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A B S T R A C T

The objective was investigated the effects of CdO and nano-CdO as potential toxic pollutants on growth and 
redox response of barley. CdO and nano-CdO have been found to cause significant phytotoxicity in barley 
seedlings, with nano-CdO increasing plant tissue cadmium accumulation. This accumulation is linked to growth 
retardation and oxidative stress. Low molecular weight antioxidants like restored glutathione and ascorbate have 
been found to increase the activity of glutathione peroxidase (GPX), glutathione-S-transferase (GSTs), and 
ascorbate peroxidase (APX) in green tissues. Catalase (CAT) activity increased from 50 % with 100 mg/l CdO to 
70 % with 1000 mg/l and nano-CdO. The observed disturbance in redox balance signals the upregulation of 
corresponding genes. Antioxidant enzyme isoform gene transcripts increased for SODB, CAT2, and APX. Cad
mium buildup in root cells causes oxidative stress, leading to upregulation of SOD, CAT, GR, and GSTs isoform 
genes as well as protein carbonylation, sulfhydryl group degradation, and MDA accumulation. CdO and nano- 
CdO have similar phytotoxic effects, but bioavailability affects biochemical and molecular responses.

1. Introduction

Heavy metal (HMs) contamination, a significant social and ecolog
ical issue, is exacerbated by the extreme toxicity of certain metals, such 
as cadmium, which are not essential for life. Naturally, cadmium con
centrations in soils range from 0.1 to 1.5 mg/kg (Smolders and Mertens, 
2013), but levels can significantly increase near human pollution sour
ces. Studies indicate that cadmium content in surface soil can exceed 
750 mg/kg near steelmaking and non-ferrous metal mining sites 
(Alloway and Steinnes, 1999). Environmental concentrations of this 
metal are increasing due to its widespread presence in dyes, plastics, 
hydrocarbons, fertilizers, and metallurgical waste (Annu et al., 2016). 
Moreover, cadmium compounds exhibit high bioavailability and 
mobility in soil, leading to significant accumulation in plants (An et al., 
2022). Cadmium adversely affects plant physiology and biochemical 
activities (Kaznina and Titov, 2014). Upon entering the cell, cadmium 

ions disrupt the ETS in chloroplasts and mitochondria, displace vital 
metals from protein complexes, and generate reactive oxygen species 
(ROS) (Chen et al., 2020). Increased ROS levels deactivate enzymes, 
damage DNA, and disrupt membranes (Dobrikova et al., 2021). In the 
past decade, the environment has seen an increase in heavy metals 
(HMs) in nanoparticulate form, largely due to widespread nanomaterial 
use and fossil fuel combustion (Mitra et al., 2022). Nanoparticles (NPs) 
represent a new type of chemical pollutant with unique size, shape, 
surface area, and reactivity, posing novel challenges. Cadmium oxide 
(CdO) NPs are widely utilized in gas catalysts, chemical sensors, and 
microelectronics (Skheel et al., 2021). Various industrial activities, such 
as steel mills, release substantial quantities of CdO NPs into the envi
ronment (Večeřová et al., 2019). Research indicates their impact often 
results in increased reactive oxygen species (ROS) and disruption of 
oxidative-reductive balance (Rizwan et al., 2021). However, there is 
limited research on the phytotoxicity of CdO NPs. This study, therefore, 
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examines the effects of CdO and nano-CdO on barley growth and redox 
status as a primary nonspecific stress response mechanism.

2. Materials and methods

2.1. Nanoparticle characteristic and growth preparation

The synthesis and analysis of nano-CdO have been done with follow 
previously conducted experiment (Shuvaeva et al., 2024). The experi
ment used hydroponic conditions with pre-germinated barley (Hordeum 
vulgare cv. Medikum 157OS) seeds to ensure uniformity. Seeds were 
germinated for 36 h at 25 ± 1 ◦C and placed in containers with CdO and 
nano-CdO at 0, 100, and 1000 mg/l. The plants were maintained at 25 
± 1 ◦C, 4 ± 0.5 klux light intensity, and a 16/8-hour photoperiod for 7 
days. Morphometric parameters, biochemical, and gene activities were 
then assessed.

