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Abstract. In 2006 our research group in the Department of Chemistry of the 
University of Athens (Greece) was researching antioxidant enzymes and lipid 
peroxidation in mussels in relation to toxic metal pollution in the Saronikos Gulf 
(Piraeus, Greece). Additionally, we published a review paper in Ecotoxicology and 
Environmental Safety:  Valavanidis A, Vlachogianni T, Dassenakis M, Scoullos M. 
Molecular biomarkers of oxidative stress in aquatic organisms in relation to toxic 
environmental pollutants. Ecotoxicol Environ Saf 64(2):178-189, 2006. The review 
gathered numerous citations in the scientific literature. Up to 23/3/2019 there 
were 1.260 citations in Google Scholar and 941 citations in Researchgate.  Now, 13 
years later we decided to review the progress in the field of biomarkers of oxidative 
stress in aquatic organisms and new ecotoxicological studies from research papers 
until now. In the last decade there were many advances in multibiomarker 
approach of oxidative stress in aquatic organisms in relation to chemical pollutants 
or environmental stressors. Some of fhese assays have become a standard sentinel 
analytical tool (for open field or laboratory studies) for measurements of 
environmental pollutants and ecotoxicological risk assessment. This approach can 
detect directly exposed organisms to toxic xenobiotics at environmentally relevant 
concentrations. Molecular multibiomarkers of oxidative stress allow to identify 
adverse biological responses at different levels (from whole organism to tissues, 
cells, sub-cellular organelles, antioxidant enzymes, DNA, metallothionein) once the 
environmental stressors or toxic chemicals have reached high concentrations in the 
environment. This review contains selected investigations of the last years from the 
numerous articles in the scientific literature on the subject of oxidative stress, 
explaining the methodology, the type of aquatic species used, the damage in 
important  biological molecules and the extent of environmental pollution affecting 
aquatic and marine organisms and ecosystems. 
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Introduction: Biomarkers of oxidative stress 

Biomarkers are biochemical, physiological and/or histological measurements 

that indicate biochemical or cellular alterations in living organisms as response to 

environmental pollutants. Environmental and ecotoxicological studies in the last 

decades use extensively various biomarkers to measure the exposure of organisms 

to toxic chemicals. Biomarkers provide measures of adverse toxic effect and ideally 

should be sensitive, specific, simple to use and suitable for non-destructive 

sampling assays. Several definitions have been given for the term ‘biomarker’, 

which is used in a broad sense to include almost any measurement reflecting an 

interaction between a biological system and a potential hazard, (chemical, physical 

or biological).1-3 

 Biomarkers can be subdivided in three classes.4  

a. biomarkers of exposure: detection and measurement of an exogenous 

substance or its metabolite or the product of an interaction between a 

xenobiotic agent and some target molecule or cell that is measured in a 

compartment within an organism; . 

b.  biomarkers of effect: measurable biochemical, physiological or other alterations 

within tissues or body fluids of an organism that can be recognized as associated 

with an established or possible health impairment or disease; .  

c. biomarkers of susceptibility: inherent or acquired ability of an organism to 

respond to the challenge of exposure to a specific xenobiotic substance, 

including genetic factors. 

Molecular biomarkers allow to identify adverse biological responses at 

different levels, e.g. the whole organism or its compartments (tissues, cells, sub-

cellular organelles, antioxidant enzymes, DNA, metallothionein) once the 

environmental stressors or toxic chemicals have reached high concentrations in the 

environment. Biomarkers can test sub-lethal metabolic and physiological reactions 

to toxic chemicals in different types of organisms. Identifying species at risk and by 

integrating selective biological biomarkers (molecular, biochemical and 

physiological), can clarify issues of environmental pollution, bioavailability, 

bioaccumulation and ecological adverse effects.5 



 

3 

 

The health of aquatic ecosystems and the indentification of aquatic species 

at risk from detrimental effects of environmental pollution can be resolved by 

integrating analytical chemical analysis with selected biological endpoinds 

(biomarkers) measured in tissues and organs of species concerned. These 

biomarkers can clarify issues of pollutants, bioavailability, bioaccumulation and 

ecological effects. The physiology of aquatic organisms is very sensitive to oxidative 

stress produced by ROS and influnce their health. New developmentsin genomics 

and bioinformatics can help discriminate indivilual chemical pollutants and mixtures 

of chemicals. Biological monitoring has many advantages over environmental 

monitoring because it measures the internal dose of a toxic chemical in organisms 

and solves the problems of differences in absorption, bioavailability, excretion, and 

DNA damage and repair. The biological organisms act as integrators of exposure 

and several physiological factors, which modulate the uptake of toxic substances. 

The relationship between the toxic levels within the organism and the toxic 

response as oxidative stress is rather complex depending on several factors, such as 

toxicokinetic factors and genetic influences. 6,7 

 

The use of biomarkers of oxidative stress in ecotoxicology 
 

Ecotoxicology is a relatively new scientific field developed in the last 50 

years and substantial efforts have been devoted by ecotoxicologists developing and 

applying biomarkers for adverse effects of toxic chemicals to biological organisms 

and use the results for ecotoxicological risk assessment. Environmental scientists 

desire in their pollution investigations to have early warning indicators that respond 

before measurable adverse effects appear on individual organisms and their 

populations. In the past, biomarkers focused on measures of organism physiology, 

metabolic processes, biochemistry of tissues and organs, and antioxidant enzymatic 

mechanisms. In the last decades there are more advances in molecular biology that 

extend the biomarkers application to the damages on genetic macromolecules 

(DNA, RNA, mtDNA) and adverse effects on the level of genes. Although biomarkers 

can play a crucial role in untangling toxicological mechanisms causing observed 

toxic effects of chemicals on organisms and subsequently to communities and 
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ecosystems, results should not be expected to provide always useful predictions of 

relevant ecological effect but give directions and quantitative indications about the 

extent of the molecular damage by pollutants. Biomarkers can be useful for 

hypothesis generation in carefully monitored and environmentally relevant 

conditions by controlled experiments in the laboratory or in the field.  Molecular 

biomarkers provide increased predictability of toxic effects if they can be used in a 

comprehensive and integrated mechanistic model. Biomarkers aim to elucidate 

directions in environmental monitoring and ecological risk assessment.8 

Environmental pollution and ecotoxicological risk assessment are highly 

complex issues. In addit6ion, marine pollution and marine ecosystems are 

characterized by their complexity of function.  Inevitably, a balanced view of the 

nature and extent of risk and risk assessment caused by mixtures of environmental 

pollutants cannot be resolved with some simple monitoring steps. Molecular 

biomarkers can provide common conceptual framework and measurable endpoints 

by integration of multiple assessment protocols at various levels.9 

 

How oxidative stress is connected to environmental pollution 

A large number of environmental pollutants, among other adverse effects 

on biological systems, can act as prooxidants in various organs, tissues and basic 

biological molecules (proteins, cellular membrane lipids, DNA, metabolic system, 

etc) causing oxidative stress by releasing excessive amounts of ROS or destroying 

antioxidants defenses. In the aquatic environment which is a sink for many 

environmental pollutants, most of them act as oxidants reducing antioxidant 

defenses or initiate mechanisms for excessive ROS and damage to basic cellular 

constituents. The final result is leading to disturbance of antioxidant/prooxidant 

balance in marine species and various adverse effects in tissues and oxidative 

damage of important biomolecules.10,11 

There are endogenous and environmental factors which influence the 

generation of reactive oxygen species (ROS) leading to oxidative stress and 

inflammation. 
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Figure 1. Oxidative stress in aerobic biological systems is the imbalance between 
excessive oxidant production (reactive oxygen and reactive nitrogen species) and 
scavenging from endogenous antioxidant systems. Oxidative stress can be 
extrinsically induced by environmental factors (stressors or pollutants) such as 
toxic chemicals, UV light, infectious organisms, toxic metals, tobacco smoke, 
asbestos fibers, etc, and intrinsically by endogenous factors such as the electron 
transport chain in mitochondria. [Thanan R, Oikawa S, Hiraku Y, et al. Oxidative 
stress and its roles in neurodegenerative diseases and cancer. Int J Mol Sci 16(1), 
193-217, 2015].  
 

