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Abstract: Certain emerging pollutants are among the most widely used chemicals globally, causing widespread concern
in relation to their use in products devoted to cleaniness and asepsis. Nonylphenol ethoxylate (NPEON) is one such
contaminant, along with its degradation product, nonylphenol, an active ingredient presents in nonionic surfactants used
as herbicides, cosmetics, paints, plastics, disinfectants, and detergents. These chemicals and their metabolites are
commonly found in environmental matrices. Nonylphenol and NPEOn, used, are particularly concerning, given their role
as endocrine disruptors chemical and possible neurotoxic effects recorded in several biological models, primarily aquatic
organisms. Limiting and detecting these compounds remain of paramount importance. The objective of the present
review was to evaluate the toxic effects of nonylphenol and NPEOn in different biological models. Environ Toxicol Chem
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INTRODUCTION

Nonylphenol is a toxic compound that is classified as a high-
production-volume chemical (1700000 tonnes/year in the
United States and 10000 to 100 000 tons/year in the European
Union); it is a potent endocrine disruptor and ecotoxic and has
been detected in different environmental matrices. The main
mechanism of nonylphenol-mediated toxicity involves the al-
teration of cellular redox homeostasis (Dwivedi et al., 2022).
Importantly, nonylphenol is used for producing nonionic,
nonylphenol ethoxylates (NPEON) and other chemical products
widely employed in industry and the home including textiles,
pesticide formulations, paints, and cleaning agents (Hong
et al., 2020). The NPEOns can enter wastewater treatment
plants in substantial amounts, where they undergo bio-
degradation into various byproducts, including nonylphenol
(Soares et al., 2008). Owing to their physicochemical charac-
teristics, such as low solubility and high hydrophobicity, non-
ylphenol accumulates in environmental compartments like river
water, seawater, soil, sediments, and aquatic organisms
(Salgueiro-Gonzélez et al., 2019), where it can be persistently
detected (Zaytseva et al., 2020).
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The NPs reach the environment through direct and indirect
dumping of domestic wastewater and industrial plants
(Bhandari et al., 2021). In addition, nonylphenol is ubiquitously
persistent in food and drinking water, and nonylphenol con-
sumption is considered a potential health risk to humans and
biota. Several types of NPEOn are known to exist based on
substitution of the hydroxyl group with a long chain of ethoxy
groups, consisting of approximately 211 possible constitutional
isomers, according to the production process (Hong
et al., 2020). The NPEOn are classified as emerging pollutants
owing to their widespread use, presence in ecosystems, and
toxicity (Salgueiro-Gonzélez et al., 2019). Other sources of
pollution have been associated with these compounds, pre-
dominantly depending on their application, including oil and
coal refineries and wastewater subjected to biological treat-
ment in which NPEOn are partially degraded (Bhandari
et al., 2021; Soares et al., 2008).

Degradation of NPEOn to nonylphenol in the environment
involves microbial transformation by bacteria. The trans-
formation of these compounds has been noted in natural
aquatic systems and wastewater treatment plants; the products
generated are considered refractory and more toxic than the
original compounds. These compounds exhibit estrogenic ef-
fects in different biological models, including bivalves, nemat-
odes, fish, and frogs (De la Parra-Guerra & Olivero-
Verbel, 2020; De la Parra-Guerra et al., 2020). Documented
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effects of nonylphenol and its ethoxylates in the environment
include feminization of aquatic organisms, reduced male fer-
tility, and low survival of juveniles at concentrations of 8.2 pg/L
(Kwack et al., 2002).

Owing to their harmful effects on ecosystems, the use and
production of these compounds have been banned in the
European Union and strictly controlled in several other coun-
tries, including Canada and Japan (Raecker et al., 2011).
Nonylphenol is an endocrine disruptor capable of mimicking
estrogen, a hormone related to sexual function (Noorimotlagh
et al., 2020). As a xenohormone, nonylphenol interacts with the
estrogen receptor (ER), and nonylphenol isomers can exhibit
varying estrogenic potential. Moreover, nonylphenol was found
to exert effects at the transgenerational level, with manifes-
tations noted in the offspring of exposed organisms (De la
Parra-Guerra et al., 2020).

The presence of nonylphenols and their isomers in the
environment is considered significant, and detailed, robust,
and comprehensive information is available on the toxicity
induced by these compounds in different biological models
(Li et al., 2018). To prepare the present review, we searched
articles and performed data mining using the PubMed,
Scopus, and ScienceDirect databases, by employing key-
words such as “nonylphenol,” “NPEOn,” “contamination,”
“mechanism of toxicity,” and “biological models.” Similar
results with historical information on the toxic effects of non-
ylphenol and NPEOn have been reported in different bio-
logical models. Globally, exposure to nonylphenols in
biological models is critical for understanding their environ-
mental kinetics; however, many studies are limited to the
same compound, typically neglecting derivatives or isomers,
which may exist as derivatives of the same molecule but dis-
play distinct properties (Li et al., 2018).

