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ABSTRACT 

 

Plants face a multitude of challenges in their environment, categorized into biotic and 

abiotic stresses. Abiotic stresses include extreme in temperature, water excess and deficit, 

salinity stress, nutrient imbalance and light stress whereas, biotic stresses encompass 

pathogens like bacteria, fungi, and viruses that cause diseases, herbivores that damage plant 

tissues and reduce photosynthetic efficiency, and weed competition for resources. These 

stresses change profoundly impacts plants in various ways, altering their growth, 

development, distribution, and overall ecosystem dynamics. Plants have evolved various 

adaptive mechanisms to cope with these stresses, including changes in morphology, 

physiology, and biochemistry. Environmental stressors such as extreme temperatures, 

drought, pollutants, and UV radiation can trigger the production of reactive oxygen species 

(ROS) in plants. ROS, including superoxide radicals, hydrogen peroxide, and hydroxyl 

radicals, are highly reactive molecules that can cause oxidative damage to cellular 

components like proteins, lipids, and DNA. To counteract this oxidative stress, plants have 

evolved a sophisticated antioxidant defense system. Antioxidants such as ascorbate (vitamin 

C), tocopherols (vitamin E), glutathione, and enzymes like superoxide dismutase and catalase 

play crucial roles in scavenging ROS and maintaining cellular redox balance. Antioxidants 

play a crucial role in mitigating plant stress by neutralizing reactive oxygen species (ROS) 

that accumulate under adverse environmental conditions, by scavenging ROS, maintaining 

redox homeostasis, protecting membrane integrity, regulating signalling pathway, and 

enhancing antioxidant enzyme activity. Understanding the intricate mechanisms of 

antioxidant defense in plants is crucial for developing strategies to enhance crop resilience 

and productivity in the face of ongoing climate change and environmental challenges. The 

goal of this review is to go over the several antioxidants defense strategies and the underlying 

enzymatic mechanisms that help plants become more resilient towards abiotic stresses. 
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Abbreviations: ROS: Reactive Oxygen Species; DNA: Deoxyribonucleic acid; SOD: 

Superoxide dismutase; CAT: Catalase; POX: Peroxidases; RNS: Reactive nitrogen species; 
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GR: Glutathione reductases; DHAR: Dehydroascorbate reductases; MDHAR: 

Monodehydroascorbate reductases; GPX: Glutathione peroxidases; APX: Ascorbate 

peroxidases; MDHA: Monodehydroascorbate; DHA: Dehydroascorbate; NAD(P)H: 

Nicotinamide adenine dinucleotide phosphate hydrogen; GSH: Glutathione; GSSG: 

Glutathione disulfide; ASA: Dehydroascorbic acid; PC: Phytoalexins; UV: Ultraviolet; AA: 

Ascorbic acid; ROO.: Peroxyl radicals; NPQ: Non-photochemical quenching; ABA: abscisic 

acid; JA: Jasmonic acid. 

1. INTRODUCTION 

Stress in plants can be broadly categorized into biotic and abiotic types, each posing unique 

challenges to plant health and productivity. Biotic stresses originate from living organisms 

such as pathogens (e.g., fungi, bacteria, viruses) and pests (e.g., insects, mites), which can 

directly damage plants, inhibit growth, and reduce yields. Abiotic stresses, on the other hand, 

arise from non-living environmental factors like extremes in temperature (heat, cold), water 

availability (drought, flooding), soil salinity, nutrient imbalances, light intensity variations, 

air pollutants, and mechanical damage (e.g., wind, hail). Both types of stress can disrupt plant 

metabolism, hinder nutrient uptake, and lead to physiological disorders (Nawaz et al., 2023). 

Plants respond to biotic stresses by activating defense mechanisms such as the production of 

antimicrobial compounds and initiating immune responses (Mishra et al., 2021).  

In contrast, abiotic stress responses involve adaptive changes in morphology (e.g., root 

architecture), physiology (e.g., osmotic adjustment), and biochemical processes (e.g., 

antioxidant production) to enhance resilience (Ghosh and Majee, 2023). Effective 

management strategies, including crop breeding for stress tolerance and integrated pest 

management practices, aim to mitigate these stresses and ensure sustainable agricultural 

production. Abiotic stress in plants encompasses a range of non-living environmental factors 

that can significantly impact their growth and productivity (Zaidi et al., 2014). These include 

extremes in temperature both heat waves and cold snaps alongside water deficiencies like 

drought and excesses such as flooding. Salinity in soils, nutrient imbalances, and variations in 

light intensity also pose challenges. Furthermore, air pollutants and mechanical stress from 

wind or abrasion can further hinder plant health. Plants respond to these stresses through 

various adaptive mechanisms, adjusting their morphology, physiology, and biochemical 

processes. Strategies include altering root architecture for better water uptake, adjusting 

osmotic balance to cope with drought or salinity, and producing stress-related proteins and 

antioxidants. Research and breeding efforts continue to focus on developing resilient crop 

varieties capable of thriving under diverse and challenging environmental conditions. 

Antioxidants play essential roles in plant defense against both biotic and abiotic 

stresses by neutralizing reactive oxygen species (ROS) that can damage cellular components 

under stress conditions. ROS encompass a variety of highly reactive molecules derived from 

molecular oxygen (O2). In plants, ROS are generated as natural byproducts of metabolic 

processes, including photosynthesis, respiration, and various enzymatic reactions. These ROS 

play essential roles in signaling and defense mechanisms but can also cause oxidative damage 

to cellular components when present in excess (Figure 1). 
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Figure 1: Various causes responsible for the generation of ROS (Source: Das and 

Roychoudhury, 2014) 

In plants, the production and scavenging of ROS are in balance under normal 

circumstances. But when under stress, this equilibrium is thrown off, which raises ROS levels 

and causes oxidative damage to cell components (Pang and Wang, 2008). However, more 

advanced plants have an internal defense system to offset this increase in ROS concentrations 

(Sharma et al., 2019). The ROS defense mechanism is essential to lowering ROS level in 

plants during abiotic stresses. These defence systems work synergistically to maintain ROS 

levels within a tolerable range and protect plants from oxidative damage. By pre-emptively 

regulating ROS production and accumulation, plants enhance their resilience to various 

environmental stresses and optimize their growth and development in challenging conditions. 

Over time, plants have evolved complex defense system to combat the accumulation and 

production of reactive oxygen species (Figure 2) (Berni et al., 2019) 
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Figure 2: Oxidative stressors' effects on various plant defense mechanisms. By blocking 

proteins, DNA, and other metabolic pathways, reactive oxygen species (ROS) seriously harm 

plant cells. On the other hand, plants' defense mechanisms against ROS are triggered by 

several enzymatic and non-enzymatic antioxidant substances, which control the plants' 

functional activity (Source: Mansoor et al., 2022). 

Antioxidants include non-enzymatic antioxidants like ascorbic acid, glutathione, 

tocopherols, and enzymatic antioxidants like superoxide dismutase, catalase, and peroxidases, 

which scavenge ROS and maintain cellular redox balance (Rezayian et al., 2019). 

Antioxidants also induce defense pathways by signaling and regulating stress-responsive 

genes, protect against lipid peroxidation to maintain membrane integrity, and possess 

antimicrobial properties that inhibit pathogen growth (Pathak et al., 2019). Additionally, they 

mediate crosstalk with phytohormones to coordinate various defense mechanisms, thereby 

enhancing plant resilience and survival in challenging environments (Raza et al., 2022).  

Under stress conditions, plants often accumulate reactive oxygen species (ROS) such 

as superoxide radicals (O2
•−), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH), which 

can damage cellular components like proteins, lipids, and DNA (Das and Roychoudhary, 

2014). Antioxidants like ascorbic acid (vitamin C), glutathione, tocopherols (vitamin E), and 

enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidases (POX) help 

neutralize these ROS, thereby protecting cells from oxidative damage (Mehla et al., 2017). 

Antioxidants participate in maintaining cellular redox balance by regulating the levels of 

ROS and reactive nitrogen species (RNS). This balance is crucial for signaling pathways 

involved in stress responses and defense mechanisms (Hunyadi, 2019). Some antioxidants, 

particularly ascorbic acid and glutathione, have been implicated in signaling pathways that 

activate defense genes and proteins (Scandalios, 2005). They can act as signaling molecules 

or co-factors in enzymatic reactions that regulate stress-responsive gene expression. Lipid 

peroxidation, caused by oxidative stress, leads to membrane damage and disruption of 

cellular integrity. Antioxidants like tocopherols and carotenoids protect membranes by 

scavenging lipid peroxyl radicals and stabilizing lipid bilayers (Sisein, 2014). Certain 
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antioxidants, such as phenolic compounds and flavonoids, possess antimicrobial properties 

that directly inhibit the growth of pathogens (Lima et al., 2019). They can disrupt microbial 

cell membranes, interfere with enzymatic activities, and inhibit spore germination (Li et al, 

2022). Antioxidants can interact with phytohormones (e.g., salicylic acid, jasmonic acid, 

ethylene) and other signaling molecules involved in plant defense responses. This crosstalk 

helps coordinate different defense pathways and optimize the plant's response to stress (Yang 

et al., 2015). Antiioxidants in plants serve as critical defenders against oxidative stress 

induced by both biotic and abiotic factors. By scavenging ROS, maintaining redox 

homeostasis, inducing defense pathways, protecting membranes, and enhancing antimicrobial 

activity, antioxidants play a multifaceted role in enhancing plant resilience and survival under 

adverse environmental conditions. 

Many stressors, such as pathogen infection, salt, dehydration, high temperatures, 

heavy metals, pollution and high levels of radiation upset the delicate balance between the 

production and scavenging of ROS (Xie et al., 2019). Thus a variety of critical parameters 

including modifications to growth settings and intensity and length of stress conditions and 

the plants ability to adjust to shifting energy equations, are necessary for the plants to survive 

(Prasad et al., 2008). Only 1% to 2% of the oxygen consumed by plant tissue is thought to 

result in the production of ROS. This review aims to provide a comprehensive analysis of the 

role of antioxidants in mitigating plant stress and their potential for use in enhancing crop 

productivity under stress conditions. 