2.2. Cadmium content analysis

Cd concentration was determined using atomic absorption spectro
photometry (KVANT2AT, KortecLtd.) at λ = 228.8 nm. Samples were 
dried at 90 ◦C for 48 h, incinerated at 450 ◦C, and 1 g of the combusted 
sample was diluted in 5 ml of 20 % HCl, filtered through 0.45 mm 
Whatman filter paper, and analyzed for metal content (Azarin et al., 
2022).

2.3. Determination of MDA content

The biomaterial (100 mg) was mixed with 20 % trichloroacetic acid 
(1.5 ml), centrifuged at 10,000g (4 ◦C), and 0.3 ml of the supernatant 
was added to 1.2 ml of 0.5 % thiobarbituric acid in trichloroacetic acid. 
Following incubation (30 min, 95 ◦C) and centrifugation, absorbance 
was measured at λ = 532 nm (Heath and Packer, 2022).

2.4. Sulfhydryl and carbonyl content

High molecular weight thiols were quantified by measuring the 
dinitrophenyl anion at 412 nm (Ivanov and Kerchev, 2007). Carbonyl 
compounds were determined spectrophotometrically at 370 nm using 
2,4-dinitrophenylhydrazine (DNPH) to form carbonyl-DNPH hydrazone 
derivatives (Georgiou et al., 2018).

2.5. Antioxidant enzyme activity

2.5.1. Determination of CAT antioxidant enzyme
CAT activity was spectrophotometrically assessed by creating a sta

ble colored complex with molybdenum salts and hydrogen peroxide. 
The homogenate (0.1 ml) was mixed with 9 mM hydrogen peroxide (2 
ml), and after 10 min, 0.2 M ammonium molybdate (1 ml) was added to 
stop the reaction. Absorbance was measured at 410 nm.

2.5.2. Determination of GR antioxidant enzyme
GR activity was measured based on the degree of NADPH oxidation, 

which was accompanied by a decrease in the optical density of the so
lution. In a solution containing 0.2 M sodium phosphate buffer (pH 7.4), 
0.1 M KCl, 8 mM EDTA, 2 mM NADPH, and 8 mM glutathione disulfide, 
0.1 ml of extract was added, and the absorbance was measured at a 
wavelength of λ = 340 nm.

2.5.3. Glutathione peroxidase (GPx)
The activity of the GPx enzyme was analyzed by measuring the 

decrease in optical density at 340 nm, which occurs when the enzyme 
oxidizes NADPH (Navrot et al., 2006). The reaction mixture included 30 
mM Tris-HCl buffer (pH 8), 1 mM EDTA, 2 mM glutathione, 0.5 U 
glutathione reductase, and 200 μM NADPH.

2.5.4. APX
APX activity was measured by reducing the ascorbate content at 290 

nm for 3 min and with the 3 ml of reaction mixture containing 0.1 ml of 
plant extract, 50 mM sodium phosphate buffer (pH 7.0), 0.5 mM 
ascorbic acid, 0.1 mM H2O2, 0.1 mM EDTA.

2.5.5. GSTs
GST activity was quantified by the production rate between 1-chloro- 

2,4-dinitrobenzene and reduced glutathione. The assay began with 0.1 
ml of supernatant added to 2.5 ml of 0.1 M potassium phosphate buffer 
(pH 6.5) and 0.2 ml of 0.015 M reduced glutathione. Subsequently, 0.2 
ml of 0.015 M 1-chloro-2,4-dinitrobenzene was added. GST concentra
tion was measured spectrophotometrically at 340 nm over 1.5 min.

2.6. Low-molecular-weight antioxidants

2.6.1. Glutathione (GSH)
A 300 mg tissue sample was homogenized in sodium phosphate 

buffer, centrifuged, and the supernatant was treated with trichloroacetic 
acid. The resulting supernatant was combined with Tris-HCl and 5,5′- 
dithiobis (2-nitrobenzoic acid) (Ivanov and Kerchev, 2007). Absorbance 
was measured at 412 nm after incubation.