Ongoing ecotoxicological studies examining these pollu-
tants have increased in recent years, revealing that non-
ylphenol, and its isomers are extremely toxic to aquatic life
(long-lasting effects) and human health, presenting a consid-
erable environmental risk (Tato et al., 2018). To investigate the
action of emerging contaminants such as nonylphenol and
NPEOn, it is necessary to employ suitable biological models
with measurable parameters. Organisms that serve as structural
or functional biomarkers are known to be altered when ex-
posed to different concentrations of toxic substances present in
environmental matrices (Tato et al., 2018). However, given the
numerous applications of nonylphenol and related isomers, it is
critical to review the use of these biological models and assess
organism exposure, thereby identifying possible metabolic
pathways induced by these contaminants on entering living
organisms.

Our review provides an elaborate discussion of recent issues
related to assessing the toxic effects of nonylphenol and
NPEON in diverse existing biological models, including dif-
ferent perspectives of recent research, particularly the role of
an endocrine disruptor and its possible neurotoxic effects. We
also elaborate on the conditions observed in several organ-
isms, mainly aquatic, as well as their effects on the environment
and related legislation.

PHYSICAL-CHEMICAL PROPERTIES
OF NONYLPHENOLS

The term nonylphenol refers to a broad group of isomeric
compounds (CysH240) consisting of a nine-carbon alkyl chain
bond linked to a phenol ring. Once it reaches the environment,
4-nonylphenol is the most generated and measured isomer. It is
a viscous liquid at room temperature and can be a bio-
degradation product of alkylphenol polyethoxylate (Careghini
et al., 2015), which is moderately bioaccumulative and under-
goes photolysis in water (Martinez-Zapata et al., 2013). It also
undergoes aerobic biodegradation in water, sediment, and soil
systems, with high concentrations considered toxic to micro-
organisms (European Commission, 2002).

Nonylphenol has a molecular weight of 220 g/mol, a density
of 0.953 g/mL at 20 °C, a dissociation constant of 10.7 + 1.0, and
an octanol/water partition coefficient (log Kow) ranging from 3.8
to 4.8. The aqueous solubility of nonylphenol depends on the pH
and temperature, and it is known to be soluble in several organic
solvents. It exhibits an adsorption coefficient (Ky) that varies
depending on the type of matrix (Diring et al., 2002). Con-
sequently, given its relatively high adsorption, especially in soils
and sediments, the mobility of nonylphenol is low (Jacobsen
et al., 2004). Although the values for the nonylphenol derivatives
decrease with an increasing number of ethoxy groups, the de-
rivatives are more hydrophilic compounds (Diring et al., 2002).

Nonylphenol exhibits high lipophilicity (log Kow of 5.76) and
tends to be adsorbed on organic matter, which is an essential
part of the sediment (Ding et al., 2019). Dissolved organic matter
(DOM) is the main medium for nonylphenol transport in aquatic
systems; it affords a high binding capacity for nonylphenol with
its natural ligands and adsorption sites (Domene et al., 2009;
Sadmani et al., 2014). In the presence of disturbances, DOM can
diffuse from the interstitial water of the sediment toward the
water columns, or it can be adsorbed on sediment particles,
thereby resulting in the redistribution of pollutants (nonylphenol
and ethoxylates) in the water bodies (Chen et al., 2018). There-
fore, the migration range and rate of nonylphenol in aquatic
systems can be expanded by binding at DOM (Ding et al., 2019).

The nonylphenol-? isomer NPEON has a molecular weight of
616 g/mol, a relative density of 1.05g/mL at 20°C, aqueous
solubility, nine ethoxy units in its structure, and a Kow ranging
from 2.1 to 3.4 (Diring et al., 2002). These parameters form the
basis for toxicity and bioaccumulation in the environment. Its
presence in surface waters is mainly attributed to its application
as a detergent, owing to its release via wastewater, industrial
and domestic discharges, and effluents from treatment plants.
Both nonylphenol and related ethoxylates are easily adsorbed
on solid matrices, contaminating agricultural soils, where
sludge is used as a fertilizer (Bhandari et al., 2021).

Surfactants

Surfactants, also known as surface agents, are a group of
chemical compounds with numerous applications owing to
properties such as solubility, detergent capacity, resistance
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FIGURE 1: Basic structure of a surfactant.

to water hardness, emulsifiability, dispersibility, and humectant
nature. Surfactants are amphiphilic in nature and consist of two
structural parts or well-differentiated groups: a hydrophilic
group (head group) and a hydrocarbon chain (hydrophobic tail;
Figure 1). The presence of both these groups indicates
that surfactants have various properties, such as the ability to
decrease the surface tension of water, spreading or absorption
of monolayers at the water/air interface, formation of emulsions
and/or microemulsions, and micelle formation (Soares
et al., 2008).

From a commercial standpoint, surfactants are classified
based on their application. However, several surfactants
exhibit various potential applications. Therefore, it is more
appropriate to classify surfactants according to their molecular
structure or their dissociation in water. Depending on the
ionic character of the hydrophilic group, surfactants are
divided into four major families: 1) anionic surfactants, 2)
cationic surfactants, 3) nonionic surfactants, and 4) amphoteric
surfactants (Rios, 2016).

