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Abstract
The present review paper explores the protective effects of phytochemicals against nano-
particle (NP)-induced toxicity in fish, with a focus on underlying molecular mechanisms. 
Nanoparticles (NPs) are widely utilized across various industrial and technological sectors. 
However, their release into aquatic environments may pose significant ecological concerns, 
particularly for aquatic organisms such as fish. Due to their small size and high surface 
reactivity, NPs can accumulate in fish tissues and disrupt physiological processes. The 
toxic effects of NPs include oxidative stress, inflammation, genotoxicity, mitochondrial 
dysfunction, and apoptosis. These effects are influenced by the physicochemical properties 
of the nanoparticles and surrounding environmental conditions, making toxicity assessment 
complex. Phytochemicals such as polyphenols (curcumin, resveratrol, quercetin) have dem-
onstrated strong antioxidant, anti-inflammatory, and detoxifying capabilities. These com-
pounds can modulate key molecular signaling pathways, including Nrf2/Keap1, NF-κB, 
and JAK/STAT, to reduce cellular damage. Additionally, they stabilize mitochondrial func-
tion, inhibit pro-apoptotic signaling, and support immune responses in fish exposed to NPs. 
Plant-based chelators further contribute by reducing NP bioavailability and tissue accumu-
lation, thus lowering overall toxicity. While laboratory studies show encouraging results, 
real-world applications remain limited. Challenges such as low bioavailability, variability 
in phytochemical content, and incomplete understanding of their interactions with NPs 
still need to be addressed. Moreover, synergistic effects with other mitigation strategies 
and long-term ecological impacts require further study. Future research should emphasize 
high-throughput screening methods, nano-formulation improvements, and in vivo valida-
tion under realistic environmental conditions.
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Introduction

Nanoparticles (NPs) are ultra-small particles with dimensions typically ranging between 
1 and 100 nm. Due to their tiny size and large surface area, they exhibit unique physical, 
chemical, and biological properties compared to bulk materials (Khan et al. 2019). Appli-
cation of NPs has rapidly advanced across various fields, including medicine, electronics, 
cosmetic industry, and water treatment. In medicine, they are used for targeted drug deliv-
ery, imaging, and cancer treatment (Wang et al. 2012; Bobo et al. 2016; Utreja et al. 2020). 
In electronics, nanoparticles enhance the performance of batteries, sensors, and semicon-
ductors (Nazir et al. 2024). The cosmetic industry employs nanoparticles in sunscreens and 
skincare products for better absorption and UV protection (Sharma et al. 2012; Gupta et al. 
2022; Piluk et al. 2024). Additionally, they are utilized in environmental science for water 
purification and pollutant removal (Kumari et  al. 2019). Despite the positive impacts of 
nanoparticles in various fields, their environmental and ecological effects remain uncer-
tain. Short-term and long-term consequences of nanoparticle exposure on ecosystems and 
biodiversity are not fully understood (MacCormack and Goss 2008; Kefeni et  al. 2017; 
Kumari et al. 2019; Punia et al. 2021). In aquatic environments, the potential toxicity of 
nanoparticles can significantly impact the ecosystems by harming marine organisms and 
disrupting ecological balance. They can accumulate in aquatic species, causing oxidative 
stress, cellular damage, and altered reproductive or behavioral patterns. Over time, this 
toxicity may lead to biodiversity loss and destabilization of the food chain (Guerranti and 
Renzi 2015). Nanoparticles enter aquatic ecosystems primarily through industrial waste-
water, agricultural runoff, and household products. These tiny particles can accumulate in 
water bodies, altering water quality and posing risks to aquatic organisms including fish 
(Brar et al. 2010; Batley et al. 2013; Khabbazi et al. 2015; Hoseini et al. 2016; Mirghaed 
et al. 2018; Ghafarifarsani et al. 2023; Gong et al. 2023). NPs can bioaccumulate in fish 
through ingestion or absorption from their environment. Once inside the body, they may 
cause oxidative stress, inflammation, immunosuppression, and damage to vital organs like 
the liver and gills (Baker et al. 2014; Mirghaed et al. 2018; Brandts et al. 2022; Ghafarifar-
sani et al. 2023). Over time, NPs may bioaccumulate in the food chain, affecting ecosystem 
balance and potentially harming human health (Callaghan and MacCormack 2017; Gupta 
et al. 2017). NPs, due to their small size and large surface area, can interact with biological 
systems in unique and potentially harmful ways (Zoroddu et al. 2014). These interactions 
may result in toxic effects that impact fish health and the surrounding ecosystem. One pri-
mary concern is the bioaccumulation of NPs in fish tissues. When introduced into aquatic 
environments, NPs may enter the food chain through waterborne exposure, ingestion, or 
gill uptake (Xiao et al. 2020). For instance, metallic NPs like silver (AgNPs) or titanium 
dioxide (TiO2) can accumulate in organs such as the liver, kidney, and gills, disrupting cel-
lular processes (Osborne et al. 2015; Carmo et al. 2019). NPs may induce oxidative stress 
by generating reactive oxygen species (ROS), which can damage DNA, proteins, and lipids 
in fish cells (Reeves et al. 2008; Carrillo et al. 2015; Subaramaniyam et al. 2023). This oxi-
dative stress has been linked to inflammation, impaired immune responses, and organ dys-
function (Jovanović and Palić, 2012). Furthermore, NPs may disrupt endocrine systems, 
affecting growth, reproduction, and behavior. The toxicity of NPs is influenced by their 
size, shape, surface charge, and concentration. Smaller particles tend to penetrate biologi-
cal membranes more easily, while surface coatings can alter their reactivity and toxicity 
(Zoroddu et al. 2014; Egbuna et al. 2021). Environmental factors, such as pH, temperature, 
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and salinity, also affect behavior of NPs, complicating toxicity assessments (Kim et  al. 
2012; Majedi et al. 2014).