2. ANTIOXIDENTS AND PLANT STRESS 

The end of the 20th century saw the discovery of the ROS defense system in plants, 

along with its different components and activities (Bowler et al., 1994; Karpinska et al., 2001; 

Baba et al., 2019). It was recently determined that the defense mechanism against ROS is not 

solely attributed to the scavenging system, but also includes both enzymatic and non-

enzymatic defense mechanisms, both of which are triggered by different environmental 

stressors (Noctor et al., 2018). This section of the review highlights the roles of the main 

enzymatic and non-enzymatic antioxidants as crucial regulators of plant growth and 

development and important determinants of cell fate. On the other hand, the present review 

also offers a thorough examination of ROS's fate in plants and its useful function in stress and 

other abnormalities management. The adverse effects of the producing sites are also 

described. Furthermore, covered are the molecular characteristics and origins of ROS 

production, capture mechanisms, the impact of ROS on cell biochemistry, and the 

interactions of ROS with other signaling molecules and pathways. 

2.1. ENZYMATIC ANTIOXIDANTS AND THEIR ROLE DURING PLANT STRESS 

The enzymatic defense system against reactive oxygen species (ROS) comprise a 

range of enzymes, such as glutathione reductases (GRs), dehydroascorbate reductases 

(DHARs), superoxide dismutases (SODs), monodehydroascorbate reductases (MDHARs), 

glutathione peroxidases (GPXs), catalases (CATs), and ascorbate peroxidases (APXs). Plants 

need enzymatic defense mechanisms against ROS in order to preserve cellular homeostasis 

and shield them from oxidative stress, which can be brought on by a variety of environmental 

stressors as well as physiological activities. ROS, such as superoxide radicals (O2
•−), 

hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and singlet oxygen (1O2), are byproducts 

of aerobic metabolism and can accumulate to harmful levels under stress conditions. Here are 

the key enzymatic components of ROS defense systems in plants: 
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2.1.1 Superoxide dismutase (SOD) 

An essential antioxidant enzyme called superoxide dismutase (SOD) is involved in 

plant’s defense aginst environmental stress, especially oxidative stress brought on by reactive 

oxygen species (ROS). SOD is a metalloenzyme that is one of the most effective components 

of a plant cell’s antioxidant defense against ROS toxicity. SOD are thought to be present in 

all oxygen-metabolizing cells and subcellular compartments, including cytoplasm, apoplast, 

mitochondria, nuclei, peroxisomes and chloroplast (Fink and Scandalios, 2002; Mahanty et 

al., 2012). Alscher et al (2002) stated that SOD is divided into three isoenzymes depending 

on the presence of a metal cofactor. According to their location, structure and functions in 

plants, the three isoenzymes that make up SOD are Cuu/Zn-SOD, Mn-SOD and Fe-SOD 

(Corpas et al., 2006). Mn-SOD can also be found in mitochondrial peroxisomes and apoplast; 

Cu/Zn-SOD has been found in peroxisomes, chloroplast and the cytoplasm (Pan et al., 2006). 

Fe-SOD is primarily found in chloroplast, with apoplast and peroxisomes containing lower 

levels of the compound. Since SODs are a crucial part of the plant defense system, they serve 

as the first line of defense against abiotic stress. Stress raised ROS and its reaction products, 

and SODs catalysed the dismutation of O2 into hydrogen peroxide and Oxygen.  

One of the most significant abiotic factors influencing crop quality and yield is 

salinity (Mittler, 2006). Salinity changes the activity of ROS-scavenging enzymes and 

increases the renewal of reactive oxygen species. In certain plants, abiotic stress causes a 

reduction in SOD activity or no change at all, whereas, salt stress causes an increase in SOD 

activity overall in other plants (Hernandez et al., 2006; Sheokand et al., 2008; Kumar et al, 

2013; Rasool et al., 2013). The significant differences in SOD activities amongst salt-stressed 

plants offer evidence that it acts intra or inter specifically. Numerous factors, including the 

type of plant species which may be tolerant or sensitive, the intensity and duration of stress, 

and the plant organ used in the experiment, influence SOD activity (Mishra et al., 2023). 

 Mishra et al. (2023) reported that Oryza sativa cultivars that are sensitive to salt and 

tolerant to it exhibited a greater response to Cu/Zn-SOD, while the cytosolic fraction 

exhibited a notable level of Mn-SOD activity. Furthermore, the cytosolic MN-SOD’s 

incredibly low activity implies that it does not perform much to scavenge the generation of 

oxygen O2 free radicals broght on by salt. An additional isozyme called Cu/Zn-SOD is found 

in all the three cell compartments, with the maximum concentration found in the chloroplast, 

cytosol and mitochondria. Apart from the physiological alternations resulting from salt stress, 

plants undergo other physiological changes due to drought stress. According to Anjum et al. 

(2011) stomatal closure caused by abscisic acid decreases CO2 fixation, which lowers 

photosynthetic rate and causes morphological defects, most notably reduced organ growth. 

Research indicates that SOD can shield photosystem II from reactive O2 brought on by 

oxidative and hydrostatic stress (Deeba et al., 2012; Mishra et al., 2023). 

SOD catalyzes the dismutation (conversion) of superoxide radicals (O2-) into oxygen 

(O2) and hydrogen peroxide (H2O2). Superoxide radicals are highly reactive and can cause 

damage to cellular components such as lipids, proteins, and DNA. By converting superoxide 

radicals into hydrogen peroxide, SOD reduces the levels of this harmful ROS, thereby 

protecting the cell from oxidative damage (Bhattacharya, 2015). SOD is essential for 

maintaining cellular redox balance. ROS are produced as natural by-products of metabolic 

processes, and their levels increase under environmental stress conditions such as high light 

intensity, drought, heat, cold, and pollutants (Ali and Alquraini, 2006). SOD helps regulate 

ROS levels to prevent oxidative stress, which can impair cellular function and lead to cell 
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death. SOD works in conjunction with other antioxidant enzymes and molecules to scavenge 

ROS effectively. For example, hydrogen peroxide produced by SOD can be further detoxified 

by enzymes like catalase (CAT) or peroxidases (POX), converting it into water and oxygen 

(Rajput et al., 2021). In photosynthetic tissues, SOD plays a crucial role in protecting 

chloroplasts from photooxidative damage caused by excess light energy (Asada, 2019). It 

helps prevent the formation of harmful ROS that can damage photosynthetic pigments and 

proteins. Plants can upregulate SOD expression and activity in response to environmental 

stressors (Xie et al., 2019). This adaptive response enhances the plant's ability to withstand 

adverse conditions and maintain cellular integrity under stress. Superoxide dismutase (SOD) 

is a key player in the antioxidant defense system of plants, particularly against oxidative 

stress induced by environmental factors. Thus, by catalyzing the breakdown of superoxide 

radicals into less harmful molecules, SOD helps protect cellular structures and maintain 

physiological processes essential for plant growth, development, and stress tolerance. 

Understanding the role of SOD and its interactions with other antioxidants provides insights 

into plant adaptation mechanisms and informs strategies for enhancing crop resilience in 

challenging environmental conditions. 

2.1.2 Catalases  

The main scavenging enzyme that may dismutate H2O2 directly is catalase which is 

also necessary for the detoxification of reactive oxygen species under stress (Ben-Amer et al., 

2005). Plant catalases are divided into three groups based on their structural makeup: class 1 

catalase is found in photosynthetic tissue and helps remove  excess H2O2  produced during 

photorespiration, class 2 catalase is found in vascular tissues and may play a role in 

lignification, though its exact biological function is unknown, and class 3 catalase is found in 

seeds and young plants and its activity is linked to removing excess H2O2  produced during 

fatty acid degradation in the glyoxylate cycle in glyoxisomes (Ben-Amer et al., 2005; Mishra 

et al., 2023). 

 Increased catalase activity is thought to be an adaptive characteristic that could aid in 

overcoming tissue metabolic damage by lowering harmful levels of H2O2 (Mhamdi et al., 

2010). Many studies have focused on the importance of the catalase catalysis under drought 

and salt stress because of the critical function that catalase plays in photorespiration. Indeed, 

the persistence of CAT activity in drought stressed plant leaves is likely the reason of the 

removal of photorespiratory H2O2. Generated when plants are confronted to increased degree 

of salt and water deficiency problems. In these conditions, photorespiration acts as an energy 

sink to prevent photoinhibition and an excessive reduction in photosynthetic electron 

transport chain, as stated by Bauwe et al. (2012). As a result, photorespiration and CAT 

pathway are no longer regarded as inefficient processes but rather as necessary and 

supporting components of photosynthesis and stress response of green tissue designed to 

prevent the accumulation of ROS (De Pinto et al., 2013; Rahman et al., 2013). Previous 

researches have been demonstrated that the degree of dryness that plants experience is often 

correlated with a higher level of catalytic activity (Grover et al., 2011. Mittler et al., 2011). 

  Catalase plays a significant role in combating environmental stresses, particularly 

oxidative stress induced by reactive oxygen species (ROS). Catalase catalyzes the 

decomposition of hydrogen peroxide (H2O2) into water (H2O) and oxygen (O2). Hydrogen 

peroxide is a by-product of various metabolic processes in plants and can accumulate to 

harmful levels under environmental stresses such as high light intensity, drought, heat, cold, 

and pollutants. Catalase ensures that excess hydrogen peroxide is rapidly converted into 
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water and oxygen, thereby preventing the formation of hydroxyl radicals (OH•) through the 

Fenton reaction, which can cause oxidative damage to cellular components (Ofoedu, 2021). 

By detoxifying hydrogen peroxide, catalase helps maintain the cellular redox balance. ROS 

are constantly generated as part of normal cellular metabolism, and their levels increase under 

stress conditions. Catalase activity ensures that ROS levels are kept within manageable limits, 

preventing oxidative stress-induced damage to lipids, proteins, nucleic acids, and other 

cellular structures (Das and Roychoudhary, 2014). Catalase activity is particularly important 

for protecting cellular organelles, such as chloroplasts and mitochondria, from oxidative 

damage (Rezaiyan et al., 2019). These organelles are highly sensitive to ROS and oxidative 

stress, which can disrupt photosynthesis, respiration, and overall cellular metabolism. By 

neutralizing hydrogen peroxide, catalase helps preserve the structural integrity and functional 

efficiency of these organelles (Singh et al., 2022).  

Like other antioxidant enzymes, catalase expression and activity can be induced in response 

to environmental stresses. Plants can upregulate catalase production to cope with increased 

oxidative stress levels, thereby enhancing their resilience and survival under adverse 

conditions. Catalase works synergistically with other antioxidant enzymes, such as 

superoxide dismutase (SOD) and peroxidases (POX), to detoxify ROS effectively (Shah and 

Gupta, 2020). SOD converts superoxide radicals (O2-) into hydrogen peroxide, which is then 

decomposed by catalase into water and oxygen. Additionally, peroxidases can utilize 

hydrogen peroxide as a substrate for detoxification reactions. Its role in maintaining cellular 

redox balance, protecting organelles, and responding to environmental stresses highlights its 

importance in plant adaptation and survival. Understanding catalase function and regulation 

contributes to strategies aimed at enhancing plant resilience to diverse environmental 

challenges in agriculture and natural ecosystems.  

