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 The contamination of aquatic environments by endocrine-disrupting chemicals (EDCs) endangers both 
environmental and human health. Traditional detection methods, such as chromatography-mass 
spectrometry (GC-MS) or high-performance liquid chromatography (HPLC), though accurate, are expensive, 
time-consuming, and require sophisticated equipment. Consequently, there is increasing interest in 
identifying efficient, biology-based biomarker alternatives. Nitric Oxide (NO) has emerged as a promising 
biomarker for detecting EDCs because of its role in cellular signalling and oxidative stress responses to 
environmental pollutants. While research indicates NO's potential for water quality monitoring, its use as a 
standard biomarker remains to be explored and validated further. This review examines the biological 
mechanisms underlying NO's response to EDC exposure, its application in environmental monitoring, and the 
benefits and challenges of NO-based assessment methods. The paper also addresses existing knowledge gaps, 
including the absence of standardised methods for NO monitoring, limited understanding of species-specific 
responses, and uncertainties related to long-term environmental changes. Additionally, it suggests future 
research directions to incorporate NO as a biomarker for water quality evaluation. Using NO as a biomarker 
for EDCs could improve water pollution surveillance and help mitigate ecological and health risks associated 
with endocrine-disrupting pollutants in aquatic environments. 
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1.  INTRODUCTION 

Aquatic pollution is a growing environmental concern worldwide. The 
main causes of aquatic pollution include heavy metals, industrial 
compounds such as bisphenol A (BPA), pesticides like atrazine, and 
pharmaceuticals such as ethinylestradiol. Among these pollutants are 
endocrine-disrupting chemicals (EDCs), which pose significant risks to 
aquatic ecosystems and human health (Encarnação et al., 2019; Pironti et 
al., 2021). In aquatic environments, EDCs interfere with reproductive and 
developmental processes in wildlife, leading to ecosystem imbalances 
(Kadhim et al., 2024). In humans, they disrupt endocrine function, 
potentially affecting fertility, triggering early puberty, and contributing to 
metabolic disorders (Yilmaz et al., 2020). Additionally, EDC exposure has 
been linked to impaired brain development, behavioural and learning 
difficulties, altered immune function, and an increased risk of hormone-
sensitive cancers (Raja et al., 2022; Yilmaz et al., 2020). 

Several techniques have been implemented to detect and monitor EDCs in 
aquatic environments. Traditional methods, such as chromatography-
mass spectrometry (GC-MS) or high-performance liquid chromatography 
(HPLC), provide high accuracy but require sophisticated laboratory 
infrastructure, making large-scale environmental monitoring impractical 
(Wu et al., 2014). Consequently, there is growing interest in using 
biomarkers, which are measurable biochemical or cellular changes in 
organisms exposed to pollutants. They are considered cost-effective and 
sensitive indicators of environmental contamination. Bioassays, known 
for their rapid and efficient detection capabilities, are commonly used to 
assess biomarker alterations. Among these, nitric oxide (NO), a small 
reactive signalling molecule, has gained attention as a potential biomarker 
due to its role in oxidative stress, immune response, and physiological 

regulation in aquatic organisms exposed to environmental pollutants (Yu 
et al., 2020). 

Nitric oxide is naturally produced by various cells and is critical to cellular 
signalling pathways, including those involved in stress responses. 
Exposure to EDCs can disrupt NO synthesis, leading to altered NO levels 
that serve as early indicators of environmental toxicity (Xu et al., 2013). 
Studies have shown that pollutants such as bisphenol A (BPA) induce 
oxidative stress, triggering changes in NO metabolism and nitric oxide 
synthase (NOS) activity (Palacios-Valladares et al., 2024). These 
physiological changes provide valuable insights into pollutant exposure, 
making NO a promising candidate for biomonitoring applications in water 
quality assessment. 

2. BIOLOGICAL BASIS OF NITRIC OXIDE AS A POTENTIAL 

BIOMARKER OF ENDOCRINE-DISRUPTING POLLUTANTS 

Nitric oxide (NO) is primarily synthesised by the enzyme nitric oxide 
synthase (NOS), which converts L-arginine into NO and citrulline (Dutta 
and Sengupta, 2022). It is naturally produced by various cells and is critical 
to cellular signalling pathways, including those involved in immune and 
stress responses (Figure 1). In aquatic organisms, NO is involved in critical 
functions such as immune defence, neurotransmission, and vascular 
regulation (Fago and Jensen, 2015). Similarly, NO mediates oxidative 
stress and detoxification responses when organisms encounter 
environmental stressors, including EDC pollutants. EDCs disrupt NO 
metabolism, causing physiological and biochemical changes that serve as 
biomarkers for water quality assessment (Makene and Pool, 2015). 
Monitoring NO fluctuations in exposed cells or organisms provides 
insights into the presence and impact of pollutants in aquatic ecosystems.  
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Figure 1: Nitric oxide (NO) synthesis and its biological roles 