In the present study we have focused on nonionic surfactants,
which are widely used in industry and have been minimally ex-
plored at the scientific level (Aronzon, 2012). This surfactant
subfamily does not undergo ionization in an aqueous solution. In
addition, it exhibits functional groups with high water affinity, is
compatible with all surfactant types, has low foaming power, and
can form liquid or pasty products. Ethoxylated alkylphenols are
nonionic surfactants first synthesized in 1940, with a global an-
nual production of 375000 tons. The NPEOn have two critical
groups: octylphenol ethoxylated (OPEO; production of 20%)
and NPEOn (production of 80%). The chemical structure of
NPEON consists of an alkyl chain with nine carbon atoms, an
aromatic group, and a polyethoxylated chain with a variable
number of ethoxylated units (Figure 2). Increasing the length of
the ethoxylated chain was shown to increase the specific weight,
viscosity, and water solubility (Aronzon, 2012).

A typical NPEOn surfactant formulation is composed
of nonylphenol, with an average of 10 ethoxy units, typically
ranging between 1 and 50 ethoxy units (Li et al., 2018). There are
widespread applications for NPEOn, but its resistance to
biodegradation is a matter of concern in the environment.
The generation of persistent metabolites, such as nonylphenol,
has been identified in all types of natural water systems
and wastewater, as well as in water for human consumption
(Careghini et al., 2015). In addition to the negative properties,
some metabolites, like nonylphenol, can mimic the female hor-
mone 17B-estradiol by binding to the ER and competitively dis-
placing 17p-estradiol (Acir & Guenther, 2018; Nice et al., 2003).

Ionic or
strongly

Hydrophilic part polar group

Therefore, nonylphenol and some short-chain isomers have
been listed as endocrine disruptors and priority pollutants in
the Water Framework Directive (Li et al., 2018), in the Canadian
Environmental Protection Act (Government of Canada, 1999),
and on the Contaminant Candidate List (CCL) of the US Envi-
ronmental Protection Agency (CCL 4; 2021). Given their lip-
ophilic structure, NPs and their isomers can bioaccumulate in
adipose tissue, potentially reaching toxic concentrations
(Noorimotlagh et al., 2020).

EXPOSURE AND TOXICITY
OF NONYLPHENOL

The average daily intake of nonylphenols has been esti-
mated as 0.5pg/kg body weight for Chinese adults (Niu
et al., 2015) and between 0.23 and 0.65pg/kg in German
children (Raecker et al., 2011). Moreover, it has been reported
that continuous nonylphenol exposure through food or water
intake can increase the toxicity of other endocrine-disrupting
chemicals (EDCs; Zein et al., 2015) and markedly increase the
risk of obesity, allergy, and breast cancer (Sprague et al., 2013).
Significant concentrations of nonylphenols have been detected
in several foods (0.1 and 100 pg/kg fresh wt), drinking water,
and commercial beverages (Maggioni et al., 2013) across nu-
merous countries, for example, in German supermarket-
packaged foods (0.1 and 19.4ug/kg freshwt), shellfish and
seafood in Asia, vegetables and fruits marketed in Sweden,
Spain, and Florida (USA; Careghini et al., 2015), with approx-
imate values of 5 and 50 ug/kg fresh weight, and significant
values noted in carrots and pumpkins (10.4 and 11.3 pg/kg
fresh wt, respectively), as well as in apples and citrus fruits (17.1
and 29.5 pg/kg fresh wt, respectively).

Based on data obtained from different studies, measured
concentrations of nonylphenol in food, and expected con-
sumption rates, the average daily intake of nonylphenol varies
between 0.067 and 0.370 pg/kg/day for adults (60 kg body wt;
Lu et al., 2013). In addition, the average daily intake of non-
ylphenol from bottled drinking water has been estimated to be
0.36-0.60 pg/day (Careghini et al., 2015).

The toxicity and potential neurotoxicity of nonylphenol and its
isomers remain poorly characterized, and most studies have fo-
cused on assessing neuronal effects, especially in the offspring,
using rodents as biological models (Noorimotlagh et al., 2020).
Therefore, nonylphenol and its isomers present potential envi-
ronmental risks owing to the induction of neurochemical and
histopathological alterations following environmental exposure.
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FIGURE 2: Basic structure of nonylphenol ethoxylate.

INVERTEBRATE MODELS

Balanus amphitrite

One of the first studies (by Billinghurst et al., 1998) on the
effect of the environmental estrogen 4-nonylphenol was on
the larvae of Balanus amphitrite exposed to concentrations
of 0.01-10.0ugL™" for 24 and 48h. Concentrations were de-
termined using gas chromatography-mass spectrometry
(GC-MS), revealing that larval sedimentation was significantly
reduced. A natural estrogen, 17B-estradiol (10 pg L™", was em-
ployed as a positive control. The authors detected no endocrine
alteration but a significant inhibition of larval sedimentation, in-
dicating that 4-nonylphenol and 17B-estradiol exert toxic effects
at real-world and natural environmental concentrations (Atienzar
et al., 2002). Accordingly, it can be said that it resists endocrine
alterations during the development stages. The validation of the
model was done with a series of intra- and interlaboratory bio-
assays, allowing the use of B. amphitrite larvae as test organisms
for ecotoxicological studies, complying with international pre-
cision standards both within and between laboratories (Abdul-
rahman et al., 2022). It should be noted that the endocrine
disruption caused by this type of contaminant in these organisms
is through the blocking or mimicry of the natural hormone in the
specific binding site, because these contaminants generally have
a chemical structure very similar to this hormone; thus the con-
tanimant can enter the cytoplasm or cell nucleus without any
problem from receptors.