Plant-based materials including extracts, essential oils, and their bioactive compounds 
derived from them (i.e., phytochemicals) play a vital role in promoting aquatic health by 
enhancing immunity, improving growth, and protecting against diseases in aquatic organ-
isms. As natural alternatives to synthetic chemicals and antibiotics, phytochemicals are 
gaining popularity in aquaculture for their effectiveness and sustainability (Nik Mohamad 
Nek Rahimi et al. 2022; Naiel et al. 2023). Phytochemicals such as alkaloids, flavonoids, 
tannins, saponins, and essential oils exhibit growth-promoting, antimicrobial, antioxidant, 
and anti-inflammatory properties. These compounds help boost the innate and adaptive 
immune responses of fish and shellfish, making them more resilient to bacterial, viral, 
and fungal infections (Chakraborty and Hancz 2011; Chakraborty et al. 2014; Naiel et al. 
2023). Extracts, essential oils, and phytochemicals have also shown potential in mitigating 
the adverse effects of NP toxicity in fish (Zadmajid and Mohammadi 2017; Giordo et al. 
2020; Hamed and Abdel-Tawwab 2021; Mahboub et al. 2022; Noureen et al. 2023; Farag 
et al. 2024). These natural substances contain compounds with strong antioxidant proper-
ties, such as flavonoids, phenolics, and tannins, which are able to neutralize ROS and thus 
protect cells from oxidative damage (Engwa 2018). In addition, plant-based products and 
their derivatives protect vital organs such as the liver (Yin et al. 2011; Jannu et al. 2012; 
Jia et al. 2019; Oliveira et al. 2024) and are also recognized to have immunomodulatory 
properties, boosting fish immune defenses compromised by nanoparticle exposure (Awad 
and Awaad 2017; Giordo et al. 2020; Mahboub et al. 2022; Noureen et al. 2023). Given the 
demonstrated protective and immunomodulatory effects of plant-based compounds on fish 
exposed to nanoparticles, it is crucial to comprehensively examine the broader implications 
of nanoparticle toxicity and the mechanisms by which phytochemicals counteract these 
effects. In this context, the present review article aims to discuss the toxicity of NPs on fish 
health, the importance of phytochemicals, and the mechanisms underlying their protective 
role in mitigating this toxicity. Finally, it seeks to highlight the knowledge gaps in this area 
that could serve as potential subjects for future studies.

Natural sources of nanoparticles

NPs in aquatic environments arise from both natural processes and anthropo-
genic activities. These particles can influence water chemistry, ecological balance, 
and aquatic health, with their impact depending on their type, origin, and behavior 
(Krzyżewska et  al. 2016). The natural sources of NPs primarily include weather-
ing and erosion, biogenic processes, volcanic eruptions, and atmospheric deposition 
(Buzea and Pacheco 2017). Geological processes release natural NPs such as silica, 
clay minerals, and iron oxides into water bodies (Sharma et al. 2015). Biological activ-
ities, including microbial metabolism and decomposition of organic matter, generate 
biogenic NPs like calcium carbonate and organic nanomaterials (Griffin et  al. 2017). 
Also, volcanic ash and dust contribute to nanoparticle inputs, which settle in aquatic 
environments through rainfall or air deposition (Tepe and Bau 2014; Ermolin et  al. 
2018). Also, the anthropogenic sources of NPs primarily include industrial effluents, 
agricultural runoff, urban wastewater, and aquaculture practices (Buzea and Pacheco 
2017). NPs used in fish feed, water treatment, and disease management can accumulate 
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in aquaculture ponds and surrounding waters. NPs exist in various forms, including 
metal and metal oxides, carbon-based NPs, polymeric NPs, and naturally occurring 
NPs such as clay, silica, and organic NPs derived from natural sources (Raut et  al. 
2024).

Nanoparticle toxicity in fish

NPs can cause toxicity in fish through various biological and physicochemical interac-
tions, including oxidative stress, bioaccumulation, membrane damage, immune system 
impairment, endocrine disruption, neurotoxicity, and interaction with environmental 
factors, which often disrupt vital physiological processes (Khan et al. 2015; Cazenave 
et al. 2019). The toxicity of NPs in fish is influenced by multiple factors, including the 
physicochemical properties of NPs (i.e., size, shape, surface charge, coating and func-
tionalization and solubility), environmental conditions, and the biological character-
istics of fish (i.e., species-specific sensitivity, life stage, exposure route, accumulation 
and detoxification ability) and concentration and duration of exposure.

Certain fish species are more vulnerable to NP toxicity due to their physiological traits, 
life stages, and ecological niches. Zebrafish (Danio rerio) are highly sensitive because 
of their rapid embryonic development, transparent embryos, and permeable skin, mak-
ing them widely used in NP toxicity studies (Chakraborty et  al. 2016; Haque and Ward 
2018; Cazenaveet al. 2019). Changes in water pH can alter the stability, aggregation, and 
reactivity of NPs, affecting their bioavailability and toxicity (Fernando and Zhou 2019). In 
marine and brackish environments, higher salinity can lead to NP aggregation, potentially 
reducing toxicity (Petosa et al. 2010). Elevated temperatures may also increase metabolic 
rates in fish and nanoparticle reactivity, intensifying toxicity (Zhang et al. 2022). Addition-
ally, organic matters in water can bind to NPs, reducing their bioavailability but potentially 
forming harmful complexes (Yu et al. 2018).

Accurately detecting and quantifying NPs in aquatic systems and fish tissues is 
essential for understanding their environmental behavior and toxicological impact. 
Several advanced analytical techniques such as dynamic light scattering (DLS) are 
commonly used to measure particle size distribution in water samples, although it has 
limitations in complex matrices (Naiim et al. 2015). Transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM) provide high-resolution imaging to 
assess NP morphology and aggregation states (Dini et al. 2015). For quantitative anal-
ysis, inductively coupled plasma mass spectrometry (ICP-MS) and single-particle ICP-
MS (spICP-MS) are widely used to determine metal-based NP concentrations in both 
water and biological tissues with high sensitivity (Peters et al. 2015). These methods 
can distinguish between ionic and particulate forms, which is crucial for risk assess-
ment. Additionally, X-ray diffraction (XRD) and Fourier-transform infrared spectros-
copy (FTIR) are applied to identify crystalline structures and chemical bonds of NPs, 
respectively (Robinson 2012; Pasieczna-Patkowska et al. 2025). In fish tissues, sample 
preparation typically involves digestion, separation, or fractionation techniques such 
as ultracentrifugation or filtration before analysis. Despite progress, challenges remain 
due to NP transformation in the environment, low concentrations, and interference 
from natural organic matter. Therefore, method development and standardization con-
tinue to be active areas of research in nanotoxicology.
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Phytochemicals: classification and therapeutic roles

