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Abstract  

 

Cadmium (Cd) stress at 1.0 mmol/L for 64 h induced two waves of hydrogen peroxide (H2O2) accumulation in cultured tobacco cells, 

which peaked at 30 min and about 48–56 h, respectively. Investigation of the changes of reactive oxygen species (ROS)-generating 

and ROS-scavenging enzyme activities indicated that tobacco cells actively produced the first wave of H2O2 accumulation, possibly 

by rapid activation of ROS-generating enzymes, including plasma membrane NADPH oxidase, by ironically and covalently-bound 

cell wall peroxidase (POD), cell wall polyamine oxidases and superoxide dismutase. However, prolonged Cd2+ treatment induced the 

second wave of H2O2 accumulation, accompanied by rapid increases in cell death rate and malondialdehyde content. The second 

H2O2 wave may have been produced passively due to decreased activities of the soluble POD, catalase, ascorbate peroxidase, 

glutathione peroxidase and glutathione reductase, and lowered content of reduced glutathione, caused by prolonged Cd2+ stress. Our 

results showed that H2O2 played dual roles in tobacco cells, acting as a signal molecule at relatively low concentration and triggering 

adaptive responses in the early phase of Cd2+ stress, and as a highly toxic molecule at high concentration inducing severe oxidative 

stress and leading to cell death. 
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Abbreviations: APX, ascorbate peroxidase; CAT, catalase; Cd2+, cadmium; GPX, glutathione peroxidase; GR, glutathione reductase; 

GSH, reduced glutathione; GSSG, oxidized glutathione; H2DCF-DA, 2,7,-dichlorodihydrofluorescein; MDA, malondialdehyde; 

NADPH, β-nicotinamide adenine dinucleotide phosphate (reduced form); PAO, polyamine oxidases; PM, plasma membrane; POD, 

peroxidase; ROS, reactive oxygen species; SOD, superoxide dismutase; TCA, trichloroacetic acid.  

 

 

Introduction 

 

Heavy metals are important environmental pollutants and their 

toxicity is a problem of increasing significance for ecological, 

evolutionary, nutritional and environmental reasons (Benavides 

et al., 2005). Cadmium (Cd) accumulates not only in the natural 

environment, but also the aquatic environment, through 

industrial activities such as mining, plating and metal refining 

(Choi et al., 2008). Cd has no known biological function and is 

extremely toxic, even at low concentration (Benavides et al., 

2005). When taken up by plants, Cd directly or indirectly 

inhibits physiological processes such as light harvesting center, 

photosystem II (Krupa, 1988), chlorophyll metabolism (Hsu 

and Kao, 2004), plant–water relationships (Perfus-Barbeoch et 

al, 2002), nutrient levels (Sandalio et al, 2001), potassium 

uptake and cytokinin content (Veselov et al, 2003), resulting in 

poor growth and low biomass (Sanitá di Toppi and Gabbrielli, 

1999; Benavides et al., 2005). At cellular level, Cd enhances 

lipid peroxidation, hydrogen peroxide (H2O2) generation, and 

alters the level of antioxidant enzymes and 

ascorbate–glutathione cycle metabolism (Anjum et al, 2011). 

In plant, reactive oxygen species (ROS), such as singlet oxygen 

(1O2), hydrogen   peroxide (H2O2), superoxide  (O2
.–)  and  

 