Attempts are ongoing to develop techniques and procedures
to significantly correlate endocrine disturbances attributed to
water resources, especially those induced by marine environ-
ments in invertebrates, given the limited data available. The
effects of exposure to the xenoestrogen, 4-nonylphenol have
also been examined in marine crustaceans, particularly levels of
a larval storage protein, cypris major protein, which is related to
the vitellin of B. amphitrite, a dominant encrusting invertebrate
in the marine environment (Matozzo et al., 2008). Larval and
adult stages are considered an important model for examining
the environmental pollutants that pose a potential threat to
marine organisms and affect their ecosystems and coral reefs
(Abdulrahman et al., 2022).

Bivalves as a biological model

We present a special section on biological models of bivalve
species because, despite their ecological and economic rele-
vance, data on bioaccumulation and contamination risks are

CH,
WY NER
L7 ) )

|

Ethoxylated chain

lacking in terms of the consumption of certain edible bivalve
species. Bivalves are considered one of the main matrices
consumed by coastal communities worldwide and are classified
as hyperaccumulators of pollutants (Mona et al., 2022). Studies
using these biological models will help establish the risks as-
sociated with exposure to nonylphenol and its isomers and the
appropriate consumer safety guidelines.

Crassostrea gigas. For evaluating the effect of nonylphenol
on sperm motility in the Pacific oyster C. gigas, nonylphenol
concentrations between 1 and 100 pg L=" were used for 72 h,
the timeline associated with gametogenesis. The nonylphenol
exposure did not impact the growth rate of C. gigas; however,
the concentrations examined significantly reduced motile
spermatozoa (p<0.01). Exposure to 4-nonylphenol for 72h
could impact the development of C. gigas during the larval
stage, delaying embryonic development (Nice, 2005).

Coastal marine ecosystems are constantly exposed to syn-
thetic and natural chemicals from residential, industrial, and ag-
ricultural activities on land, further exacerbating pollution. In
terms of possible toxicants, the ubiquitous aquatic xenoestrogen
nonylphenol has implications for reproduction, development,
growth, and, more recently, immune function in marine in-
vertebrates. Short-term (7-day low [2 pg L' and exposure to
ecologically relevant concentrations) and long-term exposure
can alter cellular and humoral elements of the innate immune
response in C. gigas, an aquaculture species of global economic
importance (Hart et al., 2016). Simultaneous exposure to chem-
icals could increase disease incidence or severity, impacting
marine biodiversity as well as health and food safety, especially
seafood (shellfish and fish) grown commercially in these envi-
ronments; accordingly, their consumption can lead to an increase
in toxicity to humans (Guéguen et al., 2011). Reportedly, C. gigas
can accumulate significant levels of linear alkylbenzenes, similar
chemicals, or nonylphenol-related compounds, particularly at
sites contaminated with sanitary wastewater, exhibiting reduced
biological responses (Flores-Nunes et al., 2015).

Both nonylphenol and its related isomers are known sur-
factants classified as endocrine disruptors; they are considered
new contaminants, and public and scientific concerns have
been growing in recent decades, given their small size and
potential impact on human and ecological health. Elucidating
the toxicological effects of these pollutants on marine organ-
isms remains of considerable importance; however, most pre-
vious research studies have employed standardized model
organisms at the laboratory level. There is a gap in knowledge
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about the distinct biologies of marine biodiversity (Gao
et al., 2022).

Cerastoderma glaucum. In the bivalve C. glaucum, the lethal
and sublethal effects of 4-nonylphenol were evaluated by per-
forming a 96-h lethality test, with a median lethal concentration
(LC50) of 0.3mg/L at 96h, and no mortality at 0.1 mg/L. The
4-nonylphenol exposure significantly increased alkaline phos-
phatase levels in the digestive gland of males (at all concen-
trations) and females at 0.025 and 0.1 mg/L. These findings
indicate that nonylphenol induces vitellogenin (Vg) synthesis in
C. glaucum while revealing the higher 4-nonylphenol sensitivity
of males than that of females. Exposure to 4-nonylphenol has
been shown to adversely impact C. glaucum (Marin et al., 2008).

Exposure to nonylphenol and its isomers also altered the
functional response of C. glaucum haemocytes (blood cells),
primarily by reducing cell membrane stability and promoting cell
degranulation. A fraction of hemocytes, approximately 7-8 pm in
diameter and 250L in volume, was markedly increased in C.
glaucum exposed to high concentrations of nonylphenol (0.1 mg/
L). Importantly, exposed animals exhibited apoptosis resulting in
reduced cell volume and increased acid phosphatase activity in
cell-free hemolymph (Matozzo et al., 2008).