2.6.2. Ascorbic acid (AsA)
The spectrophotometric calculation of AsA content was performed 

by analyzing the stable coloring with the Folin reagent (Olgun et al., 
2014). After combining 0.8 ml of homogenate with 0.2 ml of 50 % tri
chloroacetic acid, the mixture was centrifuged at 1000g for 5 min. The 
supernatant was then added to the Folin reagent (0.2 ml) and readings 
were taken at λ = 410 nm after 10 min.

2.6.3. Proline
Homogenization of 100 mg of tissue in 1 ml of 3 % sulfosalicylic acid, 

followed by centrifugation at 18,000g for 10 min, was performed to 
determine the proline content. The supernatant was then mixed with a 
reaction mixture containing 10 ml of glacial acetic acid, 25 mg of 
ninhydrin, and 85 % o-phosphoric acid in a 6:3:1 v/v/v ratio. Optical 
density was measured at 520 nm after incubation at 90 ◦C for one hour.

2.7. Gene expression analysis

Barley roots and leaves were used to isolate total RNA using the 
ExtractRNA kit (Eurogen, Russia) (Azarin et al., 2020). Reverse tran
scription and amplification were performed according to (Azarin et al., 
2023) using specific primers (Supplementary 1). The expression levels of 
target genes were normalized to actin using the 2− ΔΔCt technique.

2.8. Statistical analysis

The analyses were conducted using R and Microsoft Excel. Data are 
presented as mean values ± SD (standard deviation) and were obtained 
from 3 replicates. The t-test was employed to evaluate significant dif
ferences between the experimental and control groups. Statistical sig
nificance was defined as p < 0.05.

3. Result

3.1. Determination of seedlings growth and developments indices of barley 
and bioaccumulation of Cd

The study on the effects of CdO and nano-CdO on barley seedlings 
showed a dose-dependent decline in fresh and dry weight, and root and 
shoot length (Table 1). At 100 mg/l CdO, root and shoot lengths 
decreased by 13.6 % and 19.6 %, respectively, while 1000 mg/l caused 
reductions of 39.4 % and 37.8 %. Fresh and dry root weights decreased 
by about 10 % and 21 % at 100 mg/l, and by about 35 % and 44 % at 
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1000 mg/l. Notably, changes in morphometric parameters under CdO 
and nano-CdO were similar, except for root and shoot length at 100 mg/ 
l, where nano-CdO had a more pronounced suppression. Significant 
cadmium accumulation was observed in barley plants, with CdO 
resulting in less cadmium accumulation in tissues compared to nano- 
CdO (Table S1).

3.2. Sulfhydryl (− SH), carbonyl (C––O) and MDA content

The increase in the pool of − SH groups was observed in the green 
tissue under the influence of low concentrations of CdO and nano-CdO 
Fig. 1. In the roots, CdO at a concentration of 100 mg/l led to an increase 
in − SH groups, while under the influence of 1000 mg/l CdO and nano- 
CdO, their content decreased by 34 % and 31 %, respectively (Fig. 1 a, 
b). High pollutant doses increased the carbonyl compounds’ content in 
barley seedlings (Fig. 1 c, d). The greatest, twofold, increase was 
recorded in the roots under the influence of nano-CdO at a dose of 1000 
mg/l.

The investigation of MDA revealed a significant increase in its con
tent in root tissues, while in the shoots of treated barley, its content did 
not differ from the control values (Fig. 2 a, b).

3.3. Antioxidant enzyme activity

In the control, CAT activity was 0.047 ± 0.002 µM/min*g fresh 
weight in the roots and 0.88 ± 0.075 µM/min*g fresh weight in shoots. 
Exposure to 100 and 1000 mg/l nano-CdO increased CAT activity in 
roots by 51 % and 74 %, respectively. A dose of 1000 mg/l CdO raised 
CAT by 38 %, while 100 mg/l CdO did not affect enzyme activity 
(Fig. 3a). In shoots, CAT activity increased by 50 % with 100 mg/l CdO 
and by 70 % with 1000 mg/l CdO (Fig. 3b).

