treatment GSH GSSG GSH/GSSG ratio

Root Shoot Root Shoot Root Shoot

H2O 80.01 ± 9b 140 ± 10a 58.4 ± 11c 44.66 ± 7a 1.37 ± 0.1a 3.13 ± 0.5a

OA 69.38 ± 8b 156 ± 11a 50.0 ± 4c 42.5 ± 3a 1.39 ± 0.1a 3.67 ± 0.5a

CdCl2 101.63 ± 8a 88.02 ± 12b 104.2 ± 8a 43.77 ± 6a 0.98 ± 0.09b 2.01 ± 0.2b

CdCl2 + H2O 86.61 ± 10b 140.75 ± 12a 109.8 ± 3a 40.62 ± 4a 0.79 ± 0.11b 3.46 ± 0.2a

CdCl2 + OA 76.76 ± 10b 126.95 ± 13a 65.6 ± 13b 37.52 ± 3a 1.17 ± 0.1a 3.38 ± 0.3a
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Fig. 3   GPX (a) and GR (b) 
activities in roots and shoots of 
chickpea seedlings after seeds 
imbibition in H2O or 200 µM 
CdCl2 in the presence or 
absence of 100 µM OA. Values 
(± SE, n = 3) followed by a 
common letter are not different 
at the 0.05 level of significance 
using ANOVA followed by 
Tukey’s test
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Fig. 4   Nicotinamide redox ratio, 
evaluated as oxidized forms to 
total (a) and total nicotinamides 
content [NAD(H) + NADP(H)] 
(b) in roots and shoots of 
chickpea seedlings after seeds 
imbibition in H2O or 200 µM 
Cd in the presence or absence 
of 100 µM OA. Values (± SE, 
n = 3) followed by a common 
letter in the same seedling part 
are not different at the 0.05 level 
of significance using ANOVA 
followed by Tukey’s test
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Conclusions

The present study fills a gap in understanding the OA-medi-
ated mechanisms to ameliorate plant tolerance to HM stress. 
Our results suggested that OA acts to limit penetration of the 
metal into the plant tissues and mitigates oxidative stress 
by maintaining the redox homeostasis of glutathione and 
nicotinamides. Nevertheless, thorough investigations are 
needed to elucidate the precise pathways triggered by OA to 
improve plant resistance to adverse conditions and, notably, 
extend the assays to soil conditions to unravel a prospective 
soil-OA interaction.
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