Mytilus galloprovincialis. Similar studies were performed in
M. galloprovincialis, with organisms exposed for 7 days to
4-nonylphenol. Bioaccumulation of 4-nonylphenol in soft
tissues and levels of vitellogenin-like protein (Vg) in the di-
gestive glands of males and females were measured by the
alkaline labile phosphate assay. Exposure induced Vg synthesis
in male and female mussels, which may interfere with the en-
docrine system, disrupting the normal hormonal functions of
the organism. Nonylphenols can mimic the action of endoge-
nous estrogens by binding to estrogenic receptors and leading
to the induction of Vg synthesis (Ricciardi et al., 2008). In
general, Vg induction is a biomarker of exposure to estrogenic
compounds, such as nonylphenol, validated in mussel models
(Marin et al., 2008), and has been successfully used as an in-
dicator of the presence of xenoestrogens in environment.

Spain is considered the main producer of M. galloprovincialis,
a bivalve of economic interest in aquaculture. In M. gallopro-
vincialis, exposure to nonylphenols (0.054-0.103 ng/L) and other
contaminants could impact metabolic pathways involving car-
boxylesterases (CEs), which are a- and B-hydrolase—folding
proteins catalyzing the hydrolysis of a wide range of endoge-
nous and exogenous compounds. These findings suggest that
CE inhibition may be an adequate biomarker of contaminant
exposure, which could be incorporated into a battery of sub-
individual indicators of toxicity exposure (Solé & Sanchez-
Hernandez, 2018). The role of this metabolic enzyme has been
well established in pesticide detoxification, therapeutic drug
metabolism, and anticancer prodrug activation.

Both nonylphenol and its isomers are among the most fre-
quently detected organic contaminants in wastewater, with a
high environmental risk in coastal marine ecosystems, as in-
dicated by the concentrations exposed to M. galloprovincialis
in Tato et al.,, 2018. In addition, M. galloprovincialis is

considered a moderate nonylphenol bioacumulator in water,
with a bioconcentration factor of 6850 Lkg™ (dry wt), which
also significantly inhibited acetylcholinesterase activity and in-
duced glutathione S-transferase (GST) and glutathione perox-
idase (GPx) activities. The GST induction was dose dependent,
whereas the GPx activity exhibited a less consistent pattern;
however, in both cases, the induction was maintained after a
10-day clearance period (Vidal-LiAan et al., 2015).

It should be noted that emerging pollutants (endocrine
disruptors) are chemicals yet to be incorporated into regulatory
control programs, whose fate and biological impact remain
poorly clarified. Therefore, the impact of these chemicals on
the health of ecosystems should be explored. The marine en-
vironment is of particular concern, and data regarding the im-
pact on early life could establish the sensitivity of marine
species to these contaminants. In M. galloprovincialis, larval
stages have been examined to establish the impact of
contaminants on development, with specific methodologies
developed for this purpose (Fabbri et al., 2014).

Drosophila melanogaster

Water pollution due to human activities can result in sed-
imentation, excess nutrients, and toxic chemicals, impacting
the normal endocrine function of living beings. The fruit fly is a
standardized biological model widely utilized in molecular bi-
ology, biochemistry, toxicology, ecotoxicology, and genetics,
owing to its benefits as an organism and gene homology with
human beings. Water contamination induced by nonylphenol
(1670.9 pg/L +837.6 g/L=mean = 1SD of nonylphenol) can
impact the health (development time and fertility) of D. mela-
nogaster, especially the stage from pupa to adult and even at
the transgenerational level. However, in some cases, flies could
develop different strategies to circumvent various stressful
environmental factors (Quesada-Calderén et al., 2017).

In D. melanogaster larvae exposed to nonylphenol (0.05, 0.5,
and 5.0 pg/mL), messenger (M)RNA levels of heat shock protein
27 (Hsp27) and ecdysone receptor (EcR) were reduced in the
midgut. Simultaneously, levels of reactive oxygen species (ROS)
were found to be increased, along with a corresponding de-
crease in glutathione (GSH) levels and thioredoxin reductase
(TrxR) activity and increased lipid peroxidation (LPO), protein
carbonyl (PC) content, and cell death. Collectively, over-
expression of Hsp27 in D. melanogaster midgut cells could re-
duce the nonylphenol-induced intracellular content of ROS, LPO,
and PC, and could also reduce cell death through the TrxR-
mediated regenerative pathway as well as GSH levels, thereby
improving the body's response to exposure. The fertility of the fly
is another parameter impacted by exposure to these con-
taminants, inducing an imbalance in the developmental ecology
of these organisms and classifying nonylphenol and its isomers as
genotoxic contaminants (Dwivedi et al., 2022).