hydroxyl radical (HO·) are normal by-products of various 

metabolic pathways and are also produced under stress 

conditions in various cellular compartments, including 

chloroplasts, mitochondria, peroxisomes, the endoplasmic 

reticulum and plasma membranes (PM) (Karuppanapandian et 

al, 2011). They are highly reactive and toxic molecules causing 

oxidative damage to DNA, proteins and lipids (Apel and Hirt, 

2004). However, in recent years, a wide range of plant 

responses have been found to be triggered by ROS, such as the 

cell cycle, programmed cell death, stomatal closure, biotic and 

abiotic stress responses and development (Gill and Tuteja, 

2010). These studies have revealed a dual role for H2O2 in 

plants acting as either toxic by-products of aerobic metabolism, 

or signal molecules to regulate growth, development and 

defense pathways, or both. However, there is little direct 

supporting evidence. Cd exposure can promote the generation 

of H2O2 in mung bean (Anjum, et al., 2011), potato (Stroiński 

and Zielezińska, 1997), scots pine (Schützendübel et al., 2001), 

rice (Kuo and Kao, 2004; Hsu and Kao, 2007), pea 

(Romero-Puertas et al., 2004), Brassica juncea L (Verma et al., 

2008)and tobacco cells (Olmos et al., 2003; Garnier et al., 
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2006). Some previous studies showed that under Cd2+ stress, 

H2O2 was a signaling molecule in plants (Kuo and Kao, 2004), 

and others suggested that it was toxic （Anjum, et al., 2011; 

Hsu and Kao, 2007）. The present study was designed to 

investigate the change pattern and possible pathways of H2O2 

accumulation in tobacco suspension cells during a short-term 

Cd2+ exposure as well as a long-term Cd2+ stress to better 

understand physiological significance of H2O2 under Cd2+ 

stress.  

 

Results 

 
Two waves of H2O2 accumulation during Cd2+ stress 

 

Cd2+ stress led to a transient increase of H2O2 concentration in 

cultured tobacco cells. When the cells were challenged with 0.5, 

1.0 or 3.0 mM Cd2+, a significant increase of H2O2 

concentration was detected with 5 min, and a H2O2 peak 

occurred at 30, 30 and 60 min for 3.0, 1.0 and 0.5 mM Cd2+ 

stress, respectively (Fig. 1A).Furthermore, prolonged 1.0 mM 

Cd2+ treatment for 64 h led to a second peak of H2O2 

accumulation after 32 h in cultured tobacco cells, which 

reached a maximum at about 48–56 h (Fig. 1B). The results 

showed that Cd2+ stress induced two waves of H2O2 

accumulation, with the second wave higher and longer lasting 

than the first. To investigate the physiological importance of 

the two Cd2+-induced waves of H2O2 accumulation, we 

examined the change in death rate of cultured tobacco cells 

under 1.0 mM Cd2+ stress. Cd2+ stress for 32 h led to a slight 

increase in cell death rate; thereafter the death rate rose rapidly 

and reached about 90% (Fig. 2). This sharp increase in cell 

death rate was consistent with the second wave of dramatic 

H2O2 accumulation (Fig. 1B). 

 

Possible enzymatic pathways of Cd2+-induced H2O2 

production 

 

NADPH oxidase transfers electrons from NADPH to O2 to 

form O2
.–, followed by dismutation of O2

.– to H2O2, and has 

been suggested to be the main producer of ROS in plants 

challenged with all kinds of environmental stress (Hao et al., 

2008). The present results showed that 1.0 mM Cd2+ treatment 

induced a transient increase in NADPH oxidase activity, 

detectable as early as 10–30 min after Cd2+ treatment, and 

lasted progressively up to 12 h, then declined gradually (Fig. 3). 

Cell wall polyamine oxidase (PAO) oxidizes polyamines and 

directly releases H2O2. The Cd2+ stress led to a sharp increase 

of cell wall PAO activity within 10–90 min after Cd2+ 

treatment, then the PAO activity dropped rapidly, and even 

lowered below the control after 16 h (Fig. 4). Cell wall 

peroxidases (POD) are another extracellular way of producing 

H2O2 in plants, which generates H2O2 through oxidation of 

NADH (Ranieri et al., 2001). We detected the ironically and 

covalently-bound cell wall fractions of POD activity. The 

activity of ironically-bound cell wall POD was immediately 

stimulated by 1.0 mM Cd2+ treatment and reached a peak at 

about 30 min, then declined sharply (Fig. 5A). The Cd2+ stress 

also caused a rapid and relatively long-lasting increase of 

covalently-bound cell wall POD activity, which peaked at 

about 16–24 h, and then decreased gradually (Fig. 5B). 