The synthesis and regulation of NO are highly sensitive to environmental 
stressors (Figure 2). EDCs such as bisphenol A (BPA), phthalates, and 
pesticides interfere with hormonal signalling pathways, indirectly 
affecting NO production. These chemicals modulate the expression of 
genes involved in oxidative stress regulation, leading to either excessive 
NO release, which contributes to cellular toxicity, or reduced NO 
production, impairing normal physiological functions (Guarnotta et al., 
2022; Kim et al., 2022). The distinct NO response to various pollutants 
underscores its value as a biomarker for EDC contamination in aquatic 
environments.  

Nitric oxide is also produced by immune cells, particularly macrophages,  

to combat infections through antimicrobial and antiviral effects. It reacts 
with superoxide to form reactive nitrogen species that are responsible for 
pathogen destruction and the regulation of inflammation (Wink et al., 
2011; Predonzani et al., 2015). However, exposure to EDCs such as BPA 
and phthalates can interfere with NO production and signalling (Hu et al., 
2024; Palacios-Valladares et al., 2024). These pollutants alter NOS activity, 
leading to dysregulated immune responses, oxidative stress, and 
increased susceptibility to infections and inflammatory diseases (Popescu 
et al., 2021). While NO is essential for immune defense, environmental 
pollutants can disrupt its balance, contributing to immune dysfunction 
and broader health risks.  

 

Figure 2: Disruptive effects of EDCs on NO pathways 

3. POTENTIAL APPLICATION OF NO AS A BIOMARKER OF 

ENDOCRINE-DISRUPTING POLLUTANTS  

The use of NO as a biomarker for EDCs in aquatic environments is 
supported by various analytical and bioassay techniques designed to 
measure NO levels. These methods leverage NO's highly reactive nature 
and its role in oxidative stress and physiological signalling pathways. 
Traditional EDCs detection techniques, such as GC-MS or HPLC, provide 
reliable quantification of EDCs. However, bioassays offer a more 
biologically relevant approach by assessing NO fluctuations in aquatic 
organisms exposed to EDCs. These assays utilise biological systems, 
including cell cultures (Makene and Pool, 2015; Makene and Pool, 2019) 
and whole aquatic organisms (Xu et al., 2013), to measure NO production 
and its physiological effects in response to pollutant exposure. Compared 
to conventional chemical analyses in water, bioassays provide insight into 
the real-time impact of EDCs on living organisms, enhancing 
environmental monitoring and risk assessment.  

One of the most widely used NO bioassays is the Griess reaction, which 
measures NO breakdown products (nitrite and nitrate) in biological fluids. 
In this assay, NO reacts with oxygen and other cellular molecules to form 
nitrites, which are quantified using a colourimetric reaction with 
sulfanilamide and N-(1-naphthyl) ethylenediamine. This method is 
advantageous for large-scale environmental screening due to its 
simplicity, cost-effectiveness, and adaptability to different sample types. 

However, its use is limited by its indirect measurement of NO and potential 
interference from other nitrogenous compounds.  

Several studies have explored the relationship between NO production 
and exposure to EDCs (Table 1). For example, research on juvenile African 
catfish (Clarias gariepinus) demonstrated that exposure to bisphenol A 
(BPA) led to a concentration-dependent increase in NO synthesis (Samwel 
et al., 2022). The study measured NO levels and respiratory burst activity 
in fish exposed to different concentrations of BPA, bisphenol AP, and 
bisphenol P, revealing immune function impairment through NO 
alterations. Similarly, a study by Xu et al. (2013) investigated the effects of 
BPA and nonylphenol (NP) on oxidative stress and immune responses in 
zebrafish embryos. Their findings indicated a concentration-dependent 
increase in reactive oxygen species (ROS), upregulation of redox-sensitive 
transcription factors, and significant induction of NO levels, accompanied 
by increased nitric oxide synthase (NOS) activity and inducible NOS (iNOS) 
gene expression. These results suggest that NO production is a sensitive 
indicator of oxidative stress and immune response activation in aquatic 
organisms exposed to industrial EDCs.  