In addition, acute exposure to sublethal concentrations of a
nonionic surfactant (polyethoxylated tallowamine) demon-
strates the affectation in the D. melanogaster model, on car-
bonyl protein levels, marked inhibition of carbonyl reductase
activity, and reduction in fecundity (by cell viability through
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improved apoptosis), thus confirming the toxicity that these
groups of surfactant contaminants can have in ecosystems and
especially in different organisms F(Bednafova et al., 2020).
Some studies have observed toxicity of polyethoxylated tal-
lowamine in fish, mammals, and human cells, even exceeding
the toxicity of other toxins such as glyphosate ¥(Bednafova
et al., 2020; Chtopecka et al., 2017; Mesnage et al., 2013).

VERTEBRATE MODELS
Cyprinus carpio

Classical toxicological parameters, such as hematological
parameters and histopathological alterations, have been
examined in the C. carpio fish model. The toxic effects of sub-
lethal nonylphenol concentrations of environmental relevance
were examined, and juveniles exposed to nonylphenol concen-
trations of 1-15 pg/L for 70 days predominantly exhibited hem-
atological effects. Severe anemia was detected, with no
histopathological alterations in the tissues of exposed fish. Based
on these important findings, the general toxic effects of non-
ylphenol might outweigh its weak estrogenic effects, potentially
disrupting ecological processes such as fish reproduction under
field conditions (Schwaiger et al., 2000). Notably, in studies as-
sessing nonylphenol toxicity and derivatives, data regarding
transgenerational effects have been reported (Nice et al., 2003).

Studies have shown that nonylphenol exposure-induced
mortality, growth retardation, hepatorenal dysfunction, sup-
pression of immune antioxidants, histopathological degener-
ation, and negative regulation of genes can be evaluated in the
same model (Abdel Rahman et al., 2022). Extensive patho-
logical studies have revealed that nonylphenol can damage
hepatocytes and renal epithelium and induce monocellular cell
infiltration in the hepatorenal tissues of fish. The nonylphenol
isomer 4-nonylphenol, also known as an aquatic microchemical
contaminant, could damage the reproductive parameters and
histology of C. carpio; concentrations of 10, 50, and 100 pg/g
body weight notably increased plasma progesterone and Vg in
both males and females, whereas the level of testosterone
decreased significantly. In addition, the presence of severe
histopathological changes was noted in the ovaries, testes, and
liver of fish (at concentrations of 10, 50, and 100 pg/g body wt).
Accordingly, classic 4-nonylphenol has the potential to induce
hepatotoxicity and gonadotoxicity (Amaninejad et al., 2018).
In general, this family of surfactants appears to be markedly
toxic to different species of fish, damaging gill morphology,
inducing mucus excretion from these organs, as well as lipid
peroxidation (Gheorghe et al., 2022) and hormonal and sexual
alterations. These findings indicate the importance of persis-
tently monitoring the nonylphenol family of contaminants and
establishing their complete cycle in aquatic ecosystems.

Oncorhynchus mykiss

The estrogenic effects of nonylphenol were examined in
rainbow trout fish (O. mykiss), considering sexual maturity and
possible transgenerational alterations in their offspring. In di-
rectly exposed male rainbow trout, nonylphenol was shown to

act as a weak estrogen, as determined by the elevated plasma
Vg levels and reduced reproduction and hatching rates.
The hormonal imbalances detected in the offspring of exposed
fish indicated the occurrence of a transgenerational effect
mediated by the endocrine system, a notable finding in this
field (Schwaiger et al., 2002). In addition, studies have shown
that 4-nonylphenol exposure at concentrations of 130 ng/L or
more significantly reduced semen production in this species
when compared with unexposed fish, whereas sperm density,
motility, and semen fertility were not affected. In addition,
4-nonylphenol also affected egg viability, sperm motility, and
fertilization rates (Lahnsteiner et al., 2005).

Shelley et al. (2012) exposed rainbow trout to NPEO2 for
72 h. Fish were euthanized, the gallbladder was harvested, and
radioactivity was measured in tissues and viscera. Fish exposed
to high concentrations of nonylphenol (18 ug/L) displayed
physiological changes, significantly elevated liver somatic
index, changes in gene expression, Vg induction consistent
with estrogenic effects, reduced lymphocytes in peripheral
blood, and alterations in immune-related pathways in the liver
transcriptome (Shelley et al., 2012).

le Gac et al. (2001) examined the biotransformation of
NPEO2 in vivo and in vitro in rainbow trout. The major me-
tabolite present in bile corresponds to NPEO2-glucuronide;
however, this metabolite was not detected in vitro. Accord-
ingly, hepatocytes may display a different metabolic pattern in
whole fish while exhibiting evidence of an unknown metabolic
pathway grasp in vivo. In addition, the effects of NPEO2 on
spermatogenesis were examined both in vivo and in vitro. The
highest concentrations of NPOE2 (225-970 nmol/l) sig-
nificantly increased blood plasma levels of Vg during the ma-
turation of juvenile males. Fish at the initial stage of
spermatogenesis were exposed to 580 nmol/L of NPOE2 for
21-27 days. A 20%—-40% reduction in the gonadosomatic index
was noted 4.5 weeks after exposure, and the process of sper-
matogenesis was partially inhibited (le Gac et al., 2001); other
alterations produced by mixtures of nonylphenols were also
observed, thereby establishing the risk of the mixtures on
aquatic organisms (Crago et al., 2015).