2.1.3 Ascorbate peroxidase (APX) 

Ascorbate Peroxidase is a crucial antioxidant enzyme in plants that plays a significant 

role in combating environmental stresses, particularly oxidative stress induced by reactive 

oxygen species (ROS).  Higher plants, chlorophytes, red algae and protists, all contain APX 

which is essential for regulating growth (Wang et al., 2004; Chen et al., 2013). The 

subcellular location of each APX isoform in the cell is used to characterized them. Soluble 

isoforms are located in cytosol, mitochondria and chloroplast stroma, whereas, membrane 

bound isoform are found in microbodies, such as peroxisomes and glyoxysomes and 

Chloroplast thylakoid (Yoshimura and Ishikawa, 2024).  Ascorbate peroxidase catalyzes the 

detoxification of hydrogen peroxide (H2O2) by utilizing ascorbate (vitamin C) as an electron 

donor. The reaction converts hydrogen peroxide into water (H2O) and oxygen (O2), thereby 

reducing the levels of this harmful ROS in plant cells.  

This process helps prevent oxidative damage to cellular components such as lipids, 

proteins, and DNA. Ascorbate peroxidase plays a crucial role in maintaining the pool of 

ascorbate within plant cells (Maruta et al., 2016). Ascorbate is an important antioxidant 

molecule itself, capable of scavenging ROS directly and also regenerating other antioxidants 

like tocopherols (vitamin E) from their oxidized forms (Ali et al., 2020). By utilizing 

ascorbate to detoxify hydrogen peroxide, APX helps ensure the availability of active 

antioxidant molecules for continuous ROS scavenging. In photosynthetic tissues, ascorbate 

peroxidase is particularly important for protecting chloroplasts from photooxidative damage. 

During photosynthesis, chloroplasts generate ROS as by-products, especially under 

conditions of excess light intensity or environmental stresses. APX helps maintain the 
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balance between ROS production and scavenging within chloroplasts, thereby preserving the 

efficiency of photosynthetic electron transport and preventing photoinhibition (Foyer and 

Shigeoka, 2011). The expression and activity of ascorbate peroxidase can be induced in 

response to various environmental stresses, including drought, high light intensity, cold, heat, 

and pollutants (Hasanuzzaman et al., 2017). This adaptive response allows plants to increase 

their antioxidant capacity and mitigate oxidative damage under stress conditions. Ascorbate 

peroxidase works in concert with other antioxidant enzymes and molecules to protect plants 

from oxidative stress. It collaborates with enzymes such as superoxide dismutase (SOD) and 

catalase to detoxify ROS efficiently (Mehla et al., 2017). Additionally, ascorbate peroxidase 

interacts with the ascorbate-glutathione cycle, where it plays a key role in maintaining the 

redox status and cellular homeostasis (Pandey et al., 2015). Its ability to utilize ascorbate as 

an electron donor, protect chloroplasts from photooxidative stress, and respond to 

environmental stresses underscores its importance in plant adaptation and survival (Fortunato 

et al., 2023). Understanding APX function and regulation provides insights into enhancing 

plant resilience to oxidative stress and developing strategies for improving crop productivity 

in changing environmental conditions.  

Numerous environmental conditions, including as pathogen attack, H2O2, abscisic 

acid, high light level, drought stress, salt stress, and high and low temperature affects the 

expression of genes that make APX (Teixeira et al., 2004; Passardi et al., 2007; Anjum et al., 

2016). Additionally, Teixeira et al. (2005) found that the tissue and developmental stage 

influence the transcriptional expression of APX genes. In response to salinity stress, which 

causes an ion imbalance and physiological conditions similar to drought, APX confers a 

degree of salt tolerance on the affected plants (Mishra et al., 2023). Chloroplast APX activity 

rises in response to salt stress, defending against ROS produced in peroxisomes and 

mitochondria. Additionally, soil contamination by heavy metal ions is a significant issue that 

lower crop yield. Brassica napus leaves expressed less APX in response to cadmium and 

arsenic stress compared to those of Solanum nigrum, Brassica juncea and Arabidopsis 

thaliana (Smeets et al., 2008; Khan et al., 2009; Markovska et al., 2009, Nouairi et al., 2009; 

Pinto et al., 2009; Ansari et al., 2015). 

2.1.4 Monodehydroascorbate reductase (MDHAR) 

Monodehydroascorbate reductase (MDHAR) is an important enzyme in the 

antioxidant defense system of plants, specifically involved in combating oxidative stress 

induced by reactive oxygen species (ROS) under various environmental stresses. MDHAR 

catalyzes the reduction of monodehydroascorbate (MDHA) to ascorbate (vitamin C) using 

NAD(P)H as a reducing agent (Sano, 2017). Ascorbate is a potent antioxidant in plants that 

scavenges ROS directly and regenerates other antioxidants like tocopherols (vitamin E). By 

converting MDHA back to ascorbate, MDHAR maintains the pool of active ascorbate within 

plant cells, ensuring continuous ROS scavenging capacity (Anjum et al., 2014). Ascorbate, 

regenerated by MDHAR, serves as an essential antioxidant that neutralizes various ROS, 

including hydrogen peroxide (H2O2), superoxide radicals (O2-), and hydroxyl radicals (OH•) 

(Zandi and Schnug, 2022). By participating in the ascorbate-glutathione cycle, MDHAR 

contributes to the overall antioxidant defense network of the plant, helping to detoxify ROS 

and prevent oxidative damage to cellular components.  

In photosynthetic tissues, MDHAR plays a critical role in protecting chloroplasts from 

photooxidative damage. During photosynthesis, chloroplasts generate ROS as by-products, 

especially under conditions of high light intensity or environmental stresses. MDHAR 
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ensures that the ascorbate pool is maintained within chloroplasts, thereby preserving the 

efficiency of photosynthetic electron transport and preventing photoinhibition (Asthir et al., 

2020). The expression and activity of MDHAR can be induced in response to environmental 

stresses such as drought, heat, cold, salinity, and pollutants. This adaptive response allows 

plants to enhance their antioxidant capacity and cope with increased ROS production under 

stress conditions. MDHAR works synergistically with other antioxidant enzymes and 

molecules to protect plants from oxidative stress. It collaborates with enzymes like ascorbate 

peroxidase (APX) and glutathione reductase (GR) in the ascorbate-glutathione cycle, where 

MDHAR helps maintain the redox status and antioxidant capacity of the cell (Asthir et al., 

2020). Monodehydroascorbate reductase (MDHAR) plays a crucial role in the antioxidant 

defense system of plants by regenerating ascorbate, scavenging ROS, and protecting cellular 

components from oxidative damage under environmental stresses. Its ability to maintain the 

ascorbate pool, particularly in photosynthetic tissues, ensures optimal photosynthetic 

efficiency and overall plant health in challenging environmental conditions. Understanding 

MDHAR function and regulation provides insights into enhancing plant resilience to 

oxidative stress and developing strategies for improving crop productivity in diverse 

environmental settings. 

2.1.5 Dehydroascorbate reductase (DHAR)  

Dehydroascorbate reductase (DHAR) is a key enzyme in the antioxidant defense system of 

plants, playing a significant role in combating oxidative stress induced by environmental 

factors. DHAR catalyzes the reduction of dehydroascorbate (DHA) back to ascorbate 

(vitamin C) using reduced glutathione (GSH) as a cofactor (Anjum et al., 2014). Ascorbate is 

a crucial antioxidant in plants that scavenges reactive oxygen species (ROS) directly and 

regenerates other antioxidants such as tocopherols (vitamin E) (Dumanovic et al., 2021). By 

converting DHA to ascorbate, DHAR helps maintain the pool of active ascorbate within plant 

cells, ensuring continuous ROS scavenging capacity. Ascorbate, regenerated by DHAR, plays 

a vital role in neutralizing various ROS, including hydrogen peroxide (H2O2), superoxide 

radicals (O2-), and hydroxyl radicals (OH•) (Zandi and Schnug, 2022). This antioxidant 

activity helps protect cellular components such as lipids, proteins, and DNA from oxidative 

damage induced by environmental stresses. In photosynthetic tissues, DHAR is particularly 

important for protecting chloroplasts from photooxidative damage (Garcia-Caparros, 2021). 

Chloroplasts produce ROS as natural by-products of photosynthesis, and excessive ROS 

production can occur under high light intensity or environmental stresses. DHAR ensures that 

the ascorbate pool is maintained within chloroplasts, thereby preserving the efficiency of 

photosynthetic electron transport and preventing photoinhibition (Asthir et al., 2020). The 

expression and activity of DHAR can be induced in response to various environmental 

stresses, including drought, heat, cold, salinity, and pollutants. 

 This adaptive response allows plants to enhance their antioxidant capacity and cope with 

increased ROS production under stress conditions (Hasanuzzaman et al., 2012). DHAR 

interacts closely with the glutathione-ascorbate cycle, which involves the interconversion of 

ascorbate and glutathione (GSH) to detoxify ROS. DHAR uses GSH to reduce DHA to 

ascorbate, while the resulting oxidized glutathione (GSSG) is converted back to reduced GSH 

by glutathione reductase (GR). This cycle helps maintain the redox balance and antioxidant 

capacity of plant cells. Dehydroascorbate reductase (DHAR) plays a crucial role in the 

antioxidant defense mechanism of plants by regenerating ascorbate and scavenging ROS 

under environmental stresses. Its ability to maintain the ascorbate pool, particularly in 

chloroplasts, ensures optimal photosynthetic efficiency and protects cellular integrity from 
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oxidative damage. Understanding DHAR function and regulation provides insights into 

enhancing plant resilience to oxidative stress and developing strategies for improving crop 

productivity in challenging environmental conditions. 

2.1.6 Glutathione reductase (GR) 

Glutathione reductase (GR) is a vital enzyme in the antioxidant defense system of plants, 

playing a crucial role in combating oxidative stress induced by various environmental factors.  

NADPH is used as a reductant by glutathione reductase, also known as GSR or GR, a 

flavoprotein oxide reductase, to help catalyse the reduction of glutathione disulfide (GSSG) 

to its reduced sulfhydryl form (GSH) (Hasanuzzaman et al., 2019). Monodehydroascorbate 

(MDHA) and dehydroascorbic acid (ASA) from the reduced GSH that has been produced, 

converting GSH to GSSG (Jiang et al., 2022).  