Pesticides are also known to induce oxidative stress in aquatic organisms, 
leading to the production of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS), including NO. This oxidative stress contributes to 
biochemical and histological changes, as well as neurological dysfunction 
in freshwater organisms (Saha and Dutta, 2024). Monitoring NO levels 
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could therefore serve as a biomarker for pesticide-induced toxicity in 
aquatic environments. Additionally, exposure to low doses of pesticides 
has been shown to induce an immune response and increase NO 
production in honeybees, suggesting a broader role for NO in immune 
responses to environmental pollutants (Bartling et al., 2021). While this 
study focuses on honeybees, it provides insights into how NO-based 
immune responses might apply to aquatic organisms.  

Further evidence from in vitro studies supports the role of NO in EDC-
related immune modulation. A study examining BPA's impact on carp 
phagocytic cells found that BPA altered respiratory burst activity, 
potentially affecting NO production and immune defence mechanisms 
(Gushiken et al., 2002). Similarly, a study investigating the effects of 
various EDCs on tumour necrosis factor-alpha (TNF-α) and NO production  

in mouse macrophages revealed that certain EDCs modulate immune 
responses by altering NO levels (Hong et al., 2004). Another in vitro study 
assessed how EDCs, including estradiol (E2), 5α-dihydrotestosterone 
(DHT), and BPA, influenced NO secretion, a key indicator of inflammation 
(Makene and Pool, 2019). The study demonstrated that exposure to these 
EDCs significantly decreased the secretion of NO and IL-6 in LPS-
stimulated RAW264.7 cells, suggesting that EDCs can suppress 
inflammatory responses in immune cells. Collectively, these studies 
demonstrate that EDC exposure can significantly impact NO production in 
aquatic animals and in vitro models, resulting in oxidative stress and 
modulation of the immune system. The sensitivity of NO to EDC-induced 
physiological disruptions reinforces its potential as a biomarker for 
assessing environmental EDC contamination. 

Table 1: Examples of applications of nitric oxide (NO) as a biomarker of EDCs 

EDC Type 
Model 

Organism / 
System 

Exposure 
Context 

Observed NO 
Response 

Associated 
Biological 

Effects 

Biomarker 
Application 

Reference 

Bisphenol A (BPA), 
Juvenile African 
catfish (Clarias 

gariepinus) 

In vivo exposure 
to increasing EDC 

concentrations 

Concentration-
dependent 

increase in NO 
synthesis 

Impaired 
immune 

function; altered 
respiratory 

burst activity 

NO as a sensitive 
biomarker of immune 

disruption and EDC 
exposure in freshwater 

fish 

Samwel et 
al., (2022) 

Bisphenol A (BPA), 
Nonylphenol (NP) 

Zebrafish 
embryos (Danio 

rerio) 

In vivo embryonic 
exposure 

Increased NO 
levels; elevated 

NOS activity; 
upregulated iNOS 

expression 

Oxidative stress, 
immune 

activation, redox 
imbalance 

NO as an indicator of 
oxidative stress and 
immune response 

activation by industrial 
EDCs 

Xu et al., 
(2013) 

Pesticides 
Freshwater 

aquatic 
organisms 

Environmental 
pesticide 
exposure 

Elevated NO and 
other reactive 

nitrogen species 
(RNS) 

Biochemical, 
histological, and 

neurological 
dysfunction 

NO as a biomarker of 
pesticide-induced 

oxidative and 
neurotoxic stress 

Saha and 
Dutta, 
(2024) 

Bisphenol A (BPA) 
Carp phagocytic 

cells (in vitro) 
Cellular exposure 

to BPA 

Altered 
respiratory burst 
activity linked to 
NO modulation 

Impaired 
immune defense 

mechanisms 

NO as a cellular-level 
biomarker of 

immunotoxicity 

Gushiken et 
al., (2002) 

Multiple EDCs 
Mouse 

macrophages 
(in vitro) 

Exposure to 
various endocrine 

disruptors 

Altered NO 
production 

Modulation of 
TNF-α–mediated 

immune 
responses 

NO as a marker of EDC-
mediated immune 

dysregulation 

Hong et al., 
(2004). 

BPA, Estradiol (E2), 5α-
Dihydrotestosterone 

(DHT), 

RAW264.7 
macrophage 

cells (in vitro) 

LPS-stimulated 
immune model 

Decreased NO 
secretion 

Suppressed 
inflammatory 

responses 

NO as a biomarker of 
EDC-induced 

immunosuppression 

Makene and 
Pool, (2019). 