For higher concentrations of stressors or pollutants oxidative stress 

becomes acute and for prolonged exposure chronic. Oxidative pollutants destroy 

large part of the antioxidant defenses in the biological system leading to the most 

important damage, lipid peroxidation of membrane lipoproteins, protein and 

enzyme oxidation causing serious diseases and oxidative damage to DNA, RNA and 

mtDNA which are connected with neoplastic processes. Pollutants producing a 

steady-state ROS concentration can be enhanced transiently or chronically, 

disturbing cellular metabolism and its regulation and damaging cellular 

constituents. Synergistic effects of mixtures of pollutants demonstrate high 

oxidative toxicity. 12 

Typical examples are redox acting transition metal ions. Metals play 

important roles in a wide variety of biological processes of living systems. The most 
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important oxidative pollutants that have been studied by numerous experimental 

studies are transition metal ions and their redox cycling producing reactive oxygen 

species (ROS). Metal ions are well known inducers of oxidative stress. The most 

important are Iron (Fe2+), Copper (Cu2+), Chromium (Cr VI+), Mercury (Hg), Arsenic 

(As), Cobalt (Co), Vanadium (Va), etc. Since the generation of free radicals in living 

systems is closely linked with the participation of redox-active metals, the redox 

state of the cell is maintained within strict physiological limits. It is well established 

that iron (Fe) is essential element involved in many living processes. However, 

because it undergoes redox cycle it is involved also in initiation and propagation of 

free radical processes. The Ferrous ion can donate electrons to H2O2 yielding the 

highly reactive hydroxyl radical (HO•) in the Fenton reaction:  

H2O2 + Fe2+ → •OH + OH− + Fe3+  

Oxidized iron ion (III) may be reduced via a reaction with superoxide anion, 

O2•− , to form molecular oxygen:  O2•− + Fe3+ → O2 + Fe2+. 

The net of reactions described above give the reaction:  

H2O2 + O2 •− → O2 + •OH + OH−. 

The paradox of iron-related life is connected with the hazards of both, iron 

deficiency and iron overload, each with serious or even fatal consequences.13-15  

 

Aerobic organisms, free radicals, oxidative stress 

The primitive atmosphere of the Earth did not have any oxygen for a long 

time after the Earth’s formation 4,6 billion years ago. Primitive cyanobacteria or 

green-blue algae on Earth produced the free oxygen (O2), through anoxygenic 

photosynthesis, which changed dramatically the Earth's primitive atmosphere from 

an anoxic condition. The increase of oxygen concentration in the Earth’s 

atmosphere (the  Great Oxygenation Event, 2,5 to 2,3 billion years ago) eventually 

lead to million years of evolutionary process which formed aerobic organisms that 

consumed oxygen and established with time an equilibrium in its availability.  For 

millions of years aerobic life became the norm on Earth and all aerobic organisms 

use oxygen to oxidize (burn) carbon- their food, which are carbon and hydrogen-

https://en.wikipedia.org/wiki/Aerobic_organism
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rich substrates to obtain energy. Oxygen in biological aerobic organisms is vital to 

their existence despite its oxidizing and deleterious character.16,17 

Oxygen is fundamental for all aerobic organisms but in the process of 

biological metabolism is transformed into oxygen free radicals (e.g. hydroxyl radical 

HO
●

, RO
●

, ROO
●, etc). Oxygen free radicals and other oxidants, such as H2O2, are 

known in general as reactive oxygen species (ROS). Also, there are equivalent 

species of nitrogen, called reactive nitrogen species (RNS). Free radicals are 

produced under metabolic processes and with their single electron (
●

) are highly 

reactive. ROS and RNS play dual roles as promoting important metabolic 

mechanisms, but also are highly oxidizing and damaging in biological molecules. 

 

Figure 2. Electron structures of common reactive oxygen species (ROS). The red • 
(dot) designates an unpaired electron which makes free radicals very unstable. 
meaning highly reactive, and short lived in the environment. Thus, inside biological 
organisms cause damage by abstracting hydrogen from fundamental biological 
molecules or forcing the breaking of chemical bonds. 
 

Aerobic organisms through their evolutionary stages for millions of years 

developed defensive antioxidant enzymatic systems to minimize the damage 

caused by free radicals and were incorporated to regulate almost all aspects of life 

in plants, animals, and most eukaryotic organisms.  In addition to endogenous 

enzymatic systems, they developed also non-enzymatic antioxidants to keep a 

homeostasis balance. The most important enzymatic antioxidant systems in 

multicellular organisms and for all kingdoms of biological life, are superoxide 

dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT) and glutathione 

(GSH). Through evolutionary advances and adaptations most biological systems 

developed non-enzymatic substances of low molecular weight with strong 
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antioxidant potentials. These are vitamin A, vitamin C, vitamin E and other 

antioxidants (carotenoids, thiol antioxidants, glutathione, thioredoxin, lipoic acid, 

flavonoids, selenium and others) circulating in the biological tissues and blood 

supporting vital antioxidant roles in aerobic organisms. 18-20 

Reactive oxygen species (ROS) play crucial physiological role by regulating 

development, differentiation, redox levels, stress signaling, interactions with other 

organisms, systemic responses, and cell death. As toxic byproducts of aerobic 

metabolism, ROS are primarily formed in chloroplasts, mitochondria, and 

peroxisomes. Aerobic organisms avoid oxidative damage with removal or 

detoxification by an array of antioxidant enzymes and antioxidants compounds. 

Oxidative damage includes nucleic acids (DNA, RNA, mitochondrial mtDNA), 

proteins, enzymes and lipids of cellular membranes which is referred as oxidative 

stress. Oxidative stress arises from an imbalance between generation and 

elimination of ROS.21,22  

 

The most important molecular biomarkers of oxidative stress 

There is a great variety of molecular biomarkers of oxidative stress in 

biological organisms that reflect high concentrations of environmental pollutants 

and damage to particular biological molecules. Oxidative stress is a cellular disorder 

caused by an excess of free radicals resulting from increased oxidant levels, 

decreased anti-oxidant amounts, or failure to repair damage induced by ROS. 

Oxidative stress and associated damage to cellular lipids, proteins and DNA occur 

when these compensatory mechanisms fail to deal with the increasing loads of ROS. 

Several chemical compounds are produced during oxidative damage and may be 

detected and measured in many biological sites, providing different types of 

information.23,24 

The scientific analytical techniques for the biomarkers of oxidative stress 

have developed through the years as a series of assays and protocols of how to 

measure, the type of species and the cellular tissue for the test.  New technological 

advancements contributed to their accuracy at very low concentrations of 

exposure. 
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Biomarkers of Oxidative Stress for Cellular Lipid Peroxidation 
Most of the toxic environmental pollutants have oxidative potential that 

affects the lipids of cellular membranes in biological organisms. Lipid peroxidation is 

an important indicator of increasing concentration of stressors or pollutants. These 

molecular biomarkers can be measured in cells, tissues, blood and urine . 

1. 4-Hydroxynonenal (4-HNE), 
2. 8-iso-Prostaglandin F2alpha (8-isoprostane), 
3. Malondialdehyde (MDA)  the most frequently used biomarker of oxidative 

stress, 
4. TBARS (Thiobarbituric acid reactive substances) are formed as a byproduct 

of lipid peroxidation. The assay uses thiobarbituric acid as a reagent. 

 Pollutants Producing High Concentrations of Reactive Oxygen Species (ROS)  
 

Universal ROS and RNS   can be measured by various techniques in cells, 

tissues, blood and urine [some of these techniques involve spin trapping substances 

and Electron Paramagnetic Resonance (EPR) detecting free radicals, fluorescence 

and chemiluminescence probes], 

1. Hydrogen peroxide (H2O2), 
2. Nitric oxide  (NO●) , peroxynitrite (ONOO−), 
3. Hydroxyl radical (HO● ) 
4. Superoxide anion (O2 ●- ) and other ROS 
 
Biomarkers for Damaging Cellular DNA (through oxidative stress mechanisms) 
DNA, RNA, mtDNA damage 
 

Many environmental pollutants are generating free radicals (especially ΗΟ
●

)  

which can cause carcinogenic damage to DNA or are αψτινγ ας carcinogens or 
mutagens and their toxic effects is to damage the nucleic acids in the nucleus of the 
cell or the mitochondrial DNA (mtDNA), 
1. 8-Hydroxyguanosine (8-OHG) sample type cells, tissues, blood, urine, 

cerebrospinal fluid [biomarker, when DNA is attacked by oxidative stress such 
as ROS, UV light, or genotoxic agents], 

2. 8-Hydroxydeoxyguanosine (8-OHdG), 
3. 8-nitroguanine    (only in blood and urine), 
4. Aldehyde DNA damage   (only in cells, tissues), 
5. BPDE  DNA adduct  (only in cells, tissues) [Benzo(a)pyrene diolepoxide 

adduct levels], 
6. Double-strand DNA breaks (only in cells), 
7. Comet assay (general DNA damage) (only in cells), 
8. UV  DNA damage (CPD, 6-4PP) (only in cells), 

https://www.cellbiolabs.com/hne-4-hydroxynonenal-assays-and-reagents
https://www.cellbiolabs.com/8-iso-prostaglandin-f2a-assay
https://www.cellbiolabs.com/mda-malondialdehyde-assays-and-reagents
https://www.cellbiolabs.com/tbars-assay
https://en.wikipedia.org/wiki/Lipid_peroxidation
https://en.wikipedia.org/wiki/Thiobarbituric_acid
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Oxidative Stress, Protein Oxidation and Protein Nitration  

All these oxidative stress assays can be performed in cells, tissues and blood.  
1. Protein Carbonyl Content (PCC), 
2. 3-Nitrotyrosine, 
3. Advanced Glycation End Products (AGE), 
4. Advanced Oxidation Protein Products (AOPP), 
5. BPDE Protein Adduct [final mutagen benzo(a)pyrene diol epoxide ], 
6. Cell Protein adduct, 
7. CEL  Protein adduct, 
8. CML Protein adduct   [ N(epsilon)-(carboxymethyl)lysine ], 
9. Methylglyoxal adducts, 
10. Protein radicals, 
11. s-Glutathione adducts. 