GPX activity in control roots and shoots was 3174 ± 310 U/g and 
2215 ± 243 U/g fresh weight, respectively, with no alteration at 100 
mg/l CdO (Fig. 3c, d). Higher doses increased shoot GPX activity and 

decreased root activity (Fig. 3c, d). Root GR activity decreased by 49 % 
with 1000 mg/l CdO and by 66 % with 100 and 1000 mg/l nano-CdO 
(Fig. 3e, f), while leaf GR activity declined only at 1000 mg/l CdO and 
nano-CdO (Fig. 3e). Control GSTs activity was 337 ± 32 μM/min*g in 
roots and 235 ± 25 μM/min*g in shoots, remaining unchanged at 100 
mg/l CdO. However, 100 mg/l nano-CdO decreased root GSTs activity 
by 32 %, and 1000 mg/l CdO and nano-CdO suppressed it by 72 % and 
63 %, respectively (Fig. 3g, h). Conversely, shoot GSTs activity increased 
by 44 % with 100 mg/l nano-CdO and by 125 % with 1000 mg/l CdO 
(Fig. 3g, h). Control APX activity was 4.12 ± 0.99 μg/min*g in roots and 
3.84 ± 1.01 U/g in shoots, increasing in shoots (Fig. 3j) but decreasing 
in roots by 37 % and 62 % at 1000 mg/l CdO and nano-CdO, respectively 
(Fig. 3i).

3.4. Low-molecular-weight antioxidants

Quantitative analysis of reduced glutathione demonstrated an 
upregulated in its content in root tissues only under the influence of a 
high dose of CdO and nano-CdO (Fig. 4 a). In shoot the level of gluta
thione exceeded control values under all treatment conditions (Fig. 4 b). 
An increase in ascorbate concentration in root and shoot was observed 
along with both root and aerial parts of the plant (Fig. 4 c, d).

Analysis of the proline content in roots revealed a significant 
decrease in all treatments (Fig. 4 e). The most significant effect (a 
decrease in proline by 64 %) was observed with 1000 mg/l nano-CdO. In 
contrast, an increase in proline content from 27 % to 50 % relative to 
control values was demonstrated in shoot (Fig. 4 f).

3.5. Transcriptional expression analysis

Gene expression analysis in roots showed increased transcription 
levels of CAT isoforms CAT1 and CAT2 under CdO and nano-CdO 
exposure at 1000 mg/l (Fig. 5a). In green tissue, CAT2 transcriptional 
activity rose across all experimental conditions, while CAT1 activity 

Fig. 1. Sulfhydryl (− SH) concentration in the (a) root and (b) shoot and carbonyl (C––O) concentration in the (c) root and (d) shoot in barley after one week of 
cultivation at a dosage of 0 mg/L, 100 mg/L and 1000 mg/L CdO and nano-CdO.
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surpassed control values only with low CdO levels (Fig. 5b). A dose- 
dependent rise in SODA transcripts was observed in root cells across 
all treatments (Fig. 5a). SODB gene expression decreased by 27 % at 100 
mg/l CdO but increased by 67 % and 93 % under 1000 mg/l CdO and 
nano-CdO, respectively (Fig. 5b). In shoots, high-dose pollutants sup
pressed SODA expression by 40–53 %, whereas low concentrations had 
no effect (Fig. 5a). Except for 100 mg/l CdO, SODB expression increased 
in shoot tissue (Fig. 5b). APX gene expression was higher in roots with 
100 mg/l CdO and nano-CdO but unchanged at 1000 mg/l (Fig. 5a). In 
green tissue, pollutant treatment increased APX transcripts (Fig. 5b). GR 
gene transcriptional activity rose in root tissue across all treatments 
(Fig. 5a). In shoots, GR expression decreased at higher CdO and nano- 
CdO concentrations but remained unchanged at lower levels (Fig. 5b). 
GST1 and GST6 gene activities were mostly suppressed in shoots 
(Fig. 5b). In roots, GST1 transcription decreased at 100 mg/l and 
increased at 1000 mg/l CdO and nano-CdO (Fig. 5a). GST6 expression 
remained unchanged compared to control (Fig. 5a).