Phytochemicals are mainly categorized into several groups, each with distinct structural 
features and biological activities. The primary classes include polyphenols, alkaloids, ter-
penoids, organosulfur compounds, and saponins (Thacker and Ram (2024). Polyphenols 
are perhaps the most extensively studied group, encompassing flavonoids (e.g., quercetin, 
catechins, and anthocyanins), phenolic acids (e.g., caffeic and gallic acid), and stilbenes 
(e.g., resveratrol) (Bravo 1998). These compounds exhibit potent antioxidant proper-
ties by scavenging reactive oxygen species (ROS), thereby mitigating oxidative stress—
a key factor in chronic disease progression (Li et  al. 2014). Flavonoids also modulate 
immune responses by regulating cytokine production and enhancing natural killer (NK) 
cell activity. Alkaloids, such as berberine, caffeine, and morphine, are nitrogen-contain-
ing compounds that have demonstrated anti-inflammatory and immunomodulatory effects 
(Burkard et  al. 2017; Oo et  al. 2022). For instance, berberine has been shown to inhibit 
pro-inflammatory pathways like NF-κB signaling and to modulate macrophage activity 
(Jia et al. 2017). Terpenoids, including carotenoids (e.g., β-carotene, lycopene) and essen-
tial oils, exhibit significant antioxidant activity. Carotenoids protect cellular membranes 
from lipid peroxidation and support immune function by influencing T cell proliferation 
and enhancing antibody production (Jyonouchi et al. 1994; Gruszecki and Strzałka 2005). 
Organosulfur compounds, primarily found in allium and cruciferous vegetables, such 
as allicin and sulforaphane, play a critical role in detoxification pathways and oxidative 
stress reduction (Petropoulos et  al. 2017). These compounds activate the Nrf2 signaling 
pathway, which upregulates the expression of antioxidant enzymes (Egbujor et al. 2022). 
Saponins, glycoside compounds found in legumes and various herbs, exhibit both anti-
inflammatory and immunostimulatory properties (Gurfinkel 2000). They enhance immune 
function by increasing lymphocyte proliferation and modulate inflammatory markers such 
as TNF-α and IL-6 (Bhardwaj et al. 2014). In the following section, an attempt is made to 
explore some of the major protective mechanisms of phytochemicals. Particular emphasis 
is placed on how these compounds mediate cellular defense against oxidative stress and 
inflammation.

Protective mechanisms of plant‑based materials against nanoparticle 
toxicity

The mechanisms of action of phytochemicals are summarized in Fig. 1. In general, phy-
tochemicals exert their protective role mainly through reducing the bioavailability of NPs, 
immunogenic and antioxidant effects, altering cell signaling pathways, and apoptosis.

Reducing nanoparticle bioavailability

Phytochemicals play a significant role in reducing the bioavailability of toxic nanoparticles 
(NPs). These plant-derived compounds can bind to NPs in the digestive tract, limiting their 
absorption and systemic distribution. By enhancing gut barrier integrity and promoting 
excretion pathways, phytochemicals reduce NP accumulation in vital organs (Wang et al. 
2024; Sousa et al. 2025). Additionally, their antioxidant and anti-inflammatory properties 
help protect tissues from NP-induced damage (Martins-Gomes et al. 2024). Certain plant 
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extracts enhance intestinal mucosal defenses or upregulate efflux transporters (e.g., P-gp) 
and detox enzymes (e.g., CYP450), effectively reducing NP translocation from the gut into 
systemic circulation (Martins-Gomes and Silva 2023). Bioactive molecules like tannins 
form complexes with NP-bound metal ions, reducing their solubility and uptake. Analo-
gous to how humic acids protect fish gills from silver NP toxicity, plant chelators may simi-
larly immobilize NPs in the gastrointestinal milieu.

Natural products as a tool to modulate the activity and expression of multidrug resist-
ance proteins of intestinal barrier.

Antioxidant prompting effects and detoxification

The plant-based supplements and their bioactive compounds, phytochemicals, have gar-
nered attention for their protective properties against the toxicity of NPs in aquatic environ-
ments. Their antioxidant, anti-inflammatory, and detoxifying mechanisms provide a natural 
defense system for fish exposed to the adverse effects of NPs (Mihailovic et al. 2021; Nou-
reen et al. 2023). NPs possess unique properties that enable their widespread use, but their 
toxicity to aquatic organisms, particularly fish, is a growing concern. NPs can generate 
ROS, causing oxidative stress, inflammation, and cellular damage in fish (Aziz and Abdul-
lah 2022). The enzymatic and non-enzymatic antioxidant defense system is the first line 
of defense against oxidative stress caused by pollutants, especially nanoparticles. In fish, 
the antioxidant responses against nanoparticle toxicity have been reported in many studies 
(Khoei 2021; Mansour et al. 2021; Kumar et al. 2022; Temiz and Kargın, 2022; Ghafarifar-
sani et al. 2023).

Plant extracts, essential oils, and phytochemicals have emerged as effective natural miti-
gators of such toxicity, with their antioxidant properties being a key mechanism of pro-
tection. Phytochemicals like flavonoids, phenolics, and tannins are powerful antioxidants 

Protective mechanisms 

Antioxidant defence 
prompting effects 

Immune prompting 
effects

Cell signaling and 
apoptosis regulation

Nanoparticle 
bioavailibility

Neutralizing ROS by antioxidant 
compounds

Enhancing endogenous antioxidant 
enzyme activity (i.e CAT, SOD, 
GPx)

Activating Nrf2 pathway

Induceing apoptosis in cancer cells through 
inducing: 

-Inhibiting anti-apoptotic proteins

-Death receptor activation

-Mitochondrial dysfunction

-Reactivating tumor suppressor genes 

-Modifying histone acetylation or DNA 
methylation

Upregulate the Nrf2 pathway 

Stabilizing mitochondrial membrane potential

Binding to NPs in the digestive tract

Limiting NP absorption 

Enhancing gut barrier integrity

Chelating NPs

Promoting excretion pathways

Regulating of inflammatory 
and antimicrobial responses 
by modulating immune 
signaling pathways:

 MAPK, JAK/STAT: 
Control of cytokine 
production 

TLR: recognizing pathogen-
associated molecular patterns

Fig. 1   Schematic diagram of the mechanisms of the protective effect of phytochemicals against nanoparti-
cle toxicity
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found in plant extracts (Bravo 1998; Banjarnahor and Artanti 2014; Altemimi et al. 2017). 
These compounds neutralize ROS by donating electrons, thereby preventing oxidative 
damage to cellular components such as lipids, proteins, and DNA. Essential oils, rich in 
terpenoids and polyphenols, similarly combat oxidative stress by inhibiting ROS formation 

Table 1   Impact of representative plant-based materials on immune and antioxidant related components in 
the fish exposed to nanoparticle-induced toxicity

ZnO-NPs: Zinc oxide nanoparticles, Total protein (TP), Albumin (Alb), Globulin (Glo), Triglyceride 
(Trig), Cholesterol (Chol), Cortisol (Cort), Glucose (Glu), Creatinine (Creat)

Nanoparticle 
type

Phytochemical Fish Results Ref.

TiO₂-NPs Moringa oleifera 
leaf extract

Oreochromis 
niloticus

↑ Immunity; ↓ Oxidative stress Kandeil et al. 
(Kandeil 
2019)

ZnO-NPs Allium hirtifolium 
extract

Cyprinus carpio) ↑ Antioxidant parameters
↑ Biochemical parameters (TP, 

Alb, Glo)
↓ Biochemical parameters (Trig, 

Chol, Cort, Glu, Creat and Urea)

Mahboub 
et al. (2022)

TiO2-NPs Ginkgo biloba Oncorhynchus 
mykiss

↓ Oxidative stress (lipid peroxida-
tion (LPO), ↑glutathione peroxi-
dase (GPx), and catalase (CAT), 
↑ immunity

Hajirezaee 
et al. (2023)

ZnO-NPs Allium hirtifolium 
extract

 Cyprinus carpio ↑ Immunity (serum and mucus) Rashidian 
et al. (2022)

Fe₂O₃-NPs Pomegranate peel 
extract

Cyprinus carpio ↓ Hepatotoxicity; ↑ Antioxidant 
status

Abd El-Aziz 
et al. 2022

ZnO-NPs Hyssopus offici-
nalis extract

Oreochromis 
niloticus

↑Oxidative stress; changes in the 
expression of inflammatory 
genes and the antioxidant system

ZnO-NPs Allium hirtifolium 
extract

Common carp 
(Cyprinus 
carpio)

↑ Antioxidant gene expression 
(CAT, SOD and GPx)

Mahboub 
et al. 2022

CuO-NPs Trigonella 
foenum-grae-
cum seeds

Cyprinus carpio ↑ Oxidative stress (lipid peroxida-
tion (LPO), glutathione (GSH), 
and catalase (CAT)

Noureen 
et al. (2022)

ZnO-NPs Allium hirtifolium 
extract

Common carp 
(Cyprinus 
carpio)

↑ Inflammatory responses (TNF-α, 
IL-1β and IL-8)

Rashidian 
et al. (2022)

ZnO-NPs Moringa oleif-
era leaf extract

Penaeus van-
namei

↑ Immunity (activity of 
profenoloxidase II, alpha-
2-macroglobulin, penaidin2, 
anti-lipopolysaccharide factor, 
krustin, lysozyme, glutathione 
peroxidase and superoxide 
dismutase)

ZnO-NPs Moringa oleifera Oreochromis 
niloticus

↑ Growth
Improved final body weight 

(FBW), survival rate (SR), 
specific

growth rate (SGR), weight gain 
(WG), and feed conversion ratio 
(FCR)
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and enhancing endogenous antioxidant enzyme activity (Saleh et al. 2010). NPs can dis-
rupt fish cell membranes through lipid peroxidation caused by oxidative stress (Aziz and 
Abdullah 2022). The compounds such as β-carotene, resveratrol, curcumin, and quercetin 
stabilize the lipid bilayer, preserving membrane integrity and preventing cell death (Liang 
et al. 2012; Margina et  al. 2012; Neves et  al. 2015; Simonyan et al. 2022). Many plant-
based compounds, including flavonoids and phenolics, activate the nuclear factor erythroid 
2–related factor 2 (Nrf2) pathway, promoting the expression of antioxidant enzymes like 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) (Alrawaiq 
et al. 2014; Wu et al. 2014). Plant extracts and phytochemicals can enhance the activity of 
the antioxidant enzymes in fish exposed to nanoparticles (Table 1). These enzymes play 
a critical role in detoxifying ROS and maintaining cellular redox balance. The fish liver 
and kidneys, primary sites for detoxification (Topić Popović et al. 2023), are particularly 
vulnerable to NP-induced oxidative damage (Velma and Tchounwou 2013; Correia et al. 
2020). Phytochemicals such as resveratrol and quercetin protect these organs by reducing 
ROS levels, enhancing antioxidant defenses, and minimizing inflammation. The liver, as 
the central organ for detoxification, plays a critical role in metabolizing and eliminating 
xenobiotics, including NPs (Carmo et al. 2019). Phase I (e.g., cytochrome P450 enzymes) 
and Phase II (e.g., glutathione-S-transferase, UDP-glucuronosyltransferase) enzymes are 
crucial for detoxifying and facilitating the excretion of harmful substances (Monostory 
et al. 1996). Plant-derived materials have been found to modulate these enzymes, enhanc-
ing the detoxification capacity of the liver and other tissues (Burkina et al. 2015). Resvera-
trol and quercetin have been shown to activate the Nrf2 (nuclear factor erythroid 2-related 
factor 2) pathway, which regulates the expression of several detoxification enzymes (Fark-
hondeh et al. 2020; Sharma et al. 2020). Nrf2 activation leads to the upregulation of phase 
II enzymes such as glutathione-S-transferase (GST), quinone reductase, and glutamate-
cysteine ligase (GCL), which are involved in conjugating toxic metabolites to hydrophilic 
molecules for easier excretion (Lee and Johnson 2004). By stimulating the expression and 
activity of these detoxification enzymes, plant-derived materials help to enhance the body’s 
ability to break down and eliminate toxic NPs, thus reducing their harmful effects.