Studies have shown that glutathione reductase is actually an abiotic stress defense 

mechanism. GR efficiently maintains a relatively high cellular GSH/GSSG ratio by speeding 

up the formation of disulfide link in glutathione disulfide (Gondim et al., 2012; Aftab and 

Hakeem, 2022). The possible mechanism exists by which GSH shields the plants cellular 

machinery from ROS-oxidative damage: 

1) Directly suppressing reactive oxygen species (ROS) 

2) Coupling heavy metals and xenobiotics to GS and 

3) Serving as a precursor to the production of phytoalexins (PCs) 

Plant can resist heavy metal stress by retaining high PC levels. In order for plants to be 

resistant to heavy metal, GR is essential. One important component of the rate-limiting phase 

in the synthesis of phytochelatins is GSH (Inouche et al., 2015). The resulting phytochelatins 

reduce oxidative damage by forming complexes with different heavy metal ions and being 

sequestered to the vacuole for breakdown (Nahar et al., 2016). 

 GR catalyzes the reduction of oxidized glutathione (GSSG) back to its reduced form 

(GSH) using NADPH as a reducing agent. Glutathione (GSH) is a tripeptide (γ-glutamyl-

cysteinyl-glycine) that serves as a major antioxidant in plants. It directly scavenges reactive 

oxygen species (ROS) and also participates in the detoxification of xenobiotics and heavy 

metals. By maintaining a high ratio of GSH to GSSG, GR ensures the availability of active 

antioxidant molecules for continuous ROS scavenging and detoxification (Jozefczak et al., 

2012). GSH, regenerated by GR, plays a critical role in protecting cellular components such 

as p roteins, lipids, and DNA from oxidative damage induced by ROS (Averill-Bates, 2023). 

This antioxidant activity is essential for maintaining cellular redox balance and preserving 

cellular integrity under environmental stresses such as drought, heat, cold, salinity, pollutants, 

and UV radiation. GR interacts closely with the ascorbate-glutathione cycle, a crucial 

antioxidant pathway in plants (Kuzniak et al., 2017). In this cycle, ascorbate peroxidase 

(APX) and dehydroascorbate reductase (DHAR) use ascorbate (vitamin C) and glutathione 

(GSH), respectively, to detoxify hydrogen peroxide (H2O2) and regenerate antioxidants. GR 

ensures the efficient recycling of GSH within this cycle, thereby enhancing the overall 

antioxidant capacity of plant cells. The expression and activity of GR can be induced in 

response to environmental stresses. Increased oxidative stress leads to higher production of 

ROS, which in turn stimulates the expression of GR to enhance the plant's antioxidant 

defenses. This adaptive response allows plants to cope with oxidative stress and maintain 

cellular homeostasis under adverse conditions. Besides its role in antioxidant defense, GR is 
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involved in various metabolic processes such as sulfur metabolism, amino acid biosynthesis, 

and redox signaling (Garcia-Caparros et al., 2021). These functions contribute to overall plant 

growth, development, and stress tolerance. Glutathione reductase (GR) is a critical enzyme in 

the antioxidant defense system of plants, responsible for maintaining the redox balance by 

recycling glutathione and protecting cellular components from oxidative damage induced by 

environmental stresses (Gill et al., 2013). Its interaction with the ascorbate-glutathione cycle 

and its role in ROS detoxification highlight its importance in plant adaptation and survival 

under changing environmental conditions. Understanding GR function and regulation 

provides insights into enhancing plant resilience to oxidative stress and developing strategies 

for improving crop productivity in diverse environmental settings.  

 2.1.7 Guaiacol peroxidase (GPX)  

Guaiacol peroxidase (GPX) also known as class III peroxidase, is an important enzyme in 

plants involved in the defense against environmental stresses. GPX catalyzes the reduction of 

hydrogen peroxide (H2O2) using a variety of substrates, including guaiacol, phenolic 

compounds, and organic acids (Rajput et al., 2021). This enzymatic reaction converts 

hydrogen peroxide into water and oxygen, thereby reducing the levels of this harmful reactive 

oxygen species (ROS) in plant cells. By detoxifying hydrogen peroxide, GPX helps prevent 

oxidative damage to cellular components such as lipids, proteins, and DNA. GPX plays a 

crucial role in maintaining cellular redox balance under environmental stresses such as 

drought, heat, cold, salinity, pollutants, and UV radiation (Gill and Tuteja, 2010). These 

stressors can lead to increased ROS production, which GPX helps to neutralize, thus 

protecting cellular integrity and function. In addition to its role in ROS detoxification, GPX is 

involved in the cross-linking of cell wall components, particularly lignin biosynthesis 

(Barcelo and Laura, 2009). Lignin deposition in cell walls strengthens plant tissues and 

provides structural support, which is important for plant defense against biotic and abiotic 

stresses (Yadav and Chatopadhyay, 2023). The expression and activity of GPX can be 

induced in response to environmental stresses. 

 Increased ROS levels trigger the upregulation of GPX expression, enhancing the plant’s 

antioxidant capacity and enabling it to cope with oxidative stress more effectively (Rajput et 

al., 2021). GPX works synergistically with other antioxidant enzymes and molecules, such as 

superoxide dismutase (SOD), catalase (CAT), and various peroxidases, to maintain cellular 

redox homeostasis. These interactions contribute to the overall antioxidant defense network 

of the plant, ensuring robust protection against oxidative damage (Hasanuzzaman et al., 

2012). Guaiacol peroxidase (GPX) is a critical component of the antioxidant defense system 

in plants, involved in ROS detoxification, cell wall strengthening, and adaptation to 

environmental stresses. Its ability to neutralize hydrogen peroxide and participate in lignin 

biosynthesis underscores its importance in plant resilience and survival under adverse 

conditions (Yadav and Chatopadhyay, 2023). Understanding GPX function and regulation 

provides insights into enhancing plant stress tolerance and developing strategies for 

improving crop productivity in challenging environmental environments. 

2.2 NON-ENZYMATIC ANTIOXIDANTS AND THEIR ROLE DURING STRESS 

Non-enzymatic defense systems against Reactive Oxygen Species (ROS) in plants are 

equally important and complement enzymatic mechanisms in mitigating oxidative stress. 

These non-enzymatic antioxidants play crucial roles in scavenging ROS, maintaining redox 

balance, and protecting cellular components. The complement to enzymatic antioxidants 
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consists of non-enzymatic antioxidants, such as ascorbic acid (AA), glutathione (GSH), α-

tocopherol, carotenoids, phenolics, flavonoids, and the amino acid osmolyte proline. These 

substances influence cellular functions like cell division, elongation, aging, and programmed 

cell death. Their primary function is to protect cellular components from damage and support 

essential processes in plant growth and development (de Pinto and DeGara, 2004). Here are 

the key non-enzymatic defense systems against ROS in plants: 

 2.2.1 Ascorbic acid (AA) 

Ascorbic acid (AA) also known as vitamin C, is a powerful antioxidant molecule in plants 

that plays a crucial role in combating environmental stresses, particularly oxidative stress 

induced by reactive oxygen species (ROS). Ascorbic acid directly scavenges reactive oxygen 

species (ROS) such as superoxide radicals (O2-), hydroxyl radicals (OH•), and singlet oxygen 

(O2) (Edge and Truscott, 2021). By donating electrons, AA neutralizes these harmful ROS, 

thereby preventing oxidative damage to cellular components such as lipids, proteins, and 

DNA (Gegotek and Skrzydlewska, 2022). Ascorbic acid regenerates other antioxidants within 

the plant, such as tocopherols (vitamin E) and glutathione (GSH) (Chen et al., 2003). For 

example, AA can reduce oxidized tocopherol radicals back to their active reduced forms, 

enhancing their antioxidant capacity (Khan et al., 2011). Similarly, AA acts as a cofactor for 

enzymes like monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase 

(DHAR), which regenerate ascorbate from its oxidized forms, ensuring a continuous supply 

of active antioxidant molecules (Smirnoff, 2018).  

In photosynthetic tissues, ascorbic acid protects chloroplasts from oxidative damage induced 

by excess light energy and environmental stresses. AA helps maintain the integrity of 

photosynthetic membranes, photosystems, and pigments, thereby preserving photosynthetic 

efficiency and preventing photoinhibition. Environmental stresses such as drought, heat, cold, 

salinity, pollutants, and UV radiation can increase ROS production in plants. In response, 

plants may upregulate the biosynthesis of ascorbic acid to enhance their antioxidant defenses 

(Orabi and Abou-Hossein, 2019). This adaptive response helps plants cope with oxidative 

stress and maintain cellular homeostasis under adverse environmental conditions. Ascorbic 

acid is involved in regulating various signaling pathways associated with stress responses, 

hormone signaling, and defense mechanisms (Akram et al., 2017). Its role in modulating gene 

expression, enzymatic activities, and metabolic processes contributes to plant adaptation and 

survival under stress (Akram et al., 2017).  Its involvement in signaling pathways and stress 

responses underscores its importance in plant adaptation to environmental challenges. 

Understanding the functions and regulation of ascorbic acid provides insights into enhancing 

plant resilience, improving crop productivity, and developing strategies for sustainable 

agriculture in changing environmental conditions. 

 2.2.3 Alpha tocopherol 

Alpha tocopherol, a form of vitamin E, plays a crucial role in plant defense against 

environmental stresses. Alpha tocopherol acts as an antioxidant, scavenging harmful ROS 

such as superoxide radicals (O2·−) and hydrogen peroxide (H2O2) that accumulate under stress 

conditions (Orabi et al., 2017). By neutralizing ROS, alpha tocopherol helps prevent 

oxidative damage to cellular structures such as proteins, lipids, and DNA (Ozougwu, 2016). 

Environmental stresses such as high light intensity and drought can lead to lipid peroxidation, 

which damages cell membranes. Alpha tocopherol protects membranes by preventing the 

propagation of lipid peroxidation chain reactions, thereby maintaining membrane integrity 
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and cellular function (Munne Bosch, 2007). Photosynthesis is sensitive to environmental 

stresses, and alpha tocopherol helps maintain photosynthetic efficiency by protecting 

chloroplast membranes and photosynthetic pigments from oxidative stress (Ali et al., 2020). 

Alpha tocopherol interacts with signaling molecules and pathways involved in stress 

responses, such as phytohormones and transcription factors (Ali et al., 2022). This regulation 

helps coordinate the plant's adaptive responses to environmental challenges. By mitigating 

oxidative stress and protecting cellular structures, alpha tocopherol supports overall plant 

growth and development under adverse environmental conditions (Hasanuzzaman et al., 

2014). Thus, alpha tocopherol in plants functions as a potent antioxidant that protects against 

oxidative damage, maintains membrane integrity, enhances photosynthetic efficiency, 

regulates signaling pathways, and promotes resilience to environmental stresses. Its 

multifaceted role contributes significantly to plant adaptation and survival in challenging 

environments. 