4. Discussion

This study demonstrated a significant phytotoxic effect of CdO and 
nano-CdO on barley seedlings, manifested by a dose-dependent reduc
tion in their growth parameters (Fig. 6). Simultaneously, considerable 

accumulation of cadmium in plant organs was observed.
Interestingly, treatment with nano-CdO, compared to CdO, led to 

greater cadmium accumulation in plant tissues, especially evident under 
the influence of low pollutant concentrations. In this regard, it is worth 
noting that at a low dose (100 mg/l), nano-CdO demonstrated more 
significant suppression of root and shoot length compared to CdO, while 
such patterns were not observed at high pollutant doses (1000 mg/l). 
Additionally, many parameters of redox homeostasis, such as the 
amount of carbonyl compounds, CAT, GPX, GSTs, and GR activity, un
like treatment with 100 mg/l nano-CdO, did not significantly differ from 
the control when exposed to 100 mg/l CdO. Thus, in this case, the 
cadmium accumulation indicator reflects the degree of growth sup
pression and oxidative stress in barley seedlings. Similar patterns be
tween the level of metal accumulation in tissues, dependent on the size 
of introduced particles, and physiological effects have also been 
demonstrated for chromium (Kumari et al., 2023) copper (Rajput et al., 
2021) and zinc (Nemček et al., 2020). Overall, the lower accumulation 
of cadmium in the green part of the plant is associated with lower 
oxidative stress in these tissues. Shoot cells contained a high pool of low- 
molecular-weight antioxidants such as proline, reduced glutathione, and 
ascorbate compared to controls. The high level of reduced glutathione 
contributes to increased GPX activity, which uses glutathione as a 
cofactor in reducing fatty acid peroxides and H2O2 (Bela et al., 2015). In 

Fig. 2. MDA concentration in the (a) root and (b) shoot in one-week-old barley seedlings under CdO and nano-CdO treatment at 100 mg/L and 1000 mg/L. Asterix 
indicates statistically significant differences from the control at p < 0.05.
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Fig. 3. Effect of CdO and nano-CdO treatment at a dose of 100 mg/l and 1000 mg/l on the antioxidant enzyme activities in barley seedling. Catalase (CAT) in the (a) 
root and (b) shoot; glutathione peroxidase (GPX) in the (c) root and (d) shoot; glutathione reductase (GR) in the (e) root and (f) shoot; glutathione S-transferase 
(GSTs) in the (g) root and (h) shoot; ascorbate peroxidase (APX) in the (i) root and (j) shoot. Asterix indicates statistically significant differences from the control at p 
< 0.05.
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addition, increased activity of GSTs, involved in the reduction of 
membrane phospholipids (Katsuhara et al., 2005) and detoxification by 
conjugation with glutathione of the end products of lipid peroxidation 
and various xenobiotics, including HMs (Estévez and Hernández, 2020), 
was observed. Ascorbate, besides its non-enzymatic antioxidant capac
ity, acts as an electron donor for APX, one of the main antioxidant en
zymes neutralizing H2O2 in the glutathione-ascorbate cycle of plants (Li, 
2023). Increased activity of APX at the transcriptional and biochemical 
levels was demonstrated in the green tissues.

High levels of ROS induced by HMs such as cadmium have an 
extremely negative effect on plants, causing damage to proteins, lipids, 
and DNA (Gupta et al., 2018). To mitigate such consequences, antirad
ical protection is activated. Gene expression analysis revealed an in
crease in the number of CAT2 transcripts in shoots. The exact functional 
significance of the CAT2 isoform is still debated, but it was previously 
suggested that the upregulation of CAT2 could be a key regulator of CAT 
activity during stress (Luan et al., 2023). Simultaneously, the over
expression of the SODB gene, encoding the chloroplast-localized isoform 
of SOD, was observed. Notably, the increase in CAT transcription and 
catalytic activity occurs only in the presence of a relatively high con
centration of H2O2, which is formed as a mode of action of SOD 

antioxidant enzyme (Wang et al., 2018). Thus, increasing the tran
scription of genes such as SODB, CAT2, and APX leads to an increase in 
the corresponding isoforms of antioxidant enzymes in leaf cells. This 
helps to neutralize the effects of pollutant-mediated ROS and improves 
the growth and development of the above-ground part of the plant.