Certain plant-derived materials possess the ability to chelate and sequester metal NPs, 
preventing their cellular uptake and reducing their bioavailability (Andal et al. 2022). This 
is especially relevant for metal-based NPs, such as silver or gold NPs, which can accumu-
late in organs like the liver and kidney. Resveratrol has been shown to bind metal ions and 
metal-containing NPs, reducing their toxicity (Gülçin 2010; Bardestani et al. 2021). The 
ability of pectin to form complexes with heavy metals may help mitigate the bioaccumu-
lation and subsequent toxic effects of metal-based NPs (Wang et al. 2019a, b). Polyphe-
nolic compounds like tannins are known to have metal-binding properties (Borowska et al. 
2018), which may contribute to the sequestration and elimination of toxic metal NPs from 
the body. These plant-based chelators provide an additional layer of defense against nano-
particle toxicity by reducing nanoparticle accumulation in critical organs and facilitating 
their safe elimination.

Immune prompting effects

NPs can disrupt the immune system of fish, leading to increased susceptibility to infec-
tions and reduced ability to recover from environmental stressors (Rastgar et al. 2022). The 
immune system of fish can be also influenced by nanoparticle toxicity (Ates et al. 2016; 
Thummabancha et al. 2016; Wang et al. 2019a, b; Mahboub et al. 2022; Rashidian et al. 
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2022; Rastgar et al. 2022; Hedayati et al. 2024). Plant extracts, essential oils, and phyto-
chemicals have demonstrated immunogenic properties that help mitigate these effects, pro-
viding a natural and sustainable approach to protecting fish health (Rashidian et al. 2022; 
Abou-Zeid et al. 2023; Noureen et al. 2023; Farag et al. 2024). These compounds enhance 
both innate and adaptive immunity, reduce inflammation, and restore immune homeostasis. 
Stimulation of innate immunity, modulation of inflammatory responses, enhancement of 
adaptive immunity, antimicrobial effects, reduction of oxidative stress on immune cells, 
improvement of gut-associated immunity, anti-stress effects, and protection of immune 
organs are among the main functions suggested for plant-based materials and compounds 
(PBMCs) in the fish immune system (Chakraborty and Hancz 2011; Elumalai et al. 2020; 
Taştan and Salem 2021). Considering the innate immune system, plant supplements have 
been shown to have a boosting effect on components of innate immunity. Table 1 presents 
the effects of representative plant supplements, including extracts, essential oils, and phy-
tochemicals, on innate immune responses of the fish exposed to NPs. NPs often trigger 
excessive inflammatory responses, damaging tissues and suppressing immunity (Goncalves 
et al. 2011). According to the literature, modulation of immuno-signaling pathways seems 
to be the most important mechanism behind the effects of PBMCs on immune responses 
(Merecz-Sadowska et al. 2020; Jiang et al. 2021). Plant-based materials and phytochemi-
cals play a pivotal role in modulating immune signaling pathways such as Toll-like recep-
tor (TLR), Nuclear factor kappa B (NF-κB), Janus kinase/signal transducer and activator 
of transcription (JAK/STAT), and Mitogen-Activated Protein Kinase (MAPK) pathways. 
These natural compounds enhance both innate and adaptive immune responses by influ-
encing key cellular signaling mechanisms. Their bioactive properties regulate cytokine 
production, transcription factor activity, and cellular communication, leading to improved 
immune responses (Merecz-Sadowska et al. 2020). Toll-like receptors (TLRs) are a crucial 
component of the innate immune system in fish, playing a pivotal role in recognizing path-
ogen-associated molecular patterns (PAMPs) and initiating immune responses (Fan ZeJun 
et  al. 2015). These transmembrane receptors are evolutionarily conserved and are found 
on the surfaces of immune cells, such as macrophages, dendritic cells, and epithelial cells 
(UeMatsu and Akira 2008). TLRs enable fish to detect a wide range of microbial threats, 
including bacteria, viruses, fungi, and parasites, triggering a cascade of signaling pathways 
that lead to pathogen elimination. Activation of PAMPs, cytokine production, and antimi-
crobial responses are among the consequences that result from the activation of the TLR 
pathways (Fan ZeJun et  al. 2015). Plant-derived compounds stimulate TLR pathways to 
increase the production of antimicrobial peptides (Hong-Geller et al. 2008; Liu et al. 2011). 
It also appears that the NF-κB, Mitogen-Activated Protein Kinase (MAPK), and JAK/
STAT signaling pathways are among the pathways that can be modulated by phytochemi-
cals (Shin et al. 2020; Haftcheshmeh et al. 2022). These pathways play a significant role in 
the control of cytokine responses, and phytochemicals, by modulating these pathways, are 
capable of balancing inflammatory responses (Shin et al. 2020). The JAK/STAT pathway 
regulates the production of pro-inflammatory (TNF-α, IFN-γ, IL-6, IL-12) and anti-inflam-
matory (IL-10) cytokines (Pfitzner et al. 2004; Malemud and Pearlman 2009). The MAPK 
pathway regulates cytokine production at both the transcriptional and post-transcriptional 
levels. Similar to the JAK/STAT pathway, the MAPK pathway also controls inflammatory 
responses through the production of inflammatory and anti-inflammatory cytokines (Man-
zoor and Koh 2012). The role of cytokines in macrophage and complement system activity 
has been demonstrated in fish and other vertebrates (Grayfer et al. 2018; Sakai et al. 2021). 
For example, the cytokine IFN-γ binds to its receptor on macrophages and activates the 
expression of genes involved in antimicrobial defense (e.g., inducible nitric oxide synthase 
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[iNOS], which generates nitric oxide), antigen presentation (Bancroft et  al. 1987; Salim 
et al. 2016). IFN-γ also upregulates TNF-α production, amplifying macrophage activation 
(Shakhov et al. 1996). Additionally, IL-10, as an anti-inflammatory cytokine, binds to its 
receptors on macrophages and dampens macrophage activation through activating the JAK/
STAT3 pathway (Riley et al. 1999).