Assays for the Decrease or Disturbance of Cellular Antioxidants 

These oxidative stress assays can be tested in cells, tissues and blood or urine. 
1. Catalase (CAT) [enzyme found in nearly all living organisms. It catalyzes the 

decomposition of H2O2 to water and oxygen. Protects biological cell from 
oxidative damage by ROS], 

2. Glutathione (GSH) [reduced, antioxidant enzyme in plants, animals, fungi, 
bacteria and archaea, capable of preventing oxidative damage to important 
cellular components].  Glutathione-S-transferase (GST), 

3. Superoxide dismutase (SOD) [enzyme in all living cells, catalyzes the 
dismutation of superoxide anion (O2

●−) to H2O2 and O2]. 
The antioxidant capacity of various foods is the result of the presence of 
mostly polyphenolic compounds, flavonoids, with strong antioxidant 
potential, in particular for fruits, vegetables, olive oil, etc., 

4. Oxygen Radical Antioxidant Capacity (ORAC)        (and    food samples) 
5. Hydroxyl Radical Antioxidant Capacity (HORAC)    (and  food samples) 
6. Total Antioxidant Capacity (TAC)                                (and  food samples) 
7. Cell-based Exogenous Antioxidant Assay         (and food samples), antioxidants 
 

Assays for Oxidase/Peroxidase Activity  

1. Monoamine Oxidase Assays, 
2. Myeloperoxidase Assays 
3. Peroxidase / Hydrogen Peroxide Assays 
4. Polyamine Oxidase Assay 
 
Assays of metallothionein for oxidative stress 
 

Metallothionein (MT) is a family of cysteine-rich, low molecular weight  
proteins that have the capacity to bind both physiological metals 
(zinc, copper, selenium) and  xenobiotic heavy metals  (cadmium,  mercury,  silver, 

https://www.cellbiolabs.com/protein-nitration-assays-and-reagents
https://www.cellbiolabs.com/advanced-glycation-end-products
https://www.cellbiolabs.com/advanced-oxidation-protein-products-aopp-assay
https://www.cellbiolabs.com/bpde-protein-adduct-elisa
https://www.cellbiolabs.com/peroxidase-activity-assays
https://www.cellbiolabs.com/monoamine-oxidase-assays
https://www.cellbiolabs.com/myeloperoxidase-assays
https://www.cellbiolabs.com/peroxidase-hydrogen-peroxide-assay
https://www.cellbiolabs.com/polyamine-oxidase-assay
https://en.wikipedia.org/wiki/Cysteine
https://en.wikipedia.org/wiki/Molecular_mass
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Zinc
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Selenium
https://en.wikipedia.org/wiki/Xenobiotic
https://en.wikipedia.org/wiki/Cadmium
https://en.wikipedia.org/wiki/Mercury_(element)
https://en.wikipedia.org/wiki/Silver
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arsenic) through the thiol group of its cysteine residues. They play a protective 
antioxidant role. Numerous studies indicate that metallothioneins protect cells 
from exposure to oxidants and electrophiles, and from oxidative stress.25  

 
In the last decades assays for molecular biomarkers of oxidative stress in 

biological organisms are widely used in toxicology and ecotoxicology. Aquatic 

organisms are very important in testing and monitoring environmental pollution 

due to their sensitivity, ubiquity, and simplicity of cultivation. Measuring oxidative 

stress has become increasingly valuable in ecological and biodiversity studies. 

Lipid peroxidation and cellular antioxidant enzymes in ecotoxicology 
 

Ecotoxicological studies can be performed with plants. One of these is 

Duckweed (Lemna minor L.) which is used in water quality studies to monitor 

heavy metals and other aquatic pollutants. Duckweed, like other water plants, 

may selectively accumulate certain chemicals and because of its physiological 

properties (small size, rapid growth between pH 5 and 9, and vegetative 

propagation) is ideal as a pollution test system [there is a standardized test 

protocol for ecotoxicological assays ISO/DIS 20079, 2004].26 

 

Figure 2. Duckweeds, or water lenses, are flowering aquatic plants which float on or 

just beneath the surface of still or slow-moving bodies of fresh water and wetlands. 

Duckweeds can be used for ecotoxicological assays of oxidative stress. 

Scientists in Croatia assessed the toxic effects of industrial effluents by 

using duckweed (Lemna minor L.) plants as a test system. Oxidative stress causes 

growth inhibition. Toxicology assays were the Comet assay (indicates DNA 

damage) and certain parameters such as peroxidase activity and lipid peroxidation 

level, as biomarkers for environmental monitoring were evaluated. All samples 

https://en.wikipedia.org/wiki/Arsenic
https://en.wikipedia.org/wiki/Thiol
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aquatic-species
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aquatic-species
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aquatic-species
https://link.springer.com/article/10.1007/s10646-009-0408-0#CR17
https://en.wikipedia.org/wiki/Aquatic_plant
https://en.wikipedia.org/wiki/Wetlands
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caused inhibition of growth rates based on frond number and biomass as well as 

decrease of chlorophylls content. The results of the experiments demonstrated 

the relevance of duckweed as sensitive biomarker of water quality.27 

The toxicological evaluations of crude oil, and aromatic hyudrocarbon 

pollutants such as xylene, toluene and benzene were carried out against juvenile 

stages of Clarias gariepinus by scientists in the Dpt. of Zoology, Ecotoxicology Unit, 

University of Lagos, Nigeria.  

 

Figure 3. African sharptooth catfish (Clarias gariepinus) found throughout  
Africa and the Middle East. It is used for ecotoxicological studies of toxic pollutants. 
 
  The ecotoxicological study found that lethal concentration 50% values 

(LC50) for benzene (0.017 ml/l), xylene (0.086 ml/l), toluene (0.398 ml/l) and crude 

oil (2.219 ml/l). Also, they tested lipid peroxidation assay and the results showed 

that the level of malonaldehyde (MDA) in liver and gills of fish exposed to all the 

test chemicals increased significantly when compared to control. Measurement of 

activities of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT) and 

glutathione-S-transferase (GST) in liver and gill of fishes exposed to sublethal 

concentration of the test chemicals over a 28-day period was found to decrease 

significantly when compared to control. They concluded that the assays used 

were a good battery of biomarkers for early detection of pollution during 

biomonitoring programmes.28 

 The yellow perch (Perca flavescens) is used in ecotoxicological studies of 

oxidative stress at environmentally relevant concentrations. 

 
Figure 4.  The yellow perch (Perca flavescens) freshwater perciform fish native to 

much of North America. It is used in toxicological studies for metal contamination.   

https://en.wikipedia.org/wiki/Africa
https://en.wikipedia.org/wiki/Middle_East
https://en.wikipedia.org/wiki/Perciform
https://en.wikipedia.org/wiki/North_America
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Discharged Silver nanoparticles (AgNPs) from municipal and industrial 

wastewater are highly toxic pollutants. A toxicological study (2017) used yellow 

perch (Perca flavescens) as a test species. Fish were exposed to 1 mg/L and 

100 mg/L of AgNPs and silver ions (Ag+) in static‐renewal experiments conducted 

over 96 hours and for 10 days. The greatest accumulation of total Ag occurred in 

the liver of P. flavescens. Residues of total Ag increased with concentration and 

duration of exposure in liver, gill, and muscle. These exposures caused a 2‐fold 

induction of gene expression for metallothionein (mt) in liver tissue after 96 h of 

exposure and reductions in levels of oxidized glutathione (GSSG) in liver after 10 

days of exposure. Both AgNPs and Ag+ decreased the expression of heat‐shock 

proteins (hsp70). Exposure to the high concentration of AgNPs for 10 days 

significantly increased lipid peroxidation in gill tissue, as indicated by the 

thiobarbituric acid reactive substances (TBARS) assay.29  

 

Figure 5. The zebrafish (Danio rerio) is a freshwater fish belonging to the 
minnow family. Zebrafish is a useful scientific model organism for vertebrate 
development and gene function in ecotoxicology studies and biomonitoring. [Hill 
AJ, et al. Zebrafish as a model vertebrate for investigating chemical toxicity. Toxicol 
Sci 86 (1): 6–19, 2005].  