4. ADVANTAGES OF USING NO AS A BIOMARKER OF ENDOCRINE-

DISRUPTING CHEMICALS  

Using NO as a biomarker for assessing EDCs in aquatic environments 
offers several notable advantages, given its sensitivity to environmental 
stressors and its crucial role in physiological signalling pathways. One of 
the primary benefits is NO's early responsiveness to pollution-induced 
stress. Unlike some conventional water quality indicators, which require 
prolonged exposure to contaminants before measurable effects become 
apparent, NO levels can fluctuate rapidly in response to EDC exposure 
(Makene and Pool, 2019). This rapid response allows for early detection 
of endocrine disruption, offering a valuable early warning system for 
potential environmental and public health risks. For instance, studies have 
demonstrated that NO production in aquatic species such as fish can be 
implemented as an early biomarker for pollutants like bisphenol A (BPA) 
and phthalates, which often disrupt endocrine systems in aquatic 
organisms (Samuel et al. 2022).  

The involvement of NO in oxidative stress, immune response, and 
hormonal regulation further supports its suitability for identifying 
biological disruptions caused by EDCs. As such, NO serves as a critical 
marker for a range of EDCs, including synthetic hormones, which are 
known to affect hormonal balance in aquatic organisms. The ability to 
measure NO production across various stages of the endocrine disruption 
process enhances its value as an indicator of chemical exposure and its 
effects on aquatic systems. Another significant advantage of NO as a 

biomarker is its widespread presence in aquatic organisms, making it 
applicable across multiple bioindicator species, including fish (dos Santos 
Carvalho et al. 2012), amphibians (Chen et al., 2023) and invertebrates 
(Ray et al., 2015). NO is naturally produced as part of cellular metabolism 
and stress response mechanisms, making it a universal biomarker for 
different species.  

By monitoring changes in NO concentration, researchers can assess the 
ecological impact of EDCs in diverse aquatic environments, ensuring the 
broad applicability of this biomarker in ecotoxicological studies. This 
universality improves our understanding of how EDCs affect entire 
ecosystems, as shifts in NO levels reflect the collective biological responses 
of multiple species to environmental stressors. Moreover, the involvement 
of NO in several interconnected biological pathways enables its 
integration with other biomarkers, such as oxidative stress markers, 
hormone level alterations, and reproductive toxicity indicators. This 
multi-pathway integration provides a more comprehensive 
understanding of the biological effects of EDC exposure, improving the 
accuracy of environmental risk assessments. For example, fluctuations in 
NO levels can be used alongside other biomarkers, such as hormonal 
levels, to assess the broader physiological impacts of EDCs on aquatic 
species, ultimately enhancing the quality of data used for decision-making. 

Technological advancements in NO detection methods further contribute 
to its advantages as a biomarker for EDC monitoring. The development of 
electrochemical sensors (Brown and Schoenfisch, 2019; Zhang, 2008) and 
fluorescence-based probes (McQuade and Lippard, 2010; Zhou et al., 
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2023) has enabled real-time, highly sensitive, and cost-effective NO 
quantification. These modern methods are not only more accessible but 
also provide greater sensitivity compared to traditional analytical 
techniques, such as GC-MS or HPLC, which require expensive equipment 
and extensive sample preparation. For instance, NO biosensors allow 
rapid field-based detection without complex laboratory setups. This is 
especially beneficial in areas with limited laboratory infrastructure, where 
rapid environmental monitoring is crucial for managing pollution risks. 

Furthermore, integrating NO detection with portable biosensor 
technologies offers miniaturised, automated systems capable of on-site, 
continuous pollution tracking. This reduces the reliance on labour-
intensive and time-consuming chemical analyses, thus making 
environmental monitoring more efficient and practical. In addition to the 
practical advantages, the use of NO-based detection in water quality 
monitoring programs can significantly improve the monitoring and 
management of aquatic systems impacted by EDCs. By enabling real-time, 
continuous data collection, scientists and policymakers can more quickly 
monitor pollution events, track trends in water quality, and implement 
timely interventions. Furthermore, as these technologies become more 
widespread and accessible, they can contribute to global efforts in 
pollution regulation and aquatic ecosystem protection.  

Overall, NO as a biomarker for monitoring EDCs in water offers significant 
advantages due to sensitivity, ecological relevance, and technological 
feasibility. Its ability to detect early physiological changes, its widespread 
applicability across aquatic organisms, and its compatibility with modern 
bio-sensing techniques make it a valuable tool for environmental 
monitoring. By incorporating NO-based detection strategies into water 
quality assessment programs, scientists and policymakers can enhance 
pollution surveillance and support evidence-based water quality 
regulations to safeguard aquatic ecosystems and human health from the 
harmful effects of endocrine-disrupting pollutants.  