Cell signaling and apoptosis regulation

A key mechanism through which nanoparticle toxicity manifests is apoptosis, a tightly reg-
ulated process of programmed cell death critical for maintaining cellular and organismal 
health (Paunovic et al. 2020). In fish, exposure to NPs can induce apoptosis in various tis-
sues, including gills (Taju et al. 2014), liver (Wang et al. 2019a, b), kidneys (Abdel-Latif 
et al. 2021), and intestine (Wang et al. 2015), leading to physiological and developmental 
abnormalities. NPs can induce apoptosis in fish through several interrelated mechanisms, 
including oxidative stress, mitochondrial dysfunction, DNA damage and genotoxicity, acti-
vation of apoptotic signaling pathways, and disruption of calcium homeostasis (Zhao et al. 
2016; Hu et al. 2021; Vineetha et al. 2021). NPs generate ROS either directly (due to their 
surface reactivity) or indirectly by interacting with cellular components (Horie and Tabei 
2021). ROS damage proteins, lipids, and DNA, triggering apoptosis (Redza-Dutordoir and 
Averill-Bates 2016). NPs interact with mitochondrial membranes, causing depolarization 
of the mitochondrial membrane potential (MMP) and opening of the mitochondrial perme-
ability transition pore (MPTP). These events lead to the release of pro-apoptotic factors, 
such as cytochrome c and apoptosis-inducing factor (AIF), into the cytoplasm, triggering 
caspase activation and cell death (Wu et al. 2020). NPs can also disrupt intracellular cal-
cium levels, which play a key role in regulating apoptosis. Nanoparticle-induced release 
of calcium from the endoplasmic reticulum (ER) into the cytoplasm causes ER stress and 
mitochondrial calcium overload, promoting the activation of apoptotic factors, such as 
cytochrome c and caspases (Zhang et al. 2012; Morales-Cruz et al. 2014; Cao et al. 2017). 
The effects of plant-based supplements on apoptosis are complex and context-dependent, 
often exhibiting both beneficial and harmful roles depending on factors such as dosage, 
cellular environment, and the type of cells targeted (healthy versus cancerous). One of the 
most promising aspects of herbal supplements is their ability to selectively induce apopto-
sis in cancer cells through inducing mitochondrial dysfunction, death receptor activation, 
inhibiting anti-apoptotic proteins, modifying histone acetylation or DNA methylation, and 
reactivating tumor suppressor genes (Khursheed 2016; Tao et  al. 2019). However, while 
promoting apoptosis in cancer cells is beneficial, herbal supplements must avoid triggering 
apoptosis in healthy cells, as this could lead to tissue damage and adverse effects. Many 
plant-based compounds exhibit protective properties that prevent unnecessary apoptosis 
in normal cells, often through their antioxidant and anti-inflammatory effects (Chor et al. 
2005; Ahmad et  al. 2010; Kumar and Khanum 2013). Polyphenols (e.g., curcumin, res-
veratrol, quercetin) are potent antioxidants that neutralize ROS, the main agent inducing 
apoptosis (Barclay et al. 2000; Gülçin 2010; Zhang et al. 2011).

In fish, some studies have shown mitigating effects of plant-based supplements on 
apoptosis, which were attributed to the antioxidant, anti-inflammatory, and cytoprotective 
properties of phytochemicals in their biochemical composition (Tan et al. 2018; Khafaga 
et  al. 2020; Li et  al. 2020). For example, dietary Origanum vulgare essential oil attenu-
ated cypermethrin-induced apoptosis and reduced DNA damage in common carp, Cypri-
nus carpio (Khafaga et al. 2020). Li et al. (2020) showed that the use of 4.0 g ethyl acetate 
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extract of Angelica sinensis in the diet of common carp reduces trichlorfon-induced apop-
tosis in the gills and erythrocytes of the fish. Also, dietary ginkgo biloba leaf extract down-
regulated the expression of apoptosis-related genes in hybrid grouper (Epinephelus lanceo-
latus♂ × Epinephelus fuscoguttatus♀) fed high lipid diets (Tan et al. 2018). The mitigating 
effects of phytochemicals on apoptosis induced by nanoparticle toxicity have also been 
demonstrated (Bhatti et al. 2022; Li et al. 2022). Furthermore, dietary curcumin (200–800 
mg/kg) attenuated lipopolysaccharide-induced apoptosis in snakehead fish, Channa argus 
over 8-week feeding period (Li et al. 2022).

Plant-derived antioxidants upregulate the Nrf2 (nuclear factor erythroid 2-related factor 
2) pathway (Stefanson and Bakovic 2014; Akbari et al. 2022), which controls the transcrip-
tion of genes encoding antioxidant and detoxification enzymes (Lee and Johnson 2004). 
Activation of Nrf2 restores redox balance, reducing apoptosis (Jenkins and Gouge 2021). 
Mitochondrial dysfunction plays a central role in nanoparticle-induced apoptosis, as NPs 
disrupt mitochondrial membrane potential (MMP) and promote the release of pro-apoptotic 
factors like cytochrome c (Wu et  al. 2020). Plant-derived compounds such as curcumin, 
silymarin, and resveratrol stabilize MMP by preventing mitochondrial oxidative damage 
(Dave et al. 2008; Jat et al. 2013; Surai 2023). NPs also induce inflammation, which exac-
erbates apoptosis by promoting the release of pro-inflammatory cytokines such as TNF-α, 
IL-1β, and IL-6 (Goncalves et al. 2011). These cytokines activate death receptors, leading 
to apoptosis via the extrinsic pathway (Aggarwal 2000; Sano et al. 2021). Anti-inflamma-
tory phytochemicals such as curcumin (Singh and Aggarwal 1995; Kahkhaie et al. 2019), 
resveratrol (Ma et al. 2015; de Sá Coutinho et al. 2018), gingerol (Yücel et al. 2022), and 
quercetin (Granado-Serrano et al. 2012; Chen et al. 2020) inhibit pro-inflammatory path-
ways, including NF-κB and AP-1 signaling, reducing cytokine production.