 

Some pharmaceutical compounds in wastewater treatment plants and 

surface waters cause oxidative stress and are potential risk for aquatic ecosystems. 

Zebrafish (both sexes) were used for toxicology tests. Fish was exposed to 3 

pharmaceutical compounds (atenolol, ketoprofen and diclofenac) and their UV 

photolysis by-products over 7 days. The oxidative stress response of zebrafish to 

pharmaceuticals and their photolysis by-products was evaluated through oxidative 

stress enzymes (glutathione-S-transferase, catalase, superoxide dismutase) and 

lipid peroxidation (LP). Results suggest that the photolysis by-products of diclofenac 

https://en.wikipedia.org/wiki/Freshwater_fish
https://en.wikipedia.org/wiki/Family_(biology)
https://en.wikipedia.org/wiki/Model_organism
https://en.wikipedia.org/wiki/Vertebrate
https://en.wikipedia.org/wiki/Gene
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were more toxic than those from the other compounds tested, showing an increase 

in GST and CAT levels, which are supported by higher malonaldehyde MDA levels.30 

Scientists in India investigated toxic metal bioaccumulation (from sugar mill 

toxic effluents) in water canal. The oxidative stress biomarkers, such as lipid 

peroxidation (LPO), superoxide dismutase (SOD), catalase (CAT), glutathione S 

transferase (GST), reduced glutathione (GSH) were measured. The test organism 

was fish Channa punctatus. Also, DNA damage and histopathology were the other 

potential indicators of oxidative stress exposed to effluents. The canal water 

contained high concentrations of Cr, Mn, Fe and Ni which were exceeding the 

permissible limits set by both Bureau of Indian standards (BIS) and WHO. SOD and 

LPO were significantly higher in all tissues, whereas CAT, GST and GSH levels 

declined significantly compared to fish from the reference site. Also, the study 

observed DNA damage and histopathological damage in gill and liver of 

C. punctatus.31 

 

Figure 6. Channa punctata, is a fish, the spotted snakehead. It is found in swamps, 
ponds and brackish water systems. It is used in ecotoxicological studies.   
 

Lipid peroxidation can be measured also with the thiobarbituric acid 

reactive substances (TBARS) assay. The test is widely used to measure loxidation 

and antioxidant activity in food and physiological systems. A recent review 

presented an overview of the current use of the TBARS test in food and 

physiological systems. As an antioxidant assay, the TBARS test may lack acceptable 

reproducibility, and long reaction times may preclude its adoption as a rapid 

screening method. Despite these potential limitations, there are features of the 

TBARS test that make it useful as a complement to popular screening tests such as 

Trolox equivalent antioxidant capacity.32 
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Organophosphate insecticides are cholinesterase-inhibitors and highly toxic 

by all routes of exposure. Chlorpyrifos and Monocrotophos are used to kill a 

number of pests including insects and worms. Their toxicity and potential for 

oxidative stress was tested in liver, brain, muscle and gills of Clarias batrachus, 

which is a freshwater airbreathing catfish (Clarias batrachus) native to Southeast 

Asia. The ecotoxicological study (2017)  investigated growth, blood, antioxidant 

response (liver), Acetylcholinesterase (AChE) (brain, muscle) and balance 

Na+/K + ATPase in gills of Clarias batrachus . The test organism was exposed  both  

to insecticides for a fixed interval time (3, 6, 9, 12, 15 days) and follow up 

depuration process in fresh water for 30 days. The results showed that hepatic lipid 

peroxidation increased and antioxidant enzymes (SOD, CAT) reduced glutathione 

(GSH) and glutathione S-transferase (GST) activities were significantly activated 

whereas glutathione peroxidase was inhibited in both tested groups. All the 

antioxidant enzymes were reversed on day 15. The results indicated that 

depuration process might help in detoxification of fish and improve growth, 

haematological conditions, oxidative stress and AChE, Na+/K + ATPase activity.33 

  

Figure 7. The catfish (Clarias batrachus) is used as a sensitive aquatic species in 
ecotoxicological studies for measuring oxidative stress by toxic pollutants. Also, the 
land snail, Theba pisana, can be a test organism for laboratory and field 
investigations. 
 

Thiamectin is a mixture of Thiamethoxam and Abamectin and are used 

extensively as pesticides in agriculture worldwide. Thiamethoxam is an insecticide 

with systemic activity. Rapidly taken up into the plant to control aphids, whitefly, 

thrips, recehoppers, white grubs, colorado potato beetle, flea beetles, wireworms, 

ground beetles, leaf miners and some lepidopterous species. Both insecticides are 

https://en.wikipedia.org/wiki/Pest_(organism)
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/detoxification
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
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highly toxic and have the potential to cause oxidative stress.  A recent 

ecotoxicological study (2019) investigated various assays in the land snail, Theba 

pisana, exposed to sublethal concentrations. After two weeks exposure and one 

week recovery the  oxidative stress  parameters : LPO, GSH CAT, GSTand other 

immunological parameters, such as  cell death, phagocytosis, lysosomal membrane 

stability (LMS), lectins, superoxide anion (O2
●−) generation, phenoloxidase (PO), 

peroxidase (POD) and hemocyanin (Hc) were examined. The results showed that 

both tested compounds significantly increased DNA damage, LPO content, the 

activity of CAT and GST, cell death, POD activity. The study showed that this battery 

of toxicological endpoints and assays of oxidative stress on snails can be used for 

biomonitoring of terrestrial ecosystem health.34  

Copper (Cu) and pyrethroids are toxic pollutants of the aquatic environment 

and their potential toxicological effects on aquatic organisms have received 

extensive attention by ecotoxicologists. Cypermethrin is a synthetic pyrethroid used 

as an insecticide in large-scale commercial pesticides. An ecotoxicological study 

assessed the sublethal toxicities induced by Cu and commercial formulation of beta-

cypermethrin in the freshwater crayfish Procambarus clarkii.  

 
Figure 8.  Procambarus clarkii  is a species of cambarid freshwater crayfish, native 
to northern Mexico, and southeastern United States. The scientific literature 
reporting heavy metal impacts on freshwater crayfish, with reference to 
accumulation levels and suitability as ecological bioindicators.  

 

The static test method of acute toxicity test was used in the crayfish. Five 

biomarkers of oxidative effects: ROS, SOD, CAT, MDA, protein carbonyls, and 

pathologic changes were determined. The results demonstrated that there was a 

significant increase in the contents of ROS, MDA and protein carbonyls 

accompanied by markedly decreased SOD and CAT activities in a concentration-

dependent manner.35  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/inorganic-peroxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/anion
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pyrethroid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-environment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-organism
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/toxicity-test
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/multiple-docking-adapter
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Biomarkers of oxidative stress for high concentrations of reactive 
oxygen species (ROS)  
 

The measurement of reactive oxygen species (ROS) is dependent on the 

analytic target. At the cellular level, specific ROS can be individually assessed from 

tissue culture, while at the animal level typically the effects of oxidative stress are 

measured from blood product (e.g. serum or plasma) or from urine samples. 

Electron Paramagnetic Resonance (EPR) techniques are used for the 

detection of ROS (through spin trapping), also spectrophotometry and 

chemiluminescence are examples of methods in the detection of reactive oxygen 

species (ROS). Free radicals have very short life and in order to be detected 

scientists use Spin trapping techniques. One of the earliest methods for superoxide 

anion O2
●− and hydroxyl radical HO

●
 detection was spin trapping with 5,5-dimethyl-

1-pyrroline-N-oxide (DMPO).36  

Also, fluorescent probes are used for ROS measurements. Many fluorescent 

dyes for ROS detection are commercially available, but most of them do not meet 

the ideal criteria that would allow for the localization of redox events. Fluorescent 

dyes for ROS are based on the oxidation–reduction processes between the ROS and 

reduced probe, which fluoresces upon oxidation.37 

Heavy metals show high redox potential and as pollutants can produce large 

amounts of ROS in contaminated water sites. A recent study (2016) used two 

freshwater green algae, Chlorella sp. FleB1 and Scenedesmus YaA6, which were 

isolated from lead (Pb) polluted water samples. The tests were exposures for 

24 hour, 4 days and 8 days. The cultures of these algae were investigated for 

growth, photosynthetic physiology and production of reactive oxygen 

species (ROS). The first alga showed that there was agreement between exposure 

to lead (Pb) and the impacts on chlorophyll  content, photosynthesis and growth. 