 2.2.4 Carotenoids  

Carotenoids play a critical role in plant defense against environmental stresses primarily 

through their antioxidant properties and other protective mechanisms. Carotenoids act as 

antioxidants, scavenging harmful ROS such as singlet oxygen (1O2), peroxyl radicals (ROO·), 

and other free radicals generated under stress conditions. By neutralizing ROS, carotenoids 

prevent oxidative damage to cellular components like lipids, proteins, and DNA (Dawanjee et 

al., 2021).  Environmental stresses such as high light intensity and drought can lead to 

photooxidative damage in the photosynthetic apparatus. Carotenoids, particularly β-carotene 

and xanthophylls (e.g., lutein, zeaxanthin), protect photosynthetic pigments (chlorophylls) 

and membranes from oxidative stress, thereby maintaining photosynthetic efficiency 

(Klasinac et al., 2021). Carotenoids are integral components of thylakoid membranes in 

chloroplasts. They stabilize these membranes under stress conditions, thereby maintaining 

membrane fluidity and integrity. Non-photochemical quenching (NPQ) is a mechanism that 

dissipates excess excitation energy as heat to protect against photodamage. Carotenoids play 

a crucial role in NPQ by participating in the dissipation of excess light energy, thus 

preventing the formation of ROS (Faraloni and Torzillo, 2017). Carotenoids, especially β-

carotene, are efficient scavengers of singlet oxygen (1O2), a highly reactive species produced 

during photosynthesis under stress conditions (Parvez et al., 2022). This scavenging action 

protects chloroplasts and other cellular components from oxidative damage. Carotenoids can 

influence the levels and activities of phytohormones such as abscisic acid (ABA), which 

regulates plant responses to environmental stresses like drought and salinity. Overall, 

carotenoids in plants serve as crucial antioxidants and photoprotective agents that protect 

against oxidative stress, maintain photosynthetic efficiency, stabilize membranes, enhance 

non-photochemical quenching, and regulate stress-responsive pathways. Their presence and 

function are essential for plant adaptation and survival in diverse environmental conditions. 

 2.2.5 Flavonoids  

Flavonoids are a diverse group of secondary metabolites found in plants that play significant 

roles in combating environmental stresses through various mechanisms. Flavonoids possess 

strong antioxidant properties, scavenging reactive oxygen species (ROS) such as superoxide 

radicals (O2·−), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH) (Wang et al., 2007). 

By neutralizing ROS, flavonoids protect cellular structures from oxidative damage induced 

by environmental stresses such as high light intensity, drought, and pollutants. UV-B 

radiation can cause DNA damage and oxidative stress in plants. Flavonoids, particularly UV-
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absorbing flavonols like quercetin and kaempferol, act as sunscreen compounds by absorbing 

and dissipating UV-B radiation, thereby protecting plant tissues from UV-induced damage 

(Agati and Tattani, 2010). Flavonoids can chelate metals such as iron and copper, which are 

involved in generating ROS through Fenton chemistry under stress conditions. By 

sequestering these metals, flavonoids reduce the formation of harmful ROS and mitigate 

oxidative stress (Flora et al., 2013). Flavonoids can modulate signaling pathways involved in 

stress responses. They interact with enzymes and receptors, influence gene expression related 

to stress defense, and regulate the production of phytohormones such as abscisic acid (ABA), 

which coordinates responses to drought and other stresses (Parvez et al., 2022). Some 

flavonoids exhibit antimicrobial properties that help plants defend against pathogens and 

pests (Treutter, 2006).  

They can disrupt microbial cell membranes, inhibit enzyme activities essential for pathogen 

survival, and suppress fungal spore germination (Das et al., 2024). Flavonoids in pollen 

grains protect against oxidative stress during pollen development and germination. They 

maintain pollen viability and fertility under adverse environmental conditions. Flavonoids 

often work synergistically with other antioxidants and protective compounds in plants, 

enhancing overall stress tolerance and resilience (Sharma et al., 2019). Flavonoids contribute 

significantly to plant defense against environmental stresses by acting as antioxidants, UV 

protectants, metal chelators, regulators of signaling pathways, antimicrobial agents, and 

protectors of pollen viability. Their multifaceted roles make them integral components of 

plant adaptation strategies in challenging environmental conditions. 

 2.2.6 Proline  

Proline, a unique amino acid, plays a crucial role in plant defense against environmental 

stresses, particularly abiotic stresses such as drought, high salinity, extreme temperatures, and 

heavy metal toxicity (Hosseinifard, 2022). Proline acts as an osmolyte, accumulating in plant 

cells under stress conditions to maintain cellular osmotic balance. This accumulation helps 

plants retain water and turgor pressure, thereby preventing dehydration and wilting during 

drought stress (Hemati et al., 2022). Proline stabilizes proteins, membranes, and other cellular 

structures under stress conditions. It protects enzymes and cellular components from 

denaturation and maintains their functional integrity, even at high temperatures or in the 

presence of high concentrations of salts or metals (Shafi et al., 2019).  

Proline plays a role in scavenging ROS such as hydrogen peroxide (H2O2) and hydroxyl 

radicals (·OH) that accumulate under stress conditions. By reducing ROS levels, proline 

helps minimize oxidative damage to cellular components such as lipids, proteins, and nucleic 

acids (Hossain et al., 2014). Proline metabolism is closely linked to cellular redox status. It 

participates in redox signaling and maintains redox balance within cells, which is critical for 

activating stress-responsive gene expression and antioxidant defense pathways (Liang et al., 

2013). Proline interacts with phytohormones such as abscisic acid (ABA) and jasmonic acid 

(JA), which are involved in signaling pathways that regulate plant responses to environmental 

stresses (Wang et al., 2020). This interaction helps coordinate adaptive responses and 

enhance stress tolerance. Under stress conditions, proline accumulation can protect 

chloroplasts and photosynthetic machinery from damage, thereby maintaining photosynthetic 

efficiency and ensuring continued carbon assimilation (Zahra et al., 2022). Proline 

accumulation in roots enhances root growth and increases the uptake of water and nutrients, 

which are crucial for plant survival under stressful conditions such as drought and salinity (El 

Moukhtari et al., 2020). Overall, proline serves as a versatile molecule in plant adaptation to 
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environmental stresses by acting as an Osmo protectant, stabilizing biomolecules, scavenging 

ROS, regulating redox balance, interacting with phytohormones, improving photosynthetic 

efficiency, and enhancing root growth and nutrient uptake. Its multifaceted roles make 

proline a key component of plant resilience and survival in adverse environmental conditions. 

3. CONCLUSION 

Reactive oxygen species (ROS) are highly reactive molecules and free radicals derived from 

molecular oxygen. ROS are produced naturally in plant cells during various metabolic 

processes such as photosynthesis, respiration, and photorespiration. However, environmental 

stresses such as high light intensity, drought, extreme temperatures, pollutants, and pathogen 

attack can significantly increase ROS production in plants. The accumulation of ROS beyond 

a certain threshold can cause oxidative stress, damaging cellular components such as lipids, 

proteins, and DNA. This oxidative damage can impair cellular function and ultimately lead to 

cell death if not mitigated. Plants have evolved a sophisticated antioxidant defense system to 

counteract the harmful effects of ROS that neutralize ROS and prevent oxidative damage. 

Under stress conditions, plants often upregulate the production of antioxidants to maintain 

cellular redox homeostasis and protect themselves from oxidative stress. This antioxidant 

defense system helps plants adapt to environmental challenges and maintain their growth and 

productivity. Plants often employ both enzymatic and non-enzymatic defense mechanisms in 

a coordinated manner to combat stresses effectively. The activation of these defense systems 

is tightly regulated and can vary depending on the type of stress and the specific plant 

species. Understanding these defense mechanisms is crucial for developing strategies to 

enhance plant resistance to diseases and environmental stresses, which is essential for 

sustainable agriculture and natural ecosystems. 

4. FUTURE CONSIDERATION 

Future research on antioxidants in plant stress can focus on several critical areas to advance 

our understanding and improve stress tolerance in crops. Firstly, identifying and exploring 

novel antioxidant compounds, both natural and synthetic, could offer new avenues for 

enhancing protection against oxidative stress. Understanding the regulation of antioxidant 

enzyme expression and activity under stress conditions is essential, as it involves unraveling 

signaling pathways and genetic mechanisms that control antioxidant synthesis. Investigating 

antioxidant interaction networks and their role in signaling pathways will help optimize 

antioxidant mixtures for effective stress management. Genetic engineering approaches can be 

utilized to manipulate antioxidant defense systems, potentially boosting stress resilience in 

crops. Omics technologies offer opportunities to dissect comprehensive changes in 

antioxidant metabolism during stress, identifying biomarkers and targets for genetic 

manipulation. Field studies are crucial for validating antioxidant-based strategies in real-

world conditions, assessing long-term effects on crop performance and stress resilience. 

Integrating antioxidant research into breeding programs can facilitate the development of 

stress-tolerant crop varieties. Exploring interactions between antioxidants and other stressors, 

such as pathogens and climate change, will provide insights into holistic stress management 

approaches. Lastly, developing innovative application technologies for antioxidants can 

ensure their effective delivery and uptake in plants across diverse environmental contexts.  

AKNOWLEDGEMENT 



Nanotechnology Perceptions 

ISSN 1660-6795 

418 

Nanotechnology Perceptions 21No. 1(2025)402–425 

The authors are grateful to the Chancellor and Vice Chancellor, Integral University and Dean, 

Faculty of Agriculture (IIAST), Integral University for their continuous support. Further, 

authors want to acknowledge Head, Department of Agriculture (IIAST) and Head, 

Department of Biosciences for their continuous encouragement and guidance to make this 

review more scientific. 

REFERENCES 

1. Aftab, T., and Hakeem, K. R., 2022. Antioxidant defense in plants: molecular basis of 

regulation (Singapore: Springer). 

2. Agati, G. and Tattini, M., 2010. Multiple functional roles of flavonoids in 

photoprotection. New Phytol., 186(4), 786-793. 

3. Akram, N.A., Shafiq, F. and Ashraf, M., 2017. Ascorbic acid-a potential oxidant 

scavenger and its role in plant development and abiotic stress tolerance. Front. Plant 

Sci., 8, 613. 

4. Ali, A.A. and Alqurainy, F., 2006. Activities of antioxidants in plants under 

environmental stress. The lutein-prevention and treatment for diseases.187-256. 