The formation of chelate is one of the other mechanisms of plants-derived materials that 
reduce the availability of NPs to cells (Susan et al. 2019; Vishnu and Dhandapani 2021). 
Polyphenols and polysaccharides, such as pectin and tannins, chelate metal-based NPs 
(Kharissova et al. 2013; Amini and Akbari 2019), preventing cellular uptake and toxicity. 
In conclusion, plant-derived compounds offer significant protective effects against nano-
particle-induced apoptosis in fish by modulating oxidative stress, stabilizing mitochondrial 
function, inhibiting caspase activation, and reducing inflammation.

Discussion

The growing integration of NPs into industrial, pharmaceutical, and agricultural appli-
cations has inevitably led to their release into aquatic ecosystems. Numerous studies 
have confirmed that NPs, due to their minute size and high surface reactivity, can accu-
mulate in fish and exert toxic effects (Khan et al. 2015; Zhao et al. 2016; Cazenave et al. 
2019; Hu et al. 2021; Vineetha et al. 2021). However, despite significant advances, the 
current landscape of toxicological studies on NPs still presents notable limitations. Most 
studies have relied heavily on short-term, acute exposure models that do not accurately 
reflect chronic, low-dose exposures typically seen in natural environments. These mod-
els often fail to consider the complexity of ecological interactions, co-contaminants, and 
environmental modulators such as pH, salinity, or temperature, all of which influence 
NP behavior and toxicity (Kim et al. 2012; Majedi et al. 2014). Moreover, toxicity data 
tend to be species-specific (Paparella et  al. 2021), making cross-species extrapolation 
difficult and potentially misleading. Also, the variability in NP properties such as size, 
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shape, surface charge, coating, and solubility adds another layer of complexity (Luyts 
et al. 2013). Even within a single NP type (e.g., AgNPs), variations in synthesis method 
and environmental conditions can lead to drastically different toxicological outcomes. 
Analytical limitations also persist. The detection and quantification of NPs in biological 
matrices such as fish tissues require high-resolution and sensitive methods like single-
particle ICP-MS, electron microscopy, and advanced imaging techniques, which are not 
universally available or standardized. Therefore, establishing standardized protocols for 
NP characterization and toxicity testing in aquatic organisms, prioritizing long-term, 
environmentally relevant exposure models that include chronic and sub-lethal end-
points, incorporating multi-species, trophic-level interactions to better simulate ecologi-
cal dynamics, investing in advanced detection technologies and inter-laboratory calibra-
tion to improve data accuracy and reproducibility, and expanding research to include 
understudied NP types and exploring their interactions with co-pollutants are essen-
tial in order to gain a comprehensive understanding of NPs, its toxicity, and its effects 
on aquatic life. Future research on NPs and their effects on aquatic organisms can be 
directed in two key areas. The first is focused on NP formulation and reducing inherent 
toxicity, where green-synthesized nanoparticles represent a promising solution. Green-
synthesized nanoparticles (green NPs) have emerged as a promising alternative to con-
ventional engineered NPs, offering reduced toxicity and greater environmental compat-
ibility (Kirubakaran et al. 2025). Green NPs are typically synthesized using biological 
materials such as plant extracts, algae, fungi, or bacteria as reducing and capping agents 
(Hussain et al. 2016). This eco-friendly synthesis method not only avoids the use of haz-
ardous chemicals but also imparts biofunctional properties to the nanoparticles, contrib-
uting to their biocompatibility and reduced ecotoxicity. The toxicity of traditional NPs 
in aquatic systems often stems from their physicochemical instability, high surface reac-
tivity, and uncontrolled release of toxic ions (Krzyżewska et al. 2016). In contrast, green 
NPs tend to be more stable in aqueous environments due to their bio-organic coatings 
derived from natural compounds such as polyphenols, flavonoids, and proteins (Moham-
madi and Amini 2024). These surface-bound phytochemicals not only enhance NP dis-
persion but also serve as antioxidants and anti-inflammatory agents, thereby mitigating 
oxidative stress when the particles interact with fish tissues. Mechanistically, green NPs 
reduce oxidative stress by generating fewer reactive oxygen species (ROS) and by carry-
ing intrinsic antioxidant properties from the bioactive molecules used in their synthesis 
(Yang et al. 2021). Additionally, they exhibit lower tendencies to bioaccumulate in fish 
organs such as the liver, gills, and kidneys, thereby minimizing long-term toxicologi-
cal effects (Rasool et  al. 2022; Badran and Hamed 2024). The capping layers derived 
from plant metabolites may also act as biological barriers, hindering ion dissolution 
(e.g., Ag⁺ from AgNPs), a major factor contributing to NP toxicity. Green NPs also sup-
port immune homeostasis by reducing pro-inflammatory responses and maintaining the 
integrity of epithelial tissues, especially in gills and the gastrointestinal tract (Liu et al. 
2019; Agarwal and Shanmugam 2020). Furthermore, their controlled release properties 
make them ideal carriers for therapeutic agents, including vaccines and antioxidants in 
aquaculture, offering targeted delivery with minimal side effects. For example, studies 
on Oreochromis niloticus (Girilal et al. 2015) have shown that green NPs synthesized 
from Salacia reticulate are significantly less toxic compared to their chemically syn-
thesized counterparts. As a result, green nanotechnology offers a sustainable and safer 
pathway for harnessing the benefits of nanoparticles while minimizing ecological and 
biological risks in aquaculture.
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Phytochemicals have shown considerable promise as natural mitigators of NP-induced 
toxicity in aquatic species. Their antioxidant, anti-inflammatory, immunostimulatory, and 
chelating properties make them attractive alternatives to synthetic chemicals for use in 
aquaculture (Nik Mohamad Nek Rahimi et al. 2022; Naiel et al. 2023). Compounds such 
as curcumin, quercetin, resveratrol, and tannins have demonstrated the ability to reduce 
reactive oxygen species (ROS), stabilize membranes, support detoxification pathways, and 
enhance immune responses. However, despite the positive findings, several challenges 
constrain the widespread use of phytochemicals. A major issue is the variability in phyto-
chemical content due to plant species, growing conditions, harvest timing, and extraction 
methods. Also, different extraction techniques (e.g., solvent extraction, supercritical fluid 
extraction) yield extracts with varying phytochemical profiles (Bitwell et al. 2023). These 
make it difficult to reproduce results across different studies or scale up for commercial use 
(Gololo 2018). In addition, only a small fraction of the thousands of known phytochemi-
cals have been tested for their protective effects against NPs. The mechanisms of action for 
many remain unclear, and potential synergistic or antagonistic effects among compounds 
within crude extracts are not well understood. In addition, current screening methods for 
identifying bioactive phytochemicals are limited, slow, and resource-intensive. To improve 
the identification of promising plant sources, future research may utilize bioinformatics 
and chemoinformatics platforms. Techniques such as chemotaxonomic clustering can cat-
egorize plants based on shared phytochemical traits, aiding in the strategic selection of 
species (Liu et al. 2017). In silico tools, including molecular docking and QSAR modeling, 
can predict interactions between phytochemicals and oxidative or immune-related targets 
(Rana et al. 2019). Structural features such as hydroxylation patterns in polyphenols may 
also serve as selection criteria due to their known antioxidant activity (Fujimoto and Gotoh 
2023). Integration with machine learning algorithms trained on toxicological and chemical 
datasets could further refine predictions (Grenet et  al. 2018). In addition, databases like 
ChEMBL, NPASS, and PubChem offer valuable resources for compound pre-screening 
(Wassermann and Bajorath 2011). Ultimately, combining these digital approaches with 
experimental validation can accelerate the discovery of effective, plant-based protective 
agents against nanoparticle-induced toxicity in aquatic systems.