However, for the second, growth was inhibited at lower lead concentrations under 

which ROS, measured by 2′,7′-dichlorodihydrofluorescein diacetate fluorescence, 

were 4.5 fold higher than in controls but photosynthesis was not affected, implying 

that ROS had played a role in the growth inhibition that did not involve direct 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/green-alga
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorella
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/scenedesmus
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorophyll
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photosynthesis
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effects on photosynthesis. Conclusions: Chlorella was more tolerant to free 

Pb2+ than Scenedesmus. Long-term Lead (Pb) treatments resulted in decreased 

chlorophyll. Pb stimulated ROS production though this depended on exposure time 

and Pb concentration. Photosynthetic impairment by Pb was responsible for the 

growth decrease in Chlorella. The causes of growth inhibition in Scenedesmus were 

related to lead-induced ROS.38 

 In recent years nanoparticles are playing an important toxicological role in 

polluted areas, especially in harming the growth of algae. An ecotoxicological study 

investigated the growth of two species of algae that were inhibited from exposure 

to toxic nanoparticles of Titanium dioxide (TiO2). Oxidative stress was one of the 

mechanisms of toxicity of nano-TiO2 on algae. The site of ROS production was the 

electron transfer chain of chloroplast. In this study, Karenia brevis and Skeletonema 

costatum (algae) were exposed to nano-TiO2 (anatase, average particle size of 5–

10 nm, specific surface area of 210 ± 10 m2 g−1) to assess the adverse effects on 

growth. Findings for aggregation of nanoparticles inside the algal cells were 

detected with transmission electron microscopy-energy dispersive X-ray 

spectroscopy (TEM-EDX) and scanning electron microscopy (SEM). The growth of 

the two species of algae was inhibited. The 72 hour EC50 values of nano-TiO2 to K. 

brevis and S. costatum were 10.69 and 7.37 mg L−1, respectively. TEM showed that 

the cell membrane of K. brevis was destroyed and its organelles were almost 

undistinguished under nano-TiO2 exposure. The malondialdehyde (MDA) (assay for 

lipid peroxidation) contents of K. brevis and S. costatum significantly increased 

compared with those of the control. The antioxidant enzymes SOD) and CAT 

activities on both algae changed in different ways. The reactive oxygen species 

(ROS) levels in both algae species were significantly higher than those of the 

control. The site of ROS production and accumulation in both algae was explored 

with the addition of inhibitors of different electron transfer chains. This study 

indicated that nano-TiO2 in algal suspensions inhibited the growth of both algae. 

This effect was attributed to oxidative stress caused by ROS production inside algal 

cells. The levels of anti-oxidative enzymes changed, which destroyed the balance 
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between oxidation and anti-oxidation. Thus, algae were damaged by ROS 

accumulation, resulting in lipid oxidation and inhibited algae growth.39  

 
Biomarkers for DNA strand breaks through oxidative stress 
mechanisms caused by environmental pollutants 
 

Most of the environmental pollutants have the potential to initiate oxidative 

stress in marine organisms, directly from generation of reactive oxygen species 

(ROS). Among the oxidative damage to lipids, proteins pollutants can penetrate 

inside the nucleus and cause DNA strand breaks. These DNA damages (various 

types) can be used in ecotoxicological studies as biomarkers in marine organisms.40 

Structural damage to DNA molecules in genome is one of the most 

important biomarkers of genotoxic effects of environmental pollution due to the 

extremely important functional role of these molecules in biological systems. 

Various bioassays are used to detect genotoxic damage (e.g. The Comet Assay can 

detect DNA damages). Ecotoxicity tests of pollutants is widely used to assess 

genotoxicity of various petroleum hydrocarbons, pesticides, heavy metals and 

PAHs.41-44 Bivalves are commonly used for genotoxic monitoring, with their analysis 

focused on the degree of DNA damage in somatic cells (of gills, digestive gland, and 

hemolymph).45 

DNA damage, through mechanisms of  oxidative stress in marine 

gastropod Morula granulate, was measured after in vivo exposure to four 

different concentrations (10, 25, 50, and 100 μg/L) of phenanthrene (toxic and 

genotoxic polycyclic aromatic hydrocarbon). Comet assay (simple method of 

single-cell gel electrophoresis for measuring DNA strand breaks in eukaryotic cells) 

was used for measurements of DNA damage, whereas oxidative stress was 

assessed using a battery of biomarkers such as GST, CAT, and lipid peroxidation 

(LPO). The results showed concentration-dependent increase in percentage DNA 

in gastropods exposed to phenanthrene. Also, experiments showed positive 

correlations among oxidative stress biomarker and DNA breaks. Integrated 

biomarker response analysis showed that among the four biomarkers 
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investigated, lipid peroxidation and DNA damage were the most sensitive. in 

response to phenanthrene exposure. Our results clearly showed that 

phenanthrene is genotoxic to gastropods and also causes oxidative stress.46 

Ecotoxicological studies of DNA damage were contacted with microplastics 

that have adsorbed organic pollutants in polluted sites due to their lipophilic 

nature. A study (2018) investigated the toxicological effects of exposure to low-

density polyethylene (LDPE) microplastics (11–13 μm), with and without adsorbed 

carcinogenic substances (benzo[a]pyrene—BaP and perfluorooctane sulfonic acid—

PFOS). The test organism was the peppery furrow shell clam, Scrobicularia plana. 

  

Figure 8. the peppery furrow shell clam, Scrobicularia plana. This bivalve is an 
important species of shallow water benthic communities,  

 

 The experiment used environmentally relevant concentrations of pollutants 

(BaP−16.87 μg g−1 and PFOS−70.22 μg g−1) that were adsorbed to microplastics. A 

multi-biomarker assessment was conducted in the gills, digestive gland, and 

haemolymph of clams to clarify the effects of exposure. The tests of oxidative stress 

were: the quantification of antioxidant (SOD, CAT, GSH) and biotransformation of 

GST enzyme activities, oxidative damage (lipid peroxidation levels), genotoxicity 

(single and double strand DNA breaks), and neurotoxicity (acetylcholinesterase 

activity). The ecotoxicological results suggested a potential mechanical injury of gills 

caused by ingestion of microplastics that may also affect the analyzed biomarkers. 

The digestive gland seems less affected by mechanical damage caused by virgin 

microplastic exposure, with the microplastics-adsorbed BaP and PFOS exerting a 

negative influence over the assessed biomarkers in this tissue.47 

Another pesticide of concern is Azoxystrobin, a systemic fungicide used in 

agriculture. Azoxystrobin  protects plants and fruit/vegetables from fungal diseases 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/azoxystrobin
https://en.wikipedia.org/wiki/Fungicide
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but is classified as very toxic to aquatic organisms and its toxicological effects 

(genotoxicity) on non-target organisms have aroused toxicological interest.48 An 

ecotoxicological study investigated the toxic effects of azoxystrobin through 

oxidative and genotoxic effects on zebrafish (Danio rerio). The study detected 

Reactive oxygen species (ROS) that accumulated in excess in the zebrafish livers. 

Antioxidant enzymes (SOD, CAT and GST) were significantly inhibited or their 

activity was induced and increased after prolonged exposure. Azoxystrobin caused 

Lipid peroxidation (LPO) and DNA damage and both these effects were enhanced in 

a concentration-dependent manner. Researchers concluded that Azoxystrobin 

induced oxidative stress and genotoxicity in zebrafish livers.49 

Cobalt (Co) is an essential element for health in animals in minute amounts 

as vitamin B12. But high concentrations in the environment are toxic and with 

carcinogenic potential for plants, animals and humans. A recent toxicology study 

(2017) investigated cobalt toxicity in Hydra, exposed to 0–60 mg/L cobalt salts. The 

test showed that at cellular level, Co generated excessive ROS, as the principal 

mechanism of action. Hydra vulgaris were exposed to Co under laboratory 

conditions.  

 
Figure 9. Hydra is a small, fresh-water organisms of the phylum Cnidaria and 
class Hydrozoa. Hydra vulgaris is is a small, boneless freshwater creature less than 2 
cm long, native to the temperate and tropical regions. Biologists are especially 
interested in Hydra organisms because of their regenerative ability. 
 