 

Cd2+ stress-induced oxidative stress and changes in the 

intracellular antioxidative system 
 

Since Cd2+ treatment induced a significant accumulation of 

H2O2 (Fig. 1), which would lead to oxidative stress, we 

determined  the change  in MDA  level,  an indicator  of  
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Fig 1. Cd2+ stress-induced two waves of H2O2 accumulation in 

cultured tobacco cells. A: transient change of H2O2 

accumulation in cultured tobacco cells challenged with either 

3.0, 1.0 or 0.5 mM Cd2+ with 90 min, and same volume of DDS 

water was added as the control; B: Prolonged change of H2O2 

concentration in cultured tobacco cells during 1.0 mM Cd2+ 

stress for 64 h. Each point represents Means ± SD at last of 

three independent experiments. Indicate what does RFU 

correspond to (Y axis). 
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Fig 2. Change of death rate of cultured tobacco cells under 

Cd2+ stress at 1.0 mM. 
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Fig 3. Change of Plasma membrane NADPH oxidase activity 

in cultured tobacco cells during Cd2+ stress at 1.0 mM. 
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Fig 4. Change of cell wall polyamine oxidases (PAO) activity 

in cultured tobacco cells during Cd2+ stress at 1.0 mM. 

 

 

 

membrane lipid peroxidation (Hodges et al., 1999). The 1.0 

mM Cd2+ treatment firstly led to a gentle increase of MDA 

content in cultured tobacco cells; and this rise became rapid 

after 40 h (Fig. 6), consistent with the second wave of H2O2 

accumulation (Fig. 1B). Plants possess very efficient 

antioxidative systems to scavenge ROS and protect them from 

destructive oxidative stress. The antioxidative system in plants 

comprises a variety of antioxidases and antioxidants (Posmyk 

et al., 2009). To investigate the relationship between the 

occurrence of the two H2O2 waves and changes in the 

antioxidative system in cultured tobacco cells under Cd2+ stress, 

we assayed activities of several main antioxidases and content 

of an antioxidant, reduced glutathione (GSH). The changes in 

activity of different antioxidases differentially responded to 

Cd2+ stress (Fig. 7, 8A–E). Of the main sources of H2O2 

production, dismutation of O2
.– into H2O2 by superoxide 

dismutase (SOD), plays an important role in H2O2 production 

(Apel and Hirt, 2004). The 1.0 mM Cd2+ treatment led to a 

significant increase of SOD activity as early as 10–30 min, and 

this rise lasted up to 32 h, and then SOD activity declined 

rapidly (Fig. 7). Soluble POD activity in cultured tobacco cells  
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Fig 5. Change of cell wall peroxidase (POD) activity in 

cultured tobacco cells during Cd2+stress at 1.0 mM, (A) 

ionically-bound cell wall POD, (B) covalently-bound cell wall 

POD. 
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Fig 6. Change of malondialdehyde (MDA) content in cultured 

tobacco cells during Cd2+ stress at 1.0 mM. 
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Fig 7. Change of superoxide dismutase (SOD) activity in 

cultured tobacco cells during Cd2+ stress at 1.0 mM. 

 

 

 

rapidly increased in response to Cd2+ treatment, and reached 

1.2-fold higher than controls at 4 h, and then declined sharply 

(Fig. 8A). Catalase (CAT) activity rose significantly and 

peaked at 20 h under Cd2+ stress, then dropped substantially 

with longer treatments of Cd2+ (Fig. 8B). Similar to the change 

in CAT activity, glutathione peroxidase (GPX) activity 

exhibited a gradual rise and reached a peak at 20 h under Cd2+ 

stress, and then declined (Fig. 8C). In addition, ascorbate 

peroxidase (APX) activity was immediately stimulated at 4 h 

under Cd2+ stress, then declined slightly until 20 h, increased 

sharply up to 32 h and was followed by a drastic drop (Fig. 8D). 