5. Ali, E., Hussain, S., Hussain, N., Kakar, K.U., Shah, J.M., Zaidi, S.H.R., Jan, M., 

Zhang, K., Khan, M.A. and Imtiaz, M., 2022. Tocopherol as plant protector: An 

overview of Tocopherol biosynthesis enzymes and their role as antioxidant and 

signaling molecules. Acta Physiol. Plant, 44(2), 20. 

6. Ali, Q., Tariq Javed, M., Haider, M.Z., Habib, N., Rizwan, M., Perveen, R., Ali, S., 

Nasser Alyemeni, M., El-Serehy, H.A. and Al-Misned, F.A., 2020. α-Tocopherol 

foliar spray and translocation mediates growth, photosynthetic pigments, nutrient 

uptake, and oxidative defense in maize (Zea mays L.) under drought 

stress. Agron., 10(9), 1235. 

7. Ali, S.S., Ahsan, H., Zia, M.K., Siddiqui, T. and Khan, F.H., 2020. Understanding 

oxidants and antioxidants: Classical team with new players. J. Food Biochem., 44(3), 

13145. 

8. Alscher, R. G., Erturk, N., and Heath, L. S. 2002. Role of superoxide dismutases 

(SODs) in controlling oxidative stress in plants. J. Exp. Bot. 53, 1331–1341.  

9. Anjum, N. A., Sharma, P., Gill, S. S., Hasanuzzaman, M., Khan, E. A., Kachhap, K., 

2016. Catalase and ascorbate peroxidase–representative H2O2-detoxifying heme 

enzymes in plants. Environ. Sci. pollut. Res. 23, 19002–19029.  

10. Anjum, N.A., Gill, S.S., Gill, R., Hasanuzzaman, M., Duarte, A.C., Pereira, E., 

Ahmad, I., Tuteja, R. and Tuteja, N., 2014. Metal/metalloid stress tolerance in plants: 

role of ascorbate, its redox couple, and associated enzymes. Protoplasma, 251, 1265-

1283. 

11. Anjum, S. A., Xie, X., Wang, L. C., Saleem, M. F., Man, C., and Lei, W., 2011. 

Morphological, physiological and biochemical responses of plants to drought stress. 

Afr. J. Agric. Res. 6 (9), 2026–2032.  

12. Ansari, M. K. A., Zia, M. H., Ahmad, A., Aref, I. M., Fatma, T., Iqbal, M., 2015. 

Status of antioxidant defense system for detoxification of arsenic in Brassica juncea 

(L.). Ecoprint: Int. J. Ecol., 22, 7–19.  

13. Asada, K., 2019. Production and action of active oxygen species in photosynthetic 

tissues. In Causes of photooxidative stress and amelioration of defense systems in 

plants (77-104). CRC press. 

14. Asthir, B., Kaur, G. and Kaur, B., 2020. Convergence of pathways towards ascorbate–

glutathione for stress mitigation. J. Plant Biol., 63(4), 243-257. 



Nanotechnology Perceptions 

ISSN 1660-6795 

419 

Nanotechnology Perceptions 21No. 1(2025)402–425 

15. Averill-Bates, D.A., 2023. The antioxidant glutathione. Vitamins and hormones (Vol. 

121, pp. 109-141). Academic Press. 

16. Baba, A.I., Valkai, I., Labhane, N.M., Koczka, L., Andrási, N., Klement, É., Darula, 

Z., Medzihradszky, K.F., Szabados, L., Fehér, A. and Rigó, G., 2019. CRK5 protein 

kinase contributes to the progression of embryogenesis of Arabidopsis thaliana. Int. J. 

Mol. Sci. 20(24), p.6120. 

17. Barceló, A.R. and Laura, V.G.R., 2009. Reactive oxygen species in plant cell 

walls. Reactive oxygen species in plant signalling, 73-93. 

18. Bauwe, H., Hagemann, M., Kern, R., and Timm, S. 2012. Photorespiration has a dual 

origin and manifold links to central metabolism. Curr. Opin. Plant Biol. 15, 269–275.  

19. Ben-Amor, N., Hamed, K. B., Debez, A., Grignon, C., and Abdelly, C. 2005. 

Physiological and antioxidant response of the perennial halophytes Crisanthimum 

maritimum to salinity. Plant Sci. 168, 889–899.  

20. Berni, R., Luyckx, M., Xu, X., Legay, S., Sergeant, K., Hausman, J.F., Lutts, S., Cai, 

G. and Guerriero, G., 2019. Reactive oxygen species and heavy metal stress in plants: 

Impact on the cell wall and secondary metabolism. Environmental and Experimental 

Botany, 161.98-106. 

21. Bhattacharya, S., 2015. Reactive oxygen species and cellular defense system. Free 

radicals in human health and disease, 17-29. 

22. Bowler, C., Van Camp, W., Van Montagu, M., Inzé, D. and Asada, K., 1994. 

Superoxide dismutase in plants. Cri. Rev. Plant Sci. 13(3), pp.199-218. 

23. Chen, Z., Young, T.E., Ling, J., Chang, S.C. and Gallie, D.R., 2003. Increasing 

vitamin C content of plants through enhanced ascorbate recycling. Proceedings of the 

National Academy of Sciences, 100(6), 3525-3530. 

24. Corpas, F. J., Fernández-Ocaña, A., Carreras, A., Valderrama, R., Luque, F., Esteban, 

F. J., 2006. The expression of different superoxide dismutase forms is cell-type 

dependent in olive (Olea europaea l.) leaves. Plant Cell Physiol. 47, 984–994  

25. Das, A., Choudhury, S., Gopinath, V., Majeed, W., Chakraborty, S., Bhairavi, K.S., 

Chowdhury, S., Dubey, V.K. and Akhtar, M.S., 2024. Functions of Flavonoids in 

Plant, Pathogen, and Opportunistic Fungal Interactions. In Opportunistic Fungi, 

Nematode and Plant Interactions: Interplay and Mechanisms (91-123). Singapore: 

Springer Nature Singapore. 

26. Das, K. and Roychoudhury, A., 2014. Reactive oxygen species (ROS) and response of 

antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ. 

Sci., 2, 53. 

27. De Pinto, M. C., Locato, V., Sgobba, A., Romero-Puertas, M. D. C., Gadaleta, C., 

Delledonne, M., et al. 2013. S-nitrosylation of ascorbate peroxidase is part of 

programmed cell death signaling in tobacco bright yellow-2 cells. Plant Physiol. 163, 

1766–1775.  

28. De Pinto, M.C. and De Gara, L., 2004. Changes in the ascorbate metabolism of 

apoplastic and symplastic spaces are associated with cell differentiation. J. Exp. 

Bot., 55(408), 2559-2569. 

29. Deeba, F., Pandey, A. K., Ranjan, S., Mishra, A., Singh, R., Sharma, Y. K., et al. 

2012. Physiological and proteomic responses of cotton (Gossypium herbaceum l.) to 

drought stress. Plant Physiol. Biochem. 53, 6–18 

30. Dewanjee, S., Bhattacharjee, N., Chakraborty, P. and Bhattacharjee, S., 2021. 

Carotenoids as antioxidants. Carotenoids: structure and function in the human body, 

.447-473. 



Nanotechnology Perceptions 

ISSN 1660-6795 

420 

Nanotechnology Perceptions 21No. 1(2025)402–425 

31. Dumanović, J., Nepovimova, E., Natić, M., Kuča, K. and Jaćević, V., 2021. The 

significance of reactive oxygen species and antioxidant defense system in plants: A 

concise overview. Front. plant sci. 11, 552969. 

32. Edge, R. and Truscott, T.G., 2021. The reactive oxygen species singlet oxygen, 

hydroxy radicals, and the superoxide radical anion—examples of their roles in 

biology and medicine. Oxygen, 1(2), 77-95. 

33. El Moukhtari, A., Cabassa-Hourton, C., Farissi, M. and Savouré, A., 2020. How does 

proline treatment promote salt stress tolerance during crop plant development?. Front. 

Plant sci., 11, 1127. 

34. Faraloni, C. and Torzillo, G., 2017. Synthesis of antioxidant carotenoids in microalgae 

in response to physiological stress (143-157). United Kingdom: Intech Open. 

35. Fink, R.C. and Scandalios, J.G., 2002. Molecular evolution and structure–function 

relationships of the superoxide dismutase gene families in angiosperms and their 

relationship to other eukaryotic and prokaryotic superoxide dismutases. Arch.  

Biochem., N.Y., 399(1), 19-36. 

36. Flora, S.J.S., Shrivastava, R. and Mittal, M., 2013. Chemistry and pharmacological 

properties of some natural and synthetic antioxidants for heavy metal toxicity. Curr. 

Med. Chem., 20(36), 4540-4574. 

37. Fortunato, S., Lasorella, C., Dipierro, N., Vita, F. and de Pinto, M.C., 2023. Redox 

signaling in plant heat stress response. Antioxid., 12(3), 605. 

38. Foyer, C.H. and Shigeoka, S., 2011. Understanding oxidative stress and antioxidant 

functions to enhance photosynthesis. Plant physiol., 155(1), 93-100. 

39. Garcia-Caparros, P., De Filippis, L., Gul, A., Hasanuzzaman, M., Ozturk, M., Altay, V. 

and Lao, M.T., 2021. Oxidative stress and antioxidant metabolism under adverse 

environmental conditions: a review. Bot. Rev., 87, 421-466. 

40. Garcia-Caparros, P., De Filippis, L., Gul, A., Hasanuzzaman, M., Ozturk, M., Altay, V. 

and Lao, M.T., 2021. Oxidative stress and antioxidant metabolism under adverse 

environmental conditions: a review. Bot. Rev., 87, 421-466. 

41. Gęgotek, A. and Skrzydlewska, E., 2022. Antioxidative and anti-inflammatory 

activity of ascorbic acid. Antioxid., 11(10), p.1993. 

42. Ghosh, S. and Majee, M., 2023. Protein l-isoAspartyl Methyltransferase (PIMT) and 

antioxidants in plants. In Vitamins and Hormones (Vol. 121, pp. 413-432). Academic 

Press. 

43. Gill, S.S. and Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in 

abiotic stress tolerance in crop plants. Plant physiol. Biochem., 48(12), 909-930. 

44. Gill, S.S., Anjum, N.A., Hasanuzzaman, M., Gill, R., Trivedi, D.K., Ahmad, I., 

Pereira, E. and Tuteja, N., 2013. Glutathione and glutathione reductase: a boon in 

disguise for plant abiotic stress defense operations. Plant Physiol. Biochem. 70, 204-

212. 