Cobalt toxicity caused upregulation of expression of the antioxidant genes, 

SOD, GST, GPx, and G6PD (glucose-6-phosphate dehydrogenase). The upregulations 

were higher in the 24-hour than in the 48-hour time-point group, indicating that 

ROS overwhelmed the cellular defense mechanisms. DNA damage by exposure to 

Co was revealed by the Comet assay. Immunoblot analyses (technique used 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nontarget-organisms
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/zebra-fish
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lipid-peroxidation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/dna-damage
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oxidative-stress
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/genotoxicity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/comet
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for analysis of individual proteins in a protein mixture) revealed that Co triggered 

mitochondria-mediated apoptosis.  Researchers concluded that Hydra as a model 

aquatic organism can be used for the risk assessment (genotoxicty) of heavy metal 

pollution in aquatic ecosystems.50 

Antioxidant enzymes and DNA damage are potential indicators of oxidative 

stress by metal bioaccumulation in aquatic organism living in environments with 

thermal power plant discharges. The test organism used in an ecotoxicological 

study was Channa punctatus exposed to effluents. Monitoring of Fe and Ni 

concentrations in thermal power effluents exceeded the recommended guidelines 

set by UNEP. Lipid peroxidation was much higher than normal in the test organism. 

Antioxidant enzymes SOD, CAT and GST levels were significantly higher in liver and 

kidney, whereas GSH levels declined significantly compared to fish from the 

reference site. Also, test observed damage to DNA with significantly higher mean 

tail length in the exposed fish gill cells and in liver (20.8 µm) compared to reference 

fish. 51  

Cadmium (Cd) is a naturally occurring toxic heavy metal with common 

exposure in industrial workplaces. Cd is classified as a human carcinogen [Group 1 – 

according to IARC). Trace amounts of Cd, a non-essential metal, are known to be 

highly toxic to aquatic organisms through oxidative stress mechanisms. An 

investigation exposed the clam Meretrix meretrix to cadmium ion (Cd2+) for 5 days 

and measured oxidative damage and apoptosis in the hepatopancreas. 

Researchers monitored increases of antioxidant enzymes (SOD, CAT, GPx, GSH 

and levels of malondialdehyde, as a lipid peroxidation marker). Apoptosis of 

hepatopancreatic cells was detected by DNA laddering and double fluorescent 

staining. Results showed that Cd-induced oxidative damage, apoptosis in the 

hepatopancreatic cells of clams, even at Cd2+ concentrations far below the semi-

lethal dose for adult clams.52 

Atrazine was a widely used herbicide but very toxic and a common pollutant 

of drinking water in many areas. It was banned in the EU in 2004 because of its 

persistent groundwater contamination. Mesotrione was one of the new herbicides 

that have emerged as an alternative after the ban of atrazine.  Scientists evaluated 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/effluent
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the acute exposure to environmentally relevant mesotrione concentrations on the 

liver of fish Oreochorimis niloticus (Cichlidae is the most species-rich freshwater 

family of Perciformes) and Geophagus brasiliensis (fish, native to Brazil). They used 

the assays of biomarkers of antioxidant enzymes (SOD, GPx, GST, GSH), lipid 

peroxidation and the DNA damage to erithrocytes, liver and gills through the Comet 

assay. The results found significant increase in DNA damage in all tissues in both 

species.53 Another more recent study investigated Mesotrione for oxidative 

stress and genotoxic effects in a common freshwater fish, Cyprinus carpio, exposed 

to environmentally relevant concentrations of mesotrione for up to 28 days. Levels 

of ROS, MDA, GSH, SOD, CAT, GPx, GR were measured in the gill, liver and muscle. 

Also they measured levels of DNA by using the Comet assays technique. Results 

revealed that the highest concentration of mesotrione induced DNA damage to 

different tissues, especially the liver after chronic exposure. 54  

 

Oxidative stress, protein oxidation and protein nitration  
 

The oxidative modification of proteins by ROS and the subsequent oxidative 

stress in the biological tissues is implicated in the etiology or progression of adverse 

toxicological effects in organisms. Many environmental pollutants can initiate these 

oxidations and the oxidative modifications of cellular proteins advance into a 

variety of molecular damages and diseases.  Aerobic organisms have repair 

mechanisms for the oxidatively modified proteins but if repair is not working 

efficiently, they remove damage proteins by proteolytic degradation. The level of 

these protein modified molecules can be quantitated by measurement of the 

protein carbonyl content (PCC), which has been shown to increase in a variety of 

adverse health processes after exposure to oxidative pollutants. Accumulation of 

modified proteins disrupts cellular function either by loss of catalytic and structural 

integrity or by interruption of regulatory pathways.  Advances in understanding the 

chemical nature of oxidative attack on biological molecules have identified many 

new markers with which to examine postmortem tissues for evidence of oxidative 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/comet
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injury. These markers include nitrated proteins, protein nitrotyrosine, carbonyls in 

proteins, fatty acid oxidation products, and oxidized DNA bases.55 

Aluminum is a toxic metal that can induce hypoxia, hypercapnia, metabolic 

acidosis, respiratory failure and oxidative stress in fish. The common carp Cyprinus 

carpio, an omnivorous fish commonly used in commercial aquaculture, has been 

proposed as a test organism in toxicological assays. A research group used 

common carp C. carpio for Aluminum-induced oxidative stress in lymphocytes at 3 

different concentrations of Al in a static exposure system for 96 hour. Lipid 

peroxidation, oxidized protein content and the activity of SOD, CAT GTP were 

measured. Results revealed that Aluminum concentrations modified the activity 

of antioxidant enzymes and elicited higher levels of lipid peroxidation and 

oxidized proteins.56 

 Although there are numerous experimental results on the association of 

environmental pollutants induced toxicity and oxidative stress in aquatic organisms, 

there is little information on the effects of these oxidative substances at the cellular 

and molecular level of proteins. Toxicologists think that redox proteomics, the 

elective tool to identify post-translationally oxidized proteins, is still in its very 

infancy in the field of toxicological investigations.  In fact, redox proteomics can be 

a useful tool for evaluating pollutant-induced oxidative damage to proteins of 

various biological systems, especially in aquatic organisms.57  

A typical example of protein oxidation as an assay for ecotoxicological 

studies is the adverse impact of pesticides in aquatic organisms. The well known 

pesticides, endosulfan (acutely toxic pesticide, organochlorine insecticide and 

acaricide that is being phased out globally) and deltamethrin (a pyrethroid 

insecticide, neurotoxic to humans), were tested for oxidative stress on the black 

tiger shrimp Penaeus monodon.  Researchers assessed their toxicity by using 

classical oxidative stress biomarkers, protein carbonylation profiles, and levels of 

heat shock proteins. Results with deltamethrin showed that 4 days exposure 

increased lipid peroxidation level in gills. However, no pesticide treatment had 

significant effect on the activities of antioxidant enzymes. Carbonylated protein 

profiles were determined on gills following 2,4-dinitrophenylhydrazine 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proteomics
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derivatization and 2D-PAGE along with Western blotting. Immunoblotting with 

dinitrophenol-specific antibody revealed 17 protein spots carbonylated in response 

to 4 days exposure. Experiments with endosulfan exposure at 0.1 and 

1 μg L−1 induced up to 2.1-fold increase of HSP90 (heat shock protein 90 is a 

chaperone protein that assists other proteins to fold properly) level in muscle. 

Deltamethrin has shown a pro-oxidant effect in gills, whereas endosulfan exposure 

induced proteotoxic effects in muscles.58 

 

Figure 10. Penaeus monodon, commonly known as the giant tiger prawn or Asian 
tiger shrimp is a marine crustacean that is widely reared for food.  