APX activity in Cd2+-treated cultured tobacco cells at 32 h was 

about 10.5 times higher than in controls. Glutathione reductase 

(GR) activity responded rapidly to Cd2+ stress and increased up 

to 2.3 times higher than in controls at 16 h, and then declined 

gradually (Fig. 8E). The general trend for the abovementioned 

antioxidase activities was a significant increase in the early 

phase and gradual decrease in the late stage under Cd2+ stress at 

1.0 mM (Figs. 7-8). GSH is the major low molecular weight 

thiol compound in most plants and acts as a disulfide reductant 

to protect thiol groups on enzymes, regenerate ascorbate and 

react with 1O2 and HO·  (Nagalakshmi and Prasad, 2001). Cd2+ 

stress firstly led to a significant increase of GSH content in the 

early phase, then a sharp decrease in the late phase (Fig. 9A). 

However, oxidized glutathione (GSSG) content exhibited only 

a slight rise in the early stage of Cd2+ stress, the increased 

rapidly in the late phase of Cd2+ stress (Fig. 9B). The 

GSH/GSSG ratio represents intracellular redox state (Foyer and 

Noctor, 2005), and showed a similar change to GSH content: 

firstly reaching a peak at 24 h, and then declining sharply with 

prolonged Cd2+ stress (Fig. 9C). 

 

Discussion 
 

H2O2 appears to be a central signal component of plant 

adaptation to both biotic and abiotic stresses (Gill and Tuteja, 

2010). Previous studies have given several lines of evidence 

indicating that Cd exposure increased the production of H2O2 in 

tobacco, rice and B. juncea (Garnier et al., 2006; Hsu and Kao, 

2007; Verma et al., 2008). Cd2+ was found to affect tobacco 

cells by a series of three waves of H2O2 (Garnier et al., 2006). 

Firstly, transient NADPH oxidase-dependent accumulation of 

H2O2 followed by accumulation of O2
–. in mitochondria. A third 

wave of H2O2 consisted of fatty acid hydroperoxide 

accumulation. CdCl2 treatment resulted in H2O2 production in 

detached rice leaves, and NADPH oxidase was found to be a 

H2O2-generating enzyme in CdCl2-treated detached rice leaves （Hsu and Kao et al., 2007). An increased level of H2O2 in 

roots of Cd-treated seedlings of B. juncea was directly 

correlated with increased activity of ironically-bound cell wall 

POD (Verma et al., 2008). The present study indicated that 

H2O2 content under Cd2+ stress showed no single change, and 

that tobacco cells responded to Cd2+ treatment with two waves 

of H2O2 accumulation. The first wave peaked at 30 min, and 

the second at 48–56 h at a much higher level (Fig. 1). Thus an 

interesting question arises: what is the physiological 

importance of the two waves of H2O2 accumulation under Cd2+ 

stress? H2O2 production under stress conditions is often 

attributed to the complex up-regulation of several 

H2O2-generating enzymes (Hao et al., 2008).  

  Our studies showed that Cd2+ could immediately enhance the 

activities of NADPH oxidase, cell wall PAO, and 

ironically-bound and covalently-bound cell wall POD after a 

short period of Cd2+ treatment (Figs. 3–5). The results 

suggested that Cd2+ treatment could lead to the first wave of 

H2O2 accumulation by up-regulating the activities of the four 

enzymes involved in generating H2O2. The tobacco cells could 

actively produce the first wave of H2O2 accumulation, which 

could act as signal molecules to induce adaptive responses of 

the tobacco cells to Cd2+stress, including up-regulation of the 

antioxidase activities and increasing antioxidant GSH content, 

as observed in the early phase of Cd2+ treatment (Figs. 7-9). 