45. Gondim, F. A., Gomes-Filho, E., Costa, J. H., Mendes Alencar, N. L., and Prisco, J. 

T.  2012. Catalase plays a key role in salt stress acclimation induced by hydrogen 

peroxide pretreatment in maize. Plant Physiol. Biochem. 56, 62–71.  

46. Grover, A., Singh, A., and Blumwald, E. 2011. “Transgenic strategies toward the  

development of salt-tolerant plants,” in Agricultural salinity assessment and 

management, 2nd ed. Eds. W. W. Wallender and K. K. Tanji (Reston, VA, USA: 

American Society of Civil Engineers), 235–274.19. 

47. Hasanuzzaman, M., Bhuyan, M.B., Anee, T.I., Parvin, K., Nahar, K., Mahmud, J.A. 

and Fujita, M., 2019. Regulation of ascorbate-glutathione pathway in mitigating 

oxidative damage in plants under abiotic stress. Antioxid. 8(9), 384. 



Nanotechnology Perceptions 

ISSN 1660-6795 

421 

Nanotechnology Perceptions 21No. 1(2025)402–425 

48. Hasanuzzaman, M., Hossain, M.A., da Silva, J.A.T. and Fujita, M., 2012. Plant 

response and tolerance to abiotic oxidative stress: antioxidant defense is a key 

factor. Crop stress and its management: perspectives and strategies, 261-315. 

49. Hasanuzzaman, M., Nahar, K. and Fujita, M., 2014. Role of tocopherol (vitamin E) in 

plants: abiotic stress tolerance and beyond. In Emerging technologies and 

management of crop stress tolerance (267-289). Academic Press. 

50. Hemati, A., Moghiseh, E., Amirifar, A., Mofidi-Chelan, M. and Asgari Lajayer, B., 

2022. Physiological effects of drought stress in plants. In Plant stress mitigators: 

Action and application (113-124). Singapore: Springer Nature Singapore. 

51. Hernandez, J. A., del Rıo, L. A., and Sevilla, F. 2006. Salt stress-induced changes in 

superoxide dismutase isozymes in leaves and mesophyll protoplasts from Vigna 

unguiculata (L.) walp. New Phytology 126, 37–44.  

52. Hossain, M.A., Hoque, M.A., Burritt, D.J. and Fujita, M., 2014. Proline protects 

plants against abiotic oxidative stress: biochemical and molecular mechanisms. 

In Oxidative damage to plants (477-522). Academic press. 

53. Hosseinifard, M., Stefaniak, S., Ghorbani Javid, M., Soltani, E., Wojtyla, Ł. and 

Garnczarska, M., 2022. Contribution of exogenous proline to abiotic stresses 

tolerance in plants: a review. Int. J. Mol. Sci., 23(9), 5186. 

54. Hunyadi, A., 2019. The mechanism (s) of action of antioxidants: From scavenging 

reactive oxygen/nitrogen species to redox signaling and the generation of bioactive 

secondary metabolites. Med. Res. Rev, 39(6), 2505-2533. 

55. Inouhe, M., Sakuma, Y., Chatterjee, S., Datta, S., Jagetiya, B.L., Voronina, A.V., 

Walther, C. and Gupta, D.K., 2015. General roles of phytochelatins and other peptides 

in plant defense mechanisms against oxidative stress/primary and secondary damages 

induced by heavy metals. Reactive oxygen species and oxidative damage in plants 

under stress, 219-245. 

56. Jiang, Z., Zhu, H., Zhu, H., Tao, Y., Liu, C., Liu, J., Yang, F. and Li, M., 2022. 

Exogenous ABA enhances the antioxidant defense system of maize by regulating the 

AsA-GSH cycle under drought stress. Sustainability, 14(5), 3071. 

57. Jozefczak, M., Remans, T., Vangronsveld, J. and Cuypers, A., 2012. Glutathione is a 

key player in metal-induced oxidative stress defenses. Int. J. Mol. Sci, 13(3), 3145-

3175. 

58. Karpinska, B., Karlsson, M., Schinkel, H., Streller, S., Suss, K.H., Melzer, M. and 

Wingsle, G., 2001. A novel superoxide dismutase with a high isoelectric point in 

higher plants. Expression, regulation, and protein localization. Plant Physiol. 126(4), 

pp.1668-1677. 

59. Khan, I., Ahmad, A., and Iqbal, M. 2009. Modulation of antioxidant defense system 

for arsenic detoxification in Indian mustard. Ecotoxic. Environ. Saf. 72, 626–634.  

60. Khan, T., Mazid, M. and Mohammad, F., 2011. A review of ascorbic acid 

potentialities against oxidative stress induced in plants. J. Agrobiol, 28(2), 97. 

61. Kolašinac, S.M., Dajić-Stevanović, Z., Kilibarda, S.N. and Kostić, A.Ž., 2021. 

Carotenoids: New applications of “old” pigments. Phyton, 90(4), 1041-1062. 

62. Kumar, D., Yusuf, M. A., Singh, P., Sardar, M., and Sarin, N. B. (2013). Modulation 

of antioxidant machinery in a-tocopherol-enriched transgenic Brassica juncea plants 

tolerant to abiotic stress conditions. Protoplasma 250, 1079–1089.  

63. Kuźniak, E., Kopczewski, T. and Chojak-Koźniewska, J., 2017. Ascorbate-glutathione 

cycle and biotic stress tolerance in plants. Ascorbic acid in plant growth, development 

and stress tolerance, 201-231. 



Nanotechnology Perceptions 

ISSN 1660-6795 

422 

Nanotechnology Perceptions 21No. 1(2025)402–425 

64. Li, S.F., Zhang, S.B., Lv, Y.Y., Zhai, H.C., Hu, Y.S. and Cai, J.P., 2022. Heptanal 

inhibits the growth of Aspergillus flavus through disturbance of plasma membrane 

integrity, mitochondrial function and antioxidant enzyme activity. Lwt, 154, 112655. 

65. Liang, X., Zhang, L., Natarajan, S.K. and Becker, D.F., 2013. Proline mechanisms of 

stress survival. ARS, 19(9), 998-1011. 

66. Lima, M.D.C., De Sousa, C.P., Fernandez-Prada, C., Harel, J., Dubreuil, J.D. and De 

Souza, E.L., 2019. A review of the current evidence of fruit phenolic compounds as 

potential antimicrobials against pathogenic bacteria. Microb. Pthog., 130, 259-270. 

67. Mahanty, S., Kaul, T., Pandey, P., Reddy, R.A., Mallikarjuna, G., Reddy, C.S., Sopory, 

S.K. and Reddy, M.K., 2012. Biochemical and molecular analyses of copper–zinc 

superoxide dismutase from a C4 plant Pennisetum glaucum reveals an adaptive role in 

response to oxidative stress. Gene, 505(2), 309-317. 

68. Mansoor, S., Ali Wani, O., Lone, J.K., Manhas, S., Kour, N., Alam, P., Ahmad, A. and 

Ahmad, P., 2022. Reactive oxygen species in plants: from source to 

sink. Antioxid., 11(2), 225. 

69. Markovska, Y. K., Gorinova, N. I., Nedkovska, M. P., and Miteva, K. M. (2009). 

Cadmium-induced oxidative damage and antioxidant responses in brassica juncea 

plants. Biol. Plant 53, 151–154.  

70. Maruta, T., Sawa, Y., Shigeoka, S. and Ishikawa, T., 2016. Diversity and evolution of 

ascorbate peroxidase functions in chloroplasts: more than just a classical antioxidant 

enzyme. PCP 57(7), 1377-1386. 

71. Mehla, N., Sindhi, V., Josula, D., Bisht, P. and Wani, S.H., 2017. An introduction to 

antioxidants and their roles in plant stress tolerance. Reactive oxygen species and 

antioxidant systems in plants: Role and regulation under abiotic stress, 1-23. 

72. Mhamdi, A., Queval, G., Chaouch, S., Vanderauwera, S., Van Breusegem, F., and 

Noctor, G. 2010. Catalase function in plants: a focus on Arabidopsis mutants as 

stressmimic models. J. Exp. Bot. 61 (15), 4197–4220.  

73. Mishra, D., Kumar, A., Tripathi, S., Chitara, M.K. and Chaturvedi, P., 2021. 

Endophytic fungi as biostimulants: An efficient tool for plant growth promotion under 

biotic and abiotic stress conditions. In Biostimulants for crops from seed germination 

to plant development (365-391). Academic Press. 

74. Mittler, R. 2006. Abiotic stress, the field environment and stress combination. Trends 

Plant Sci. 11, 15–19.  

75. Mittler, R., Vanderauwera, S., Suzuki, N., Miller, G., Tognetti, V. B., Vandepoele, K., 

et al. 2011. ROS signaling: the new wave? Trends Plant Sci. 16, 300–309.  

76. Munné‐Bosch, S., 2007. α‐Tocopherol: a multifaceted molecule in plants. Vitamins & 

Hormones, 76, 375-392. 

77. Nahar, K., Rahman, M., Hasanuzzaman, M., Alam, M. M., Rahman, A., Suzuki, T., et 

al. (2016). Physiological and biochemical mechanisms of spermine-induced cadmium 

stress tolerance in mung bean (Vigna radiata l.) seedlings. Environ. Sci. Pollut. Res. 

Int. 23 (21), 21206–21218.  

78. Nawaz, M., Sun, J., Shabbir, S., Khattak, W.A., Ren, G., Nie, X., Bo, Y., Javed, Q., 

Du, D. and Sonne, C., 2023. A review of plants strategies to resist biotic and abiotic 

environmental stressors. Sci. Total Environ., 165832. 

79. Noctor, G., Reichheld, J.P. and Foyer, C.H., 2018, August. ROS-related redox 

regulation and signaling in plants. In Seminars in cell & developmental biology (Vol. 

80, pp. 3-12). Academic Press. 

80. Nouairi, I., Ammar, W. B., Youssef, N. B., Miled, D. D. B., Ghorbal, M. H., and 

Zarrouk, M. 2009. Antioxidant defense system in leaves of Indian mustard (Brassica 



Nanotechnology Perceptions 

ISSN 1660-6795 

423 

Nanotechnology Perceptions 21No. 1(2025)402–425 

juncea) and rape (Brassica napus) under cadmium stress. Acta Physiol. Plant 31, 

237–247.  

81. Ofoedu, C.E., You, L., Osuji, C.M., Iwouno, J.O., Kabuo, N.O., Ojukwu, M., 

Agunwah, I.M., Chacha, J.S., Muobike, O.P., Agunbiade, A.O. and Sardo, G., 2021. 

Hydrogen peroxide effects on natural-sourced polysacchrides: free radical 

formation/production, degradation process, and reaction mechanism—a critical 

synopsis. Foods, 10(4), 699. 