In addition, NPEO2 could inhibit multidrug-resistant 1
(MDR-1) activity in vitro, but did not alter in vivo hepatic levels
of P-glycoprotein (P-gp) in exposed trout. The tissue dis-
tribution of P-gp plays an important role in defending organ-
isms against xenobiotics, reducing their absorption and
excretion. In terms of the interaction of P-gp, in the liver and
hepatocytes in primary culture, with NPEO2, exposure to
sublethal NPEO2 concentrations failed to induce any change in
hepatic P-gp levels in juvenile trout. This finding demonstrated
that NPEO2 inhibited MDR-1 in trout hepatocytes, suggesting
that water contaminants may interfere with the function of P-gp
in fish, potentially impacting the body's defence against
xenobiotics (Sturm et al., 2001).

Finally, external factors, such as environmental contaminants
in sediments, should be of concem, given that several EDCs
accumulate in this matrix, and minimal data are available
regarding the bioavailability and effects of these EDCs in as-
sociation with sediments in the environment. For instance,
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chemicals are released from sediment during floods and be-
come bioavailable to aquatic biota (Miller et al., 2021).

Danio rerio

Zebrafish (D. rerio), another laboratory-scale aquatic model,
has been widely used to assess multiple pollutants, including
estrogenic molecules such as nonylphenol (99% GC, mixture of
isomers; Acros) and compounds capable of inducing Vg pro-
duction in fish. Experimental results have demonstrated the
suitability of in vitro assays for qualitative evaluation of com-
pound estrogenicity, while highlighting the need for further in
vivo assays (van den Belt et al., 2004). In fish, 4-nonylphenol
enters through the gills to induce its estrogenic potential, as
evidenced in two experiments, one providing 4-nonylphenol in
water and the other supplying 4-nonylphenol in the diet. Fish
exposed to 4-nonylphenol through water showed a 10-fold
greater sensitivity than fish exposed orally. This finding in-
dicates that 4-nonylphenol (mean values of 0.93 +0.1 pg/L)
exhibits potent estrogen potential, which is further enhanced
when the contaminant enters the bloodstream through fish gills
rather than via dietary exposure (Pickford et al., 2003).

Studies have demonstrated the toxic responses to non-
ylphenol and its isomers during development, as well as in the
nervous system and reproductive parameters of several animals
(Mukherjee et al., 2022). The zebrafish model has allowed the
determination of liver pathophysiologies, especially at the rel-
evant environmental concentrations, assessing hepatic redox
homeostasis in relation to cellular energy sensors, inflammatory
response, and cell death. The nonylphenols could promote
ROS synthesis and lipid peroxidation, indicating homeostasis-
deregulated energy, metabolic alteration, and macrovesicular
steatosis, as well as, in turn, chronic inflammation and hep-
atotoxicity in exposed males (Mukherjee et al., 2022), as de-
termined in the liver, the largest endocrine organ involved in
detoxification (Yu et al., 2018).

Biomarkers are commonly used to evaluate and analyze the
toxic effects of several environmental pollutants. In zebrafish,
antioxidant enzymes are commonly used as biomarkers, which
are complex under environmental situations, particularly in the
real-world environment contaminated with substances in the
water, modifying the biological effects of endocrine disruptors
and impacting their adsorption, transport, enrichment, and even
their induced toxicity. Studies have revealed these types of
nonylphenol-mediated interactions and other alterations (Qian
etal., 2018). Table 1 summarizes the main effects of nonylphenol
in different invertebrate and vertebrate biological models.

Oryzias latipes

The biological model known as Japanese medaka (O. latipes),
has been widely used to assess toxicity by 4-nonylphenol and
other groups of surfactants; this model has contributed to the
biochemical responses arising from this type of contaminant
(Kawashima et al., 2022; Watanabe et al., 2017). Through pro-
teomic analysis, O. latipes exposed to different concentrations of
cationic surfactants (used as disinfectants) displayed significant

increases in the oxidative stress response, nervous and endocrine
systems, signaling pathways, and cellular proteolysis (Kwon
et al., 2020). Therefore, risk assessments have been made by
means of ecological indices that involve different aquatic models,
to evaluate the variations in different parameters of the aquatic
ecosystem on the toxicity of surfactants in aquatic species, of
which this model plays a fundamental role.

In the Japanese medaka model, 4-nonylphenol-induced
erythrocyte alterations, apoptosis, and micronuclei have been
determined after exposure; many morphological alterations
and nuclear abnormalities were observed in the present in-
vestigation, including acanthocytes, lobulated nucleus, eccen-
tric nucleus, fragmented nucleus, blistered nucleus, binuclei,
deformed nucleus, notched nucleus, hemolyzed cells, crenate
cells, teardrop-shaped cells, schistocytes, and O. latipes could
also be classified as a sensitive experimental model of excellent
use in ecotoxicology to assess genotoxicity (Sayed et al., 2018).