ROS levels in plant tissues are elaborately controlled by 

ROS-scavenging enzymes as well as by non-enzymatic 

antioxidants (Gill and Tuteja, 2010, Čabala et al., 2010). With 

increased activities of antioxidases and enhanced content of the 

antioxidant GSH after short-term stress, the H2O2 level in 

tobacco cells declined gradually to control levels, which may 

be attributed to the enhanced activity of the antioxidative 

system induced by the short-term Cd2+ treatment and the 

consequent first wave of H2O2 accumulation (Fig. 1). Cd2+ is a 

highly toxic ion, and sustained Cd2+ exposure will disturb 

physiological and biochemical events and cause cell damage in 

plants (Benavides et al., 2005). In the present experiment, with 

prolonged Cd
2+

 stress for more than 28–32 h, activities of the 

antioxidases SOD, CAT, GPX, APX and GR declined rapidly 

(Figs. 7-8), and GSH content and GSH/GSSG ratio dropped 

significantly (Fig. 9). The second wave of H2O2 accumulation 

appeared after Cd2+ stress for 32 h (Fig. 1B) and was 

accompanied by a sharp increase in content of the lipid 

peroxidation product, MDA (Fig. 6), and a high death rate of 

tobacco cells (Fig. 2) – which could be caused by severe 

oxidative stress due to excess H2O2 accumulation in the second 

wave. In conclusion, the present results suggested that tobacco 

cells under Cd2+ stress could actively produce the first wave of 

H2O2 accumulation in the early phase by activation of enzymes 

involved in ROS generation. The first H2O2 wave was 

transitory and could play a signal role to activate adaptive 

response to Cd2+ stress. However, prolonged Cd2+ treatment led 

to decreased activity of the antioxidative system and disturbed 

equilibrium of intracellular redox state. The second wave of 

H2O2 accumulation was passively produced and followed by a 

high level of cell death. H2O2 obviously played dual roles in 

tobacco cells, acting as a signal molecule at relatively low 

concentration and triggering adaptive responses in the early 

phase of Cd2+ stress; and as a highly toxic molecule at high 

concentration and inducing severe oxidative stress and leading 

to cell death.  
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Fig 8. Change of antioxidase activities in cultured tobacco cells during Cd2+ stress at 1.0 mM. A: peroxidase (POD); B: catalase 

(CAT); C: glutathione peroxidase (GPX); D: ascorbate peroxidase (APX); E: glutathione reductase (GR) 

 

 

Materials and methods 

 

Plant material, culture and Cd2+ treatments 
 

Tobacco (Nicotiana tabacum cv. Bright Yellow) callus was 

initiated from stem tissue. Sterile stem pieces were transferred 

to MS (Murashige and Skoog, 1962) agar medium (pH 5.8, 

Ca2+ concentration of 3 mmol/L) containing 2 µg/mL of 

glycine, 5 µg/mL of nicotinic acid, 10 µg/mL of pyridoxine, 10 

µg/mL of thiamine hydrochloride, 1 mg/mL of casein acid 

hydrolysate, 3% (w/v) of sucrose, 2 µg/mL of 

2,4-dichlorophenoxacetic acid and 0.1 µg/mL of kinetin. This 

was then incubated in darkness at 25°C for 2–4 weeks. 

Cultured tobacco cells were initiated from these calli into an 

identical liquid medium and incubated in a shaker incubator at 

120 rpm at 25°C. After 7 d, 5.0 mL of the culture medium was 

taken and fresh medium was added to make up a volume of 50 

mL. Cells were kept for 4 d under these conditions and were 

then processed. After the second sub-culturing, 4-d-old cultured 

tobacco cells were filtered through a mesh (pore size 40.0 μm) 

and 1.0 g (fresh weight) of the cells was resuspended in 25.0  

 

 

 

mL of MS solution (pH 6.0) containing 200 mM sucrose. After 

4 h, the cultured tobacco cells were submitted to assays on the 

effect of CdCl2 (0–3.0 mM), and 1.0 mM CdCl2 was chosen for 

the main experiments. Cells harvested at distinct periods were 

suction-dried and weighed for packed cell volume and stored at 

–80°C for further analyses. 

 

H2O2 measurement 

 

The generation of H2O2 was monitored by the method of Hao et 

al. (2008) with some modification. Briefly, 1.5 mL of the 

cultured tobacco cells treated with Cd2+ for distinct periods was 

incubated at a final concentration of 10 µM H2DCF-DA for 15 

min with shaking in darkness. The fluorescence of the reaction  

mixture was monitored immediately on a RF-5301 fluorescence 

spectrophotometer (Shimadzu, Japan) with 488 nm excitation 

wavelength and 525 nm emission wavelength. 