 

Nitrative stress (nitration of proteins) is another toxicological effect of 

environmental pollutants in aquatic organisms that has been used in 

ecotoxicological investigations.  In the past biochemical studies were used to 

observe the changes in fish liver mitochondria by pollutants inducing nitrative 

stress. A study used the fish Mugil cephalus were collected from polluted and 

unpolluted estuaries for a period of two years in India. The results of the 

investigation revealed elevated nitrite (NO2
−) and nitrate (NO3

−) levels, increased 

nitric oxide (NO) synthesis and 3-nitrotyrosine expression, decreased respiratory 

chain enzyme activities and ATP/ADP ratio, reduced mitochondrial SOD, GPx and 

elevated mitochondrial heat shock protein 70 (mtHSP70) expression (30%) to a 

significant extent in fish from the polluted estuary compared to fish from the 

unpolluted estuary. The overexpression of HSP70 under stress may aid 

mitochondrial survival by protecting against nitrative stress induced damage.59 

The wastewater of the pharmaceutical industry contains a large number of 

oxidative pollutants at high concentrations with ecotoxic potential.  The main 

toxic chemicals in these effluents are solvents, detergents, disinfectants (e.g. 

sodium hypochlorite NaClO) and metabolites or disintegration products of 
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pharmaceutical products. The oxidative stress from the pharmaceutical industry 

(manufacture of nonsteroidal anti-inflammatory drugs, NSAID) wastewater were 

tested by using the aquatic organism Hyalella azteca (amphipod). The organisms 

were exposed to the lowest observed adverse effect level for up 72 hour. The 

biomarkers of oxidative stress that were evaluated were: lipid peroxidation, 

protein carbonyl content (PCC), and activity of antioxidant enzymes SOD, CAT and 

GPx. The results of the exposed group revealed significant increases in the activity 

of antioxidant enzymes, PCC and lipid peroxidation with respect to the control 

group.60  

 

Figure 11. Hyalella azteca is a widespread species of amphipod  crustacean 
 in North America. It is 3–8 mm long, and is found in a range of fresh and brackish 
waters.  

 

Assays for oxidase/peroxidase activity. Multibiomarker approach  

Oxidases and peroxidases play a key role in the generation of reactive 

oxygen species (ROS) during oxidative stress. Many oxidases and peroxidases use 

hydrogen peroxide (H2O2) as the primary substrate. There are at present various 

ecotoxicological assays to measure the activity levels of oxidase 

and peroxidase enzymes in aquatic organisms in relation to environmental 

pollution. The oxidase/peroxidase assay biomarkers are useful in determining 

concentrations of pollutants which can have detrimental effects after long-term 

exposure and for the detection of exposure to chemicals that would normally be 

classified as non-toxic by acute toxicity tests. 

The haem peroxidase assay has been proved to be a particularly sensitive 

biomarker measuring oxidase activity to sub-lethal concentration of pollutants. A 

https://en.wikipedia.org/wiki/Species
https://en.wikipedia.org/wiki/Amphipoda
https://en.wikipedia.org/wiki/Crustacean
https://en.wikipedia.org/wiki/North_America
https://www.cellbiolabs.com/peroxidase-activity-assays
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study used the haem peroxidase assay (as a novel test) in Daphia magna to 

measure kerosene contamination of groundwater sources. Sub-lethal 

concentrations of kerosene-contaminated groundwater resulted in a haem 

peroxidase activity increase by dose with a two-fold activity peak at 25%. 

Reproduction in D. magna remained unimpaired when exposed to concentrations 

below 25% for 21 days, and a decline in fecundity was only observed at 

concentrations above the peak in enzyme activity. Researchers suggested that this 

biomarker is useful in determining concentrations above which detrimental 

effects would occur from long-term exposure.61 

Paraquat is a chemical herbicide widely used in several countries until it was 

banned because of its acute toxicity. Paraquat by one electron reduction induce 

peroxidation processes in non-target animal species, but also may interfere with 

the cellular transport of polyamines. An ecotoxicological investigation of paraquat 

in freshwater invertebrates initiated the induction of oxidative stress 

(lipoperoxidation, enzymatic activities of CAT and SOD) and also induced levels of 

polyamines (putrescine, spermidine and spermine) in two species of freshwater 

invertebrates, the oligochaete  Lumbriculus variegatus and the gastropod  

Biomphalaria glabrata with different outcomes. In addition, the results revealed 

that polyamines play an important role against lipoperoxidation processes.62 

Acrylamide is highly toxic and cancer-causing substance. Acrylamide forms 

in some starchy foods during high-temperature cooking processes. It is a 

widespread industrial chemical with recognized adverse effects not only to 

humans but to other organisms in the environment. The ecotoxicological effects 

of acrylamide at sublethal concentration (1/20 LC50, for two weeks), were 

investigated on the land snail, Theba pisana by oxidative stress assays.  The 

oxidative stress parameters were:  lipid peroxidation (LPO), reduced GSH, CAT, 

and GST. Also, assays were examined for DNA content and immunological 

parameters; cell death, phagocytosis, lysosomal membrane stability (LMS), lectins, 

superoxide anion (O2
●−) generation, phenoloxidase (PO), peroxidase (POD), and 

hemocyanin (Hc). The ecotoxicity results showed that oxidative stress were 

significantly increased. LPO level and the activity of CAT and GST, cell death, and 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/gastropod
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Hc level, whereas a significant decline in DNA and GSH contents, phagocytic 

activity, LMS, lectins, O2
●− generation, POD, and PO activities compared to the 

controls after 2-week exposure was observed.63  

The extensive use of antibiotics and their waste have contributed to 

the contamination of municipal and agricultural sewage and subsequently to the 

aquatic environment. Erythromycin, one of the most common antibiotic used in 

human and veterinary practices leading to extensive environmental pollution and 

increased toxicity to non-target aquatic organisms.64 A recent study investigated 

the sub-lethal effects  of erythromycin at environmental concentrations in the 

fish Sparus aurata (gilthead seabream). The study measured oxidative stress 

biomarkers, such as CAT, GPx, lipid peroxidation (TBARS), genotoxic damage index, 

neurotransmission [acetylcholinesterase (AChE)] and energy metabolism [lactate 

dehydrogenase (LDH)]. Results revealed that erythromycine induced oxidative 

stress in the gills after acute exposure. Also, there was a significant decrease in 

TBARS after chronic exposure.65 

 Mercury (Hg) is highly toxic metal and its mechanisms of toxicity have been 

described by many studies as a pathway of oxidative stress in biological organisms 

and particularly in fish. An investigation used a battery of conventional oxidative 

stress biomarkers to the gills of golden grey mullet (Liza aurata). Higher 

accumulation of inorganic Hg and methylmercury was found in the gills. The 

interference of Hg with the antioxidant protection of gills was corroborated through 

oxidative stress endpoints, namely the depletion of GPx and SOD activities. The 

results of the ecotoxicological study suggest the occurrence of alternative 

mechanisms for preventing lipid peroxidative damage. Overall, use of metabolomics 

(combining 1H NMR metabolomics) and conventional oxidative stress endpoints 

demonstrated to be sensitive and effective towards a mechanistically based 

assessment of Hg toxicity in gills of wild fish, providing new insights into the 

toxicological pathways underlying the oxidative stress.66 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sublethal-effect
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methylmercury
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Figure 12. Golden grey mullet (Liza aurata) is present in Eastern Atlantic from 
Scotland to Cape Verde, in the Mediterranean and Black Sea.   
 

An emerging environmental pollution problem in recent years is the 

extensive aquatic pollution by pharmaceuticals and their metabolites. The majority 

of these pollutants are toxic and cause oxidative stress and neurotoxicity. A study 

(2015) investigated the toxicological effects of 4 drugs: the analgesic 

acetaminophen, the antipsychotic chlorpromazine, the anti-inflammatory drug 

diclofenac, and propranolol wich is an antihypertensive drug. The aquatic organism 

used in the toxicological experiments was the cladoceran species Daphnia magna.  

The oxidative stress biomarkers tested were responsible for neuronal regulation, 

such as total cholinesterases(ChEs), and enzymatic oxidative stress defenses, 

including CAT, GSTs, total GPx and  Se-GPx. Exposure to acetaminophen caused a 

significant inhibition of AChE and Se-GPx activities in D. magna relative to the 

control. The toxicological results indicated that the exposure to all the tested 

pharmaceuticals induced alterations on the cellular redox status in D. magna 

species. In addition, acetaminophen and diclofenac were shown to have the 

capability of interfering with D. magna neurotransmission, through the inhibition of 

ChEs.67  

Desalination facilities in various countries discharge around 142 billion liters 

of extremely salty water, called brine discharges, into the environment every day. 