EFFECTS OF NONYLPHENOL IN THE
ENVIRONMENT

Accumulating evidence provides growing concern re-
garding nonylphenol contamination, given its persistence in
ecosystems, bioaccumulation in biota, and toxicity to organ-
isms (Dwivedi et al., 2022). Given the rapid rate of urbanization,
modernization, and industrialization, a considerable amount of
nonylphenols has gained access to water sources in recent
decades, including rivers, lakes, and reservoirs (Hong
et al., 2020). Through the several adverse and toxic effects on
humans and the environment that nonylphenol reportedly ex-
erts (Bhandari et al., 2021), it can reduce male fertility in aquatic
organisms, as well as the survival of juveniles at concentrations
of 8.2ugL™" (Bhandari et al., 2021; Yang et al., 2020). More-
over, nonylphenol was shown to be acutely toxic to phyto-
plankton, zooplankton, amphibians, invertebrates, and fish
(Bhandari et al., 2021; Hong et al., 2020).

The possible nonylphenol-mediated toxic effects on biota and
humans include endocrine disruption, pollution, feminization of
aquatic organisms, allergic reactions, bioaccumulation, muta-
tions, and cancer (Bhandari et al., 2021; Dwivedi et al., 2022).

It is well recognized that nonylphenol toxicity is mediated
via its ability to interact with estrogen (Soares et al., 2008),
given its structural similarity to the phenolic ring with 178-
estradiol, thereby impacting the development, maintenance,
and functions of female reproductive organs, cycles of sexual
activity, and secondary female sexual characteristics. The
structural similarities between nonylphenol and 17B-estradiol
are schematically illustrated in Figure 3.

Similarly, nonylphenol and its derivatives can markedly im-
pact the cardiovascular system and blood clotting. Mueller and
Kim (1978) first reported the endocrine disrupting activity of
nonylphenol, which was subsequently confirmed by Soto et al.
(1995). Since then, numerous studies have shown the actions of
nonylphenols as endocrine disruptors and their effect on acti-
vating the estrogen receptor a, which induces the proliferation
of cancer cells (Noorimotlagh et al., 2020).
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LEGISLATION REGARDING THE USE
OF NONYLPHENOL

It is estimated that approximately 60% of nonylphenols and
their derivatives manufactured worldwide enter water supply
systems (Bhandari et al., 2021; Hong et al., 2020). Given their
broad spectrum, some European countries have started re-
stricting the application and production of nonylphenol
(Bhandari et al., 2021; Soares et al., 2008).

Owing to concerns regarding the use of nonylphenols and
NPEOns, some countries have created regulations to determine
the maximum permissible value of these contaminants in surface
water bodies and sewers. At the international level, few coun-
tries have established relevant regulations. Considering existing
laws, the European Directive 2003/53/EC (Directive 2003/53/EC,
2003) has been established, with certain restrictions imposed

cerevisiae strain D7 as an experimental model

To assess the environmental risk of three
and household products: bisphenol A (BPA),

phenolic compounds of special environmental
and human health concern used in plastics
triclosan (TCS), and 4-NP
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Evaluate the intergenerational toxicity of NP-9 in
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Presidency issued regulations for the discharge of various pol-
lutants, including detergents (MBAS), into water bodies, estab-
lishing maximum permissible levels of 10 mg/L in lake waters.

In Canada, NPEOn and nonylphenols are regulated sub-
stances, with maximum allowable values of 0.025 and
0.0025 mg/L, respectively. In Australia, following the guidelines
established by the Environmental Protection and Heritage
Council and the Department of Energy (Canadian Council of
Ministers of the Environment) 543 Utilities and Sustainability,
largely employed commercial detergent powder containing
methylene blue active substances (MBAS) are of utmost im-
portance, with a maximum allowable limit of 50 mg/L. In gen-
eral, Brazil, Chile, and Colombia have more flexible regulations
(20 mg/L) than those established in other countries (2 mg/L) in
terms of the presence of anionic detergents in water, indicating
a high toxicological risk to biota, including humans.

CONCLUSIONS

The nonylphenols and NPEOn are emerging pollutants, po-
tent endocrine disruptors, and ecotoxins. The main toxicity
mechanisms include the alteration of cellular redox homeostasis
(Dwivedi et al., 2022). These contaminants have been detected
in different environmental matrices (Ringbeck et al., 2021). They
are used for producing nonionic ethoxylates and other widely
used chemicals in industries and homes, in textiles, cleaning
agents, pesticide formulations, paints, and laundry cleaners
(Hong et al., 2020). Moreover, it has been reported that these
compounds can be persistently detected in the environment
and exert endocrine effects on humans and biota, in both in-
vertebrate and vertebrate animals. In humans, their main effects
include endocrine disruption, contamination, feminization of
aquatic organisms, allergic reactions, bioaccumulation, muta-
tions, and cancer induction, but cancer has also been reported
in different biological models, mainly aquatic organisms
(Noorimotlagh et al., 2020). Hence, it is critical to establish rel-
evant legislation regarding the use of these pollutants and their
effects on biota, humans, and the environment.
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