 

Cell death assay  
 

An aliquot of cultured tobacco cells was incubated with  
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Fig 9. Change of reduced glutathione (GSH A), Oxidized 

glutathione (GSSG B), and GSH/GSSG ratio (C) in cultured 

tobacco cells during Cd2+ stress at 1.0 mM. 

 

 

0.025% (w/v) Evans Blue at room temperature for 10 min and 

subsequently washed with 100 mM CaCl2 (pH 5.6) solution. 

The stained dead cells were observed by light microscopy 

(Yano et al., 1999). 

 

 

 

 

MDA assay 
 

Lipid peroxidation in cultured tobacco cells was determined by 

estimating the MDA content according to the method of 

Hodges et al. (1999). 

 
Determination of H2O2-generating enzymes 

 

Determination of (PM) NADPH oxidase activity 
 

PM was isolated using the two-phase aqueous polymer 

partition system (Hao et al., 2008). NADPH oxidase activity of 

the plasma membrane vesicles was assayed by measuring SOD 

inhibition and the NADPH-dependent reduction of  sodium , 

3’-[1-[phenylamino-carbony]-3,4-tetrazolium]-bis(4-methoxy-6

-nitro) benzenesulfonic acid hydrate  by O2
.– according to the 

method of Hao et al. (2008). 

 

Determination of cell wall PAO activity  

 

The cell wall PAO activities were determined as described by 

Kaur-sawheny et al. (1981). 

 

Determination of ionically and covalently-bound cell wall 

POD activity 

 

The covalently and ionically-bound cell wall POD activities 

were determined as described by Ranieri et al. (2001). 

 

Extraction and assay of antioxidative enzymes  

 

Extraction of antioxidative enzymes  

 

The cultured tobacco cells (0.1 g) were homogenized with 0.02 

g of hydrated polyvinylpyrrolidone in 1 mL of 0.1 M phosphate 

buffer (pH 7.8) supplemented with 2 mM dithiothreitol, 0.1 

mM ethylenediamine-tetraacetic acid and 1.25 mM PEG-4000 

and centrifuged (16,000g for 15 min). The supernatant was then 

stored in separate aliquots at –86°C. 
 

Assay of antioxidative enzymes 
 

SOD (EC 1.15.1.1) activity was measured according to 

Giannopolitis and Ries (1977). One unit of SOD was defined as 

the enzyme activity that inhibited the photoreduction of 

nitroblue tetrazolium (NBT) to blue formazan by 50%, and 

SOD activity of the extracts was expressed as NBT units mg 

protein–1 min–1. CAT (EC 1.11.1.6) activity was measured at 

25°C according to Aebi (1984). CAT activity was estimated by 

the decrease in absorbance of H2O2 at 240 nm and expressed as 

nmol of H2O2 decomposed mg protein–1 min–1. POD (EC 

1.11.1.7) was assayed by the method of Chance and Maehly 

(1955) and expressed as mmol of guaiacol oxidized mg 

protein–1 min–1. APX (EC 1.11.1.11) activity was measured at 

25°C according to Nakano and Asada (1981). APX activity was 

determined by following the decrease in absorbance of 

ascorbate at 290 nm, and expressed as mmol of ascorbate 

oxidized mg protein–1 min–1. GPX (EC 1.11.1.9) activity was 

determined at 30°C according to the method described by 

Nagalakshmi and Prasad (2001), and expressed as mmol of 

NADPH oxidized mg protein–1 min–1. GR (EC 1.6.4.2) activity 

was determined at 25°C according to Halliwell and Foyer 

(1978), and expressed as nmol of NADPH2 oxidized mg 

protein
–1

 min
–1

. 
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Assay of GSH contents  
 

GSH contents were determined according to Nagalakshmi and 

Prasad (2001). 

 

Determination of protein contents  
 

Protein contents were measured as described by Bradford 

(1976) using bovine serum albumin as a standard. 

 

Statistical analyses 

 

Data were analyzed with Sigma Plot 8.0. The data reported in 

this paper are the mean ± standard deviation (SD) of three 

independent experiments.  
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