Brine is very toxic to marine life.68   Algerian scientists  tested the toxic effects of 

brine discharges on the marine gastropod mollusc Patella rustica.  They assessed 

the biological effects in a marine species P. rustica, by a multibiomarker 

ecotoxicological approach.  They measured biomarkers in the whole soft tissues of 

limpets as indicators of neurotoxicity (AChE activity), oxidative stress (CAT, SOD, GR, 

and GPx activities), Glutathione peroxidase activities (T-GPx and Se-GPx). The 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorpromazine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cholinesterase
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results revealed that the activities of antioxidant defense enzymes reached the 

highest levels. Also, the brine caused molecular damage which was potentially 

genotoxic.69 

 

Oxidative stress, biomarker 8-hydroxy-2′-deoxyguanosine (8-OHdG) or 
8-oxo-7,8-dihydro-2′ -deoxyguanosine (8-oxodG) 
 

In the last two decades extensive experimental evidence revealed that 

oxidative stress in biological systems damage lipids of cellular membranes, proteins, 

and DNA or mtDNA. Analysis showed that In nuclear and mitochondrial DNA, 8-

hydroxy-2′-deoxyguanosine (8-OHdG) or 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-

oxodG) is one of the predominant forms of free radical-induced oxidative lesions, 

and has been widely used as a biomarker for oxidative stress and carcinogenesis. 70 

Imidaclopid is an insecticide of the neonicotinoid variety which has been 

banned recently because of its adverse neurotoxic effects on honey bees. Also, 

these insecticides are toxic to fish in the aquatic environment.  Recently (2017) 

ecotoxicologists investigated the neurotoxic effects of imidaclopid in the rainbow 

trout brain tissues, exposed for 21 days at concentrations 5-20 mg/L. The 

neurotoxic effects are investigated by measuring the levels of 8-hydroxy-2-

deoxyguanosine (8-OHdG), oxidative stress parameters and acetylcholinesterase 

(AChE) activity. The results indicated that for 5 ml/L exposures the 8-OHdG activity 

did not change in fish, but for 10 mg/L and 20 mg/L exposures significantly 

increased 8-OHdG activity compared to the control. The brain tissues indicated a 

significant increase in antioxidant enzyme activities (SOD, CAT, GPx) and there was 

a significant increase in malondialdehyde (MDA) levels. High concentrations of 

imidacloprid caused a significant decrease in AChE enzyme activity, suggesting that 

imidacloprid can be neurotoxic.71 

1-Nitropyrene is a by-product of combustion and is the predominant nitrated 

polycyclic aromatic hydrocarbon (pyrene) emitted by diesel engines. 1-Nitropyrene 

is a highly carcinogenic compound. A study in 2017 investigated the hypothesis that 

environmental 1-nitropyrene (1-NP) concentration induce genotoxicity and 

oxidative  damages in tilapia (Tilapia is a popular edible fish, low in fat and a good 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/enzyme-activity
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/genotoxicity
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source of protein and omega-3 fatty acids). Tilapia fish were exposed to waterborne 

1-NP and biomarkers of oxidative stress were tested in the tissues to establish the 

toxicity of 1-NP, such as the depletion of antioxidant enzyme activity of GPx, and 

increased  lipid peroxidation, oxidative damage to protein and DNA. 

The micronucleus test was used for the evaluation of chromosomal damage and as 

an indication of genotoxicity of 1-NP. Results showed that all biomarkers for 

oxidative stress increased. Also, micronucleus and other nuclear abnormalities 

frequencies significantly increased in the test organism. This study showed that 

environmentally relevant 1-NP concentration in test water induced genotoxicity 

and oxidative stress in fish. 72  

Multibiomarkers of oxidative stress were used to study the toxicity 

mechanisms of biopesticides.  Tissues of liver and gill of the fish Oncorhynchus 

mykiss (rainbow trout, native to cold-water tributaries of the Pacific Ocean in Asia 

and North America) were used for the ecotoxicological assays (various 

concentrations for 21 days exposure). The tests focused on the antioxidant 

enzymes SOD, GPx, CAT, MDA levels, oxidative DNA damage (measured with the 

well known biomarker of carcinogenesis 8-hydroxy-2-deoxyguanosine (8-OHdG). 

The biopesticides (plant-based) used in these experiments were the azadirachtin 

(AZA)) and synthetic pesticides (deltamethrin (DLM). The results showed decreased 

activity of antioxidant enzyme, but MDA level and activity of 8-OHdG increased in 

the gill and liver. The findings of this study suggest that biopesticide cause 

biochemical and physiological effects in the fish gill and liver.73  

Zebrafish embryos were used for the study of developmental toxicity of water 

disinfection byproducts. The toxic substance Halobenzoquinone (HBQ) was tested 

for the in vivo developmental toxicity and oxidative stress in a model of zebrafish 

embryos. Halobenzoquinone (HBQ) exposure resulted in the generation of ROS and 

significant developmental malformations in larvae, including failed inflation of the 

gas bladder, heart malformations, and curved spines. In further experiments HBQ 

exposure increased 8-hydroxydeoxyguanosine levels, DNA fragmentation, and 

apoptosis in larvae, with apoptosis induction related to changes in the gene 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/enzyme-activity
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lipid-peroxidation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/micronucleus
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biopesticide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/oncorhynchus-mykiss
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/oncorhynchus-mykiss
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/oncorhynchus-mykiss
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/azadirachtin
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/physiological-effect
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expression of p53 (tumour protein p53) and MDM2 (MDM2 Proto-Oncogene, is a 

protein coding gene) .74 

 

Metallothioneins and oxidative stress biomarkers 

Metallothioneins (MTs) are a family of small, highly conserved, cysteine-rich 

metal-binding proteins (through the thiol group of cycteine) that are important for 

zinc and copper and the protection of aerobic organisms from oxidative stress 

through complexation of redox metals (especially the xenobiotic metals  Cd, Ag, Hg, 

As that are very toxic). They are used as biomarkers of oxidative stress. 

A recent study (2018) evaluated the potential interactive effects of metals 

and polycyclic aromatic hydrocarbons (PAHs) on biomarker responses. Groups of 

the freshwater fish crucian carp (Carassius auratus) were exposed to single and 

binary combinations of copper (Cu) with PAHs fluorene (Fl) or fluoranthene (Fluo) 

for 96 hours. Although Cu did not alter CAT activity, CAT activity was decreased in 

fish liver exposed to the two PAHs alone or in combination with Cu. Metallothionein 

(MT) content in gills was significantly increased following exposure to Cu alone or in 

combination with Fl and Fluo, the induction folds of MT decreased under co-

exposure. These results highlight the need for careful consideration of the 

interactive effects of multiple environmental stressors on fish.75 

Engineered nanoparticles [Quantum dots (QDs)] are a class of 

nanoiparticles toxic to aquatic invertebrates. Cd-based QDs promote gene 

expression alterations at different trophic levels. An ecotoxity study (2018) with 

Mytilus galloprovincialis investigated the transcriptional changes of 

metallothioneins (MTs) isoforms (mt10IIIa and mt20IV) induced by CdTe QDs, in 

comparison with its dissolved counterpart.  Bivalve mussels were exposed to CdTe 

QDs and to the same Cd concentration (10 µg Cd L−1) of dissolved Cd for 14 days 

and mt transcription levels were measured by real time quantitative PCR (qPCR). 

Tissue specific mt transcription patterns were observed in mussels exposed to 

both Cd forms, wherein the gills were a more sensitive organ compared to the 

digestive gland. No significant changes were observed in mt10IIIatranscription 

levels in mussels exposed to both Cd forms.76  



 

33 

 

Conclusions 

Molecular biomarkers are biochemical, physiological and histological assays 

that can measure biochemical and cellular alterations in living organisms as 

response to environmental pollutants. In the last decades a great array of 

ecotoxicological biomarkers were proved very constructive in toxicity studies and 

very useful as early indicators of environmental pollution in aquatic organisms. A 

great number of pollutants, stressors and contaminants in the aquatic environment 

have the potential at high concentrations and after long-time exposure to generate 

reactive oxygen and nitrogen species (ROS/RNS) and subsequently acute oxidative 

stress in organisms. These adverse health effects can be measured directly by 

common and robust molecular biomarkers affecting antioxidant defense enzymes 

(SOD, CAT, GPx, etc), proteins, DNA and mtDNA genotoxicity, metabolic processes 

and other fundamental mechanisms in biological systems.  The multibiomarker 

approach is a novel strategy in ecotoxicolgical investigations and is able to resolve a 

variety of environmental threats. Modern analytical technologies in toxicological 

research provide now a great variety of multibiomarker categories for oxidative 

stress. Sentinel aquatic and marine animal models can serve as good bioindicators 

to the state of ecosystem health or produce evidence of adverse effects in 

monitoring programs. Molecular biomarkers of oxidative stress allow toxicologists 

to identify biological responses at different levels for the whole organism or its 

compartments (tissues, cells, sub-cellular organelles, nuclear DNA, mtDNA) once 

the pollutants or chemical stressors are exceeding certain levels in the 

environment. Additionally, molecular biomarkers of oxidative stress can permit the 

integration of typical measurements of chemical pollutants and biological 

responses in organisms. Studies of molecular biomarkers of oxidative stress can be 

used to monitor short- and long-term environmental impact in aquatic ecosystems 

and the results can prove very useful for environmental risk assessment and 

ecological risks in sensitive ecosystems.  
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