5. CHALLENGES, RESEARCH GAPS AND FUTURE DIRECTIVES  

Despite the promising potential of NO as a biomarker for monitoring EDCs 
in aquatic environments, several challenges may hinder its widespread 
application in environmental monitoring. One of the most significant 
challenges is the instability and reactivity of NO, which makes its direct 
quantification difficult. NO is a short-lived molecule that readily interacts 
with oxygen and reactive oxygen species (ROS), forming secondary 
nitrogenous compounds such as nitrite, nitrate, and peroxynitrite (Pacher 
et al., 2007; Procházková et al., 2015). This rapid conversion complicates 
accurate measurement, often requiring indirect detection methods that 
may not provide precise real-time assessments. To overcome this 
challenge, integrating NO-based detection with multi-biomarker 
approaches, such as combining NO analysis with oxidative stress markers, 
gene expression studies, or hormone level assessments, can help 
differentiate EDC-related NO alterations from other environmental 
stressors.  

Another challenge is the influence of external environmental factors, such 
as temperature, pH fluctuations, and water chemistry, on NO production 
and metabolism in bioindicator species (Giordano et al., 2022). These 
variations can lead to inconsistent results, complicating the establishment 
of standardised NO threshold levels for EDC monitoring across different 
aquatic ecosystems. To address this, establishing reference NO levels in 
various bioindicator species, correlating them with known EDC exposure 
data, and developing standardised NO measurement protocols across 
different aquatic environments are important. For instance, setting 
baseline NO concentrations in species like fish or amphibians under 
controlled conditions can provide valuable data for setting regulatory 
thresholds. 

Another significant limitation is the lack of specificity in NO responses to 
EDC exposure. NO plays a role in various physiological processes, 
including vascular function, neurotransmission, and immune response. As 
a result, changes in NO levels may not be exclusively linked to EDC 
exposure but could also arise from heavy metal contamination, pathogen 
infections, or hypoxia (Donaghy et al., 2015). To improve specificity, future 
research should focus on differentiating NO fluctuations due to EDCs from 
those caused by other pollutants. This may involve identifying unique 
markers or patterns of NO disruption specific to endocrine disruption.  

Furthermore, many EDCs exert their effects through complex hormonal 
signalling pathways, and the exact mechanisms they disrupt NO 
production remain incompletely understood. Expanding mechanistic 
research is crucial for refining the role of NO as a biomarker. In particular, 
research should focus on understanding the signalling pathways through 
which EDCs interfere with NO production, and how these mechanisms 
vary across different classes of chemicals. Advanced techniques such as 
proteomics and transcriptomics can help elucidate the molecular 

mechanisms through which EDCs affect NO production. For example, 
transcriptomic analysis could identify genes involved in NO synthesis that 
are upregulated or downregulated in response to EDC exposure.  

Through these combined efforts, a deeper understanding of the role of NO 
in EDC toxicity will emerge, enabling more accurate and efficient 
environmental monitoring strategies. Overall, refining the application of 
NO as a biomarker for monitoring EDC in aquatic environments will 
require addressing these challenges through both technological 
advancements and biological research. By improving NO measurement 
techniques, standardising protocols, and gaining deeper insights into the 
molecular pathways linking NO to EDC toxicity, researchers can enhance 
the effectiveness of NO as a tool for environmental pollution monitoring. 

6. CONCLUSIONS 

Nitric oxide (NO) has emerged as a promising biomarker for monitoring 
the effects of endocrine-disrupting chemicals (EDCs) in aquatic 
environments. Given its critical role in oxidative stress regulation, 
endocrine signalling, and immune responses, NO serves as an effective 
early indicator of pollutant exposure. NO-based detection methods, 
including electrochemical sensors and bioassays, offer several advantages 
over traditional chemical analyses, such as real-time monitoring, cost-
effectiveness, and non-invasive application. However, to optimise the use 
of NO in environmental monitoring, challenges related to specificity, 
standardisation, and technological limitations must be addressed. For 
example, improving the selectivity of NO sensors to distinguish them from 
other reactive nitrogen species in complex aquatic matrices is crucial.   

Additionally, establishing standardised protocols for NO detection across 
various aquatic environments will ensure the reliability and comparability 
of results. In general, NO-based biomonitoring has the potential to 
significantly enhance aquatic environmental assessment, thereby 
supporting the protection of aquatic ecosystems. Future efforts should 
focus on developing more sensitive, accurate, and widely applicable 
biosensors. Furthermore, integrating NO biomarkers into regulatory 
frameworks will be essential for the widespread adoption of these tools. 
Collaborative efforts between researchers, environmental agencies, and 
policymakers will be crucial in accelerating the adoption of NO-based 
monitoring systems and ensuring their implementation for monitoring 
EDCs in aquatic environments. 
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