In contrast to the shoot, excessive cadmium accumulation in root 
cells led to significant oxidative stress, manifested by lipid peroxidation 
and MDA accumulation. Additionally, there was a dose-dependent shift 
in the ratio of sulfhydryl and carbonyl groups towards the latter, 
reflecting the oxidation of protein molecules. At the transcriptional 
level, an increase in the expression of genes encoding all investigated 
isoforms of CAT and SOD was observed. A higher reduction of gluta
thione and ascorbate was noted in plants. Still, the investigated enzymes 
of the glutathione-ascorbate cycle demonstrated dose-dependent de
creases in activity. This suppression of enzyme activity may be associ
ated with the direct ability of cadmium ions to cause protein 
denaturation and interact with their catalytic centres (Vestena et al., 
2011). Enzymatic function inhibition also occurs under severe oxidative 
stress due to the ability of MDA to form cross-links between proteins and 
ROS-mediated protein oxidation (Ahmed et al., 2024).

Interestingly, the expression level of genes encoding enzymes of the 

Fig. 4. Effect of CdO and nano-CdO treatment at a dose of 100 mg/l and 1000 mg/l on the low-molecular-weight antioxidant content in barley seedling. Glutathione 
in the (a) root and (b) shoot; ascorbate in the (c) root and (d) shoot; proline in the (e) root and (f) shoot. Error bars express SD. Asterix indicates statistically 
significant differences from the control at p < 0.05.
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glutathione-ascorbate cycle was increased. This should promote the 
growth of antioxidant enzymes, but as shown above, their activity 
decreased. Thus, the observed disturbance of the redox balance signals 
the upregulation of the corresponding genes. At the same time, the 
decrease in the function of antioxidant enzymes likely occurs at the post- 
translational level due to disorganization processes induced by cadmium 
compounds and ROS.

It has been previously shown that toxic levels of nano-CdO can cause 
an oxidative burst. Generation of ROS by cadmium has been confirmed 
in HeLa cells (Zahera et al., 2020). In plants, a study of the long-term 
effect of nano-CdO in a wide range of concentrations (2.5–20 mg/l) 
recorded an increase in the total antioxidant activity in Dodonaea viscosa 
(Gul et al., 2020). In this study, we have for the first time conducted a 
comprehensive molecular genetic and biochemical comparative study of 
the effect of CdO and nano-CdO on growth and oxidative stress response. 
It was found that nano-CdO had a greater effect due to its greater 
bioavailability. In the long term, this may lead to a decrease in the 
productivity of agricultural crops in contaminated areas. This circum
stance may have broader ecological implications for both microorgan
isms and soil conditions, as well as for human health, which needful be 
taken into account when predicting the ecological consequences of the 
spread of NPs. However, the research has limitations. Future studies 
should be aimed at replicating the results in the field.

5. Conclusion

The study revealed a significant phytotoxic effect of CdO and nano- 
CdO on barley seedlings due to cadmium accumulation in plant organs. 
Nano-CdO enhanced cadmium absorption and translocation in plants. 
Lower oxidative stress in green tissues correlated with high levels of low 
molecular weight antioxidants (proline, reduced glutathione, and 
ascorbate) and increased activity of antioxidant enzymes, especially 
CAT, glutathione peroxidase, glutathione-S-transferase, and ascorbate 
peroxidase. Excessive cadmium accumulation in root cells caused 
notable oxidative stress, evident in protein oxidation and lipid peroxi
dation. This redox imbalance led to the upregulation of genes encoding 
glutathione-ascorbate cycle enzymes, though at the biochemical level, 
inhibition of these enzymes was observed. The suppression of these 
enzymes in root tissues, despite higher gene expression, indicates post- 
translational regulatory mechanisms triggered by cadmium and ROS. 
These findings are crucial for evaluating the phytotoxicity of nano
particles and their potential environmental impact.
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Večeřová, K., Večeřa, Z., Mikuška, P., Coufalík, P., Oravec, M., Dočekal, B., Novotná, K., 
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