82. Orabi, S.A. and Abou-Hussein, S.D., 2019. Antioxidant defense mechanisms enhance 

oxidative stress tolerance in plants. A review. Curr. Sci. Int, 8(3), 565-576. 

83. Orabi, S.A., Abou-Hussein, S.D. and Sharara, F.A., 2017. Role of Hydrogen peroxide 

and αtocopherol in alleviating the harmful effect of low temperature on cucumber 

(Cucumis sativas L.) plants. Middle East J. Appl. Sci, 7(04), 914-926. 

84. Ozougwu, J.C., 2016. The role of reactive oxygen species and antioxidants in 

oxidative stress. Int. J. Res, 1(8), 1-8. 

85. Pan, Y., Wu, L. J., and Yu, Z. L. (2006). Effect of salt and drought stress on 

antioxidant enzymes activities and SOD isoenzymes of liquorice (Glycyrrhiza 

uralensisfisch). Plant Growth Regul. 49, 157–165.  

86. Pandey, P., Singh, J., Achary, V.M.M. and Reddy, M.K., 2015. Redox homeostasis via 

gene families of ascorbate-glutathione pathway. Front. Environ. Sci., 3, 25. 

87. Pang, C.H. and Wang, B.S., 2008. Oxidative stress and salt tolerance in plants. 

In Progress in botany (231-245). Berlin, Heidelberg: Springer Berlin Heidelberg. 

88. Parwez, R., Aftab, T., Gill, S.S. and Naeem, M., 2022. Abscisic acid signaling and 

crosstalk with phytohormones in regulation of environmental stress 

responses. Environ. Exp. Bot., 199, 104885. 

89. Parwez, R., Aftab, T., Gill, S.S. and Naeem, M., 2022. Abscisic acid signaling and 

crosstalk with phytohormones in regulation of environmental stress 

responses. Environ. Exp. Bot., 199, 104885. 

90. Passardi, F., Bakalovic, N., Teixeira, F. K., Margis-Pinheiro, M., Penel, C., and 

Dunand, C. 2007. Prokaryotic origins of the nonanimal peroxidase superfamily and 

organelle-mediated transmission to eukaryotes. Genomics 89, 567–579.  

91. Pathak, J., Rajneesh, Ahmed, H., Singh, D.K., Singh, P.R., Kumar, D., Kannaujiya, 

V.K., Singh, S.P. and Sinha, R.P., 2019. Oxidative stress and antioxidant defense in 

plants exposed to ultraviolet radiation. Reactive oxygen, nitrogen and sulfur species in 

plants: production, metabolism, signaling and defense mechanisms, 371-420. 

92. Pinto, A. P., Alves, A. S., Candeias, A. J., Cardoso, A. I., de Varennes, A., Martins, L. 

L., et al. (2009). Cadmium accumulation and antioxidative defenses in Brassica 

juncea l. czern, Nicotiana tabacum l. and solanum nigrum l. Int. J. Environ. Anal. 

Chem. 89, 661–676.  

93. Prasad, P.V.V., Staggenborg, S.A. and Ristic, Z., 2008. Impacts of drought and/or heat 

stress on physiological, developmental, growth, and yield processes of crop 

plants. Response of crops to limited water: Understanding and modeling water stress 

effects on plant growth processes, 1, 301-355. 

94. Rahman, S., Iqbal, M., and Husen, A. 2023. “Medicinal plants and abiotic stress: an 

overview,” in Medicinal plants. Eds. A. Husen and M. Iqbal (Singapore: Springer). 

95. Rajput, V.D., Harish, Singh, R.K., Verma, K.K., Sharma, L., Quiroz-Figueroa, F.R., 

Meena, M., Gour, V.S., Minkina, T., Sushkova, S. and Mandzhieva, S., 2021. Recent 

developments in enzymatic antioxidant defence mechanism in plants with special 

reference to abiotic stress. Biol., 10(4), 267. 



Nanotechnology Perceptions 

ISSN 1660-6795 

424 

Nanotechnology Perceptions 21No. 1(2025)402–425 

96. Ramel, F., Birtic, S., Cuiné, S., Triantaphylidès, C., Ravanat, J.L. and Havaux, M., 

2012. Chemical quenching of singlet oxygen by carotenoids in plants. Plant 

physiology, 158(3), pp.1267-1278. 

97. Rasool, S., Ahmad, A., Siddiqi, T. O., and Ahmad, P. 2013. Changes in growth, lipid 

peroxidation and some key antioxidant enzymes in chickpea genotypes under salt 

stress. Acta Physiol. Plant. 35, 1039–1050 

98. Raza, A., Salehi, H., Rahman, M.A., Zahid, Z., Madadkar Haghjou, M., Najafi-

Kakavand, S., Charagh, S., Osman, H.S., Albaqami, M., Zhuang, Y. and Siddique, 

K.H., 2022. Plant hormones and neurotransmitter interactions mediate antioxidant 

defenses under induced oxidative stress in plants. Front. Plant Sci., 13, 961872. 

99. Rezayian, M., Niknam, V. and Ebrahimzadeh, H., 2019. Oxidative damage and 

antioxidative system in algae. Toxicol. Rep., 6, 1309-1313. 

100. Sano, S., 2017. Molecular and functional characterization of monodehydro-

ascorbate and dehydroascorbate reductases. Ascorbic acid in plant growth, 

development and stress tolerance, 129-156. 

101. Scandalios, J.G., 2005. Oxidative stress: molecular perception and 

transduction of signals triggering antioxidant gene defenses. Braz. J.  Med.  Boil. 

Res., 38, 995-1014. 

102. Shafi, A., Zahoor, I. and Mushtaq, U., 2019. Proline accumulation and 

oxidative stress: Diverse roles and mechanism of tolerance and adaptation under 

salinity stress. Salt Stress, Microbes, and Plant Interactions: Mechanisms and 

Molecular Approaches: Volume 2, 269-300. 

103. Shah, A.A. and Gupta, A., 2020. Antioxidants in health and disease with their 

capability to defend pathogens that attack apple species of Kashmir. Plant Antioxid. 

Health, 1-26. 

104. Sharma, A., Shahzad, B., Rehman, A., Bhardwaj, R., Landi, M. and Zheng, B., 

2019. Response of phenylpropanoid pathway and the role of polyphenols in plants 

under abiotic stress. Molecules, 24(13), 2452. 

105. Sharma, P., Jha, A.B. and Dubey, R.S., 2019. Oxidative stress and 

antioxidative defense system in plants growing under abiotic stresses. In Handbook of 

Plant and Crop Stress, Fourth Edition (93-136). CRC press. 

106. Sheokand, S., Kumari, A., and Sawhney, V. 2008. Effect of nitric oxide and 

putrescine on antioxidative responses under NaCl stress in chickpea plants. Physiol. 

Mol. Biol. Plants 14, 355–362.  

107. Singh, A., Mehta, S., Yadav, S., Nagar, G., Ghosh, R., Roy, A., Chakraborty, A. 

and Singh, I.K., 2022. How to cope with the challenges of environmental stresses in 

the era of global climate change: An update on ROS stave off in plants. Int. J. Mol. 

Sci., 23(4), 1995. 

108. Sisein, E.A., 2014. Biochemistry of free radicals and antioxidants. Sch. Acad. 

J. Biosci., 2(2), 110-118. 

109. Smeets, K., Ruytinx, J., Semane, B., Van Belleghem, F., Remans, T., Van 

Sanden, S., et al. (2008). Cadmium-induced transcriptional and enzymatic alterations 

related to oxidative stress. Environ. Exp. Bot. 63, 1–8.  

110. Smirnoff, N., 2018. Ascorbic acid metabolism and functions: A comparison of 

plants and mammals. Free Radic. Biol. Med., 122,116-129. 

111. Teixeira, F. K., Menezes-Benavente, L., Galvão, V. C., and Margis Pinheiro, 

M. 2005. Multigene families encode enzymes of antioxidant metabolism in 

Eucalyptus  grandis l. Genet. Mol. Biol. 28, 529–538.  



Nanotechnology Perceptions 

ISSN 1660-6795 

425 

Nanotechnology Perceptions 21No. 1(2025)402–425 

112. Teixeira, F. K., Menezes-Benavente, L., Margis, R., and Margis Pinheiro, M. 

2004. Analysis of the molecular evolutionary history of the ascorbate peroxidase gene 

family: inferences from the rice genome. J. Mol. Evol. 59, 761–770.  

113. Treutter, D., 2006. Significance of flavonoids in plant resistance: a 

review. Environ. Chem. Letters, 4(3), 147-157. 

114. Wang, J., Song, L., Gong, X., Xu, J. and Li, M., 2020. Functions of jasmonic 

acid in plant regulation and response to abiotic stress. Int. J. Mol. Sci., 21(4), 1446. 

115. Wang, J., Yuan, X., Jin, Z., Tian, Y. and Song, H., 2007. Free radical and 

reactive oxygen species scavenging activities of peanut skins extract. Food 

Chem., 104(1), 242-250. 

116. Xie, X., He, Z., Chen, N., Tang, Z., Wang, Q. and Cai, Y., 2019. The roles of 

environmental factors in regulation of oxidative stress in plant. BioMed Res. Int. (1), 

9732325. 

117. Yadav, S. and Chattopadhyay, D., 2023. Lignin: the building block of defense 

responses to stress in plants. J. Plant Growth Reg., 42(10), 6652-6666. 

118. Yang, Y.X., J Ahammed, G., Wu, C., Fan, S.Y. and Zhou, Y.H., 2015. 

Crosstalk among jasmonate, salicylate and ethylene signaling pathways in plant 

disease and immune responses. Curr. Protein Pept. Sc., 16(5), 450-461. 

119. Yoshimura, K. and Ishikawa, T., 2024. Physiological function and regulation 

of ascorbate peroxidase isoforms. J. Exp. Bot., 75(9), 2700-2715. 

120. Zahra, N., Al Hinai, M.S., Hafeez, M.B., Rehman, A., Wahid, A., Siddique, 

K.H. and Farooq, M., 2022. Regulation of photosynthesis under salt stress and 

associated tolerance mechanisms. Plant Physiol. Biochem., 178, 55-69. 

121. Zaidi, N.W., Dar, M.H., Singh, S. and Singh, U.S., 2014. Trichoderma species 

as abiotic stress relievers in plants. In Biotechnology and biology of 

Trichoderma (515-525). Elsevier. 

122. Zandi, P. and Schnug, E., 2022. Reactive oxygen species, antioxidant 

responses and implications from a microbial modulation perspective. Biol., 11(2), 

155. 

 