Another key limitation is bioavailability. Many phytochemicals are poorly absorbed 
in the fish gastrointestinal tract, unstable in water, or rapidly metabolized and excreted 
(Wang et al. 2014). This limits their efficacy unless appropriate delivery systems such as 
encapsulation or nanoformulations are employed. We believe that utilizing advanced phy-
tochemical profiling (e.g., HPLC, LC–MS) to standardize extracts and identify bioactive 
constituents, expanding screening libraries using bioinformatics and machine learning 
tools to predict candidate compounds with strong protective potential, investigating syn-
ergistic phytochemical interactions through factorial design experiments and omics-based 
approaches, developing improved delivery systems, such as liposomal carriers or biopol-
ymer-based encapsulations, to enhance stability and absorption in fish, and collaborating 
with ethnobotanists to explore traditional medicinal plants that may harbor potent unex-
plored phytochemicals could be suitable solutions for identifying phytochemicals and dis-
covering their therapeutic potentials in aquatic animals.

Understanding the mechanisms through which phytochemicals exert their protective 
effects against NP-induced toxicity is crucial for targeted application and optimization. 
Current evidence indicates that these compounds act through several major pathways: anti-
oxidant defense via the Nrf2/Keap1 axis, modulation of inflammatory responses through 
NF-κB and JAK/STAT signaling, immunoregulation via cytokine pathways, and control of 
apoptosis through mitochondrial stabilization and caspase inhibition. However, the precise 
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molecular mechanisms of these compounds in mitigating NP toxicity remain poorly under-
stood (Bhatti et al. 2022), especially in fish. For instance, the influence of phytochemicals 
on autophagy, DNA repair, calcium signaling, or endoplasmic reticulum stress pathways in 
the context of NP toxicity is largely unstudied. In addition, pathway-specific data in aquatic 
species, particularly non-model organisms, are limited, making it difficult to generalize 
findings across diverse aquaculture settings. Further complicating the matter is the dual 
nature of some phytochemicals. While they may exhibit protective effects at certain doses, 
high concentrations could paradoxically induce toxicity (Molyneux et al. 2007; Huang and 
Bu 2022). We believe that these limitations can be overcome by performing multi-omics 
studies (transcriptomics, proteomics, metabolomics) to comprehensively map the molecu-
lar targets and pathways modulated by phytochemicals in NP-exposed fish, using CRISPR 
and RNAi technologies in model species to validate specific pathway involvement (e.g., 
knockdown of Nrf2 to confirm antioxidant mechanism), investigating the dose–response 
relationships of phytochemicals to define therapeutic windows and avoid adverse effects, 
exploring novel protective pathways beyond the classical oxidative stress/inflammation 
axis, such as mitochondrial biogenesis or gut microbiota modulation, and incorporating 
in  vitro–in vivo correlation models to bridge mechanistic insights with whole-organism 
outcomes.

Conclusion

NP-induced toxicity poses a growing threat to aquatic ecosystems, particularly to fish, 
which are highly vulnerable due to their physiological traits and environmental exposure. 
The toxic effects of NPs ranging from oxidative stress, inflammation, genotoxicity, and 
mitochondrial dysfunction to apoptosis highlight the urgent need for effective mitigation 
strategies. This review underscores the potential of plant-derived materials, especially 
phytochemicals, as eco-friendly agents that can counteract such toxic impacts. Phyto-
chemicals such as polyphenols, flavonoids, tannins, alkaloids, and terpenoids exhibit sig-
nificant antioxidant, anti-inflammatory, immunomodulatory, and detoxifying properties. 
These bioactive compounds work through well-defined molecular mechanisms, including 
the modulation of Nrf2/Keap1, NF-κB, and JAK/STAT pathways, stabilization of mito-
chondrial function, and reduction of pro-apoptotic signaling. Furthermore, their ability 
to chelate metals and reduce nanoparticle bioavailability adds another layer of protection. 
Despite their promise, several challenges hinder widespread application. Phytochemicals 
often suffer from poor solubility and low bioavailability, and their effects may vary due to 
inconsistencies in extraction, plant source, and environmental conditions. Moreover, most 
current studies are confined to laboratory settings, limiting real-world applicability. Under-
standing the synergistic interactions between various phytochemicals and nanoparticles 
also remains an underexplored area. Addressing these limitations requires advancements in 
phytochemical standardization, nano-formulation technologies for improved delivery, and 
comprehensive in vivo studies that reflect realistic environmental exposures. The develop-
ment of high-throughput screening methods and in silico models may accelerate the iden-
tification of potent phytochemicals and optimize their application in aquaculture systems. 
The integration of phytochemicals with sustainable aquaculture practices could transform 
nanoparticle toxicity management, ensuring fish welfare, environmental integrity, and 
food safety. Their use may also complement or replace synthetic additives, contributing to 
greener aquaculture. Future studies should explore long-term ecological impacts, optimal 
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dosing strategies, and potential applications of phytochemical-enriched feeds and water 
treatments.
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